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Memo F R O M  T H E  S C I E N T I F I C  E D I T O R

E l e c t r o n i c  S t a r t u p  f o r  J F S

W e are beginning to move into the 
electronic age w ith our Journal. If you 
have had a m anuscript accepted in the 
past few m onths you already know we
’re asking for the final revised, edited 
version on disk in electronic format 
(Word Perfect, DOS, ASCII files). In 
this issue you will find suggestions and 
detailed instructions on preparing the 
final disk version (p. iv, this issue). Of 
course, we still need one hard copy 
w ith all changes incorporated to rely 
on for backup, should anything unex
pected happen to the disk version.

T his new request for m anuscript 
processing will enable us to go directly 
from m anuscript to printed form w ith
out the additional step of separate 
typesetting. This will improve effi
ciency by decreasing labor, and will 
make checking of proofs easier and 
more reliable. The ultim ate result will 
be getting your m anuscripts into prin t 
in a shorter time and a t less cost.

"U nfortunately, we are not quite 
ready to handle electronic disk format 
in all aspects of m anuscript reviewing

and revision, but we are working in 
th a t direction. C urrentlty, there are 
still too many different form ats out 
there, and too m any changes which the 
m anuscript m ust undergo before final 
acceptance. We do not have software or 
computer facilities to handle the many 
ramifications th a t entails. We are de
pending more on faxing or “on-line” re
quests for reviews, tracing and 
checking on reviews, requesting revi
sions from authors and the like. This 
has already resulted in directly dis
cernible improvements in efficiency of 
m anuscript processing. We will con
tinue working on ways to improve the 
process and we welcome any sugges
tions from authors and readers. For 
the time being, however, we still need 
four hard copies of your original sub
mission in accordance w ith our “Style 
Guide” and “Instructions for Authors.” 
There is currently no particular advan
tage in sending the first submission of 
your m anuscript on disk.

H owever, we will greatly appreciate 
your honoring our requests for FINAL 
versions on disk and your following our

suggestions regarding disk prepara
tion. We suggest you make copies of 
the “Guide to Submission of JF S  M an
uscripts on Disk” (p. iv, this issue) for 
anyone in your organization who sub
mits or prepares m anuscripts for our 
Journal. Pass the word along to your 
colleagues as well. We look forward to 
working w ith you to improve our ef
fectiveness.

—Robert E. Berry, Scientific Editor, 
Journal o f Food Science
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G u i d e  t o  S u b m i s s i o n  o f  J F S  

M a n u s c r i p t s  o n  D i s k

It  is t h e  g o a l  o f  everyone connected w ith the J o u rn a l o f  F o o d  
Science) to gro w  and u tilize  as fu lly  as p o ssib le  ra p id ly  ad
v a n c in g  com puter te ch n o lo gy  as it affects p u b licatio n  o f  the 
Journal. O ne tim e sa v in g  and eco no m ical serv ice  w h ich  our 
typesetter/printer ( IP C )  can  provide is co n vertin g  electronic  
m anuscripts that are subm itted b y  authors. B ased  on this expe
rience in  co n vertin g  e lectronic m anuscripts, IP C  prepared gu id e 
lin e s for subm itting files, d e scrib in g  the preparation needed for 
the sm oothest, m ost efficient, and m ost eco no m ical co n versio n  
from  d isk  to printed page. T h e  J F S  sta ff has extracted essential 
sections from  these gu id elin es to m ake them  ap p licab le  to J F S  
authors for the su ccessfu l sub m issio n  o f  d isk s that w e can use  
to convert docum ents d ire ctly  to page proofs . . . thus b y-p a ssin g  
the typesetting stage on m ost o f  the m aterial.

GENERAL INFORMATION
W o r d -p r o c e s s e d  d isk  files  m ay be created u s in g  an IB M -  
co m p atib le  program . W o rd P erfect is preferred fo r D O S ,  saved  
in  A S C I I  form at as w ell as the W o rd  Perfect V ersio n . ( A t  pres
ent, J F S  sta ff o n ly  has IB M -co m p a tib le  equipm ent, and thus 
cannot u tilize  M a cin to sh  processed d isks.)

W hen subm itting an electronic m anuscript, the d isk  m ust co n 
tain the final versio n  o f  the paper, w ith  any editorial and au
thorial changes incorporated on the d isk. Please  keep in  m ind  
that I P C  does not proofread the e lectronic text fo r typ o grap h ica l 
errors. P roofreading and e diting the typeset m aterial are the re
sp o n sib ility  o f  the a u th o r/IFT  editorial office. IP C  w ill,  how ever, 
correct any o b vio u s errors (su ch  as hard returns in  the m iddle  
o f  paragraphs), and is responsib le  fo r p roofreading any equa
tions or tabular co p y  that they typeset.

Disks
A  3-1/2" H ig h  D e n sity  d isk  ( IB M  form atted) is  preferred to 

the 5-1/4" d isk. D is k s  should  be c le a rly  labeled w ith  the J F S  
num ber, author, and in clu d e  the nam e and version  o f  the pro 
gram  that the file  w as created in as w ell as any inform ation  
p ertain ing to that file.

Files
E a c h  article  should  be stored on a separate d isk. V e ry  lo n g  

articles should  be d iv id e d  into files o f  about 160,000 bytes. T a 
bles, i f  several pages long, should  a lso  be stored in separate 
files. Save  the docum ent in  both the w ord p ro ce ssin g  form at and  
as an A S C I I  text file , to m ake it accessib le  by d ifferent system s.

Electronic Graphics
A t  present I F T  is not equipped to accept grap h ics  subm itted  

e lectro n ica lly ; how ever, i f  yo u  have used program s such  as 
S ig m a  Plot, H a rv ard  G ra p h ics , Persuasion, etc. to generate f ig 
ures, please include  on the d isk  so that w e can initiate g a in in g  
experience in this area.

WORD-PROCESSOR FORMATTING
V e r y  l it t l e  f o r m a t t in g  is  n ecessary w hen subm itting e lec
tronic files. T h e  file  should  be typed as m uch as po ssib le  in  the 
style  o f  the publication. F o r  exam ple, w hen titles or subheads 
are to be a ll cap itals, or in itia l caps, they should  be keystroked  
in  that m anner. It is  not n ecessary to insert extra sp acin g  or

indents in  the file. Se le ct a sin g le  typefont and use it throughout 
the m anuscript; do not change font s ize s fo r superscripts/sub- 
scripts; the com puter program  does this autom atically.

Equations
A n y  m athem atical equations req u irin g  o versized  characters, 

stacked m aterial or ch em ica l form ula w ill be typeset and p ro o f
read b y  the typesetter and jo u rn a l editor. T h u s  the hard co p y  
should  be clean  and edited as to e xactly  how  the equation should  
read. In  stacked m aterial, the length o f  square root lin e (s), d i
v id in g  lin e (s), etc. is cr it ica l to correct interpretation.

Ex am p le :

d R  =  [3(1 -  e )R  

d z  6 G

Fro m  the w ay the line in  the equation is typed, the exact inter
pretation o f  the placem ent o f  R  is not clear. Th erefo re, w e  
suggest use o f  straight-line  equations w henever possib le . A  
straight-line  equation is  easier to type and le ss subject to m is 
interpretation.

d R /dz =  [(3(1 -  e )R ]/ 6 G  or d R /dz -  [(3(1 -  e )/ 6 G ]R  

Figure Captions
F ig u re  captions should  be p laced  in  nu m erica l order at the 

end o f  the d isk  file. F ig u re s  should  be flagged  on the hard co p y  
fo r location.

Tables
M ost tabular co p y  w ill be keyed and proofread b y  the type

setter, as m ost w ord-processed  tables cannot be read ily  co n 
verted to type. T a b le s  should  be separated from  the text and  
p laced  at the end o f  the m anuscript. It should  be ind icated  on 
the m anuscript w here the tables are to be located.

HARD COPY
Paper Manuscript Preparation

A  clean, double-spaced  h ard -co p y  m anuscript sh o u ld  a cco m 
p any each e lectronic file subm itted, nu m b erin g the p ages b y  
hand or u sin g  the w ord p ro cesso r’s p agination  program . A n y  
editorial changes m ay be m arked on the m anuscript, but should  
be corrected in  the d isk  file. It is im portant that the m an u scrip t
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and the d isk  file  represent the sam e input. I f  there is a difference  
between the tw o, the d isk  file  w ill take precedence over the 
m anuscript hard copy.

Word-Processing Commands
M ost com m ands and form atting codes created b y  yo u r w ord  

processor have to be rem oved fo r the typesetter or I F T  editorial 
associate to su cce ssfu lly  convert the files. T h e  o n ly  b eneficia l 
w ord p ro cessin g  com m ands are the bold, ita lic , superior, and 
in ferio r com m ands, w h ich  the typesetter can put in its co n ver
sion file to be replaced w ith  their coding. T h e  fo llo w in g  list w ill 
guide yo u  as to how  d isk  files should  be subm itted.

1. T u rn  o f f  line  ju stifica tio n  and hyphenation and leave  
the file  s in g le  spaced (the h ard -co p y  output should rem ain dou
b le- spaced, how ever).

2. D o  not form at the d isk  file  into pages or put page  
num bers, headers, footers in  the file. (P age  num bers on the hard
co p y  m anuscript are acceptable.

3. Id en tify  the ru n nin g  head at the b e g in n in g  o f  the file, 

e g. R H :  DISK SUBMISSION GUIDE . . .
4. N o  indentations should  be in  the file. Paragraph indents 

w ill be inserted w ith  the typesetter co d in g  based on IF T / J F S  
sp ecifications. A n y  other indents can be indicated on the hard  
co p y and w ill be coded as specified.

5. A l l  heads, subheads should  be typed flush left. D o  not 
position  (center) u sin g  yo u r w ord processor.

6. D o  not insert extra space above or below  titles, heads, 
paragraphs, etc. I P C ’s form atting in clu d es v ertica l sp acin g  ac
co rd in g  to IF T / J F S  specifications.

7. B o ld , ita lic , superior, and in ferio r com m ands should  
be retained, as they can be used in  the co n versio n  softw are to 
generate IP C  coding.

8. It is im portant that yo u  do not confuse “ e ls ”  for 
“ o n es”  or “ o h s”  for “ ze ro s.”  T h e  output w ill be e xa ctly  as it 
w as input.

9. U se  yo u r w ord p ro cesso r’s sp ecia l characters w hen  
availab le  (+ , —, -t-, oq_etc.). A n y  character not av ailab le  on your  
w ord p rocessor (ex. X )  should  be flagged  on the hard co p y  for 
I P C  to generate for you.

10. S in g le  space at the end o f  a sentence to obviate h av
in g  extra space appearing at the b e g in n in g  or ending o f  a line.

S u p p ly in g  the printer w ith  the n ecessary tools to putput g a l
le ys or pages b y  u sin g  d isk s results in  v e ry  little m anipulation  
o f  the files. H ow ever, in  order fo r IP C  to translate the author’s 
keystrokes into their typesetting com m ands requires A S C I I  text 
and convertib le  codes. A n y  special characters beyond the a l
phanum eric keyboard should  be flagged  on the h ard -co p y  m an
u script sent for reference. I f  there are an y d iscrep an cie s between  
the d isk  and the m anuscript, the d isk  versio n  w ill override  the 
m anuscript.
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A n  H y p o t h e s i s  P a p e r

Predicting Milk Shelf-life Based on 
Artificial Neural Networks and 
Headspace G as Chrom atographic Data

B. VALLEJO-CORDOBA, G.E. ARTEAGA, 
and S. NAKAI

INTRODUCTION
Sh e l f - l if e  o f  m il k  in d ica te s  h o w  lo n g  
the p ro d u ct w i l l  re m a in  a cce p ta b le  o n ce  
it has been p ro ce sse d . M a n y  tests h ave  
been d e v e lo p e d  to e stim ate  m ilk  sh e lf-  
l ife  ra n g in g  fro m  b a cte ria l enum eration  
to m etabolite  detection  (B is h o p  and  
W h ite , 1 986). O n e  a p p ro a ch  to s h e lf- life  
d e term in atio n  is  the u se  o f  g a s  c h ro 
m a to g ra p h ic  ( G C )  p ro file s  o f  m ilk  
v o la t ile s  as p re d ic t io n  in d ica to rs. S tu d 
ie s at the U n iv e r s ity  o f  M in n e so ta  in 
v o lv in g  a lim ite d  n u m b e r o f  m ilk  sa m 
p le s  h ave  sh o w n  th is  a p p ro a ch  h ad  
p ro m ise  ( S a n  B u e n a v e n tu ra  et al.,
1 991). A n  o p tim iz e d  m e th o d  fo r  d y 
n a m ic  h ead sp ace  g a s  c h ro m a to g ra p h y  
( D H - G C )  w a s u se fu l fo r  d e te ctin g  and  
id e n tify in g  v o la tile s  d e v e lo p e d  d u r in g  
m ilk  s h e lf- life  (V a lle jo -C o r d o b a  and  
N a k a i,  1 9 9 3 ). M u ltiv a r ia te  interp reta
tion  o f  h ead sp ace  G C  p ro file s  an d  f la 
v o r-re la te d  s h e lf - life  w a s re q u ire d  to 
d e rive  s h e lf- life  p re d ic t io n  m o d e ls. 
H ig h  co rre la tio n  b etw e en  f la v o r-re la te d  
s h e lf- life  an d  v o la t ile s  d etected  b y  D H -  
G C  w as o b ta in e d  b y  p r in c ip a l c o m p o 
nents re g re ss io n  ( P C R )  ( V a l le jo - C o r 
d o b a an d  N a k a i,  1994a).

In  P C R ,  w h ic h  is  b a s ic a lly  a re g re s
sio n  on p r in c ip a l co m p o n e n ts  an d  a p a r
a m e tric  sta tistica l te ch n iq u e , ce rta in

Author Nakai is with the Dept, of Food S c i
ence, Univ. o f British Columbia, 6650 N.W. 
Marine Drive, Vancouver, B.C., Canada V6T 
1Z4. Authors Vallejo-Cordoba and Arteaga 
are at Centro de Investigación en Alim en
tación y Desarrollo, A.C. (Food Besearch & 
Development Center), Carretera a la Victo
ria Km. 0.6, Apartado Postal No. 1735, Her- 
mosillo, Sonora, CP 03000, Mexico. 
Address inquiries to Dr. S. Nakai.________

a ssu m p tio n s  m u st b e  m et. A n  e xa m p le  
o f  th is  te ch n iq u e  w a s  presen ted  b y  D r a 
p e r an d  S m ith  (1 9 8 1 ). P C R  is  not e ff i
c ie n t in  a n a ly z in g  n o n lin e a r  syste m s  
(B o rg g a r d  an d  T h o d b e rg , 1 992). O fte n  
tra n sfo rm a tio n s  o f  the data are req u ire d  
to a c h ie v e  c lo s e r  a p p ro x im a tio n s  to the  
a ssu m p tio n s. H o w e v e r , tra n sfo rm a tio n s  
o f  Y  a ffe ct le ast sq u are s c o n sid e ra tio n s  
an d  are often  u se d  fo r  the w ro n g  reaso n s  
(Z a a r , 1 984). A lth o u g h  u t iliz a t io n  o f  
n o n lin e a r  m o d e ls  is  n o t p o p u la r in  f la 
v o r  stu d ie s, n o n lin e a r  m o d e ls  fre q u e n tly  
p ro v id e  a better fit o f  b io lo g ic a l p h e 
n o m e n a  (A is h im a  an d  N a k a i,  1991).

F o r  n o n lin e a r  p ro b le m s, n e u ra l n et
w o rk s  are the m o st p ro m is in g  a ltern a
tiv e  te ch n iq u e  (B o rg g a r d  an d  T h o d b e rg ,
1 9 9 2 ). N e u ra l n e tw o rk s  are u se fu l w h e n  
n o  e x a c t m a th e m a tica l in fo rm a tio n  is  
a v a ila b le  (E e r ik a in e n  et a l., 1 9 9 3 ). A n 
o th e r a d v an tage  o f  a n e u ra l n etw o rk  
o v e r a ru le -b a se d  m o d e l is  that, i f  the 
p ro ce ss  u n d e r a n a ly s is  c h a n g e s , n e w  e x 
a m p le s ca n  be ad d ed  and the n e u ra l net 
ca n  be tra in e d  a g a in . T h is  is  m u c h  e asier  
than  d e te rm in in g  n e w  m o d e ls  o r ru le s. 
M o re o v e r, n o  u n d e r ly in g  sta tistica l a s
su m p tio n s  are m ad e o n  the b e h a v io r  o f  
the data ( W y t h o f f  et a l., 1 990). A r t if ic ia l  
n e u ra l n e tw o rk s  ( A N N )  are m ath e m ati
c a l m o d e ls  o f  b io lo g ic a l n e u ra l syste m s. 
A lth o u g h  th e y  are g ro s s  s im p lific a t io n s  
o f  a ctu a l p h y s ic a l c o g n it iv e  p ro ce sse s, 
a p p lic a t io n  o f  these m o d e ls  h as in d i
cated  that A N N  h ave  strength  and w e a k 
n esses in  the sam e areas as h u m an s  
( W y t h o f f  et a l., 1 9 9 0 ). N e u ra l n e tw o rks  
are not k n o w n  fo r  p re c is io n ; i f  p re c is io n  
is  not as im p o rtan t as speed, a n e u ra l net 
m a y  be u se fu l (L a w re n c e , 1 9 9 1 ). S tu d 
ie s  on the u se  o f  A N N  in  re la tin g  sen 
so ry  p e rce p tio n s  to p h y s ic a l m e asu re 
m e n ts fu rth e r su p po rt th is  v ie w  (T h a i

ABSTRACT
T h e  u se fu ln e ss  o f  a rt if ic ia l neu ra l 
n e tw o rk s  ( A N N )  fo r  m ilk  s h e lf- life  
p re d ic t io n  b y  m u ltiv a ria te  in terp re 
tatio n  o f  g a s  c h ro m a to g ra p h ic  p ro 
f ile s  an d  fla v o r-re la te d  s h e lf - life  w as  
e va lu a te d  a n d  co m p a re d  to p r in c ip a l  
co m p o n e n ts  re g re s s io n  ( P C R ) .  T h e  
tra in in g  set co n s is te d  o f  d y n a m ic  
h e ad sp ace  g a s  c h ro m a to g ra p h ic  data  
c o lle c te d  d u r in g  sto rage  o f  p a ste u r
iz e d  m ilk  (in p u t in fo rm a tio n  fo r  the  
n e u ra l n e tw o rk  u se d  to m a k e  a d e 
c is io n )  an d  its co rre sp o n d in g  sh e lf-  
l i fe  (p re d ic t io n  o r resp o n se). A N N  
h a d  better p re d ic ta b ility  than  P C R .  A  
stan d ard  e rro r o f  the e stim ate  o f  2  
d a y s  in  s h e lf - life  re s u lt in g  fro m  re 
g re s s io n  a n a ly s is  o f  e x p e rim e n ta l v s  
p re d icte d  v a lu e s  in d ic a te d  a h ig h  p re 
d ic ta b ility  o f  A N N .

K e y  W o rd s: m ilk ,  s h e lf - life , p re d ic t
a b ility , a r t if ic ia l n e u ra l n e tw o rks, 
p r in c ip a l co m p o n e n ts

an d  S h e w fe lt , 1 9 9 1 ). G a lv in  an d  W a ld 
ro p  (1 9 9 0 )  p re d icte d  at a  se n so ry  e v a l
u atio n  s y m p o siu m  that n e u ra l n e tw o rks  
w o u ld  a llo w  au to m atio n  w h e re  c o m p le x  
u n stru ctu re d  ta sks in v o lv in g  h u m a n  in 
s ig h t, c re a t iv ity  an d  ju d g m e n t are re 
qu ired .

N e u ra l n e tw o rk s  le a m  fro m  e x a m p le s  
th ro u g h  iteratio n , w ith o u t re q u ir in g  a  
p r io r i  k n o w le d g e  o f  re la tio n sh ip s  b e 
tw een v a r ia b le s  u n d e r in v e s t ig a tio n  ( E e -  
r ik a in e e n  et a l., 1 993). E a c h  e x a m p le  
in c lu d e s  b o th  in p u ts  ( in fo rm a tio n  u sed  
to m a k e  a d e c is io n )  an d  pattern s (p re 
d ic t io n  o r re sp o n se ). A N N  trie s  e ach  e x 
a m p le  in  tu rn  u s in g  the in p u ts  to c a l
cu late  a n sw e rs  w h ic h  it c o m p a re s  to 
p ro v id e d  patterns. W h e n  it is  w ro n g , 
A N N  c o rre cts  the n e tw o rk  b y  m a k in g  
c h a n g e s  to in te rn a l co n n e ctio n s. T h e  
tr ia l an d  e rro r p ro c e ss  co n tin u e s u n til 
the n e tw o rk  outputs are in  g o o d  agre e 
m e n t w ith  patterns to a ce rta in  sp e c ifie d  
le v e l o f  a c c u ra c y .
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O n c e  the n e tw o rk  is  tra ine d  and  
tested, n e w  in p u ts are g iv e n  to  p ro d u ce  
p re d ict io n s . C o n n e c t io n s  l in k  the in p u ts  
to a la y e r  o f  c e lls  c a lle d  h id d e n  n eu ro n s; 
these h id d e n  n e u ro n s are, in  turn, lin k e d  
to outputs b y  a se co n d  set o f  c o n n e c 
tio n s. T h u s  the n e tw o rk  co n s is ts  o f  three  
la y e rs  o f  p ro c e s s in g  u n its: (a )  A  la y e r  o f  
in p u ts  w h ic h  se rv e s as d istr ib u to r o f  in 
pu ts to the n etw o rk , (b )  E ig h t  la y e rs  o f  
h id d e n  u n its  w h ic h  p e rfo rm  a w e igh te d  
su m  o f  the in p u ts fo llo w e d  b y  a  n o n lin 
ear s ig m o id  tra n sfo rm a tio n  w ith  the 
co n n e ctio n s  refe rre d  to as w e ig h ts , ( c )  
A  la y e r  o f  output u n its, often  ju s t  one, 
w h ic h  a g a in  p e rfo rm s a w e ig h te d  su m  
o f  the inputs. T h e  output u n its  are re
c e iv in g  in p u ts fro m  the h id d e n  u n its  as 
w e ll as d ire c t ly  fro m  the in p u t u n its. 
T h e  w e ig h ts  are the ad ju stab le  p aram e 
ters. T h e  le a rn in g  ru le s  (s u ch  as the 
b a c k  p ro p a ga tio n  a lg o rith m ) are u sed  
fo r  c o m p a r in g  a ctu a l an d  d e sire d  output 
o f  the n etw o rk , th e reb y  a d ju stin g  the  
w e ig h ts  o f  the n e tw o rk  in  o rd er to re 
d u ce  e rro r (B o rg g a r d  an d  T h o d b e rg ,
1 992).

A  s ch e m a tic  rep resen tatio n  and e x 
p la n a tio n  o f  h o w  these la y e rs  are in ter
co n n e cte d  w a s  p resented  b y  A rte a g a  
an d  N a k a i (1 9 9 3 ).  D e ta ile d  d is c u s s io n s  
o f  A N N  th e o ry  h a v e  b een  reported  
(Ja n ss o n , 1991; L a w re n c e , 1991; W y t-  
h o ff, 1993).

T h u s , the d e s ig n  o f  a n e u ra l n etw o rk  
c o n s ists  o f  the fo llo w in g  steps 
(L a w re n c e , 1 9 9 1 ): (a ) D e fin e  the p ro b 
le m  (d eterm in e  w h e th e r the A N N  is  g o 
in g  to p re d ict, g e n e ra liz e  o r re c o g n iz e ,  
(b )  C h o o se  in fo rm a tio n  o n  w h ic h  the  
A N N  w il l  b ase  its tasks, ( c )  O rg a n iz e  
the data as facts. A  fa ct is  a co lle c t io n  
o f  in p u ts co u p le d  w ith  the co rre ct out
p u t s ) .  (d ) T r a in  the n e tw o rk  b y  repeat
e d ly  p re se n tin g  a set o f  fa cts  to the  
n etw o rk. T h e  n etw o rk  take s in  e ach  in 
put, m a k e s  a g u e ss  as to the output, 
c h e c k s  th is  g u e ss  a g a in st the output su p 
p lie d , and  m a ke s co rre c t io n s  to in tern al 
co n n e ctio n s  w h e n  its g u e ss  is  in co rre ct. 
T h is  p ro ce ss  is  repeated fo r  e ach  fa ct in  
turn u n til the n e tw o rk  le a m s  the facts  
w e ll e n o u gh  to be u se fu l (o u tp u ts that 
are w ith in  a preset ran ge  o f  a c c u ra c y ),
(e ) T e s t  the n e tw o rk , w h ic h  is  e sse n 
t ia lly  the sam e as tra in in g  it, e x ce p t that 
the n e tw o rk  is  sh o w n  fa cts  it h as n e v e r  
seen  b efo re  and  n o  co rre ctio n s  are m ad e  
w h e n  the n e tw o rk  is  w ro n g . I f  resu lts  
are g o o d , the n etw o rk  is  re a d y  to be  
u sed . I f  n ot, m o re  o r better data sh o u ld  
be g ath e red , o r  the n e tw o rk  sh o u ld  be  
re d e sig n e d .

O u r  o b je c t iv e  w a s to in v e stig a te  the

a b ility  o f  A N N  to p re d ict fla v o r-re la te d  
s h e lf- life  b ased  on v o la t ile s  in  G C  p ro 
file s  and co m p are  w ith  that o f  p r in c ip a l  
co m p o n e n ts re g re ss io n  ( P C R ) .

MATERIALS & METHODS

P a s t e u r iz e d  m il k  w a s sa m p le d  d u rin g  
re frig e rate d  sto rage  at 4 ° C  u n til te rm i
n atio n  o f  s h e lf- life , as d eterm in ed  b y  
se n so ry  e v a lu a tio n  d e scrib e d  b y  V a l-  
le jo -C o rd o b a  an d  N a k a i (1 9 9 4 a ). S u b 
sa m p le s  w ere  in cu b a te d  at 2 4  ±  1 °C  fo r  
18 h r p r io r  to d etectio n  o f  v o la tile s  b y  
d y n a m ic  h ead sp ace  G C  ( V a l le jo - C o r -  
d o b a and N a k a i,  1 993). S e v e ra l v o la tile s  
c o n s is t in g  m a in ly  o f  a ld e h yd e s, keto n es, 
and a lc o h o ls  w ere  id e n tifie d  in  g o o d -  
q u a lity  m ilk .  N o t  o n ly  in cre a se d  p eak  
areas o f  the c o m p o u n d s  a lre a d y  present 
app eared  in  p o o r-q u a lity  m ilk , n e w  v o l
atile s  w ere a lso  detected, in c lu d in g  e s
ters.

C h ro m a to g ra m s  w ere d iv id e d  into 47  
ra n g e s  w h ic h  in c lu d e d  a ll p e a k s  in  the 
c h ro m a to g ra m s that had  b een  reported  
b y  V a lle jo -C o r d o b a  and N a k a i (1 9 9 4 a ).  
R a t io s  o f  e a ch  o f  4 6  area ra n ge s to the  
area o f  the in tern al stan d ard  (sta n d a rd 
iz e d  p e a k  areas) w ere  c a lc u la te d  and the  
lo g  tra n sfo rm a tio n s  w ere  u sed  in  furth er  
data p ro c e ss in g . A  L o tu s  spreadsheet 
w as co n stru cte d  c o n s is t in g  o f  134 facts  
o r c a se s  c o n ta in in g  G C  data and  sh e lf-  
l ife  asse sse d  b y  se n so ry  tests.

A N N  and P C R  w ere u sed  and c o m 
p ared  fo r  t ie ir  p re d ic ta b ility . A N N  w as  
a p p lie d  u s in g  the c o m m e rc ia l softw are  
B ra in m a k e r  ( C a lifo r n ia  S c ie n t if ic  S o ft 
w are , G ra s s  V a lle y ,  C A ) .  A  th re e -la ye r  
n e tw o rk  w a s d e s ig n e d  w ith  the 4 6  lo g  
tra n sfo rm a tio n s  o f  s ta n d a rd ize d  p e a k  ar
eas fro m  e a ch  ch ro m a to g ra m  as in p u ts  
(in p u t la y e r); the output (o utput la y e r)  
w as se n so ry -b a se d  s h e lf - life  in  d ays. 
A fte r  p re lim in a ry  tr ia ls , it w a s fo u nd  
that e ig h t rid d e n  la y e rs  g a v e  the best 
resu lts. U s in g  2 0  o r 3 0  h id d e n  la y e rs  re 
su lte d  in  u n re lia b le  p re d ict io n  d u rin g  
te stin g  o f  the n etw o rk. In c re a s in g  the  
n u m b e r o f  h id d en  n eu ro n s resu lted  in  
o v e rfittin g  o f  the data (W y th o ff, 1993). 
T o  e stim ate  the true p re d ic ta b ility  o f  
A N N  w ith  a n e w  set o f  data, c r o s s -v a l
id a tio n  w a s used. T h e  data w ere d iv id e d  
into  tw o  sets. T h e  first set (1 1 3  ca se s)  
w a s u sed  fo r  tra in in g  and  the se co n d  
data set (21 c a s e s ) w a s u sed  fo r  testing  
the netw o rk.

P C R  w a s a p p lie d  b y  u s in g  c o m m e r
c ia l S ysta t so ftw are  (W ilk in s o n , 1990). 
In  P C R ,  the in d e pe n d en t v a r ia b le s  w ere  
the first 3 0  p r in c ip a l co m p o n e n ts, and  
the d ependent v a r ia b le  w as fla v o r-b a se d

s h e lf- life  in  d ays. T o  co m p a re  the p re 
d ic t iv e  a b ility  o f  A N N  and P C R ,  
re g re ssio n  a n a ly s is  w as ca rrie d  out fo r  
e xp e rim e n ta l v s  p re d icte d  s h e lf - life , and  
the squ ared  co rre la tio n  (r2) and  the stan 
dard e rro r o f  the estim ate ( S E E )  w ere  
ca lcu la te d . T o  g a in  in s ig h t into  the d is 
trib u tio n  o f  the e rro r a cro ss  the entire  
data set, the standard  e rro r o f  p re d ic t io n  
( S E P )  w as c a lcu la te d  fo r the total set, 
and fo r g ro u p s  a ss ig n e d  to ‘ g o o d ',  ‘m a r
g in a l’ , ar.d ‘p o o r ’ d efin e d  b y  an a rb i
trary  s p e c if ie d  s h e lf - life  range.

RESULTS & DISCUSSION

T h e  s h e l f - l if e  p r e d ic t a b il it y  o f  
A N N  w as su p e rio r to P C R  as sh o w n  b y  
sca tte rgra m s o f  e xp e rim e n ta l v s  p re 
d icte d  s h e lf- life  fo r  the co m p le te  data  
sets ( F ig .  1 and 2). R e g re s s io n  sta tistics  
b y  these tw o te ch n iq u e s fu rth e r c o n 
firm e d  that A N N  p re d icte d  s h e lf - life  
m o re a ccu ra te ly  as sh o w n  b y  a stan d ard  
e rro r o f  the estim ate ( S E E )  o f  2 d a ys  
(T a b le  1). U n lik e  a p re v io u s  a n a ly s is  o f  
a s im ila r  data set w h e re  the lo g a r ith m ic  
tra n sfo rm a tio n  o f  s h e lf - life  w a s u sed  in  
P C R  (V a lle jo -C o r d o b a  and N a k a i,  
1994a), in  o u r stu d y  re g re ssio n  a n a ly s is  
w as ca rrie d  out o n  the n o n -tra n sfo rm e d  
s h e lf- life  data. R e su lts  c o u ld  be in te r
preted m o re  stra ig h tfo rw a rd  w ith o u t  
h a v in g  to co n v e rt b a c k  to the o r ig in a l  
data w ith o u t tran sfo rm atio n . A n o th e r  
ad vantage  o f  A N N  is that, w h e n  a n e w  
o b se rv a tio n  is  a v a ila b le , it ca n  s im p ly  
be added to the data set b efo re  tra in in g  
and te stin g  is  ca rrie d  out a g a in . P r e d ic 
tio n  o f  s h e lf- life  w ith  a c ro s s -v a lid a t io n  
data set in  A N N  w as le ss  a ccu ra te  than  
w ith  the w h o le  data set as sh o w n  b y  a 
m u ch  la rg e r  standard  e rro r o f  the e st i
m ate (T a b le  1). E x a m in a tio n  o f  the sca t-  
te rgram  fo rm ed  b y  :h e  c ro s s -v a lid a t io n  
data set re v e a le d  f iv e  o u t ly in g  o b s e rv a 
tio n s ( F ig .  1). R e g re s s io n  sta tistics  afte r  
e lim in a tio n  o f  those data p o in ts  im 
p ro ve d  co rre la tio n  o f  the data, as in d i
cated  b y  a h ig h e r  c o e ff ic ie n t o f  deter
m in a tio n  (r2 =  0 .8 2 ), an d  in cre a se d  
p re d ic t iv e  a b ility  as in d ica te d  b y  a lo w e r  
standard  e rro r o f  the e stim ate  ( S E E  =  
3 .0 ). H o w e v e r, eve n  w ith  e lim in a t io n  o f  
these o u t ly in g  o b se rv a tio n s, the p re d ic 
tiv e  a b ility  o f  A N N  w ith  c ro s s -v a lid a 
tion  w as not as h ig h  as that w ith  the  
total set. T h e  p referre d  m ethod to v a l i 
date a m o d e l is  th ro u gh  the c o lle c t io n  
o f  n ew  o b se rv atio n s. H o w e v e r, so m e 
tim e s th is is not fe a s ib le  o r p ra c t ic a l and  
c ro s s -v a lid a tio n  o r data s p lit t in g  is  a 
reaso n ab le  a ltern ative  fo r te stin g  true  
p re d ic ta b ility  (N e te r  et a l.. 1 990). S a c -
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Experim ental Shelf-L ife (days)

Fig. 1—Predictability of the trained artificial neural network 
(AIMN) for milk shelf-life. The ANN consisted of 46 variables (GC 
areas) as input neurons, 8 hidden neurons and shelf-life (days) as 
output neuron. (•) The complete set of 134 milk samples was 
used for training and prediction, (o) cross-validation set (n = 21). 
The solid line represents a perfect match between experimental 
and predicted values.

Experim ental Shelf-L ife (days)

Fig. 2—Predictability of principal components regression (PCR) 
for milk shelf-life. PCR consisted of the first 30 principal compo
nents extracted from 46 variables (GC areas) as the independent 
variables and shelf-life (days) as the dependent variable in for
ward stepwise selection. (•) The complete set of 134 milk samples 
was used for training and prediction. Cross-validation was not 
performed. The solid line represents a perfect match between ex
perimental and predicted values.

r if ic in g  part o f  the data b y  not in c lu d in g  
it d u rin g  tra in in g  h as its d isa d v a n ta g e s, 
p a rtic u la rly  w h e n  the tra in in g  data set is  
not s u ff ic ie n t ly  la rg e  so that rep re sen 
tative  in fo rm a tio n  is  p resen t d u rin g  
tra in in g . A n o th e r  co n sid e ra tio n , that h ad  
to be m ad e, w as an y  b ia s  present in  the  
tra in in g  data set. F o r  e x a m p le , the data  
set u sed  m a y  h ave  an u n e v e n  d is tr ib u 
tio n  w ith  m a n y  m o re  c a se s  w ith  lo n g e r  
s h e lf- life  than those w ith  sh o rter sh e lf-  
life .

A N N  p ro v id e d  a stan d ard  e rro r o f  the 
p re d ict io n  ( S E P )  o f  about h a lf  o f  that 
fo r P C R  in  the total data set (T a b le  2). 
S h e lf - life  w as m o re  a c c u ra te ly  p re d icte d  
fo r the la rg e r  g ro u p  o f  sa m p le s  c la s s i
fied  as ‘ g o o d ’ than fo r the g ro u p s  o f  
sa m p le s c la s s if ie d  as ‘m a r g in a l’ o r  
‘p o o r’ (T a b le  2 ). A c c o r d in g  to W y t h o f f
(1 9 9 3 ), n e tw o rks w o u ld  l ik e ly  p e rfo rm  
better in  ca se s  w ith  greater fre q u e n cy  o f  
ap p earan ce  in  the tra in in g  data b ecau se  
the erro r m in im iz a t io n  w o u ld  be b ia se d  
to w ard  it. O n e  w a y  to o v e rco m e  th is  is  
to d iv id e  the tra in in g  data into separate  
‘b a g s ’ , one fo r  each  g ro u p  and to sa m 
p le  fro m  each  b a g  w ith  e qu al lik e lih o o d .  
H o w e v e r, th is  does not m a k e  v e ry  e ff i
c ie n t u se  o f  tra in in g  data (W y th o ff,
1993). A lth o u g h  b ia s  in  the tra in in g  data  
set to w ards better p e rfo rm a n ce  w ith  
sa m p le s c la s s if ie d  as ‘ g o o d ’ is  a p o s s i-

T a b l e  1 —Comparison of regression statistics of 
artificial neural networks (ANN) and principal 
components regression (PCR) for prediction of 
milk shelf-lifea

All samples 
(n =  134)

Cross-validation 
(n = 21)

Method r2 SEE r2 SEE
ANN
PCR

0.92
0.62

2.25
4.21

0.50 (0.82)b 5.34 (3.0)b

a Squared correlation coefficient (r2) and standard error 
of the estimate were calculated for the predicted versus 
the experimental shelf-lives. ANN and PCR were com
puted using 46 variables (GC areas) with shelf-life as the 
response. ANN consisted of 46 input neurons, 8 hidden 
neurons and shelf-life as the output neuron. PCR con
sisted of the first 30 principal components as the inde
pendent variables and shelf-life as the dependent 
variable in forward stepwise regression. 

b Squared correlation coefficient (r2) and standard error 
of the estimate calculated after elimination of five out
lying observations.

b ility , better p re d ic t iv e  a b ility  fo r  th is  
g ro u p  c o u ld  a lso  be interpreted  as b e in g  
m o re h o m o ge n e o u s. S a m p le s  in  the 
‘g o o d ’ q u a lity  g ro u p  w ere  tested fo r  
v o la tile s  at a tim e  w h e n  b a cte ria l m et
a b o lic  a c t iv ity  w a s lo w e r than fo r  those  
sa m p le s  in  the ‘ m a r g in a l’ o r ‘p o o r ’ 
q u a lity  g ro u p s. D u r in g  p e rio d s  o f  h ig h  
m e ta b o lic  a c t iv ity , v o la t ile  p ro d u ctio n  
c o u ld  h a v e  been the re su lt o f  d iffe ren t  
typ es o f  sp o ila g e , thus re s u lt in g  in  w id e r  
v a ria n c e  o f  the ch ro m a to g ra p h ic  p ro file s  
fo r  the sam e s h e lf- life .

In d e e d , the p re se n ce  o f  d iffe re n t o ff-

T a b l e  2—Comparison of the standard error of 
prediction of artificial neural networks (ANN) and 
principal components regression (PCR) for shelf- 
life prediction of milk samples assigned to differ
ent quality groups3

Standard error of prediction (%)
Method Total Good Marginal Poor
ANN 15.0 10.4 22.1 32.0
PCR 28.0 17.0 38.4 76.0
a Milk samples with different shelf-life ratings were as

signed to three quality groups: 'good' (shelf-life of 15 
days or more, n = 60); 'marginal' (shelf-life of 8 to 14 
days, n = 42); and 'poor' (shelf-life of 1 to 7 days, n =  
32).

f la v o rs  w a s rep o rted  fo r  sa m p le s  o f  p o o r  
q u a lity  as d etected  b y  a se n so ry  p an el 
( V a lle jo -C o r d o b a  an d  N a k a i,  1994b ). 
T h e  fa ct that p re d ic t io n  e a rly  in  m ilk  
s h e lf- life  (sa m p le s  gro u p e d  as ‘ g o o d ’) 
w a s m o re  accu ra te  than  c lo s e r  to the end  
o f  s h e lf - life  (sa m p le s  g ro u p e d  as ‘p o o r ’ 
o r ‘m a r g in a l’ )  h as n o tab le  p ra c tic a l im 
p lic a t io n  s in c e  s h e lf - life  sh o u ld  be p re 
d icte d  im m e d ia te ly  afte r m ilk  p ro c e s s 
in g . M ilk  s h e lf - life  p re d ic t io n  ap p ears to 
be an e x a m p le  w h ere  te ch n iq u e s su c h  as 
A N N  w h ic h  ca n  d ea l w ith  im p re c is e  o r  
n o is y  data m ig h t be  m o st u se fu l. A l 
th o u gh  A N N  h as not b een  f u l ly  adopted  
b y  the fo o d  in d u stry , th is  te ch n iq u e  has  
m u ltip le  a p p lic a t io n s  in  fla v o r-re la te d  
studies. A c c o r d in g  to E e r ik a in e n  et al.
(1 9 9 3 )  n e u ra l n e tw o rk s  are p a rtic u la rly
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su ita b le  as “ so ftw are  se n s o rs ”  fo r  d if -  
f icu lt-to -m e a su re  p aram eters and  fo r  
s o lv in g  n o n lin e a r  p ro b le m s.

CONCLUSIONS
A r t if ic ia l  n e u r a l  n e t w o r k s  ( A N N )  
w ere  u se fu l fo r  p re d ic t in g  m ilk  sh e lf-  
l ife  w h e n  ap p lie d  to G C  p ro file s  to c o r 
relate w ith  se n so ry -b a se d  s h e lf- life .  
A N N  had better p re d ic t iv e  a b ility  than  
p r in c ip a l co m p o n e n ts  re g re ss io n  ( P C R ) .  
A N N  is  m o re  am e n able  fo r  q u a lity  c o n 
tro l s itu a tio n s  s in c e  n ew  o b se rv a tio n s  
ca n  s im p ly  be added to the data set fo r  
tra in in g  o r te stin g  (p re d ic t io n ) o f  the  
neu ral net. U n lik e  A N N ,  w h e n  n ew  o b 
se rv a tio n s  are added to the data set in  
P C R ,  p r in c ip a l co m p o n e n ts h ave  to be 
c a lc u la te d  b efo re  re g re ss io n  a n a ly s is  is  
ap p lie d .
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Continuous Supercritical Fluid Processing of Anhydrous Milk
Fat in a Packed Column

S. LIM and S. S. H. RIZVI

----------------------------  ABSTRACT ----------------------------
A continuous supercritical carbon dioxide processing system was de
signed, built and operated to investigate its performance for fractionation 
of anhydrous milk fat (AMF). Packed columns showed mass transfer 
efficiencies five times greater than a spray column. Short- and medium- 
chain fatty acids were concentrated in the extract fractions and their 
amounts decreased as separation pressure increased. The ratio of unsat
urated to saturated fatty acids in the raffinate fraction was 0.68 compared 
to 0.52 in the original AMF. The proportions of low-melting triglycer
ides in the range ^42 to 15°C were greater in the extract fractions (44— 
72%) compared to the original AMF (29%).

Key Words: supercritical fluid, extraction, milk fat, fractionation

INTRODUCTION
In c r e a s in g  c o n c e r n s  o ver d ietary cholesterol, saturated fat 
and ca lo rie  co n scio u sness have resulted in  increases in  the na
tional surplus o f  anhydrous m ilk  fat ( A M F )  ( R iz v i  et al., 1989; 
W illia m s  and L y o n e s , 1989). T h is  has a lso  been caused  b y  
increases in  lo w -fat d a iry  products such  as 1%  and 2 %  fat m ilk  
and yogurt. T h e  flav o r and m outhfeel o f  A M F  are p referab ly  to 
any other fat, but its p h y sica l and rh e o lo gica l properties, p artic
u la rly  its lo w  sp readability  at refrigeration  tem peratures, m ake  
A M F  less preferred b y  consum ers. T h e  separation o f  A M F  into 
fractions w ith  m ore preferable p h y sico -ch e m ica l properties, a 
m ore favorable  unsaturated to saturated fatty a c id  ratio and re
duction o f  cholesterol w o u ld  help  increase its m arkets. M o d ifi
cations o f  A M F  b y  hydrogenation  (M artine, 1982), interesteri
fication (Sre en ivasan , 1978), b le n d in g  w ith  other edible fats 
(V o v a n  and R ie l, 1973), short-path d istilla tio n  ( A n i l  et al., 1988) 
and m elt c rysta lliza tio n  (F ja e rv o ll, 1970) have been reported, 
but w ith lim ited  success.

T h e  food industry  has applied  su p ercritica l flu id  extraction  
fo r several d ifficu lt separation problem s ( R iz v i  et ah, 1986a, b). 
T h e  p o ss ib ility  o f  fractionating A M F  b y  su p ercritica l carbon d i
oxide ( S C - C 0 2) has been reported b y  several researchers (K a u f-  
m ann et ah, 1982; S h ish ik u ra  et ah, 1986; A m i et ah, 1987; 
R iz v i et ah, 1989; B ra d le y , 1989), but they have u tilize d  batch  
system s. H o w e ve r, e co n o m ica lly  p ro d u ctiv ity  cannot be opti
m ized u sin g  a batch type operation.

Th e  shortest p ro ce ssin g  tim e w o u ld  in v a ria b ly  be rea lized  in  
a continuous S C - C 0 2 system . A ls o , little study has been m ade  
o f  the m ass transfer and h yd ro d yn am ic perform ance o f  co n tin 
uous extraction d evice s fo r extraction o f  A M F .  A  few  studies  
were devoted to the m easurem ent and p rediction  o f  phase equ i
libria  o f  A M F  in  S C - C O ,  (de H aan, 1991; Y u  et ah, 1992).

O u r first o b jective  w as to p ro vid e  inform ation  on m ass trans
fer and h yd ro d yn am ic perform ance o f  a continuous countercur
rent S C - C 0 2 extraction co lum n. Th re e  p ro ce ssin g  param eters: 
reflux, re cyc le , and tem perature gradient in  the extraction c o l
um n, were evaluated fo r their influence on extraction e ffic ie n cy  
for A M F . O u r second o bjective  w as to evaluate selected p h y s
ico -ch e m ica l properties o f  the fractions obtained.

Author Rizvi is affiliated with the Dept, of Food Science, Cornell 
Univ., Ithaca, N Y  14853. Author Li mis present address: Dept, of 
Food Science & Technology, Cheiu National Univ., Ara-dong, 
Cheju, Cheju-do, Korea 690-756. /

MATERIALS & METHODS
AMF

Commercial grade butter was purchased from the Cornell Dairy Store 
and converted into AMF by melting at 60°C and filtering through What
man No. 1 filter paper under vacuum. It was subsequently stored at 
—20°C for future use.

System and operating conditions

A continuous supercritical fluid separation system was designed, built 
and operated to investigate its performance for fractionation of AMF 
(Fig. 1). The system consisted of an extraction section, a recycle loop, 
a reflux loop, and sections for adsorption, desorption and separation. The 
system was rated for a pressure of 345 bar. The extraction column (EC) 
was a 61 cm contacting height and 1.75 cm I.D. stainless steel tube rated 
to 1,379 bar.

EC was operated in a countercurrent mode as a spray column (with 
no internals) and as a packed column using wire spirals and knitted mesh 
packings at 40°C/241 bar for determination of performance characteris
tics of the extraction column (Table 1). The superficial velocity of C 0 2 
was held constant at 23.5 cm/min, while the superficial velocity of AMF 
was varied from 0.27 to 0.85 cm/min.

Processing parameters

In order to investigate the effect of temperature gradient in the EC, 
recycle, and reflux on extraction of AMF, a EC packed with knitted 
mesh was operated at 40°C/241 bar. The nominal velocities were C 0 2
20.6 cm/min and AMF 0.42 cm/min. When a temperature gradient was 
used, the extraction pressure was 241 bar, and the temperatures (°C) were 
bottom 40, middle 51, and top 60. For the recycle operation, the extrac
tion temperature and pressure were 40°C and 241 bar, and the ratio of 
recycle to raffinate was 12.3. Reflux operation was at 40°C/241 bar. The 
reflux ratio was 1.3 and the reflux chamber was 40°C/137 bar.

Fractionation

AMF was fractionated in four stages by separation at different tem
peratures and pressures. AMF was pumped into EC at 40°C/241 bar and 
contacted countercurrently with the SC-C02. The SC-C02 along with the 
dissolved AMF was separated into four fractions (SI, S2, S3, S4) by 
temperature and pressure. These were drawn off periodically, quantified, 
and analyzed for fatty acids and physico-chemical properties. Fraction
ation conditions were 60°C/241 bar, 80°C/207 bar, 80°C/172 bar and 
60°C/69 bar. The raffinate fraction (R) was taken from the bottom of 
EC, weighed, and analyzed.

Analysis

AMF and its SC-C02 fractions were analyzed for cholesterol and fatty 
acids on a GC fitted with a flame ionization detector (HP 5890, Hewlett 
Packard, USA). Carrier gas was helium at 1.5 mL/min. Cholesterol was 
analyzed by a modified method of Lynch and Barbano (1988). Sterols 
were derivatized to form trimethylsilyl esters which were analyzed using 
a capillary column coated with SE-30 (Chrompack Co., The Nether
lands). Temperatures were oven 250, injector 270, and detector 300°C. 
Injection volume of sample was 3.8 |lL. 5-a cholestane (Sigma Chemical 
Co., USA) was used as internal standard.

Fatty acids were converted to methyl esters (AOCS, 1989) and ana
lyzed using a capillary column, 15 m X  0.25 mm, Durabond-225 (J & 
W Scientific Co., USA). Oven temperature was held at 60°C for 2 min, 
then increased at 4°C/min to 220°C and held 10 min. The temperatures
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CONTINUOUS SC-C02 PROCESSING A M F. . .

Fig. 1—Schematic diagram of continuous supercritical fluid fractionation system (AC: adsorption column, B: back pressure regulator, 
D: dry test meter, EC: extraction column, EV: extraction vessel, H: heat excharger, MV: metering valve, P: pressure reading, PP: high 
pressure pump, PR: pressure regulator, R: rotameter, RV: AMF reservoir, T: temperature reading, TK: carbon dioxide cylinder, V: on/off 
valve, VC: view cell).

T a b le  1— Packing characteristics
Type Wire spirals Knitted mesh
Material Stainless steel 316 Stainless steel 316
Dimension (mm) 2.29 X 4.45 X 4.45 —

Surface area (cm2/cm3) 19.5 19.2
Void fraction 0.83 0.95

of the injector and detector were 200 and 240°C, respectively. Injection 
volume of sample was 2 pL.

Thermal analyses of AMF and its SC'-CO, fractions were performed 
using a differential scanning calorimeter (DSC) (Perkin-Elmer, USA, 
Model DSC-l) according to the procedure of Norris et al. (1971). The 
variation in solid triglycerides content with temperature was calculated 
from DSC melting thermograms (Norris et al., 1971).

T h e o r y

Mass transfer efficiency is described by the number of theoretical 
stages (N) and the height equivalent to a theoretical stage (HETS) (Trey- 
bal, 1980). For the extraction of AMF using SC-CO,, the flow rates of 
both SC-CO, and AMF vary through the column length, especially at 
high solvent-to-feed ratios. This is due to the change in amounts of AMF 
present in the column. At the extraction conditions, AMF contained a 
considerable amount of CO,, and notable amounts of AMF were dis
solved in the SC-C02. However, SC-CO, was in large excess and its 
flow rate remained fairly constant. If the solvent-to-feed ratio varied over 
the column length, then the operating line would be curved.

To account for the change in AMF flow rate, Raj et al. (1993) devel
oped a modified version of Martin’s equation (1963) as shown in Eq. 
0 ).

N =

n+i+V qU — m)~ VN(l+ m ) 
2tn(yNVN — XN+, 1^+, )]

m (V0+ V N 
2LNH+V0—VN]

(1)

where, yN = mass fraction of triglycerides in SC-CO, exiting the (n) th 
stage, Ln. , = mass flow rate of AMF feed (g/hr), V0 = mass flow rate 
of SC-CO, (g/hr), m = equilibrium distribution coefficient of triglycer
ides, VN =  mass flow rate of the extract which includes C 0 2 (g/hr), xN+, 
= mass fraction of triglycerides in the AMF feed.

Equation (1) was used to calculate N, and HETS for AMF extraction 
was calculated from Eq. (2).

HETS = Packed column height/N (2)

RESULTS & DISCUSSION 
Performance of extraction column

A  p ractica l m ethod for process d esign  and scaleup is to de
term ine H E T S  based on phase equ ilib riu m  m easurem ent and  
pilot sca le  data. H E T S  o f  A M F  extraction fo r v ario u s co n tactin g  
d evices were ca lcu lated  at d ifferent superficia l v e lo c itie s  o f  
A M F  on two different p a ck in g s  and in a spray co lu m n  (F ig .  2). 
T h e  spray co lu m n  w as less efficient fo r m ass transfer than the 
packed co lu m n s, as the H E T S  fo r spray co lu m n s ranged from  
290  to 4 2 0  cm . T h is  w as because A M F  fell through the spray  
co lu m n  at a faster rate, lead in g to shorter residence tim e, and  
there w as less area exposed fo r m ass transfer (R ath kam p  et al., 
1987; La h ie re  and F a ir , 1987). F o r  the packed co lu m n s w ith  
knitted m esh and w ire  sp ira ls these values w ere 45 to 75 cm . 
Th ere  w as no d ifference in H E T S  values between the p acked
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Fig. 2— Efficiency of different column internals for extraction of 
AMF at 40°C/241 bar calculated by an equation of Raj et al.
(1993).

T a b le  2— E ffe c ts  o f p r o c e s s in g  p a ra m e te rs  o n  e x tra c t io n  o f  A M F  at 40°C/  
241 b ar

O p e ra tio n
O r ig in a l

A F M
N o

tre a tm e n t

T e m p .
g ra d ie n t
(4 0 -6 0 °C )

R e c y c le  
(R  = 1 2 .3 )

R e flu x
(R = 1 .3 )

S/F  (g/g) — 48 48 46 49
A M F  fe e d  (g/hr) — 53 54 55 52
C O 2 fe e d  (g/hr) — 2 580 2 630 2 5 4 0 257 0

E x t r a c t s
T r ig ly c e r id e s  y ie ld

(w t% ) — 66 56 59 43
C h o i, y ie ld  (w t% ) — 71 61 60 47
C h o i, c h a n g e s  (% ) — + 8 .3 +  7 .6 +  1.8 + 7.7
Fa tty  a c id s  (m o l% )

C 4 -C 8 17.6 20.8 2 3 .4 19.6 24.8
C 1 0 -C 1 2 6.1 7.2 7.2 7.0 7.5
C 1 4 -C 1 8 76.2 7 1 .8 69.2 73.2 67.5

U n sa tu ra te d 26.3 2 3 ,6 2 1 .4 24.0 21.0
S a tu ra te d 49.8 48.1 47.8 49.1 46.4
U n sa t/sa t 0 .52 0.49 0 .44 0.49 0 .45

R a ff in a te s
T r ig ly c e r id e s  y ie ld

(w t% ) — 34 38 42 56
C h o i, y ie ld  (w t% ) — 25 38 39 53
C h o i,  c h a n g e  (% ) — - 2 6 . 9 - 1 1 . 6 - 1 . 8 - 5 . 6
Fatty  a c  d s  (m o l% )

C 4 -C 8 — 3.3 5.0 9.2 8 .3
C 1 0 -C 1 2 — 3.9 4.6 4.9 4.8
C 1 4 -C 1 8 — 9 2 .6 9 0 .3 85.8 86.7

U n sa tu ra te d — 37.2 36.1 32.7 34.2
S a tu ra te d — 55.3 54.2 53.1 52.5
U n sa t/sa t — 0.67 0.66 0.61 0.65

colum ns. T h e y  both y ie ld ed  low er H E T S  values and w ere m ore  
efficient than the spray co lum n. R e su lts  indicated that the p a ck 
in g  increased m ass transfer e ffic ie n cy  m ore than 5 -fo ld  co m 
pared to the spray co lum n. La h ie re  and F a ir  (1 9 8 7 ) a lso  reported  
that m ass transfer e ffic ie n cy  o f  the packed co lu m n , in  w h ich  a 
liqu id  w as a continuous phase, w as five tim es greater than that 
o f  a spray co lum n. T h e  p a ck in g  surface increased the tortuosity, 
thus in cre asin g  the residence tim e o f  A M F  as w e ll as p ro vid in g  
a h igh  interfacia l area fo r m ass transfer.

T h e  effect o f  su p erfic ia l v e lo c ity  o f  A M F  on m ass transfer 
e ffic ie n cy  w as also determ ined (F ig .  2). Th ere  appeared to be a 
sligh t decrease in  m ass transfer e ffic ie n cy  (increase  o f  H E T S )  
o f  the packed co lu m n  as no m in al v e lo c ity  o f  A M F  increased.

T h is  w as because the increase o f  A M F  v e lo c ity  increased b ack- 
m ix in g  that tended to low er e ffic ie n cy  (Se ib e rt and M oosberg,
1988). D e  H aan (1 9 9 1 ) also observed that the H E T S  fo r the 
m e thylnaphthalene-hexadecane-CO , system  increased as n o m i
nal v e lo c ity  o f  A M F  increased.

H o w e ve r, the H E T S  values fo r g iv e n  system s and p a ck in gs  
w ere alm ost constant o ver a g iv e n  range o f  nom inal v e lo c ity  o f  
A M F . T h is  w as lik e ly  due to com pensating effects o f  the in 
crease o f  interfacia l area, turbulence favorable  to m ass transfer, 
and increases in  b a ck m ix in g  that tend to low er e ffic ie n cy  (R ath - 
kam p et al., 1987; La h ie re  and F a ir , 1987; Seibert and M o o s
berg, 1988). R athkam p et al. (1 9 8 7 ) also  reported a fa irly  
constant H E T S  value  o f  6.7 cm  for the iso p ro p an o l-w ater-C O , 
system  in  a p acked co lu m n  w ith 6.4  m m  ra sch ig  r in g s  at a nom 
inal v e lo c ity  o f  A M F  o f  2.5 to 8.9 cm /m in w ith constant nom inal 
v e lo c ity  o f  C 0 2 o f  2.2 cm /m in at 4 0 °C /1 0 2  bar.

Effect of processing parameters on extraction of A M F
T h e  effects o f  temperature gradient, re cyc le  and reflux  were 

com pared (T a b le  2) on extraction o f  A M F  E C  p acked w ith  kn it
ted m esh at 40°C/241 bar. A  tem perature gradient in  E C  has 
been used in  fractionation o f  fish  o il esters fo r better separation  
o f  w-3 fatty acids. B y  in cre asin g  tem perature at the top o f  the 
co lu m n  w h ich  decreased the density o f  C 0 2, the so lu b ility  o f  
trig lyce rid e s decreased from  the bottom  to the top creating in 
ternal reflux. T h e  trig lyce rid e s y ie ld  decreased b y  1 5%  co m 
pared to no temperature gradient due to density changes  
associated w ith the gradient. T h is  led to a decrease in  cholesterol 
y ie ld  o f  1 4%  com pared to no tem perature gradient. H o w ever, 
the cholesterol concentration in  the extract decreased b y  o n ly  
8 %  (com pared to no temperature gradient) as seen in  fatty acid  
com positions. T h e  extract phase becam e enriched w ith short- 
chain  (C 4 —C 8 )  fatty acid s w h ich  have a h igh  affin ity  for ch o 
lesterol.

R e c y c lin g  part o f  the raffinate is a m ethod used to increase  
contact tim e o f  the raffinate phase. R e c y c lin g  som e o f  the settled 
raffinate b a ck  to E C  m ay then im prove extraction e ffic ie n cy  
(T re y b a l, 1980). O n  re c y c lin g  part o f  the raffinate, trig lycerid e s  
and cholesterol y ie ld s in  the extract decreased b y  10 and 15% , 
respective ly. T h is  w as because the raffinate, w h ich  w as depleted  
o f  cholesterol and ligh ter trig lycerid e s, d iluted the in co m in g  
A M F  o f  these substances and they co u ld  not be stripped easily. 
T h e  cholesterol concentration in  the extract decreased by 7 8 % .

R e flu x in g  part o f  the extract is a m ethod used to increase  
product p u rity  in  m any ch em ica l separations (T re y b a l, 1980). 
T h e  re flu x in g  substances flow  dow nw ard in the co lu m n , w ash
in g  out heavy com ponents from  u p ris in g  gas stream s. W ith  re
flux  operation, trig lyce rid e s and cholesterol y ie ld s  decreased by  
34 and 3 3 % , respective ly. T h is  w as because part o f  the extract 
w as precipitated at reflux conditions, w as pum ped b a ck  and 
co m bined w ith in co m in g  A M F  feed. T h e  cholesterol concentra
tion in  the extract decreased b y  o n ly  7 %  com pared  to no re
f lu x in g  because the cholesterol becam e concentrated in the 
S C - C O ,  phase.

M ore short- and m e d iu m -ch ain  ( C 1 0 - C 1 2 )  fatty acid s were  
extracted b y  reflux operation because the lighter tr ig ly ce rid e s-  
r ich  precipitate at reflux  condition  w as com bined w ith  in co m in g  
feed. H ig h  concentrations o f  lo n g-ch a in  ( C l 4—0 8 )  fatty acids  
and ratio o f  lo n g-ch a in  unsaturated/saturated fatty a c id s were 
obtained d u rin g the no-treatm ent operation. M ost o f  the short- 
and m ed iu m -ch ain  fatty acid s w ere stripped from  the raffinate. 
T h is  correlated w ith the h igh er y ie ld  o f  tr ig lyce rid e s in  the e x 
tract.

F ro m  the results none o f  the above approaches w as lik e ly  to 
provide unique products in  term s o f  fatty a c id  com positions. 
H e n ce  a m ulti-stage separation process fo r A M F  fractionation  
w as investigated.

Fatty acid compositions of A M F and its S C - C O z fractions
A M F  w as fractionated b y  an extraction and four stage sepa

ration u sin g  S C - C O ,  at 40  to 8 0 °C  and 241 to 69  bar. T h e  fatty
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T a b le  3— Fatty  a c id  c o m p o s it io n s  (m o l% ) of A M F  a n d  its S C - C O 2 fra ctio n s

S/F  (g/g) 61
E x tra c t  lo a d in g  (w t% ) 1.3
T r ig ly c e r id e s  re c o v e ry  (% ) 101

A M F R S I S 2 S 3 S 4

T e m p e ra tu re  (°C) — 40 60 80 80 60
P re s s u r e  (bar) — 241 241 207 172 69
p C 0 2(kg/m 3) — 8 7 3 779 608 503 153
T r ig ly c e r id e s  y ie ld  

(w t% ) — 19.5 11.8 36.1 17.8 15.4

C  4:0 6.8 1.0 3.9 7.5 10.9 10.6
C  6:0 3.5 0.7 2.4 4.2 5.2 5.5
C  8:0 1.5 0.4 1.1 1.7 2.0 2.2
C 1 0 :0 3.2 1.2 2.5 3.4 3.5 4.0
C 1 2 :0 3.6 1.9 3.1 3.7 3.7 4.4
C 1 4 :0 11.4 8.4 10.8 11.8 11.7 12.7
C14 :1 0.8 0.6 0.9 0.9 0.8 0.8
C 1 5 :0 1.0 0.9 1.0 1.0 1 .0 1.1
C 1 6 :0 28.9 2 8 .5 29.5 2 9 .3 28.9 29.0
C l  6:1 1.3 1.3 1.4 1.3 1.2 1.2
C 1 8 :0 12.0 18.4 13.4 10.8 9.6 8.9
C18 :1 22.5 32.2 25.8 2 0 .8 18.2 16.9
C 1 8 :2 2.7 3.4 3.1 2.5 2.2 1.8
C 1 8 :3 0.3 0.4 0.4 0.3 0.3 0.3

S C F A * ( C 4 -C 8 ) 11.8 2.2 7.5 13.6 18.2 18.4
M C F A * (C 1 0 -C 1 2 ) 6.8 3.1 5.6 7.2 7.3 8.4
L C F A * (C 1 4 -C 1 8 ) 81.2 9 4 .6 86.7 79.1 7 4 .3 7 3 .0

U n sa tu ra te d 27.8 38.2 31.7 26.1 23.0 21.2
S a tu ra te d 53.4 56.4 54.9 5 3 .0 51.3 5 1 .8
U n sa t/S a t 0.52 0 .68 0 .58 0.49 0 .45 0.41

*SCFA: short chain fatty acids, M CFA: medium chain fatty acids; LCFA: long chain 
fatty acids.

Temperature(°C)
Fig. 3— Melting therm ogram s of AM F and its S C -C O 2  fractions 
(LMT: low -m elting triglycerides, MMT: m edium-melting trig lyc
erides, HMT: high-m elting triglycerides).

acid  co m p o sitio n s o f  A M F  and its S C - C 0 2 fractions w ere c o m 
pared (T a b le  3). Sho rt- and m ed iu m -ch ain  fatty acid s w ere co n 
centrated in  the extract fractions ( S 1 - S 4 )  and their am ounts  
decreased as separation pressure increased. C o n sid erab le  
am ounts o f  lo n g-ch a in  fatty acid s occurred  in the raffinate fra c 
tions (R )  and their am ounts decreased as separation pressure  
decreased. L o n g -c h a in  unsaturated fatty acid s w ere concentrated  
in the raffinate fractions w h ile  lo n g-ch a in  saturated fatty acid s  
rem ained fa ir ly  constant. T h e  ratio o f  unsaturated/saturated fatty 
acid s in the raffinate fraction w as 0 .68 com pared to 0 .52  in  the 
o rig in a l A M F .

T h u s  S C - C 0 2 fractionation o f  A M F  pro vid es the p o ss ib ility  
o f  altering fatty acid  com p o sitio n s in fractions b y  concentrating  
short-chain  fatty acid s in  extract fractions and m a x im iz in g  u n 
saturated fatty acid s in  raffinate fractions. Fractio n atio n  o f  A M F  
u sin g  S C - C O ,  is  based on its trig lyce rid e  m o le cu lar s ize  (A ru l 
et al., 1987). T h o u g h  there w ere discrete fatty a c id  co m p o sitio n  
differences am ong the fractions, fractionation o f  fatty a c id s on  
the b asis o f  m o lecu lar size  o f  tr ig lyce rid e s w as not sharp, w ith  
all fatty acid s o ccu rrin g  in a ll fractions.

Melting thermograms of A M F and its S C - C 0 2 fractions

Th e rm al properties o f  A M F  and its S C - C 0 2 fractions w ere  
exam ined b y  D S C  to assess the contribution o f  d ifferent tr i
g lyce rid e s to overall p h y sica l characteristics (F ig .  3). A M F  be
gan to m elt above - 4 3 ° C  w ith m axim u m  m eltin g at 17 °C . T h e  
h ig h -m e ltin g  trig lyce rid e s appeared between 20  to 3 8 °C  as a 
shoulder c n  the m ain  peak. A l l  therm ogram s had sharp upper 
temperature lim its but low er temperature lim its were less w e ll 
defined. T h e  m ajor peak in  each cu rve  w as attributed to the 
p rin cip a l latent heat effect associated w ith m eltin g trig lycerid e s. 
In  the raffinate fraction the m agnitude o f  the effect w as reduced  
since  less trig lyce rid e s had so lid ified . A l l  m eltin g therm ogram s  
except that fo r the raffinate fraction show ed the h igh est rate o f  
m eltin g in  the range o f  15 to 18°C . T h is  w as associated w ith  
tem peratures at w h ich  apparent sp e cific  heat value  w as highest, 
co n sid erin g  both sensible  and latent heat changes (L e w is , 1987). 
T h e  raffinate fraction show ed an exotherm ic transition at 1 0 °C  
in  the m eltin g therm ogram , i.e. d ip s below  the baseline w h ich  
w ere p robably  due to a p o lym o rp h ic  transition from  less stable  
to m ore stable crysta llin e  form s (N o rris  et al., 1971).

A ll  the fractions show ed 3 m eltin g zones in  the m e ltin g  ther
m ogram s: a lo w -m eltin g  zone as m in o r peak (esse n tia lly  a 
shoulder), an interm ediate-m elting zone represented b y  the m a
jo r  peak, and a h igh -m e ltin g  zone as a broad shoulder. T h e  
m ajo r d ifferences in m eltin g therm ogram s o f  A M F  fractions are 
read ily  exp lained  by the proportions o f  tr ig lyce rid e s in each  
zone (T a b le  4). T h e  proportions o f  lo w -m eltin g  trig ly ce rid e s  
( L M T )  in the temperature range o f  —42 to 15 °C  w ere greater 
in  the extract fractions ( S 2 - S 4 )  ra n g in g  from  44  to 7 2 %  c o m 
pared to 2 9 %  in the o rig in a l A M F . T h e  raffinate fractio n s had  
h igh  proportions o f  h igh -m e ltin g  trig lyce rid e s ( H M T )  (7 5 % )  in  
the range o f  21 to 4 4 °C  com pared to 3 8 %  in  the o rig in a l A M F .  
M ed ium -m eltin g  trig lyce rid e s (M M T ) w ere lo w  in  a ll fractions  
b y  7 to 3 0 %  fo r the range o f  9 to 2 2 °C  com pared to 3 3 %  in  the 
o rig in a l A M F . T h is  decrease w as due to a shift fro m  M M T  to 
L M T  in  the extract fractions and from  M M T  to F IM T  in  the 
raffinate fraction. Interestingly, H M T  proportions in the range  
o f  19 to 3 6 °C  for the extract fractions ( S 2 - S 4 )  w ere observed  
to be sm all ran g in g  from  26 to 12%  com pared to 3 8 %  in  the 
o rig in a l A M F .

Solid triglycerides content of A M F and its S C - C 0 2 
fractions

V a ria tio n s in so lid  trig lyce rid e s content w ith tem perature for 
A M F  and its S C - C 0 2 fractions w ere observed (F ig .  4). T h e  so lid  
trig lyce rid e s content decreased s ig m o id a lly  as tem perature in 
creased. T h e  so lid  trig lyce rid e s contents o f  a ll fractio n s w ere  
m arked ly  d ifferent from  the o rig in a l A M F . A s  expected, at any
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Table 4— M e ltin g  c h a r a c te r is t ic s  o f  A M F  a n d  its S C - C O 2 f ra c t io n s

S a m p le

L o w -m e lt in g
tr ig ly c e r id e s

M e d iu m -m e lt in g
tr ig ly c e r id e

H ig h -m e lt in g
tr ig ly c e r id e s

T e m p .
ra n g e

(°C)
A re a
(%>

T e m p .
ra n g e

<°C>
A re a
(% )

T e m p .
ra n g e

(°C)
A re a
(% )

A M F -2 1 / 1 0 29 10/20 33 20/38 38
R -2 0 /1 1 18 11/21 7 21/44 75
S1 -1 3 / 9 20 9/20 26 20/40 54
S 2 -4 2 / 1 5 44 15/22 30 22/36 26
S 3 -4 2 / 1 5 70 15/20 19 20/32 11
S 4 -2 9 / 1 4 72 14/19 16 19/30 12

Fig. 4— Solid triglycerides content of AMF and its S C -C O 2  frac
tions.

temperature the so lid  tr ig lyce rid e s content increased in  the or
der: extract fractions, A M F , the raffinate fraction. T h is  show ed  
good agreem ent w ith the trend observed in  the proportion o f  
each trig lycerid e s. F o r  exam ple, at 17°C  the so lid  trig lycerid e s  
content in  the extract fractions ( S 4 - S 2 )  w as 17 to 3 9 %  co m 
pared to 4 8 %  in  the o rig in a l A M F . T h e  beh avio r o f  the so lid  
trig lyce rid e s content o f  the raffinate fraction w as com parable  
w ith those found in  pastry fats m ade w ith  hydrogenated anim al 
and vegetable fats w ith  typ ica l m eltin g points up to 4 4 °C  (R a ja h ,
1986). T h is  g iv e s  them the tem perature tolerance fo r use in la y 
ering o f  doughs in  p u ff  pastry. T h e  so lid  trig lyce rid e s content 
is the m ost im portant param eter determ in ing hardness and 
spreadability  o f  A M F .  T h e  cu rves (F ig .  4 )  can g iv e  a general 
indication  o f  the su itab ility  o f  each fraction  for a p articu lar pur
pose in  form ulated foods. T h e  lo w -m eltin g  fraction can be used  
in bakery products, co n fectio n ery and ice  cream , and in m ilk  
v ia  recom bination (R a ja h , 1986).

for fractionation o f  A M F . S p e c ific  p ro cessin g  conditions pro
v id ed  tailored A M F  fractions, and im proved unsaturated/ 
saturated fatty acid  ratio/specific functionalities w h ich  led to a 
potential new  d airy  products. T h is  w o rk  should  also  be useful 
in the d esign  o f  h igh  pressure processes for fractionation o f  
A M F  and s im ila r  d a iry  fractions.
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Retention of D iacetyl in Milk d u rin g  S p ra y -D ry in g  and Sto ra ge

A. SENOUSSI, E.D. DUMOULIN and Z. BERK

--------------------------------  A B S T R A C T  --------------------------------
Spray-drying of milk in a Leaflash dryer was studied in relation to vol
atile aroma loss in drying and during storage of the powders Diacetyl 
was used as the volatile model, and the contribution of the various milk 
constituents to retention was determined. Proteins retain more diacetyl 
than does lactose or fat. Conditions leading to a powder with more amor
phous lactose result in higher diacetyl loss during drying. The rate of 
diacetyl loss during storage depended on relative humidity anc on the T 
-  Ts parameter and was strongly enhanced by crystallization of amor
phous lactose.

Key Words: diacetyl, glass transition, lactose, milk, spray-dry.ng

IN T R O D U C T IO N
S t r u c t u r a l  c h a n g e s  affe cting  b u lk  and surface  properties o f  
the d ry  m ass are know n to stro n gly  influence the rate o f  vo latile  
arom a lo ss d u rin g  d ry in g  and subsequent storage o f  spray-dried  
food pow ders. T h e  m ost im portant o f  such  chan ges are crysta l
lizatio n  and g la ss  transition phenom ena. In  m ilk  pow der, the 
com ponent m ost lik e ly  to undergo these k in d s o f  structural 
chan ges is  lactose.

In  lactose pow ders obtained by sp ra y-d ry in g  or by lyo p h ili- 
zation  o f  solutions, the am orphous form  u su a lly  predom inates 
(W alstra  and Jenness, 1984; Lu q u e t, 1985). T h is  is because the 
so lid  structure is fixed  very  rap id ly  either b y  fast d ry in g , in very  
hot a ir (sp ra y -d ry in g ) or b y  q u ick  free zin g  (ly o p h iliza tio n ). Th e  
am orphous state is  a n o n equilibrium  state, and m ay undergo  
change at a rate depending on tem perature, w ater content, etc .
. . A t  tem peratures above g la ssy  transition, m ore or less rapid  
change from  am orphous to rubbery, liq u id  or cry sta llize d  states 
o ccu rs (K a re l, 1990; B lo n d  and S im atos, 1991; R o o s and K a re l, 
1991 a,b). A t  room  temperature, c rysta lliza tio n  o f  am orphous  
lactose o ccu rs at relative h u m id ity  »«42% , corresp o n d in g to w a
ter content o f  5 -6 %  (F l in k  and K a re l, 1972; A d ria n  and Lep e n, 
1987; S lade  and Le v in e , 1991). T h e  rate o f  c rysta lliza tio n  de
pends on the d ifference between storage temperature (T', and the 
g la ssy  transition point ( T g), fo llo w in g  the W L F  equation (R o o s  
and K a re l, 1992). T h e  m ethods for stu d yin g crysta llizatio n  and 
state o f  lactose include  X -r a y  d iffractio n  (B rig g n e r  et al., 1994), 
N IR  (V u ataz, 1988) and differentia l scan nin g  calo rim etry (R o o s  
and K a re l, 1991a; S lade  and Le v in e , 1991).

T h e  retention o f  a g iv en  vo latile  com ponent d u rin g spray
d ry in g  is la rge ly  affected b y  selective  d iffu sio n  o f  w ater vs v o l
atile substances. A b o v e  a cr it ica l concentration, the d iffu sio n  o f  
w ater alone is observed and o rgan ic vo latiles are retained (F l in k  
and K a re l, 1970; F l in k  and L a b u za , 1972; C h ir ife  et al., 1973). 
H o w e ve r, in  crysta llin e  so lid s the p rin cip a l m echanism  o f  v o l
atile substance retention is  adsorption on the surface. Th e  ad
sorption o f  d iacetyl on lactose is considerable  and depends on 
the p h ysica l state o f  the sugar, the a -  and p -crysta llin e  form s 
h av in g  adsorption capacities h igher than that o f  am orphous la c 
tose (N ick e rso n  and D o lb y , 1971).

P h y sica l structure is also  h ig h ly  relevant to storage stab ility  
o f  foods in  pow der form . In  system s con ta in in g  lip id s, the pro
tective action  o f  the so lid  m atrix  m ay be lost w hen cry sta lliza 
tion occu rs. T h u s , m ethyl linoleate encapsulated in  a
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lactose-gelatin  support is rap id ly  o x id ize d  w hen the in it ia lly  
am orphous lactose undergoes crysta llizatio n  (Sh im a d a  et al.,
1991). G la s s y  transition in m ilk  pow ders accelerates a g g lo m 
eration and c a k in g  (R o o s  and Jo u p p ila , 1993).

Le a fla sh  d ry in g , a sp ray-d ry in g  technique used in our w o rk, 
has been p re v io u sly  described and studied as to its su itab ility  
for encapsulation o f  arom as (B h an d ari et al., 1992; Sen o u ssi et 
al., 1994). O u r o bjective  w as to study the retention b y  m ilk  o f  
d iacetyl, as a m odel fo r vo latile  arom a substances, both d u rin g  
the course o f  d ry in g  and subsequent storage o f  the pow ders. T h e  
contribution o f  various com ponents o f  m ilk  to vo latile  retention  
w as exam ined.

MATERIALS & METHODS
Dryer

The dryer used for all experiments was the Leaflash 100 spray-dryer 
(Rhône-Poulenc, Aubervilliers, France) (Bhandari et al., 1992, Clement 
et al., 1994). This atomizer is a specific pneumatic nozzle where the 
pressurized gas is the hot drying air. Hot air (pressure 1.4 bar) is injected 
with an hélicoïdal swirl and accelerated into a convergent duct before 
impacting the liquid for atomization and drying. Feed is metered into 
the dryer by a peristaltic pump. Since in the Leaflash the liquid is simply 
propelled through the central head, atomization of viscous liquids (up to 
600 mPa.sec) is easier. The drying air is electrically heated and con
trolled up to 450°C. In our experiments the wall of the drying chamber 
of the Leaflash was thermostated at 60°C. Maximal evaporative capacity 
is 7 kg/hr, and the experimental mean residence time, defined as the 
elapsed time between entrance of liquid in the atomizer and the first 
appearance of dry powder in the product collector, is 5 sec. Operating 
conditions were similar for all experiments: inlet air. 250 ±  2°C: outlet 
air, 100 ±  2°C; air flow rate, 70 mYhr.

Preparation of powders

Lactose powder was obtained by spray-drying a concentrated lactose 
solution in the Leaflash. The solution was prepared from a-lactose mon
ohydrate (Sigma Chemical Co., St. Louis, MO; containing 2% fl-lactose) 
at 50°C. After addition of diacetyl (Sigma) at 0.5% of the total solids 
content, the solution was cooled to 20°C and spray-dried. The solubility 
of lactose at 20°C is 15 g/100 g water.

Using the variation of solubility with temperature, we produced lac
tose powders with varying degrees of crystallinity as follows: a 25% 
solution of lactose, prepared at 50°C, was divided into 3 portions. Each 
portion was brought to a different temperature (20, 40 or 60°C) before 
drying. The proportion of amorphous lactose in the spray-dried powder 
was higher for higher pre-drying solution temperatures than for samples 
fed to the dryer at lower temperature (Table 4). At 20°C a 25% solution 
is supersaturated. Possibly, microcrystals were formed in the feed, solu
tion or in the droplets shortly after atomization, resulting in a more 
crystalline powder at the end of the process. We did not, however, ob
serve directly the presence of crystals in the feed solution.

Completely amorphous lactose powder was obtained from a 15% so
lution, brought to 50°C before spray-drying. The powder thus obtained 
was then completely dehydrated over P ,0 5. Powders of the various milk 
components (Table 1) were obtained by spray-drying solutions contain
ing 20% dry matter (total solids).

Diacetyl retention

Due to its intermediate volatility, diacetyl (2,3-butanedione) is a con
venient model for studying retention of volatiles in spray-drying. Diace
tyl content of the feed solutions and the powders was determined by a 
colorimetric method, adapted from AOAC (1990) method 978.11, after 
recovery by distillation. Retention during spray-drying was defined as:

894—JOURNAL OF FOOD SCIENCE— Volume 60, No. 5, 1995



Table 1—Composition of raw materials
Product (powder)3 Composition % w/w

lactose a-lactose monohydrate with 2% of p-lac- 
tose

skim milk 
(1)

water content = 5% maxi 
fat = 1.5% maxi 
protein = 35% maxi 
lactose = 52%

whole milk 
(2)

fat = 26% maxi 
protein = 25.5% maxi 
lactose = 38.5% 
ash = 6.3-6.5%

ultrafiltration retentate = 
proteins + inorganic 

substances 
(3)

water content =  4.5% 
total nitrogenous substances = 79.3% 
non protein nitrogen =  0.5% 
inorganic substances = 7.8%

whey permeate 
lactose + inorganic 

substances 
(3)

water content = 2.1% 
lactose = 77%
total nitrogenous substances = 4.3% 
non protein nitrogen = 0.3% 
inorganic substances = 9.7%

anhydrous fat (4)
a (1) Sigma; (2) Protait, Niort (F); (3) INRA, Rennes (F); (4) Dairy Fléchard, Bagnoles de 

l'Orne (Fl.

diacetyl content of the powder (mg/kg dry matter) 
diacetyl content of the feed solution (mg/kg dry matter)

Retention in powders during storage was expressed as percentage of 
initial concentration.

Differential scanning calorimetry (DSC)

The instrument used was a Mettler TA 4000 Thermal Analysis System 
with TC 11 TA processor and TA 72 PS.2 software, calibrated for tem
perature and flux with indium. Thermograms were used to determine 
glass transition temperature Tg, crystallization temperature Tcr and heat 
of crystallization AHcr (Fig. 1). All measurements were performed at 
5°C/min between —20°C and 250°C depending on the location of Tg and 
T„, using sealed aluminum pans (Mettler 40 |iL) and an empty pan as 
a reference. AH;r was calculated by integration of the crystallization peak 
(Roos and Karel, 1992).

Evaluation of amorphous fraction in lactose powders

The degree of crystallinity of lactose powders was calculated from 
their AHCI. The heat of crystallization of amorphous lactose at 0% hu
midity was taken as AHcro =  97 J/g (Fig. 1). The heat of crystallization 
of partially crystallized lactose, APIcr, is proportional to the percentage 
of amorphous lactose in the sample. Assuming AHcro independent of 
water content (Roos and Karel, 1992):

% amorphous fraction in lactose powder = AHC/AHC,0

For calculation of the amorphous lactose content in milk powder, the 
total lactose content of the milk powder, X g/g, must be included in the 
calculation, thus:

% amorphous lactose in milk powder =  AHC/X  • AHcro

Storage of powders at different relative humidities

The spray-dried lactose and skim milk powders were stored in closed 
glass containers (1L), in which a constant relative humidity was main
tained through the presence of saturated salt solutions. The following 
salt solutions were used: potassium acetate for 22% RH, magnesium 
chloride for 32% RH, potassium carbonate for 43% RH and magnesium 
nitrate for 53% RH. The jars were kept at 25°C. The extents of crystal
lization and diacetyl retention were determined at intervals of 48 hr stor
age time. Each glass jar was opened only once to supply one sample. 
Equilibrium ^  was reached in about 24 hr and the changes in the pow
ders was observed during 30 days.

Storage of powders at different T — Tg values

The spray-dried lactose and skim milk powders were first equilibrated 
in jars at different temperature and different relative humidities. Constant

Table 2—Storage conditions for lactose and skim milk powders with dif- 
ferent T - T g______________________________________________

Relative 
humidity (%)

Lactose 
Ta (°C)

Storage temp 
(°C) (relative 
humidity %)

T - Tg
<°C)

53 (2°C) 2 5 (53%) 3
Lactose 43 (2°C) 19 30 (43%) 11
powder 32 (25°C) 39.5 45 (32%) 5.5

32 (25°C) 39.5 52 (32%) 12.5
Skim milk 22 (25°C) 58 75 (22%) 17

powder 32 (25°C) 39 50 (32%) 11
43 (2°C) 19 25 (43%) 6

Rate 5.0 °C/min

50 100 150 200 T°C

Fig. 1—Thermogram of amorphous lactose powder determina
tion of T g, Tcr, AHcr.

Te was reached after 24 hr. The samples were then maintained at a 
constant temperature higher than their Tg, in order to obtain different 
values of T — Tg for the different relative humidity levels (Table 2).

RESULTS & DISCUSSION 

Retention of diacetyl during spray-drying
Lactose solutions. L o s s  o f  d iacetyl d u rin g  sp ra y-d ry in g  de

creased as concentration o f  lactose in  the feed solution  increased  
(T a b le  3). T h is  w as in  accordance w ith other reports on arom a  
retention in sp ra y-d ry in g  (R e in e c c iu s  and B a n g s , 1985; K in g ,
1994). T h e  data (T a b le  4 ) indicate a strong relationship  between  
diacetyl retention and the am orphous/crystalline ratio. Retention  
w as h igh er when the d ry in g  conditions led to a pow der w ith  a 
h igh er proportion o f  crysta llin e  lactose. T h is  result m ay be e x 
plained as fo llo w s. T h e  loss o f  vo latile  arom a substances in 
sp ra y-d ry in g  is  la rg e ly  governed b y  the e ffective  d iffu s iv ity  o f  
a vo latile  com pound across the droplet. A s  w ater evaporates and 
the solutes in  the droplet reach a certain concentration, m icro 
crysta ls  are form ed w ith in  the supersaturated solution. S in ce  
sp ra y-d ry in g  is a v e ry  fast process, the p h y sica l co m p o sitio n  o f  
the drop is ra p id ly  fixed  and reflected in  the structure o f  the 
resu lting pow der particle. T h u s, the resu ltin g pow der m ay be 
co m p lete ly  am orphous or it m ay contain  m icro crysta llin e  
regions dispersed in  the am orphous m ass. In  the droplet the 
m icro crysta ls  constitute an additional barrier to d iffu sio n  o f  v o l
atile m olecu les. T h e ir  resistance to m ass transfer becom es more  
im portant w hen they are present in the droplet in  greater pro
portion, thus in cre asin g  retention o f  v o latile s  in  the droplet dur
in g  d ry in g. T h e  future observation o f  the structure o f  droplets 
d u rin g d ry in g  m ight help elucidate this.

Effect of proteins and inorganic substances. Retention data 
fo r sk im  m ilk  and different fractions o f  m ilk  were com pared  
(T a b le  3). W hen dried under the sam e conditions, m ilk  proteins 
( U F  retentate) show  a h igh er retention cap acity  (6 2 % ) than lac
tose (4 1 % ). T h e  h igh er retention cap acity  (5 3 % ) o f  w hey per
meate (lactose +  m in e ra ls) com pared to lactose m ay indicate a
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DlACETYL RETENTION IN SPRAY-DRIED M ILK . . .

Table 3— Retention of diacetyl in lactose and milk products during Leaflash 
spray-drying (diacetyl 0.5% of total solids (TS); drying air temperatures 250/ 
100°C) ________________________________

Sample

ns
(g water/ 
100g TS)

Retention
(%)

Total solids 
content (%)

1 3.33 ± 0.02 58.0 ± 0.5 30
2 3.02 60.3 30

Lactose 3 2.96 61.1 30
4 2.71 58.5 30
5 2.83 57.2 30

mean value 2.97 59.0 30
Lactose 4.30 -  4.32 40.7 -  42.6 20

Ultrafiltration retentate
(protein) 6.58 -  6.39 61.5 -  62.9 20

Whey permeate
(lactose + salts) 3.98 -  3.90 52.1 -  53.9 20

Whey permeate + lactose
(10% + 10%) 3.72 -  3.86 45.2 -  47.0 20

Ultrafiltration retentate
+ whey permeate 5.60 -  5.49 56.0 -  58.9 20

Skim milk 5.76 -  5.87 60.9 -61.1 20

Table 4— Retention of diacetyl during Leaflash spray-drying of aqueous lac
tose solutions in relation with % of amorphous lactose in powder (Total 
solids, TS  =  25%; drying air temperatures 250/100°C)

Sample
1

Sample
2

Sample
3

Temperature of solution (°C) 60 40 20
ns (g water/100g TS) 3.19 3.48 2.68
Tg <°C) 70.1 64.4 69.5
T cr (°C) 123.1 116.3 120.2
AHcr (J/g) 75.7 67.4 54.8
Amorphous lactose (%) 78.0 69.5 56.5
Retention (%) 39.2 42.9 51.7

Table 5— Retention of diacetyl in relation to fat content

Composition 
(g/100g total solids)

Total
solids

content
(%)

Retention
(%)Product lactose protein fat

Skim milk 52 35 1 20 65.6
3/4 Skim milk + 
1/4 Whole milk 48.4 32.5 7 20 64.2

1/2 Skim milk + 
1/2 Whole milk 45 30.3 13.5 20 61.8

1/4 Skim milk + 
3/4 Whole milk 41.1 27.6 21 20 62.1

Whole milk 38.5 25.9 26 20 59.6

Composition 
(g/kg solution)

Total
solids

content
(%)

Retention
(%)

Ultrafiltration retentate 0 200 0 20 62.0
Ultrafiltration retentate 

+ 10% fat 0 180 20 20 58.1
Ultrafiltration retentate 

+ 10% fat 0 200 20 22 65.1

o Tcr in skim milk x  Tg in skim milk A  Tcrin lactose □  Tgintaose

Tj,1 * -*-Tg2* : onset and end of glass transition (Roos and Karel, 1991 a)

Fig. 2—Tg and Tcr of lactose in relation to aw (storage at constant 
relative humidity).

Time in days

Fig. 3—Loss of diacetyl in powder during storage in relation to 
time and relative humidity at 25°C.

Fig. 4—Rate of crystallization of lactose during storage in relation 
to time and relative humidity at 25°C.

p o sitive  contribution o f  in o rgan ic constituents. T h is  w as co n 
firm ed b y  the interm ediate retention (4 6 % ) in  the w hey permeate  
+  lactose sam ple. W e do not have an explanation for the ob
served p ositive  effect o f  in o rgan ic  constituents on d iacetyl re
tention. T h e  m ixture  o f  U F  retentate o f  sk im  m ilk  and U F  
perm eate o f  w h ey had a com p o sitio n  c lo se  to that o f  sk im  m ilk .  
Its d iacetyl retention cap acity  w as low er than that o f  the U F  
retentate alone and alm ost equaled that o f  sk im  m ilk .

Effect of milk fat. D ia ce ty l retention data for m ilk  and m ilk  
d erivatives w ith d ifferent levels o f  fat content w ere com pared  
(T a b le  5). Retention seem ed to be im paired as fat consent in 
creased. T h is  m ay be due to the fact that, at constant dry matter 
concentration in the feed solution, any increase in  fat content

w ould  in clu d e  a decrease in protein and lactose, the m ain sy s 
tem s responsible  fo r vo latiles retention. T h is  exp lanation  is sup
ported b y  the retention data fo r U F  retentate w ith or w ithout fat. 
A t constant d ry  matter content, addition o f  fat (w ith  reduction  
o f  protein) reduces retention. Com p en satio n  o f  the replacem ent 
b y  in cre asin g  the total d ry  matter content from  20 to 2 2 %  re
stored the h igh er retention values.

Retention of diacetyl during storage of the powders

Lactose crystallization and diacetyl retention. D S C  m eas
urem ents on am orphous lactose pow ders after equ ilib ratio n  at
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Fig. 5—Loss of diacetyl in powder during storage in relation to 
time and T  -  Tg.

Fig. 6—Rate of crystallization of lactose during storage in relation 
to time and T  -  Tg.

different le v e ls  o f  aw show ed a line ar relationship  between aw 
and the tem peratures o f  c rysta lliza tio n  ( T cr) and g la ss transition  
( T g) w ith in  the a„ range 0  to 0.5 (F ig .  2). T h e  results were  
com parable to those o f  R o o s and K a re l (1991a , b). T h e  d iffe r
ence between T g and T cr w as 52 ±  2 °C .

In  lactose and sk im  m ilk  pow ders, a c lo se  relationship  be
tween d iace ty l lo ss and cry sta lliza tio n  o f  lactose w as observed. 
V o la tile  lo ss fo llo w s crysta lliza tio n  after a la g  tim e lo n ger for 
sk im  m ilk  than fo r lactose (F ig .  3 and 4). C ry sta lliza tio n  w as 
faster and extent o f  d iacety l lo ss w as larger at h ig h e r aw. In  
lactose at aw o f  0 .32 and 0.22, w here T g (3 9  and 5 2 °C , respec
tiv e ly ) w as h igh er than the storage tem perature (2 5 °C ), cry sta l
lizatio n  w as v e ry  s lo w  and d iacety l w as alm ost totally  retained. 
In  contrast, at aw o f  0 .53, w here T g w as m ore than 2 0 °C  low er  
than the storage tem perature, c rysta lliza tio n  w as alm ost instan

taneous and p ra ctica lly  a ll d iacety l w as lost after 6 days. A t  the 
interm ediate a„ (0 .4 3 ) c rysta lliza tio n  w as slo w er at first and very  
rapid  afterw ards. T h e  rate o f  d iace ty l lo ss fo llo w e d  the same  
pattern. In  sk im  m ilk , even after com plete crysta lliza tio n  o f  la c 
tose (a^ =  0 .5 3 ), part o f  the d iacety l w as still retained, p robably  
adsorbed b y  other com ponents, m a in ly  proteins.

Changes in stored powders as a function of T  — T g. E x 
am ination o f  extent o f  cry sta lliza tio n  and d iacety l lo ss data in  
lactose pow der stored at d ifferent tem peratures and aw values  
(co rresp o n d in g  to d ifferent values o f  T g) show ed that both rate 
o f  crysta lliza tio n  and d iacety l lo ss  increased w ith  in cre asin g  T  
-  T g (F ig .  5, 6). T h e  sam e relation w as seen fo r lactose in  sk im  
m ilk  pow der but the rate o f  cry sta lliza tio n  w as slow er in  sk im  
m ilk . E x a m in a tio n  o f  the co rresp o n d in g  D S C  therm ogram s (F ig .
7) show ed fo r sk im  m ilk , a c rysta lliza tio n  peak w h ich  w as low  
and w ide, in d icatin g  slo w er crysta llizatio n . T h e  crysta llizatio n  
tem perature T cr fo r sk im  m ilk  is  h igh er than fo r pure lactose for 
the sam e aw. T h e  T cr — T g difference  (about 5 0 °C  fo r lactose) 
becom es 7 0 °C  fo r w h ey perm eate and m ilk . T h is  observation  
seem ed to co n firm  the retarding effect o f  non-lactose  co m p o 
nents on lactose crysta llizatio n .

CONCLUSION
A m o n g  t h e  c o m p o n e n t s  o f  m il k , the proteins seem ed to have  
the strongest p o sitive  effect on retention o f  d iacety l during  
sp ray-d ry in g. C o n d itio n s w h ich  prom ote form ation o f  m icro 
crysta ls  in  the pow der also enhanced d iacety l retention. D u rin g  
sp ray-d ry in g , d iacety l is  p ro b ably  retained through a m echanism  
o f  o cc lu s io n  in  an am orphous m atrix  co n ta in in g  m icro crysta ls. 
D u rin g  storage o f  lactose o r sk im  m ilk  pow der, d iacety l loss  
c lo se ly  fo llo w e d  the crysta lliza tio n  o f  lactose. Th erefore, the 
retention o f  vo latile  arom a com pounds co u ld  be im p ro ved  by  
factors w h ich  retard lactose crysta lliza tio n  su ch  as lo w  relative  
hu m id ity , lo w  tem perature, and the presence o f  proteins and 
in o rgan ic  substances.
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Sensory Evaluation of Reduced Fat Cheeses

M.A. DRAKE, W. HERRETT, T.D. BOYLSTON, and B.G. SWANSON

-------------------------- ABSTRACT --------------------------
The objectives of this research were to compare the effects of seven 
make-procedures on the sensory quality of reduced fat Monterey Jack- 
type cheeses. Modifications (decreased cook temperature, decreased ripe 
time, decreased starter, homogenization, added milk-solids-not-fat, added 
flavor cultures, and washed curd) were incorporated into standard make- 
procedures for 33% reduced fat (RF) Monterey Jack-type cheeses. Two 
controls, a standard full fat cheese, and a standard RF cheese, were also 
prepared. Cheeses were aged 3 and 7 mo prior to sensory evaluation. 
The full fat control cheese and the washed curd RF cheese received the 
highest flavor scores from trained dairy judges (n = 9) and the highest 
flavor and acceptance scores from a consumer panel (n = 125). Washed 
curd was an effective modification for optimum sensory quality of RF 
cheeses.

Key Words: reduced fat, cheese, sensory evaluation, acceptability

INTRODUCTION
R e d u c e d  f a t  ( R F )  d a ir y  p r o d u c t s  are the m ost w id e ly  co n 
sum ed R F  foods (T h a ye r, 1992). R F  cheeses present a ch a l
le n g in g  problem  because fat is im portant to texture and flavor 
(Jam eso n , 1990; O lso n , 1990; R o sen b erg, 1992). Fat reduction  
in  hard and sem i-hard  cheeses results in undesirable rubbery  
texture, la c k  o f  flavor, and/or presence o f  o ff-flav o rs (O lso n ,
1990). A  m ake-procedure is a standard list o f  procedures or 
“ re c ip e ”  that is fo llo w ed  to m ake a sp ecific  type o f  cheese. 
M an y m ake-procedure variations have been suggested to m ax
im ize  sensory q u ality  o f  R F  cheeses (D ean e and D o lan , 1975; 
B a n k s  et al., 1989; M cG re g o r and W hite, 1990; O lso n , 1990; 
C h e n , 1991; B a n k s  et ah, 1993; M etzge r and M istry , 1993), but 
few  have been d ire ctly  com pared to evaluate effectiveness. 
T ra in e d  sensory panels evaluated m any R F  cheeses prepared  
w ith m ake-procedure m o d ifications, but exhaustive  sensory  
evaluation u sin g  trained, d ifference, and acceptance panels has 
not been reported.

T h e  W ashington  State U n iv e rs ity  C ream e ry  m arkets a cheese  
( V ik in g )  that is  s im ila r  in com position  to M onterey Ja ck . Th e  
cheese is  gen e ra lly  m arketed between 3 and 6 m o o f  age. A  R F  
versio n  o f  th is cheese s im ila r  in qu ality  to its fu ll-fa t counterpart 
is  desired. T h e  o b jectives o f  our research w ere to com pare the 
effects o f  seven different m ake-procedures on sensory quality  
o f  R F  M onterey Ja c k  type cheeses.

M A T E R IA L S  & M E T H O D S  

Cheese manufacture
Whole milk was obtained from the Washington State University dairy 

farm (Pullman, WA) and skim milk was purchased from Dangold, Inc. 
(Spokane, WA). Lactic cultures (mixed strains of L a c to co ccu s la c tis  ssp 
la c tis  and L a c to co ccu s la c tis  ssp crem o ris  were purchased as frozen redi
set cultures (CHR. Hansen, Milwaukee, WI). Lactic cultures were then 
grown in Phase 4 media according to manufacturer’s directions (Mar- 
schall Products, Madison, WI) prior to use in cheese. S trep to co ccu s sa l-  
iva riu s  ssp th erm oph ilu s (CHR Hansen, Milwaukee, WI) and 
L a c to b a c illu s  h e lve ticu s  (WSU isolate) were cultured in sterilized whole 
milk. Whole milk (136 kg) was pasteurized at 63°C for 30 min and made 
into Viking cheese (Fig. 1). This cheese served as the full fat (FF) con
trol. For the RF cheese treatments, whole milk was pasteurized at 63°C

The authors are affiliated with the Dept, of Food Science & Hu
man Nutrition, Washington State Univ., Pullman WA 99164-6376.

for 30 min prior to standardization to 2.5% fat with skim milk to make 
a total weight of 136 kg. Seven make-procedure modifications plus a RF 
control were made (Table 1). Duplicate samples were taken pricr to 
packaging for proximate analysis. The cheeses v/ere vacuum sealed un
der 58.4 cm mercury in 603 by 204 cans and aged at 7.2°C until sensory 
evaluation. Composition of cheeses is given in Table 2, and changes in 
pH during aging at 7.2°C in Table 3.

Proximate analysis

Protein content of the milk was determined by a UDY dye binding 
colorimeter protein analyzer (UDY Corp., Fort Collins, CO) according 
to standard methods of analysis (Bradley et al., 1993). Fat content of 
standardized milks was determined by the Babcock method (Bradley et 
al., 1993). Fat, salt, moisture and pH of the cheeses were determined 
according to standard methods of analysis (Bradley et al., 1993).

Sensory evaluation

Cheeses were evaluated by a trained dairy products evaluation panel 
(n = 9), a prescreened difference panel (n = 30), and an acceptance

Pasteurize milk at 63°C for 30 min 
Cool to 31°C

Add startera and ripen for 50 min

Add rennet at the rate of 10 mL / 44kg 
Set for 30 min

Cut curd and allow to heal for 5 min

Cook by raising the temperature to 38°C 
over a 50 min time period

Drain the whey and shape the curd into loaves. 
Cheddar the loaves for 45 min

Mill and salt at the rate of 0.32% cf milk weight

Hoop and press for 2.5 h 
Package

Fig. 1—Make-procedure for Viking cheese. Procedure originally 
adapted from Czulak and Hammond (1958). aCultures added in
clude a lactic culture (0.35% w/w), Lactobacillus delbrueckii ssp 
bulgaricus (0.11% w/w), and Streptococcus salivarius ssp ther
mophilus (1.0% w/w). Cultures were purchased from Chr. Hansen 
(Milwaukee, WI).
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T a b le  1—Reduced-fat (RF) make-procedure modifications 
Treatment Modification
Standard RF Viking 0.30% lactic culture, cook to 36.5°Ca
Washed-curd (WC) Drain half of the whey (v/v) at dipping

and add 35°C water for 5 min
Milk-solids-not-fat (MSNF) Add 1.2% (w/w) MSNF prior to pas

teurization
Decreased starter (DS) 0.22% lactic starter 
Low cook temperature (LC) Cook to 35°C
Flomogenization (FI) Flomogenize whole milk post-pasteur

ization 6900 kPa
Flavor culture (FC) 0.1% (w/w) CR210b and 0.045% (v/w) 

15x starter distillate0
Decreased ripe time (DR) decrease ripe time to 30 min

a All of the RF treatments contain 0.30% lactic culture and a final cook temperature of 
36.5°C.

b CR210 is a lactose-negative proteolytic lactic adjunct starter for RF cheeses purchased 
from CHR.Hansen (Milwaukee, Wl). 

c 15x starter distillate purchased from CHR. Hansen (Milwaukee, Wl).

T a b le  2— Composition of cheeses
Mean3 Mean3 Mean3

Treatment %Fat %Salt %Moisture Salt/Moisture
FF Viking 33.33a 1.58c 40.539 3.90

(0.29) (0.02) (0.31)
RF Viking 22.33b 1.449 47.13cd 3.06

(0.29) (0.01) (0.28)
MSNF 21.00d 1.39f 47.40bc 2.93

(0.29) (0.03) (0.11)
DS 22.33b 1.40ef 46.80ef 3.00

(0.50) (0.02) (0.12)
LC 21.17cd 1.53d 49.33a 3.10

(0.29) (0.03) (0.23)
H 21.33cd 1.63b 47.40bc 3.45

(0.50) (0.01) (0.20)
DR 21.17cd 1.67a 47.73b 3.50

(0.29) (0.03) (0.12)
WC 21.00d 1.67a 46.53f 3.59

(0.29) (0.02) (0.12)
FC 21.67e 1.61bc 47.07cd 3.42

(0.29) (0.01) (0.20)
3 Means are the result of three replicates. Fat and salt contents are calculated on a wet

weight basis. Means in a column followed by the same letter are not significantly
different (P<0.05). Numbers in parentheses are the standard deviation of the means.

T a b le  3—Changes in pFH during aging at 7.2°C
Time

Treatment oa 3 mo 7 mo
FF Viking 5.23 5.28 5.30
RF Viking 5.13 5.10 5.04
MSNF 5.23 5.15 5.03
DS 5.29 5.18 4.99
LC 5.13 5.10 5.04
H 5.31 5.00 4.71
DR 5.43 5.19 4.86
WC 5.31 5.43 5.16
FC 5.24 5.16 4.98
a pH taken within 1 week after make.

panel (n =  125) after 3 and 7 mo aging. All panelists signed a Wash
ington State University human subjects approval form. Panelists had un
constrained access to deionized water, unsalted soda crackers, and green 
seedless grapes during testing to help cleanse their palates.

Judges trained in evaluating dairy products were chosen from WSU 
Creamery employees that previously completed a class in dairy products 
evaluation and were familiar with the standard American Dairy Science 
Association (ADSA) scoring system (Bodyfelt et al., 1988). Prior to the 
3 mo sensory evaluation, judges participated in a 3 hr “ review” session 
of common cheese defects given by the instructor of the dairy products 
evaluation class. Cheeses were assigned random two-digit numbers and 
judges evaluated cheeses in a randomized balanced block design. Each 
cheese was evaluated using the standard ADSA scoring sheet. The eval
uation was carried out under white lights.

For the difference panel, untrained individuals were prescreened for 
ability to detect differences in fat content, texture, and flavor of cheeses. 
Volunteers (63) participated in the screening panel. Panelists were asked 
to choose the different cheese in a series of three standard triangle tests. 
Red lights were used in tasting booths to mask color differences. The

cheeses were presented in a randomized balanced block design. The first 
test screened potential panelists for ability to detect texture differences 
and included a regular Viking cheese and a commercial high fat Havarti 
cheese. The second test consisted of a regular Viking cheese and a RF 
Viking cheese. The third test consisted of a commercial mild Cheddar 
cheese, aged 3 mo, and a commercial extra sharp Cheddar cheese aged 
12 mo. Panelists who scored the three triangle tests correctly (32) were 
asked to participate on the taste panels to evaluate the RF Viking 
cheeses. Selected sensory panelists participated in a total of 29 triangle 
tests on 9 separate days when the cheeses were 3 and 7 mo of age.

Faculty, staff, and students university-wide were solicited for accep
tance panels. Tasting was carried out under white lights. Prior to tasting, 
panelists completed a questionnaire asking frequency of cheese con
sumption (<1 once per wk, 2-3 times per wk, 4-5 times per wk, or >5 
times per wk) and cheese preference (processed, mild to medium, or 
sharp). To eliminate confusion about types of cheese, examples of the 
cheese types were given (eg. processed (Velveeta, processed American 
slices, Cheese Whiz)). For acceptance rating, cheeses were assigned a 
three-digit random number and introduced one sample at a time. Pan
elists were asked to evaluate their perception of firmness, texture, flavor 
and overall acceptance of each sample on a 9-point hedonic scale. Pan
elists were instructed to clear their palates before proceeding to the next 
sample. Due to the large number of treatments, it was not feasible to 
evaluate all cheeses on one day. To avoid panelist fatigue, 2 days of 
acceptance testing were conducted. Cheeses were presented in a 2-day 
randomized unbalanced incomplete block design with a split plot over 
time. Each day the FF control and the RF control were evaluated vs 2 
or 3 of the experimental RF treatments. Since the RF and the FF control 
were the same sample on both days and due to the large number of 
acceptance panelists on each day (n = 125 each day), scores for these 
control cheeses were expected to not be significantly different from day 
to day. Treatments could then be compared to control cheeses and to 
treatments evaluated on different days provided the reference control 
samples from both days were not significantly different.

Statistical analysis

Significance was established at P < 0.05. Significant differences be
tween means were determined using least square means. An analysis of 
variance (ANOVA) was performed on fat, salt, and moisture content of 
the cheeses. Significance of triangle tests was determined using the ex
panded statistical tables of Roessler et al. (1978). Trained dairy judging 
results were analyzed with an ANOVA and significance between means 
determined. Dairy judge data were also sorted by panelist to determine 
if individual panelists scored the cheeses differently. Acceptance data for 
both days were combined after determining that the FF and RF control 
cheese scores, respectively, for both days were not significantly different. 
An analysis of variance was run to determine significant treatment ef
fects. Acceptance data were also sorted and analyzed by preferred 
cheese-type and frequency of cheese consumption to determine if these 
variables influenced perception of firmness, texture, flavor and accep
tance.

RESULTS & DISCUSSION
Composition

Percent fat and protein o f  w hole m ilk  used fo r the F F  control 
w as 3 .80 and 3.16, respective ly. M ilk -so lid s-n o t-fa t ( M S N F )  
supplem ented m ilk  contained 3 .5 5 %  protein. M ean percent fat 
and protein contents o f  reduced-fat m ilk s  w ere 2 .50  ±  0.05 and
3.17 ±  0 .06 , respective ly. P roxim ate an a lysis results o f  cheeses 
are presented in T a b le s  2 and 3.

Trained and difference panels
R e su lts  o f  trained d airy  ju d ge s  are listed in  T a b le s  4  and 5. 

N o  sign ifican t panelist effect w as detected at 3 or 7 m onths. A t  
the 3 m o evaluation, screened difference  panelists detected s ig 
n ificant d ifferences (P  <  0 .0 5 ) between each o f  the R F  cheeses 
and the F F  control cheese. D iffe re n ce  panelists a lso  detected  
s ign ifican t d ifferences (P  <  0 .0 5 ) between the R F  control and 
each R F  treatment except the decreased starter ( D S )  treatment. 
A t the 7 m o evaluation, panelists d id  not detect sign ifican t d if
ferences between the R F  control cheese and the D S ,  decreased  
ripe tim e ( D R ) ,  or decreased co o k  tem perature ( D C )  R F  cheeses. 
O ther R F  cheeses w ere determ ined to be s ign ifica n tly  different
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T a b l e  4 — Trained dairy judging results after three months aging
Mean3 Mean3 Defects6

Treatment flavor texture Flavor Textu re
FF Viking 8.5a 3.75a bitter, high acid open

(0.76) (0.46)
RF Viking 7.75a 3.13b bitter, high acid open, weak

(1.11) ¡0.83)
MSNF 8.13a 3.63ab bitter, high acid open

(1.00) (0.52)
DS 7.75a 3.50ab bitter, high acid open, weak

(0.88) (0.53)
LC 6.50b 3.88a bitter, high acid open

(1.20) (0.31) whey taint
H 6.75b 2.25° bitter, high acid open, crumbly

(0.88) (0.71) whey taint mealv
DR 7.75a 3.13b flat, no flavor open, weak

(0.71) (0.64) whey taint
WC 8.50a 3.88a flat, no flavor weak

(0.53) (0.35) bitter
FC 8.0a 3.13b bitter, high acid open, gassy

(1.02) (0.64)
3 Means are the calculated averages of scores from nine judges.
b Defects are listed in the ADSA score sheet. Only defects noted by five or more judges

are listed. Means in a column followed by the same letter are not significantly differ-
ent (P < 0.05). Numbers in parentheses are the standard deviations of the means. For
flavor, 10 = superior quality, 1 = lowest quality. For texture, 5 = highest quality, 1 =
lowest quality.

T a b l e  5—Trained dairy judging results after seven months aging

Treatment
Mean3
flavor

Mean3
texture

Defects6
Flavor Texture

FF Viking 7.77a 3.33ab bitter open, weak
(0.89) (0.60)

RF Viking 5.78bc 3.22abc bitter, high acid open
(1.09) (0.67)

MSNF 6.44b 2.67° bitter, high acid open, weak
(0.88) (0.87)

DS 5.78bc 3.33ab high acid, rancid open
(1.20) (0.71)

LC 5.00c 2.89b bitter, high acid open, weak
(1.11) (0.93) rancid

H 3.78d 1.67d bitter, high acid open, short
(0.83) (0.50) whey taint crumbly

DR 5.78bc 3.11abc bitter, high acid open
(0.97) (0.60)

WC 7.11ab 3.56a bitter weak
(0.83) (0.53)

FC 6.44b 3.44ab bitter, high acid open
(0.93) (0.53)

3 Means are the calculated averages of scores from nine judges. 
b Defects are listed in the ADSA score sheet. Only defects noted by five or mare judges 

are listed. Means in a column followed by the same letter are not significantly differ
ent (P < 0.05). Numbers in parentheses are the standard deviations of the means. For 
flavor, 10 = superior quality, 1 = lowest quality. For texture, 5 = highest quality, 1 = 
lowest quality.

from  the R F  control cheese. S ig n ifica n t d ifferences w ere not 
detected between the w ashed curd ( W C )  R F  cheese and the F F  
control cheese. T h e  other R F  cheeses w ere s ig n ifica n tly  d ifferent 
from  the F F  control cheese.

Acceptance panels

R esu lts o f  the acceptance panels (T a b le s  6 and 7) showed  
flavo r scores and o vera ll acceptance o f  the F F  and R F  control 
cheeses w ere not s ig n ifica n tly  d ifferent from  day to day at 3 or 
7 m o (P  <  0 .05). A t  the 3 m o evaluation, firm ness and texture 
scores fo r the R F  and F F  control cheeses w ere different, in d i
catin g  that panelists had d ifficu lty  p e rce iv in g  these attributes 
am ong the cheeses or that d ifferences existed in  panelist inter
pretation o f  the terms. Treatm ent m eans fo r these attributes were  
not com pared and data are not g iven . T h e  D S  cheese w as not 
in clu d ed  in the 3 m o sensory acceptance evaluation s in ce  this  
cheese w as not d ifferent from  the R F  control based on difference  
tests. A t the 7 m o acceptance evaluation, the D S , D R , and D C  
R F  cheeses w ere not d ifferent from  the R F  control cheese a c 
co rd in g  to the difference  panelists and w ere not in clu d ed  in 
acceptance evaluations. N e ith er panelist cheese preference nor

T a b l e  6 — Consumer panel results after three months aging
Mean3 Mean3

Treatment flavor overall acceptance

FF Viking 5.74a (1.01) 6.57a (1.10)
RF Viking 5.603 (1.18) 5.60c (1.04)
MSNF 5.86a (1.53) 5.95b (1.48)
LC 5.52a (1.53) 5.03d (1.39)
H 5.036 (1.67) 4.42e (1.51)
DR 4.7 4b (1.54) 5.47c (1.45)
WC 5.69a (1.52) 6.47a (1.38)
FC 5.59a (1.41) 5.61bc (1.41)

Means of the RF and FF controls are calculated from scores on two days of acceptance 
testing (n = 250). Other means are the calculated averages of 125 scores. Means in 
a column followed by the same letter are not significantly different (P < 0.05). Num
bers in parertheses are the standard deviation of the means. For flavor, 1 = low or 
lack of flavor, 9 = high amount of flavor. For acceptance, 1 = dislike extremely. 9 = 
like extremely.

T a b l e  7 —Consumer panel results after seven months aging
Mean3 Mean3 Mean3 Mean3

Treatment firmness texture flavor overall acceptance
FF Viking 4.46d 4.94d 6.33a 6.74a

(1.46) (1.47) (1.38) (1.10)
RF Viking 5.03bc 4.55° 5.80bc 5.54b

(1.51) (1.40) (1.21) (1.10)
MSNF 5.39b 5.17b 5.71c 5.62b

(1.47) (1.51) (1.58) (1.36)
H 6.46a 6.55a 5.10d 3.90c

(1.35) (1.21) (1.61) (1.31)
WC 4.18d 3.73d 5.95b 6.53a

(1.49) (1.27) (1.25) (1.15)
FC s.oo3 4.74bc 5.45c 5.58b

(1.49) (1.44) (1.41) (1.37)
3 Means of the RF and FF controls are calculated from scores on both days of accep

tance testing (n = 250). Other means are the calculated averages of 125 scores. Means 
in a column followed by the same letter are not significantly different (P < 0.05). 
Numbers in parentheses are the standard deviation of the means. For firmness, 1 = 
softest, 9 = firmest. For texture, 1 = creamy, 9 = crumbly. For flavor, 1 = low or lack 
of flavor, 9 =  high amount of flavor. For acceptance, 1 = dislike extremely, 9 = like 
extremely.

frequency o f  cheese consum ption affected the data. O f  the a c 
ceptance panelists surveyed on both days at 3 and 7 m o (r. =  
5 00), 9 5 %  consum ed cheese at least tw o to three tim es a w eek.

D iffe re n ce s in proxim ate an a lysis  data w ere attributed to d if
ferences in m ake-procedure since  the m ilk  w as standardized to 
2 .5 %  fat and 0 .32 %  (w /w ) salt w as added to each batch. T h e  
W C  treatment w as the best rated R F  cheese at 3 and 7 m o and  
w as the o n ly  R F  cheese that exhibited an in itia l increase in p H . 
O ften, p H  o f  R F  cheeses continues to decrease rather than in 
crease d u rin g  ag in g. D u e  to low er salt to m oisture ratios in  R F  
cheeses, culture a ctiv ity  m ay not be arrested (T h u n e ll, 1992). A  
p H  decrease d u rin g  a g in g  results in  a h igh  acid  flavo r that co n 
tinues to deteriorate w ith  further ag in g. W C  also contained one 
o f  the h ighest salt contents and the highest salt/m oisture ratio. 
T h e  D R  cheese contained the h ighest salt content and a h igh  
salt/m oisture ratio but received  m uch low er trained panel flavo r  
scores at 3 and 7 m o and w as not d ifferent from  the R F  contro l 
cheese at 7 mo.

W a sh in g  the cu rd  is com m on w ith M onterey Ja c k  and C o lb y  
cheeses (K o s ik o w sk i, 1977). D eane and D o la n  (1 9 7 5 ) reported  
an increase in  sensory qu ality  o f  w ashed curd R F  cheeses over  
unw ashed R F  cheeses. In  R F  cheeses, cu rd -w a sh in g  can w ash  
aw ay acid  and lactose and prevent an in itia l p H  drop, but can  
also  w ash aw ay desirable flavo r com pounds. W a sh in g  the curd  
o f  R F  cheeses is reported to contribute to m eaty brothy flavors  
(T h u n e ll, 1992). C h e n  (1 9 9 1 ) and C h e n  and Jo h n so n  (1 9 9 3 )  
reported that R F  cheeses prepared w ithout w ash in g  the cu rd  
w ere preferred over R F  w ashed cu rd  cheeses and that there w as  
a la ck  o f  flavo r in  yo u n g w ashed curd cheeses at 1.5 m o. and  
m eaty o ff-fla v o rs in  o lder cheeses at 3 mo. C h e n  and Jo hnson
(1 9 9 3 ) used longer w ash in g  tim es such as d ilu tin g  the w h ey  
p rio r to co o k in g  and 20  m in  “ so a k s”  after m illin g .

In  our study, the w ash procedure w as m ore o f  a p o st-co o k  
rinse; h a lf  o f  the w hey w as drained at the norm al d ip p in g  tim e,
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3 5 °C  water added b ack to o rig inal w hey volum e and the curd  
rinsed for 5 m in. D ip p in g , cheddaring and m illin g  then proceeded  
norm ally. A s  noted b y  C h en  (1991), w ashing or rin sin g  curd at 
a temperature s im ilar to the actual curd temperature d id  not affect 
moisture content o f  the cheese. T h e  w ashed curd cheese in  our 
study did  not have increased m oisture content over the other R F  
cheeses. A  la ck  o f  flavor in  the w ashed curd ( W C )  cheese w as 
noted b y  trained dairy ju d ge s at 3 m o, but a lack  o f  flavor w as 
not reported at 7 m o. C o m b in in g  a W C  m ake-procedure m o d ifi
cation w ith other m odifications such as decreased ripe time and/or 
an adjunct culture to accelerate flavo r developm ent m ay further 
im prove this cheese. T h e  W C  cheese received h igher texture 
scores than the F F  control cheese. T h e  W C  cheese exhibited a 
smooth w a x y  texture. W C  cheese scored h igher overall scores at 
3 and 7 m o than the R F  control cheese w h ich  in vo lved  no w ash
in g  o f  the curd. O v era ll acceptance scores o f  the W C  cheese were 
not different from  the F F  control. Interestingly, the W C  cheese  
w as also perceived b y  acceptance panels to be softer and cream ier 
than the F F  control cheese after 7 mo.

A  ran cid  flavo r w as detected in  the lo w  co o k  temperature  
( L C )  treatment b y  the d a iry  ju d g e s  at 7 m o. T h e  difference  pan
elists d id  not detect d ifferences between the L C  cheese and the 
R F  control at 7 m o. T h e  la c k  o f  a d ifference from  the R F  control 
m ay be due to d ifficu lty  in  c le a n in g  a ran cid  flavo r from  the 
palate. M a n y  d ifference panelists noted that som e o f  the cheeses 
aged for 7 m o w ere v e ry  d ifficu lt  to clean  from  the mouth. 
D e cre a sin g  the co o k  tem perature o f  cheese increases the am ount 
o f  m oisture retained b y  the cu rd  (O lso n , 1990). A s  expected, 
the L C  cheeses exhib ited  a s ig n ifica n tly  larger m oisture content 
and a low er salt/m oisture ratio from  the other R F  treatments. 
T h e  salt/m oisture ratio is an in d icato r o f  the true salt content in  
the m oisture phase o f  the cheese. L o w  salt/m oisture ratios can  
result in  p ro liferation  o f  nonstarter bacteria, acceleration  o f  en
zym a tic  reactions, and altered m etabolism  o f  norm al starter b a c
teria (C h e n , 1991). T h e  ran cid  flav o r o f  the L C  cheese m ay be 
a result o f  h igh  m oisture and lo w  salt/m oisture ratio.

M etzge r and M istry  (1 9 9 3 ) reported that hom o gen izatio n  o f  
cream  at 13800 k P a  (1 0 3 0 0  k P a  first stage, 3400  k P a  second  
stage) p rio r to standardization w ith  sk im  m ilk  im proved the te x
ture o f  R F  C h e d d a r cheeses aged 3 m o and did  not have an 
effect on flav o r or appearance o f  the cheeses. T h e  ho m o gen ized  
m ilk  ( H )  R F  cheese in  our study w as prepared s im ila r ly  to M etz
ger and M istry  (1 9 9 3 ); w hole  m ilk  w as ho m o gen ized  p rio r to 
standardization w ith  sk im . T h e  H  R F  cheese w as v is ib ly  m ore  
opaque and a brighter w hite co lo r than the other cheeses. V ik in g  
cheese does not have added co lo rin g  and n o rm a lly  has a pale  
cream y y e llo w  co lor. H  R F  cheese rece ived  low er texture scores  
from  the d airy  ju d ge s  at 3 and 7 m o and scored the low est 
o verall acceptance scores at 3 and 7 m o. T h e  H  cheese w as also  
firm er and m ore cru m b ly  than the other cheeses acco rd in g  to 
the acceptance panel at 7 m o. Th e se  firm ness and texture ac
ceptance scores agreed w ith  rem arks b y  trained panelists at 3 
and 7 m o that the H  R F  cheese w as cru m b ly , but the other 
cheeses w ere not. T h e  H  R F  cheese also  had a tendency to 
w h ey-o ff. Free  w hey w as present in  the H  R F  cheese containers  
at 7 mo.

T h e  addition o f  M S N F  to R F  m ilk  p rio r to ch eesem aking is 
recom m ended to increase total so lid s and b u ffe rin g  cap acity  ( O l
son, 1990). A n d erso n  et al. (1 9 9 3 ) a lso  reported that the use o f  
condensed m ilk  w ith  a h igh er total so lid s content to m anufacture  
reduced fat C h e d d a r cheese im proved flavo r developm ent. T h e  
M S N F  cheese in  our study exhib ited  the low est salt content and  
the low est salt/m oisture ratio, but the p H  d id  not decrease as 
sharply  as som e o f  the other treatments. T h is  observation m ay  
have been due to an increased  b u ffe rin g  capacity. H o w e ve r, the 
M S N F  R F  treatm ent w as p erce ived  to have a h igh  acid  and bitter 
flavo r b y  dairy' ju d g e s  at 3 and 7 m o. A n d erso n  et al. (1 9 9 3 )  
reported that reduced fat cheeses m anufactured w ith  condensed  
m ilk  were firm er and m ore cru m b ly. T h e  M S N F  cheese also  
received  h igh  firm ness and cru m b lin e ss scores from  the accep 
tance panel, as expected in  a h ig h  m ilk  so lid s cheese.

A d ju n ct starter cultures are recom m ended fo r in cre asin g  de
sirable flavors in R F  cheeses (O lso n , 1990). T h e  proteolytic  ad
ju n c t culture added to the F C  cheese d id  not have a p ositive  
effect on flav o r or o vera ll acceptance com pared to the R F  co n 
trol cheese. T h e  F C  cheese w as scored  as bitter and h ig h  acid  
b y  trained panelists. T h e  p H  a lso  continued to drop d u rin g  ag
ing. L o w  salt, low  p H , and the m ix e d  starter culture used in  
V ik in g  cheese m ay have inh ib ited  a ctiv ity  from  this culture.

D e cre a sin g  the am ount o f  starter and d ecreasin g  ripe tim e are 
two suggested m ethods to decrease or s lo w  a c id  production  ( O l
son, 1990). D u r in g  the m ake-procedure fo r the D S  and D R  R F  
cheeses, these m o d ificatio n s slow ed a c id  developm ent in  co m 
parison to the R F  control cheese. H o w e ve r, these in d iv id u a l 
m o d ificatio n s d id  not have an effect on p H  developm ent d u rin g  
agin g. T h e  D S  R F  cheese w as not d ifferent fro m  the R F  control 
cheese a cco rd in g  to the d ifference panel at 3 or 7 m o. T h e  D R  
R F  cheese received  low er flavo r scores than the R F  control 
cheese, but w as not d ifferent in  o vera ll acceptance scores from  
the control R F  cheese at the 3 m o evaluation. A fte r  7 m o, d if
ference panelists co u ld  not detect d ifferences betw een the D R  
R F  cheese and the R F  control cheese.

Ev a lu a tio n  o f  firm ness and texture b y  the acceptance panel 
indicated d ifferences fo r these attributes fo r the R F  and F F  co n 
trol cheeses for both days at 3 m o but not at 7 m o. F irm n ess  
and textural d ifferences, as w e ll as defects, in  R F  and F F  cheeses 
w ere pronounced by 7 m o. A t  3 m o, m ost yo u n g  cheeses exhib it  
a green and rubbery texture and untrained panelists m ay have  
experienced  d ifficu lty  in  d ifferentiating between treatments or 
understanding the terms.

A ccep tan ce  panels show ed go o d  agreem ent w ith trained pan
els. B o th  F F  and W C  cheeses scored  the highest flav o r scores  
w ith d a iry  ju d ge s  and the highest o vera ll acceptance and flavo r  
scores from  the acceptance panels. S im ila r ly , the H  cheese re
ce iv ed  the low est ju d g in g  flav o r scores and o vera ll acceptance  
scores. D a iry  ju d g e  flavo r scores and acceptance panel flavor  
scores had a m ean correlation o f  0 .4 6  and 0 .8 9  at 3 and 7 m o, 
but d a iry  ju d g e  flavo r scores and o vera ll acceptance scores had  
a m ean correlation o f  0 .92  and 0 .97  at 3 and 7 m o.

CONCLUSIONS
M a k e - p r o c e d u r e  m o d if ic a t io n s  can result in  R F  cheeses that 
are different from  R F  cheeses m ade w ith  a standard m ake-p ro 
cedure. W a sh in g  the cu rd  o f  R F  cheeses w ith  3 5 °C  w ater fo r 5 
m in  after d ip p in g  w as an e ffective  m o d ificatio n  fo r m axim u m  
sensory q u ality  o f  R F  sem i-hard  cheeses. H o m o ge n izatio n  o f  
w hole  m ilk  p rio r to m ix in g  w ith  sk im  m ilk  fo r R F  cheesem aking  
resulted in  a cheese w ith  co n sisten tly  lo w  sensory q u ality  after 
3 and 7 m o ag in g. O ther m o d ificatio n s d id  not have a consistent 
and/or s ign ifican t effect on sensory quality. Fu rth er research on  
additional m o d ificatio n s and their co m binations m a y  lead to ad
d itional m ethods to m a x im ize  sensory q u ality  o f  R F  cheeses.
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Viscoelastic Properties of Butter

A. SHUKLA and S.S.H. RIZVI

------------------------  ABSTRACT ------------------------
V i s c o e l a s t i c  p r o p e r t i e s  were studied on butters prepared from frac
tionated high-melting triglyceride (HMT) and anhydrous milk fat 
(AMF). The elastic moduli (G1), the viscous moduli (G") and the com
plex viscosities ( t | * )  were determined as functions of angular frequency 
(to). With increasing frequency, iq* and G" decreased while G' increased. 
Higher G', G" and p* values were obtained for HMT butter, indicative 
of its firmer characteristics. Shift factors, determined using method of 
reduced variables, followed the Arrhenius model, from which the ener
gies of activation were calculated. Power law intercepts, deteimined by 
relating G* to to, exhibited a semi-logarithmic inverse relationship with 
temperature. Slight increase in power law intercepts was observed on 
storage due to thixotropic rearrangements of fat crystals.

Key Words: butter, viscoelastic, flowability, elastic moduli, anhydrous 
milk fat

INTRODUCTION
S t r u c t u r a l l y , b u t t e r  c o n s is t s  o f  a continuous liq u id  fat 
phase w ith fat g lo b u le s, crysta llin e  fat and aqueous phase d is
persed in  it (Juriaanse  and H eertje, 1988). U n d e r certain co n 
ditions, fat g lo b u le s are capable o f  extrem e elongations w ithout 
rupture, in d icatin g  the elastic nature o f  the m em brane that sur
rounds the g lo b u le  and are, therefore, approxim ated b y  a M a x 
w ell elem ent. L iq u id  fat surrounding the g lo b u le s acts as a v is 
cous flu id  and flow s on ap p lication  o f  stress (D ie n e r and  
H eld m an , 1968). Butter thus exh ib its v isco e la stic  characteristics. 
T h e  rh eo lo gy  o f  butter can  not be understood adequately w ithout 
determ in ing its v isco e la stic  properties; yet efforts have been lim 
ited in  th is regard (Sh a m a  and Sherm an, 1970; deM an and  
G upta, 1985; R o h m  and W e id in ge r, 1993).

T e ch n iq u e s used to study butter rh eo lo gy  have been m ostly  
shear-based and in sensitive  to its crysta llin e  fat netw ork. H ig h  
shear rates applied  in  su ch  m ethods interrupt the structure b eing  
m easured and introduce additional param eters o f  structure var
iations w ith  tim e. A ls o , the v isco e la stic  param eters such  as e las
tic  and v isco u s  m o duli cannot be determ ined separately from  
such tests (R o h m  and W e id in ger, 1993). D y n a m ic  m ech anica l 
an a lysis , a fundam ental technique, pro vid es the advantages o f  
p ro v id in g  data at sm all shear rates, m easurem ent o f  e lastic  as 
w e ll as v isco u s  com ponents o f  v isco sity , and sm all sam ple size  
requirem ent (F e rry , 1980). S u ch  sm all deform ation m easure
m ents o f  linear v isco e la stic  b eh avio r are usefu l for in ferrin g  
structural properties o f  “ unperturbed”  m aterials. T h e  method, 
p rim a rily  developed for p o lym e ric  system s, has also been used  
in  the food industry: T a n e ya  et al. (1 9 7 9 ) fo r natural and p ro c
essed cheese; W e nd y et al. (1 9 8 5 ) fo r cake batters; N o la n  et al.
(1 9 8 9 ) for natural and im itation m o zza re lla  cheese; T u n ic k  et 
al. (1 9 9 0 ) for C h e d d a r and C h esh ire  cheeses. R o h m  and W e i
d in ger (1 9 9 3 ) used this technique fo r testing butter, but the ef
fects o f  storage and ch em ica l com p o sitio n  w ere not studied. 
S h u k la  et al. (1 9 9 4 ) studied the effect o f  ch em ical com position  
on v isco e la stic  properties o f  butter sam ples. O u r o bjective  w as 
to investigate dyn am ic properties o f  butter b y  stu d yin g  the ef
fects o f  tim e and temperature o f  storage on the com p ex m od-

The authors are affiliated with the Institute of Food Science and 
Northeast Dairy & Foods Research Center, Stocking Hail, Cornell 
Univ., Ithaca, N Y  14853-7201.

ulu s and determ ining activation  energies b y  fitting A rrh e n iu s  
m odels to sh ift factors.

MATERIALS & METHODS
Materials

Fresh high-melting triglyceride (HMT) and anhydrous milk fat (AMF) 
butter samples were made using the recombination method. Composition 
was in compliance with the definition of butter (80.5% fat, 16.0% water, 
salt 1.5% and skimmed milk powder 2.0%). Manufacturing procedures 
and physicochemical properties of butters have been described (Shukla 
et al., 1994). Samples were immediately stored at different temperatures 
(17, 22 and 27°C) and analyzed periodically for rheological changes.

Dynamic mechanical analysis

Small amplitude oscillatory measurements were performed on a Boh- 
lin VOR rheometer (Bohlin Instruments Inc., Cranbury, NJ) using a 90 
g-cm torsicn bar and parallel plate geometry (15 mm plate diameter and 
4 mm plate gap). Cork borers of 15 mm internal radii were used to 
produce cylindrical butter samples. Appropriate height was cut from 
these cylinders and placed carefidly on the lower plate. The sample was 
then allowed to rest to decay the compressive force and to attain tem
perature equilibrium. A corrugated top plate was used to avoid slippage 
of samples. Four test temperatures were used in the range 12-32°C. 
Strain-sweep tests were conducted at frequency of 1 Hz to determine the 
linear viscoelastic range. The complex viscosities (q*), the storage mod
ulus (G), the loss modulus (G"), and the complex modulus (G*) were 
determined between frequencies 0.628-62.8 rad/sec at low strains 
(<0.1%) in the linear range. Results were repo:1ed as averages of three 
replicates. Power law indices were determined for complex modulus 
(G*) using the following relationship (Nolan et al., 1989):

G* =  G0 *oo -* (1)

RESULTS & DISCUSSION
St r a in  s w e e p  p r o f il e s  were first obtained to determ ine the 
linear range w here v isco e la stic  properties w ere independent o f  
strain rates (F ig .  1). A  v e ry  sm all linear range ( <  0 .1 % ) w as
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Fig. 1—Strain sweep profile of a representative butter sample at 
a frequency of 1 Hz.
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observed fo r both butter sam ples at a ll tem peratures. A t h igher  
strain levels, the m o duli decreased. Th e se  sm all crit ica l strain  
levels were observed pro b ably  due to destruction o f  w eak van  
der w aals fo rces between fat crysta ls  at h igh er strains. S im ila r  
results have been reported by R o h m  and W e id in ge r (1993).

Fre q u en cy  sw eep p ro files w ere determ ined in this linear range  
for later studies (F ig .  2 ) o f  F1M T butter sam ple at 3 2 °C  and 
A M F  butter at 2 2 °C . Th e se  tem peratures were selected since  
v isco e la stic  functions o f  sam ples w ere s im ila r  at these tem per
atures. F o r  both the sam ples, t |* and G "  decreased w h ile  G ' 
increased w ith in cre asin g  frequency. S im ila r  spectra for both 
sam ples revealed existence o f  s im ila r  3-d im en sio n al netw orks  
in  both sam ples. G ' and G "  show ed little frequency dependence, 
in d icative  o f  the presence o f  a netw ork w ith low  p o ss ib ility  o f  
rupture o f  ju n ctio n  zones w ith in  the lo w -frequ en cy  range used. 
S im ila r  observations w ere m ade b y  D o u b lie r  and C h o p lin
(1 989). Th e  G ' increased w hereas the G "  decreased w ith in creas
in g  frequency, sh o w in g  a change from  re lative ly  m ore v isco u s-  
like  to m ore e lastic  behavior. R o h m  and W e id in ge r (1 9 9 3 ) also  
observed sim ila r  b ehavior fo r butter. T h e  values o f  G ' were  
h igh er than G "  at any g iv e n  frequency due to greater co n trib u 
tion o f  the elastic com ponent (G '), to the d yn am ic v isco sity , than 
o f  the v isco u s com ponent (G " ). S in ce  G ' represents so lid  be
havio r o f  a m aterial, h igh er G ' values show  that butter is a v is 
coelastic solid . S im ila r  patterns w ere reported for other foods: 
M o zzare lla  cheese (G ly m p h , 1994); ge ls (D o u b lie r  and C h o p lin ,
1989); and C h e d d a r cheese (T u n ic k  et al., 1990).

In  order to study the effects o f  tem perature, frequency sw eep  
profiles were determ ined over a range o f  tem peratures co m 
m o n ly  em ployed in the use o f  butter. T h e  values o f  G ' and G *  
obtained at d ifferent tem peratures w ere plotted against angular  
frequency on lo garith m ic scale  (F ig .  3 am i 4). In earlier studies 
for butter, such  spectra have not been reported for G *  (S h u k la  
et al., 1994; R o h m  and W e id in ger, 1993; B o rw an kar et al.,
1992). W ith  in cre asin g  tem perature, these v isco e la stic  param e
ters decreased over the frequency range used due to m eltin g o f  
crysta llin e  fat. S im ila r  tem perature-effect w as observed for co m 
plex v isco sitie s  and flow  cu rves had s im ila r  slopes but different 
intercepts (S h u k la  et al., 1994). T h e  change in temperature  
seem ed to sh ift the cu rves sidew ays. T h e  degree o f  sh ift w as  
determ ined as ‘sh ift facto r’ , aT, and w as calcu lated  for co m p le x  
v isco sitie s  u sin g  the tim e-tem perature superposition p rin cip le  
(S h u k la  et al., 1994).

F o r each sam ple, a plot o f  In aT v s  recip ro cal o f  absolute  
temperature (1/T) produced a straight line  w h ich  fo llo w ed  the 
A rrh e n iu s equation:

aT =  A  exp ( —E / R T )  (2)

where A  is the pre-exponential factor, E  is the activation energy, 
and R  is the gas constant (1 .987  ca l/°C  m ol). A ctiva tio n  energies  
were determ ined as slopes m u ltip lied  by R . T h e  A rrh en iu s equa
tions and activation  energies o f  both sam ples were com pared  
(T a b le  1). F lig h e r activation  energies and slopes depict greater 
shift in T|* w ith tem perature for H M T  butter. A lth o u gh  A rrh e 
nius fit fo r shift factors has been used, activation  energies were  
not calcu lated  (W h o rlo w , 1980). T u n ic k  et al. (1 9 9 0 ) used the 
A rrh en iu s m odel fo r co m p le x  v isco sitie s  o f  C h ed d ar cheese and 
reported activation  energy as 32.8 kcal/m ol.

In  order to describe the effects o f  tem perature, co m p le x  m od
ulus ( G 0*) w as selected as the rh eo lo gica l param eter as it is 
in d icative  o f  degree o f  firm ness o f  sam ples (B o rw a n k a r et al.,
1992). Pow er law  m odel w as fitted to relate G *  to u> and, slope  
and intercept values were obtained from  the relationship, G *  =  
Go*con*. R e gre ssio n  co efficien ts, r2, were >  0.98 for both butter 
sam ples, in d icatin g  goodness o f  fit. T h e  pow er law  intercepts, 
G 0*, represent the values o f  G *  at an an gu lar frequency o f  1 
rad/sec. Tem perature correlated n egative ly  w ith G 0* (T a b le  2). 
S e m i-lo garith m ic  plots o f  G 0* v s  temperature were draw n and 
an exponential relationship  w as observed (F ig .  5). T h e  resulting  
regression equation co e fficien ts derived from  such  linear trans-

Fig. 2—Dynamic mechanical analysis frequency sweep profiles 
for representative butter samples (•  = HMT butter at 32°C, o =  
AMF butter at 22°C).

Fig. 3—Storage modulus vs frequency of butter samples at dif
ferent temperatures (•  =  AMF butter at 17°C, ■  =  AMF butter 
at 22°C, A  =  AMF butter at 27°C, O  = HMT butter at 17°C, □  = 
HMT butter at 22°C, A  = HMT butter at 27°C, + =  HMT butter
at 32°C).

form ation w ere com pared (T a b le  3). T h e  h igh er slope value for 
A M F  butter indicates its enhanced tem perature dependency in 
co m parison  w ith H M T  butter.

Tem perature effect co u ld  be explained  on the basis o f  so lid  
fat contents o f  sam ples. In  p lastic  products lik e  butter, rh eo lo g
ica l properties are determ ined m a in ly  b y  the degree o f  c ry sta l
lin ity  o f  the m ilk  fat they contain (R o h m  and W e id in ge r, 1993). 
M ilk  fat, the m ajor ingredient in  butter, is a m ixture  o f  various  
trig lyce rid e s w ith m eltin g points v a ry in g  from  - 4 0  to + 4 0 ° C .  
A t a sp e cific  temperature, part o f  it e x ists in the crysta llin e  state 
and im parts so lid -lik e  elastic characteristics to the product (B a i
ley, 1950). A s  the temperature is increased, m eltin g o f  c ry sta l
line  fat takes p lace  resu ltin g in  m ore liq u id -lik e  b ehavior o f  
sam ples as w e observed. T h e  effects o f  temperature on G o*  
w ere found to be sign ifican t (p <  0 .01). W h en  com pared w ith  
A M F  butter, H M T  butter had h igh er values o f  G 0* at s im ila r  
tem peratures (T a b le  2). D iffe ren ce s in rh e o lo gica l b ehavior o f  
butter sam ples co u ld  be attributed to their d istinct ch em ical co m 
position. H M T  butter b e in g  rich er in h igh -m e ltin g  trig lycerid es
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Fig. 4—Complex modulus vs frequency of butter samples at dif
ferent temperatures (•  =  AMF butter at 17°C, ■  =  AMF butter 
at 22°C, A  =  AMF butter at 27°C, O  = HMT butter at 17°C, □  = 
HMT butter at 22°C, A  = HMT butter at 27°C, + =  HMT butter 
at 32°C).

T a b le  1—Arrhenius equation and activation energies for shift factors (ay) 
of the high-melting triglyceride (HMT) and anhydrous milk fat (AMF) butter 
samples___________________________________________________________

Arrhenius equation Activation energy
Sample (In a j =) (kcal/mol)

AMF butter 57609/T -  192.27 114.47
HMT butter 26513fT -  88.02 52.68

T a b le  2— Power law parameters for G* of high-melting triglyceide (HMT) 
and anhydrous milk fat (AMF) butter samples at different temperatures

Power law parameters
Temperature Slope Intercept

Sample (°C) <n*) Go* (MPa.sn*)
17 0.06 8.02

AMF butter 22 0.09 0.32
27 0.08 0.02
17 0.04 25.76

HMT butter 22 0.04 11.73
27 0.09 2.38
32 0.06 0.41

T a b le  3— Regression equation coefficients from the relationship Go* = 
a bT for high-melting triglyceride (HMT) and anhydrous milk fat (AMF) but
ter samples

Sample a x  IO  9
Coefficients

b r9
AMF butter 4.43 0.75 0.97
HMT butter 147.5 0.56 0.99

had greater am ounts o f  crysta llin e  fat (S h u k la  et al., 1994) w h ich  
resulted in  its m ore so lid -lik e  behavior. T h e  d ifference in  the 
tw o sam ples w as s ign ifican t (p  <  0 .001).

S in ce  the liq u id  fat content affected the flow  b eh avio r o f  but
ter, d yn am ic m e ch anica l results w ere related to the am ount o f  
liq u id  fat and to temperature. C o m p le x  m odulus values obtained  
at a frequency o f  1 rad/sec at d ifferent tem peratures w ere plotted  
v s  liq u id  fat contents at those tem peratures (F ig .  6). V a lu e s  o f  
liq u id  fat contents w ere determ ined u sin g  d ifferentia l scan nin g  
ca lo rim etry  and w ere reported p re v io u sly  (S h u k la  et al., 1994). 
C o m p le x  m o dulus va lu es decreased exp o n en tia lly  w ith  increases  
in  liq u id  fat content fo r both sam ples in d icatin g  lo ss o f  firm ness, 
as expected. H o w e ve r, slopes o f  cu rves fo r the 2 sam ples were  
different. H ig h e r  slope fo r A M F  butter ind icated  greater sen si
tiv ity  o f  G *  va lu es to changes in  liq u id  fat content. A  possib le  
reason fo r su ch  b eh avio r m ay be the different ch em ica l co m 
p o sition  o f  the liq u id  fat fraction o f  the 2 sam ples. It has been

Fig. 5—Power law intercept for G* (Go*) as a function of tem
perature for butter samples. •  =  HMT butter, A  = AMF butter.

L iq u id  f a t  c o n te n t  (  % w t.)

Fig. 6—Relationship between complex modulus (G*) and liquid 
fat content for high-melting triglyceride 1HMT) and anhydrous 
milk fat (AMF) butter samples. •  = HMT butter, A  = AMF butter.

reported that the v isc o s ity  o f  fats w as affected b y  the degree o f  
unsaturation and fatty acid  chain  length (S w e m , 1964). H M T  
butter had h igh er concentrations o f  lo n g-ch a in  unsaturated fats 
and lo w er contents o f  short-chain  saturated fatty a c id s (S h u k la  
et al., 1994). L iq u id  fats in  the 2 sam ples at any tem perature  
were thus enriched w ith d ifferent types o f  fatty acid s w h ich  
m igh t have caused different G *  values fa r  the sam e liq u id  fat 
content.

T h e  effects o f  storage on v isco e la stic  properties o f  the 2 sam 
ples w as studied. Pow er law  intercepts fo r co m p le x  m o d u lu s  
( G 0* ) show ed an in cre asin g  trend on storage fo r both the sam 
ples, in d icatin g  a h igh er degree o f  firm ness o f  sam ples due to 
th ixo tro pic rearrangem ent o f  the crysta ls into a 3-d im e n sio n a l 
sca ffo ld in g  netw ork on storage (T a b le  4). In  fresh butter, fat 
e xists as loose crystal ch ain s w h ich  s lo w ly  form  ram ificatio n s  
due to w eak van  der w aals attraction fo rces on setting. T h is  
crysta l netw ork is later reinforced  b y  strong p rim ary  bonds  
s lo w ly  form ed between the larger crysta ls  resu ltin g  in  harder 
sam ples (H a igh to n , 1965). Storage effect w as in s ig n ifica n t (p >  
0.05).

CONCLUSION
V isco elastic  properties o f  butter w ere determ ined using dy
nam ic m echanical analysis, w hich w ere dependent upon strain
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Ta b le  4— Effects o f sto rag e  at d ifferent te m p e ratu res on p ow er law  inter
cepts fc r  co m p le x  m o d u lu s  (G o*) (M P a .s11*) of butter

Days of storage

Temp
(°C)

HMT butter AMF butter
0 10 20 28 0 7 14 21

17 25.76 26.56 26.78 27.67 8.02 11.78 12.17 13.34
22 11.73 12.02 12.22 12.51 0.32 0.32 0.32 0.35
27 2.38 2.52 2.53 2.55 0.02 0.02 0.02 0.03

l e v e l ,  f r e q u e n c y ,  t e m p e r a t u r e ,  s t o r a g e  t i m e  a n d  c h e m i c a l  c o m 
p o s i t i o n  o f  s a m p l e s .  D y n a m i c  m e c h a n i c a l  a n a l y s i s  w a s  s u c c e s s 
f u l l y  e m p l o y e d  t o  c o m p a r e  v i s c o e l a s t i c  c h a r a c t e r i s t i c s  o f  H M T  

a n d  A M F  b u t t e r  s a m p l e s .  H M T  b u t t e r  i n d ic a t e d  m o r e  s o l i d - l i k e  
b e h a v i o r  in  c o m p a r i s o n  w i t h  A M F  b u t t e r  a t  s im i la r  t e m p e r a t u r e s  

a s  s h o w n  b y  i t s  h ig h e r  p o w e r  l a w  in t e r c e p t s .  A t  3 2 ° C ,  it  h a d  
s im i la r  v i s c o e l a s t i c  p a r a m e t e r s  a s  A M F  b u t t e r  a t 2 2 ° C .  T e m p e r 
a tu r e  h a d  a  n e g a t i v e  c o r r e la t io n  w i t h  r h e o l o g i c a l  p a r a m e t e r s .  O n  
s t o r a g e ,  in c r e a s e d  f i r m n e s s  o f  s a m p l e s  w a s  o b s e r v e d  p r o b a b ly  

d u e  to  c r y s t a l l i n e  n e t w o r k  r e a r r a n g e m e n t s .
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Heat Dénaturation and Emulsifying Properties 
of Egg Yolk Phosvitin

SIEW LIAN CHUNG and LES K. FERRIER

---------------------------------  A B S T R A C T  ----------------------------------
Phosvitin in water at pH 7 had a dénaturation temperature (Td) of 79.7 
±  1.4°C when heated at 10°C/min. When dissolved in 0.1M and 1.0M 
NaCl, the Td decreased to 77.7 ±  1.2°C and 77.2 ±  1,3°C, respectively, 
and in 10 and 20% sucrose there was no change in Td. Heat treatment 
of phosvitin solutions at >65°C led to decreased emulsifying activity 
(EA). The emulsion stability (ES) decreased when phosvitin solutions 
were heated at 70, 80 or 96°C for up to 60 min. The ES was not affected 
(p <  0.05) for phosvitin solutions after heating at <67.5°C for up to 60 
min.

Key Words: egg yolk, phosvitin, heat dénaturation, emulsification

IN T R O D U C T IO N

H eat treatm en ts such  as pasteurization and sp ra y-d ry in g  o f  
e g g  products are w id e ly  used to ensure safety and extend shelf-  
life. H o w e ve r, heat treatm ent o f  foods n o rm ally  results in pro
tein denaturation and degrades functionalities such  as e m u lsi
fy in g  properties. S eco n d ary, tertiary or quaternary e gg  protein  
structure m ay be disrupted depending on the temperature and  
tim e o f  heating. M ost food proteins d isp lay  functional properties 
o n ly  w ith in  a narrow  temperature range (C h e fte l et al., 1985). 
C h a n g  et al. (1 9 7 0 a), u sin g  d isc  gel e lectrophoresis, reported  
that som e e gg  y o lk  proteins, e.g., a -  and [3-livetin, w ere sen si
tive  to pasteurization at 6 1 .7 °C  for 3 m in. D enaturation o f  pro
teins changes p h y sica l properties such  as v isc o s ity  and 
so lu b ility , as w ell as e m u ls ify in g  properties. T h e  v isco sitie s  o f  
unheated native e gg  y o lk  and y o lk  heated at 6 5 .6 °C  for 3 m in  
w ere 23 and 2 0 0 P  at a shear rate o f  1.9 sec resp ective ly  
(C h a n g  et al., 1970b) due m ain ly  to the form ation o f  lipoprotein  
com plexes.

P h o sv itin , the m ajor phosphoprotein in  e gg  y o lk , has been 
separated into two com ponents designated a -  and P -p h o svitin  
b y  gel filtration (A b e  et al., 1982). H eat-resistant p h o svitin  w as 
first reported b y  M echam  and O lco tt (1949). P h o sv itin  solutions  
at ‘ ‘p H  from  4 to 8 w hen heated for several hours at 10 0 °C  did  
not precipitate nor show  any other evidence o f  ch a n ge ”  (M e 
cham  and O lcott, 1949). Itoh et al. (1 9 8 3 ) reported no change  
in  the e lectropherogram  o f  an a -  and (3-phosvitin solution heated 
below  1 0 0 °C  for 10 m in, but the p h o svitin  bands w ere co m 
pletely d iffu se d  after heating at 140°C . H o w e ve r, D ix o n  and 
C o tterill (1 9 8 1 ) reported that the p h o svitin  bands in p o ly a cry l
am ide gels disappeared w hen e gg  y o lk  w as heated above 7 2°C . 
N o  report is availab le  on the heat denaturation tem perature ( T d) 
o f  phosvitin  as determ ined b y  d ifferentia l scan nin g  calorim etry  
( D S C ) .  W e determ ined the T d from  the endotherm  o f  the D S C  
cu rves d u rin g  u n fo ld in g  o f  protein m olecules. T h e  effects o f  
heat on the functional properties, such  as e m ulsification, o f  
p h o svitin  have not been reported. O u r o b jectives w ere to study  
the heat stab ility  and the e m u ls ify in g  properties o f  phosvitin  
after heat treatment o f  p h o svitin  solutions.

Author Ferrier is with the Dept, of Animal & Poultry Science, Univ. 
of Guelph. Guelph, Ontantio N IG  2Wt, Canada. Author Chung, 
formerly with the Univ. of Guelph, is now with International Fla
vors & Fragrances, 7575 State Flighway 36, Union Beach, N.J. 
07735. Address inquiries to Dr. S.L. Chung.

M A T E R IA L S  & M E T H O D S

Materials
Phosvitin was purchased from Sigma Chemical Co. (St. Louis, MO).

1-Menthol and a-naphthol were obtained from Fisher Scientific Co. (Fair 
Lawn, NJ). Indium was provided by DuPont Instruments (Wilmington, 
DE).

Differential scanning calorimetry (DSC)

DSC thermograms were recorded on a DuPont DSC 2910 instrument 
(Wilmington, DE). Indium was used to calibrate the cell constant. Tem
perature calibrations were performed using 1-menthol, a-naphthol and 
indium. Phosvitin was dissolved in distilled water at a concentration of 
15% and adjusted to pH 7 with 1.0 M HC1. Phosvitin solutions (25 pL) 
were hermetically sealed in aluminum pans and heated at rates of 5, 10, 
20 and 30°C/min. Distilled water was used in the reference pan. The 
phosvitin solutions were heated from 25 to 140°C with continuous scan
ning. Heat denaturation temperatures (Td) were determined from the peak 
of the endotherm estimated using DuPont program General 4.1. The 
effects of concentrations of 0.05, 0.1 and 1.0 M NaCl, and 10 and 20% 
sucrose on Td were studied (five replicates).

Heat treatm ent of phosvitin solutions

Samples (11 mL) of 0.5% phosvitin solutions at pH 7 were placed in 
2.5-cm-diam screw-cap vials and heated to 40, 60, 65, 67.5, 70, 80, and 
96°C in a water bath. The temperature fluctuation was ± 0.5°C. Vials 
were removed from the water bath 10, 20, 40 and 60 min after reaching 
the desired temperature and immediately immersed in ice water.

Emulsifying activity (EA) and emulsion stability (ES)

Emulsions were prepared, using the heat-treated phosvitin solutions, 
as described by Chung and Ferrier (1991a). EA was assayed with the 
turbidimetric method of Pearce and Kinsella (1978) as modified by 
Chung and Ferrier (1991a).

Emulsions were held at 23°C for 24 hr and column heights (repre
senting volume) of the lower aqueous layer, middle (emulsion) layer and 
the upper oil layer were measured to the nearest 0.5 mm. Emulsion 
instabilities were expressed as percentage (v:v) of drainage (lower aque
ous layer) and coalescence (upper oil layer) relative to total volume. The 
ES was calculated as the percentage (v:v) of emulsion layer left after 
standing for 24 hr (Chung and Ferrier, 1992). Triplicate analyses were 
done.

Kinetic parameters from DSC

The statistical analysis was based on that of Ozawa (1970) who de
veloped the relationship between Td and DSC heating rate, B:

ln(B/Tj) = —E,/RTd + ln(AR/Ea) (1)

where R is the ideal gas constant, Ea is the activation energy of protein 
denaturation and A is the pre-exponential factor. Data were examined 
by means of the least squares regression of ln(B/Tj) vs 1/Td, using the 
SYSTAT program (Wilkinson, 1986). E, was obtained from the slope 
of the regression straight line. The values of E„ and A were determined 
by the least squares method which satisfied the assumption of homoge
neity of variance in the residuals across the values of the independent 
variable, 1/Td.
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Analysis of loss of EA with heating tem perature and time

The rate of decrease in EA followed a first-order kinetic equation:

In EA = In EA„ -  k t (2)

where EA„ is the initial EA, k the rate constant and t the heating time.
The Arrhenius equation (Eq. 3) described the influence of heating 

temperature, T, on k:

k = A exp(-E a/RT) (3)

The rate constant, k, was obtained from regression of In EA vs t from 
Eq. (2). The value of Ea was obtained from subsequent regression of In 
k vs 1/T from Eq. (3).

Analysis of variance (ANOVA) was performed using SYSTAT at the 
5% significance level (Wilkinson, 1986).

RESULTS & DISCUSSION
In a ch aracteristic  th erm og ra m  o f  p h o svitin  in w ater and  
N a C l solutions at p H  7 (F ig .  1) the baselines o f  the endotherm  
were not apparent. T h e  endotherm ic change (heat uptake) o f  
p h o svitin  w as gradual w ith  temperature and a broad peak w as  
produced, in d icatin g  that a change in p h o svitin  structure began  
from  the start o f  heating. T h e  T d w as 79.7  ±  1 .4°C  fo r phosvitin  
in w ater at a heating rate o f  10°C/m in. T h e  T d fo r ph o svitin  
increased lin e a rly  w ith heating rate (F ig .  2). In cre a sin g  the heat
in g  rate from  5 to 30°C /m in  raised the apparent denaturation  
temperature by 11°C . Protein denaturation is described  b y  first- 
order k in e tics (C h e fte l et al., 1985). P h o sv itin  w as not stable in  
this experim ent at 100°C , contrary to reports b y  M echam  and 
O lco tt (1949). D ix o n  and C o tte rill (1 9 8 1 ) observed that the e lec
trophoretic bands fo r p h o svitin  in  e gg  y o lk  disappeared in  the 
range 69 to 7 2 °C , w h ich  is c lo se r to the T d values studied under 
different heating rates w e used. T h e  activation  energy for heat 
denaturation o f  p h o svitin  w as 164 kJ/m ol, w hereas larger a cti
vation energies were reported fo r o va lb u m in  (552  kJ/m o l) and 
peroxidase (773 kJ/m o l) (C h e fte l et al., 1985). T h e  sm aller ac
tivation energy indicates that p h o svitin  denaturation is less sen
sitive  to temperature change than o va lb u m in  or peroxidase.

T h e  T d (at 10°C/m in) o f  p h o svitin  decreased to 77.7 ±  1 .2°C  
and 77.2 ±  1 .3 °C  (F ig .  1) w hen p h o svitin  w as d isso lved  in 0.1 
and 1.0M  N a C l,  resp ective ly , but the T d did  not change in 0 .05M  
N a C l as com pared to that o f  water. T h e  T d between p h o svitin  
in 0.1 and 1.0M  N a C l w ere not different.

T h e  T d fo r p h o svitin  d id  not change in 10 o r 2 0 %  sucrose  
solutions, as com pared to d isso lu tio n  in water. D ix o n  and C o t
terill (1 9 8 1 ) reported that neither N a C l nor sucrose protected  
p h o svitin  from  heat denaturation. N evertheless, g lu co se , su
crose, lactose, and N a C l slow ed the u n fo ld in g  o f  e g g  w hite, m ilk  
and w h ey proteins and, therefore, shifted the T d to a h igh er  
temperature (D o n o v a n  et al., 1975; Itoh et al., 1976; de W it,
1981).

Emulsifying activity and emulsion stability
Th e  p H  o f  heat-treated p h o svitin  solutions rem ained unchan

ged at p H  7 after heating at 4 0 -9 6 ° C .  H eatin g  p h o svitin  so lu 
tions at 40  and 6 0 °C  fo r up to 60 m in  did  not decrease the E A  
com pared to the control w h ich  w as not heat-treated and m ain 
tained at 2 3 °C  (F ig .  3). H o w ever, the E A  decreased after the 
p h o svitin  so lutions w ere heated at > 6 5 °C . T h is  indicated that a -  
and (3-phosvitin w ere s lo w ly  denatured above 6 0 °C . Statistical 
an a lysis  indicated that the interaction effects between tem pera
ture and tim e w ere s ign ifica n t fo r p h o svitin  solutions heated at 
6 5 -9 6 ° C .  K in e t ic  an a lysis  indicated that the rate o f  lo ss in  E A  
w as first-order and increased w ith  heating temperature. R a is in g  
the temperature from  65 to 7 0 °C  increased the rate constant 3.3 
tim es (F ig .  4). H o w ever, ra is in g  the temperature from  70 to 9 6 °C  
increased the rate constant o n ly  1.3 tim es (F ig .  4). T h e  results 
indicated a large decrease in  E A  o ver the range 6 5 -7 0 ° C .  Th ere  
w as a change o f  slope o f  the A rrh en iu s plot at 7 0 °C  (F ig .  4). 
Fro m  65 to 7 0 °C , the activation energy, E a, w as 225 ±  26

Temperature (°C)

Fig. 1—DSC thermograms for phosvitin in (a) 1.0M NaCl, (b) 0.1 M 
NaCl, (c) 0.05M NaCl, and (d) distilled water. 15% phosvitin so
lutions at pH 7 heated at 10°C/min.

Fig. 2—Heating rate and denaturation temperature of 15% phos
vitin solutions in water at pH 7. Tq = 74.85 + 0.41 B; r2 = 0.941.
Vertical bars indicate standard deviations (B = DSC heating rate).

kJ/m ol, and from  70 to 9 6 °C , E a w as 12 ±  1 kJ/m ol. T h u s , the 
rate constants fo r 6 5 -7 0 ° C  w ere m ore dependent on temperature 
than those fo r 70  9 6 °C . T h e  change  o f  E a from  the tem perature  
range 6 5 - 9 6 ° C  co u ld  be due to a tw o-stage denaturation m e ch 
anism  sin ce  protein denaturation m ay fo llo w  several d ifferent 
reaction paths (Jo ly , 1965). F o r  exam ple, denaturation o f  ly so 
zym e  w as described  b y  a tw o-state m ech anism , w here native  
protein w as first changed to an interm ediate state w ith  d ifferent 
p artia lly  denatured conform ations before a denatured state (A h 
m ad et al., 1983).

H eatin g  at 70, 80 or 9 6 °C  for 60 m in  decreased the E S  from  
69 to 56, 47 and 4 2 % , resp ective ly  (F ig .  5). H eatin g  p h o svitin  
so lutions at < 6 7 .5 °C  fo r up to 60  m in  d id  not decrease the E S .  
Extend ed  heating at > 7 0 ° C  m ay aggregate the unfolded protein  
m o lecu les and decrease so lu b ility . So lu b le  e gg  y o lk  protein is a 
m ajo r contributor to em u lsificatio n  (C h u n g  and Fe rrie r, 1991b). 
A q u eo u s layer separation o ccurred  in  all the p h o svitin  em ulsions  
exam ined (T a b le  1). F o r  p h o svitin  so lutions heated at 7 0 °C  for 
4 0  and 60  m in, and a ll those heated at 80  and 9 6 °C , coalescence
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H EAT DEN A TURA TION/EMULSIFYING PROPS O F PHOSVITIN . . .

Fig. 3—Heating time and emulsifying activity of phosvitin at dif
ferent heating temperatures.

1/Temperature (lU)

Fig. 4—Relationship of rate constant and heating tempe-ature for 
emulsifying activity of phosvitin between 65 and 96°C.

Fig. 5—Heating time and emulsion stability of phosvitin at dif
ferent heating temperatures.

T a b le  1— A q u e o u s  and  o il layer se p aratio n s fo r p ho sv itin  e m u ls io n s

Temp
(°C)

Time
(min)

Aqueous 
layer3 

% (v/v)

Cil
layer3 

% (v/v)
Control 31.2 ±0.8 0

40 10 31.2 ±0.8 0
20 31.7 ±1.5 0
40 30.8 ±1.3 0
60 31.7 ±0.8 0

60 10 31.7 ±1.5 0
20 31.2±0.8 0
40 31.2±0.8 0
60 30.8±0.0 0

65 10 31.2±0.8 0
20 30.8± 1.3 0
40 31.2±0.8 0
60 31.2±0.8 0

67.5 10 30.8 ±0.0 0
20 30.8 ± 1.3 0
40 30.8 ±0.0 0
60 31.2 ±  1.5 0

70 10 30.8 ±0.0 0
20 31.2±0.8 0
40 31.7±0.8 3.0±0.8
60 37.2 ±1.3 6.9 ±1.4

80 10 32.1 ±1.3 1.3±0.0
20 36.3 ±0.8 3.9± 1.3
40 44.1 ±0.8 5.2 ±1.3
60 45.4±0.7 8.1 ±0.8

96 10 42.8± 4.1 5.2+1.3
20 42.8 ±0.8 6.8 ±0.8
40 47.1 ±0.8 7.3 ±0.8
60 47.9 ±0.8 10.3± 1.3

a Number following the ± sign is the standard deviation.

o f  o i l  d r o p le t s  o c c u r r e d  in  t h e  e m u l s i o n s ;  c o a l e s c e n c e  i n c r e a s e d  

w i t h  h e a t i n g  t i m e  ( T a b le  1 ).

CONCLUSIONS
S o d iu m  c h l o r i d e  b u t  n o t  s u c r o s e ,  d e c r e a s e d  t h e  T d o f  p h o s v i t i n  

s o l u t i o n s  a t p H  7 .  T h e  a p p a r e n t  T d d e p e n d e d  o n  h e a t i n g  r a te  o f  
D S C .  E m u l s i o n s  p r e p a r e d  f r o m  h e a t - t r e a t e d  p h o s v i t i n  s o l u t i o n s  

w e r e  s t a b le  b u t  l o s t  s t a b i l i t y  a f t e r  p h o s v i t i n  s o l u t i o n s  w e r e  
h e a t e d  a t  > 7 0 ° C .  T h e  l o s s  in  e m u l s i f y i n g  p r o p e r t y  d e p e n d e d  o n  

t h e  h e a t i n g  t e m p e r a t u r e ,  t i m e  ar id  in t e r a c t io n  e f f e c t s  o f  t e m p e r 
a tu r e  a n d  t im e .  P h o s v i t i n  r e m a in s  s t a b le  d u r in g  n o r m a l  p a s t e u r 
i z a t i o n  t e m p e r a t u r e ,  b u t  w o u l d  d e n a t u r e  a t  t y p i c a l  c o o k i n g  o r  
s t e r i l i z a t i o n  t e m p e r a t u r e s .
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Antioxidant Inhibition of Cholesterol Oxidation in a 
Spray-Dried Food System during Accelerated Storage

K.C. HUBER, O.A. PIKE, and C.S. HUBER

----------------------------  ABSTRACT ----------------------------
Spray-dried egg yolk was used to evaluate antioxidant inhibition of cho
lesterol oxidation during accelerated (Cu+2 and heat) storage. Liquid yolk 
was treated with equimolar amounts of BHA (0.01%, w/w of lipid), 
ascorbyl palmitate (0.023%), or a tocopherol blend (0.023%). Yolk 
batches were spray-dried, stored at 60 ±  2°C for up to 28 days, and 
analyzed for cholesterol oxidation products (COPs) using gas chroma
tography. COP levels generally increased during storage with 7-keto- 
cholesterol predominant. Significant antioxidant effects were manifest in 
decreased levels of 7-ketocholesterol, 7a- and 7|3-hydroxycholesterol; 
while cholestane-triol and cholesterol-5,6-epoxide levels were not af
fected. All antioxidants showed significant inhibitive effects relative to 
the control, and tocopherols were more effective than ascorbyl palmitate.

Key Words: egg yolk, cholesterol oxides, antioxidants, ascorbyl palmi
tate, tocopherols

INTRODUCTION

C holesterol  o x idatio n  produ cts  (C O P s) have rece ived  co n 
siderable attention due to their b io lo g ic a l activ itie s associated  
w ith hum an disease. R e se a rch  pro vid es evidence som e ch o le s
terol o xid es are to x ic  and m ay facilitate  developm ent o f  co ro 
nary artery d isease and certain cancers (P e n g  et al., 1992a, b; 
M o rin  and Pen g, 1992; M o rin  et al., 1992).

B ecau se  o f  such  health concerns, the presence o f  cholesterol 
o xid es in  food products has been e xte n siv e ly  investigated. C O P s  
have been detected in  co m m o d ities in c lu d in g  d airy, egg, meat, 
and other an im al foodstuffs w h ich  are co m m o n ly  subjected to 
elevated p ro ce ssin g  tem peratures, p ro -o xidative  co n ditions or 
storage (T s a i and H u d so n, 1984, 1985; L e e  et al., 1985; M iss le r  
et al., 1985; P a rk  and A d d is , 1985a; N o u ro o z-Z a d e h  and A p -  
pelq vist, 1987, 1988; van  de B o ve n ka m p  et al., 1988; Sander et 
al., 1989; Z h a n g  et al., 1991). R e se arch  has confirm ed the ten
dency o f  C O P s  to increase d u rin g  storage (M iss le r  et al., 1985; 
T s a i and H u d so n , 1985; M o rgan  and A rm stro n g , 1987).

S in ce  cholestero l oxid atio n  proceeds v ia  a free rad ica l m e ch 
anism , antioxidants used to in h ib it general lip id  oxidation  m ay  
also retard cholesterol oxid atio n  (Sm ith , 1980). C o n ce rn  regard 
in g  the safety o f  synthetic antioxidants has prom pted in vesti
gations o f  the effectiveness o f  naturally  o ccu rrin g  com pounds  
(B ranen, 1975; A n o n ym o u s, 1986; A d d is  and P ark, 1992).

Studies in v o lv in g  ap p licatio n  o f  antioxidants to in h ib it ch o 
lesterol oxid atio n  have been lim ited. B H A ,  B H T  and p ro p yl 
gallate, com m on synthetic antioxidants, w ere s lig h t ly  effective  
in  s lo w in g  h ydrogen pero x id e -in d uce d  cholestero l oxid atio n  in  
e gg  y o lk  d u rin g  sp ra y-d ry in g  (M o rgan  and A rm stro n g , 1987). 
U s in g  an aqueous m odel system , R a n k in  and P ike  (1 9 9 3 ) e va l
uated several n o vel antioxidants fo r p reventing cholesterol o x i
dation. O n ly  tocopherol isom ers proved e ffective  in  d e layin g  
cholesterol autoxidation. H o w e ve r, w hether the results u sin g  this 
m odel system  have w idespread ap p lication  to food system s is  
unknow n. In  addition, W ah le  et al. (1 9 9 3 ) incorporated a -to -  
copherol at v ario u s concentrations into the feed o f  hens, p ro
d u cin g  several a -to co p h e ro l le ve ls  in  eggs. T h e  w hole  e gg  w as  
spray-dried  and stored at am bient tem perature exposed to a ir
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and light. D u rin g  storage, an inverse  re lationship  between C O P  
form ation and a -to co p h e ro l content w as observed.

Spray-d rie d , ch o lestero l-co n ta in in g  foods, subjected to a ir and 
heat d u rin g  p ro cessin g, are susceptib le  to sterol oxid atio n  during  
preparation and storage, and therefore m igh t benefit from  anti
o xidant addition. Sp ray-d rie d  e gg  products have been u tilize d  in  
cholesterol oxidation  research because o f  their h ig h  cholesterol 
content and p ro -o xidative  p ro cessin g  conditions. (M o rgan  and  
A rm stro n g , 1987; Sander et al., 1989; M o rgan  and A rm stro n g,
1992). O u r objective  w as to evaluate the effectiveness o f  several 
antioxidants in  in h ib itin g  cholesterol oxid atio n  d u rin g acceler
ated ( C u +2, heat) storage o f  sp ray-d ried  e gg  yo lk .

MATERIALS & METHODS 
Antioxidant preparation

Stock solutions (0.135 M) of ascorbyl palmitate (Hoffman La Roche, 
Inc., Nutley, NJ), BHA (Sigma Chemical Co., St. Louis, MO), and 
Tenox GT-2 (Eastman Chemical Co., Kingsport, TN) were prepared in 
ethanol. Tenox GT-2 is a commercially available tocopherol blend com
prised of a- (15-20%), y- (15-20%), and 8- (60-65%) isomers. Prepa
ration of Tenox GT-2 molar stock solution was based on its 70% 
tocopherol content and assumed an average tocopherol molecular weight 
of 416.67 g/mole.

Liquid egg yolk preparation

Fresh, large grade A eggs were obtained from the Brigham Young 
University Poultry Facility (Provo, UT). Egg yolks were separated from 
albumen, pooled, blended 5 min at speed setting 1 with a Hobart A- 
120T mixer (Hobart. Troy, OH), and stored at 4°C.

Blended yolk was divided into 500g batches. Treatment yolk batches 
received equimolar amounts of BHA, ascorbyl palmitate, or the tocoph
erol blend which resulted in addition levels of 0.01, 0.023, and 0.023% 
(w/w), respectively, based on reported values for total yolk lipid (Cook 
and Briggs, 1986). Control batches received no antioxidant. Equimolar 
quantities of cupric sulfate were also incorporated into all liquid yolk 
batches providing a final added concentration of =» 1.5 mg Cu*2/g spray- 
dried yolk.

Egg yolk batches were prepared by blending 0.3990 g anhydrous cu
pric sulfate and 700 pL of antioxidant stock solution (pure ethanol for 
control batches) with 158 mL of distilled water in a stainless steel mixing 
bowl. Liquid yolk (500 g) was added and the mixture blended 15 min 
at speed setting 1 with a Hobart N50 mixer (Troy, OH) Egg yolk di
lution with distilled water served both to optimize the spray-drying pro
cess as well as minimize contact between yolk protein and ethanol 
(Morgan and Armstrong, 1992). After blending, treatment and control 
batches were stored at 4°C until spray-dried.

Spray-dryer Operation

Treatment and control batches were dried using a Niro Mobile Minor 
laboratory spray-dryer (Niro, Inc., Columbia, MD) equipped with an 
electric air heater, a 24-vaned centrifugal atomizer, and a peristaltic 
pump for delivering liquid yolk to the atomizer. Inlet air temperature 
was set at 225°C while exhaust temperature was maintained at 100°C by 
adjusting the flow rate of liquid yolk to the atomizer.

Accelerated storage

Experimental and control dried yolk batches were each divided into 
lg  samples. They were placed in 20 dram vials secured with Teflon- 
lined screw caps and stored in a Lab-Line Imperial II radiant heat drying
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oven (Lab-Line. Melrose Park, 1L) at 60 (± 2 )  °C for 0, 6, 14, 21, or 28 
days. Following elevated temperature storage, samples were held at 
—20°C until analyzed.

Cholesterol oxide extraction and isolation

Lipid was extracted from dried yolk according to the procedure of 
Morgan and Armstrong (1989). Dried yolk (lg) was transferred from a 
20 dram storage vial to a 250 mL round bottom flask, followed by 
addition of 100 mL reagent grade chloroform/methanol (2:1, v/v) for 
lipid extraction. The 20 dram vial was rinsed with 3 successive 3 mL 
aliquots of chloroform/methanol which were also added to the 250 mL 
flask. Twenty-five pg of 5-pregnen-3(3-ol-7,20-dione (7-ketopregneno- 
lone. Steraloids, Inc., Wilton, NH) in chloroform/methanol was added 
as an internal standard. The mixture was filtered through a 0.2 pm nylon 
membrane to retain yolk protein and the filtrate containing the lipid 
fraction was collected in an evaporation flask. An additional 25 mL of 
chloroform/methanol was used to rinse the extraction flask and wash the 
filter residue. Filtrate solvent was removed under vacuum at 40°C using 
a Buchi 001 Rotavapor (Biichi, Flawil, Switzerland).

The lipid extract was redissolved in 5 mL of hexane and applied to a 
Sep-Pak’ silica cartridge (Waters Chromatography Division, Milford, 
MA) which had been wetted with 10 mL of hexane. The evaporation 
flask was rinsed with 3 mL and then with 2 mL of hexane and rinsings 
were also loaded onto the Sep-Pak. Elution of COPs was subsequently 
performed as outlined by Morgan and Armstrong (1989). COPs were 
eluted into a test tube with the acetone fraction, which was evaporated 
to dryness under nitrogen using a Meyer N-EVAP, model 111. analytical 
evaporator (Organomation Associates, Inc., Berlin, MA). Water bath 
temperature was maintained at 40°C. The dried extract was redissolved 
in ethyl acetate (850 pL) and transferred to a tapered 1.1 mL microvial 
for evaporation under nitrogen. This transfer/evaporation process was 
repeated two more times to ensure transfer of COPs from the test tube 
to the microvial.

The dried extract was redissolved in pyridine (50 pL) and BTZ (50 
pL) (Supelco, Inc., Bellefonte, PA) and capped with a teflon-lined crimp 
cap. After addition of BTZ, samples were allowed to stand 15 min before 
GC injection (Park and Addis, 1985b).

Cholesterol oxide determination by gas chromatography

Gas chromatography was performed similar to the method of Park and 
Addis (1985b) using a Flewlett Packard (HP) 5890 gas chromatograph 
equipped with a HP 7673 autosampler and flame ionization detector. 
Cholesterol oxidation products were separated using split injection (100: 
1) onto a DB-1 fused silica gel capillary column (J&W Scientific, Fol
som, CA) with an inner diameter 0.25 mm, length 15m, and film 
thickness 0.1 pm. Helium carrier gas flow through the column was set 
at 1 mL/min while nitrogen auxiliary gas flow was adjusted to 27 
mL/min. Oven temperature was programmed from 180°C to 290°C at 
3°C/min with a final hold of 55 min. Injection port was 250°C and 
detector 300°C. Peak areas and retention times were calculated and re
corded by a HP 7673 Series II integrator.

Cholesterol oxide peak identification was based on retention times of 
known standards relative to the internal standard. The presence and iden
tification of COPs in yolk samples were also confirmed with gas chro- 
matography-mass spectrometry (GC-MS). Standards of 5-cholestene- 
3(3.7a-diol (7a-hydroxycholesterol), 5-cholestene-3(3, 7(3-diol (7(3-hy- 
droxycholesterol), 5-cholestene-3|3-ol-7-one (7-ketocholesterol), choles- 
tan-3(3,5a,6(3-triol (cholestane-triol), and cholestan-5a,6c<-epoxy-3(3-ol 
(cholesterol-5a,6a-epoxide) were obtained from Steraloids, Inc. (Wilton, 
NH) while 5-cholestene-3(3-ol (cholesterol) was obtained from Sigma 
Chemical Co. (St. Louis, MO). Quantification of COPs in dried egg yolk 
was determined using the internal standard method.

Isomers, cholesterol-5a,6a-epoxide and cholesterol-5 [Loft-epoxide, 
were not resolved by the GC method and coeluted as one peak. Thus, 
our references to cholesterol-5,6-epoxides refer to combined a- and 13- 
isomers or total cholesterol-5,6-epoxide.

Experimental design

The experiment contained a replication of control and treatments, pro
ducing a total of 8 batches of yolk: two control batches and 2 for each 
treatment. Control and treatment batches were prepared and spray-dried 
in random order. Position of storage in the oven was randomly assigned. 
Within each time interval, duplicate samples were analyzed for COPs in 
randomized sequence. Acquired data were analyzed for sign.ficant treat
ment effect using analysis of variance, and contrasts were used to iden

tify statistical differences among treatments and control. For all statistical 
tests, significance was established at p < 0.05.

RESULTS & DISCUSSION 

Initial COP levels
N o  a p p a r e n t  d i f f e r e n c e s  in  in i t ia l  C O P  l e v e l s  w e r e  o b s e r v e d  

f o r  a n y  t r e a t m e n t s  o r  t h e  c o n t r o l .  I n i t ia l  m e a n  C O P  l e v e l s  ( f o l 
l o w e d  b y  r e s p e c t i v e  s ta n d a r d  d e v i a t i o n s )  f o r  f r e s h l y  s p r a y - d r ie d  
e g g  y o l k  w i t h  a d d e d  C u +-  w e r e ;  7 - k e t o c h o l e s t e r o l :  6 . 8  |4 g /g
( 1 . 4 ) ,  7 a - h y d r o x y c h o l e s t e r o l :  4 . 2  p g / g  ( 1 . 1 ) ,  7 ( 3 - h y d r o x y c h o l e s -  
t e r o l:  3 . 5  p g / g  ( 0 . 8 ) ,  c h o l e s t a n e - t r i o l :  0 . 9  p g / g  ( 0 . 3 ) ,  c h o l e s t e r o l -
5 . 6 -  e p o x i d e :  1 .0  p g / g  ( 0 . 3 ) .  P r e l im in a r y  w o r k  d e m o n s t r a t e d  
s l i g h t l y  h ig h e r  in i t ia l  C O P  l e v e l s  in  y o l k  s p r a y - d r ie d  in  t h e  p r e s 
e n c e  o f  a d d e d  C u +2 c a t a l y s t  c o m p a r e d  t o  t h o s e  o f  u n c a t a l y z e d  
s p r a y - d r ie d  y o l k .  T h e  m e t a l  c a t a ly s t  a l s o  a p p e a r e d  to  p r o m o t e  

7 - k e t o c h o l e s t e r o l  o v e r  7 a -  a n d  7 ( 3 - h y d r o x y c h o l e s t e r o l  f o r m a 
t io n ,  w h e r e a s  t h e  o p p o s i t e  w a s  o b s e r v e d  f o r  u n c a t a l y z e d  s p r a y -  

d r ie d  y o l k .
D ir e c t  c o m p a r i s o n  o f  in i t ia l  C O P  l e v e l s  o f  o u r  s t u d y  w i t h  

r e p o r t e d  s t u d i e s  i s  d i f f i c u l t  s i n c e  s t u d i e s  d i f f e r e d  w i t h  r e g a r d  to  
C O P s  m e a s u r e d ,  f o o d  p r o d u c t s  a n a l y z e d ,  a n d  v a r i o u s  s p r a y - d r y 
in g  p a r a m e t e r s .  H o w e v e r ,  o u r  in i t ia l  C O P  l e v e l s  w e r e  r e a s o n a 
b l y  c o n s i s t e n t  w i t h  p u b l i s h e d  v a l u e s .  O u r  o b s e r v e d  c h o l e s t e r o l -
5 . 6 -  e p o x i d e  l e v e l s  f e l l  w i t h in  t h e  0 - 5  p p m  r a n g e  o f  T s a i  a n d  

H u d s o n  ( 1 9 8 5 )  f r o m  9  f r e s h  c o m m e r c i a l  d r ie d  y o l k  s a m p l e s  a n d  

c o m p a r e d  f a v o r a b ly  w i t h  t h e  u n d e t e c t a b l e  l e v e l s  r e p o r t e d  b y  
M o r g a n  a n d  A r m s t r o n g  ( 1 9 8 7 ) .  O u r  e p o x i d e  l e v e l s  f a l l  b e l o w  
th e  s p e c i f i e d  2 . 5  p p m  d e t e c t i o n  l i m i t  o f  t h e ir  s t u d y .  A n  in d ir e c t  

h e a t in g  s o u r c e  w a s  c o m m o n  t o  b o t h  p r e v i o u s  s t u d i e s  a s  w e l l  a s  
o u r  s t u d y .  S i n c e  o n l y  e p o x i d e s  w e r e  i s o l a t e d  in  t h e  t w o  r e f e r 
e n c e d  s t u d i e s ,  fu r t h e r  c o m p a r i s o n  o f  C O P s  w a s  n o t  p o s s i b l e .

N o u r o o z - Z a d e h  a n d  A p p e l q v i s t  ( 1 9 8 7 )  r e p o r t e d  tr a c e  a m o u n t s  
o f  c h o l e s t e r o l - 5 ,6 - e p o x i d e s ,  a n d  7 a -  a n d  7 ( 3 - h y d r o x y c h o l e s t e r o l  

in  f r e s h  c o m m e r c i a l  s p r a y - d r ie d  y o l k .  C h o l e s t a n e - t r i o l  a n d  7 -  

k e t o c h o l e s t e r o l  w e r e  n o t  d e t e c t e d .  In  a n a l y z i n g  n e w l y  d r ie d  
c o m m e r c i a l  e g g  y o l k ,  S a n d e r  e t  a l .  ( 1 9 8 9 )  r e p o r t e d  s o m e w h a t  

h ig h e r  l e v e l s  o f  7 ( 3 - h y d r o x y c h o l e s t e r o l  (5 1  p p m )  a n d  c h o l e s 
t e r o l - 5 , 6 - e p o x i d e s  ( 1 0 9  p p m )  th a n  o u r  r e s u l t s .  C h o l e s t a n e - t r i o l .  

7 - k e t o c h o l e s t e r o l ,  a n d  2 5 - h y d r o x y c h o l e s t e r o l  w e r e  a l s o  d e 
t e c t e d .  In  c o m p a r i s o n  to  o u r  r e s u l t s ,  F o n t a n a  e t  a l .  ( 1 9 9 3 )  r e 
p o r t e d  s i m i l a r  l e v e l s  o f  7 a - h y d r o x y c h o l e s t e r o l ,  7 ( 3 - h y d r o x y c h o -  
l e s t e r o l ,  7 - k e t o c h o l e s t e r o l  a n d  c h o l e s t e r o l - 5 ,6 - e p o x i d e s  in  n e w l y  
s p r a y - d r ie d  w h o l e  e g g .  C h o l e s t a n e - t r i o l  w a s  n o t  d e t e c t e d .  U n 
s p e c i f i e d  s p r a y - d r y in g  p a r a m e t e r s  a n d  d i f f e r e n c e s  in  p r o d u c t  
c o m p o s i t i o n  p r e c l u d e  fu r t h e r  c o m p a r i s o n .

Accelerated storage effect on COPs

E l e v a t e d  t e m p e r a t u r e  s t o r a g e  r e s u l t e d  in  i n c r e a s e d  i n d iv id u a l  
C O P  l e v e l s  ( F ig .  1 ). T h i s  o b s e r v a t i o n  w a s  c o n s i s t e n t  w i t h  o t h e r  
i n v e s t i g a t o r s  ( T s a i  a n d  H u d s o n .  1 9 8 5 ;  M o r g a n  a n d  A r m s t r o n g ,
1 9 8 7 ) .  A  6 0 ° C  s t o r a g e  t e m p e r a t u r e  h a s t e n e d  t h e  r a te  o f  o x i d a 
t i o n  a n d  a t  th e  s a m e  t im e  e n c o u r a g e d  p r o g r e s s i o n  o f  a m b ie n t  
t e m p e r a t u r e  o x i d a t i v e  m e c h a n i s m s  a n d  m i n i m i z e d  a r t i f a c t  f o r m 
i n g  r e a c t i o n s .  ( F r a n k e l ,  1 9 9 3 ) .  O x i d a t i v e  d e t e r io r a t io n  w a s  a l s o  
e x p e d i t e d  t h r o u g h  in c o r p o r a t io n  o f  C u +2 in t o  y o l k  b e f o r e  d r y in g .  
T h e  o x i d i z e d  c o m p o u n d s  i n v o l v i n g  C - 7  ( c a r b o n  7  o n  c h o l e s 
t e r o l )  w e r e  th e  p r im a r y  o x i d a t i o n  p r o d u c t s  w i t h  7 - k e t o c h o l e s 
t e r o l  p r e d o m in a n t  f o l l o w e d  b y  7 ( 3 - h y d r o x y c h o l e s t e r o .  a n d  
7 a - h y d r o x y c h o l e s t e r o l .  T h e  la t t e r  2  c o m p o u n d s  w e r e  p r e s e n t  in  
*  a  1:1 r a t io .  A t  e l e v a t e d  t e m p e r a t u r e s ,  o x i d i z e d  c o m p o u n d s  
i n v o l v i n g  C - 7  w e r e  t h e  e x p e c t e d  p r im a r y  o x i d a t i o n  p r o d u c t s  in  
d r ie d  e g g .  H e a t  s t i m u l a t e s  s c i s s i o n  o f  c h o l e s t e r o l  7 - h y d r o p e r o x 
id e s  ( F o n t a n a  e t  a l . ,  1 9 9 3 ) .  In  a d d i t io n ,  t h e  p r e s e n c e  o f  a d d e d  

C m 2 f a v o r s  b r e a k d o w n  o f  p e r o x i d e s .  L i k e w i s e ,  c h o l e s t e r o l - 5 , 6 -  
e p o x i d e s ,  ( f o r m a t i o n  g e n e r a l l y  d e p e n d e n t  o n  p e r o x i d e s ,  S m i t h ,  
1 9 9 2 ) ,  a r e  n o t  f a v o r e d  p r o d u c t s  a t  e l e v a t e d  t e m p e r a t u r e s  ( F o n 
ta n a  e t  a l . ,  1 9 9 3 ) .  E p o x i d e  f o r m a t io n  w e  o b s e r v e d  s e e m e d  t o  
c o n f i r m  t h is .  I n c r e a s e s  in  c h o l e s t a n e - t r i o l ,  a  b r e a k d o w n  p r o d u c t
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Fig. 1—Relative amounts of COPs in spray-dried egg yolk with 
no added antioxidant during accelerated storage (C u 2 catalyzed, 
60°C).

o f  e p o x i d e s  ( S m i t h ,  1 9 9 2 ) ,  c o i n c i d e d  w i t h  t h e  d e c r e a s e  in  e p o x 
id e  l e v e l s  a f t e r  1 4  d a y s  s t o r a g e  ( F ig .  1 ).

L e v e l s  o f  7 - k e t o c h o l e s t e r o l ,  7 a - h y d r o x y c h o l e s t e r o l ,  a n d  7 (3 -  
h y d r o x v c h o l e s t e r o l  r e a c h e d  a  m a x i m u m  a t  2 2  d a y s  a n d  t h e n  

l e v e l e d  o f f  ( F ig .  1 ) . T h i s  m a y  b e  a s s o c i a t e d  w i t h  d e p l e t i o n  o f  
o x y g e n  o v e r  t im e .  S i n c e  s a m p l e s  w e r e  s t o r e d  in  g l a s s  v i a l s  

t i g h t l y  s e c u r e d  w i t h  T e f l o n - l i n e d  s c r e w  c a p s ,  o x y g e n  l e v e l s  w e r e  
e x p e c t e d  to  d e c r e a s e  w i t h  t i m e  a s  a  r e s u l t  o f  g e n e r a l  l i p i d  o x i 
d a t io n .

T h e  c a p p e d  s t o r a g e  c o n t a i n e r  w e  u s e d  w a s  i n t e n d e d  t o  r e t a in  

m o is t u r e  d u r in g  e l e v a t e d  t e m p e r a t u r e  s t o r a g e ,  a l l o w i n g  o x i d a 
t io n  o f  n o r m a l l y  h y d r a t e d  s p r a y - d r ie d  y o l k .  T w o  f a u l t y  s a m p le  

v i a l s  d i s c o v e r e d  d u r in g  t h e  c o u r s e  o f  t h e  s t u d y  w e r e  i n e f f e c t i v e  
m o is t u r e  a n d  o x y g e n  b a r r ie r s .  B o t h  r e s u l t i n g  y o l k  s a m p l e s  h a d  
h ig h  l e v e l s  o f  C O P s  c o m p a r e d  t o  s a m p l e s  e f f e c t i v e l y  s e c u r e d .  
U n l i m i t e d  a v a i l a b i l i t y  o f  o x y g e n  a n d  t h e  l o s s  o f  m o i s t u r e  d u r in g  

e l e v a t e d  t e m p e r a t u r e  s t o r a g e  m a y  e x p l a i n  t h e  in c r e a s e d  o x i d a 
t io n  l e v e l s  o f  t h e  2  s a m p l e s  s t o r e d  in  f a u l t y  v i a l s .  O x y g e n  a n d  
w a t e r  a c t i v i t y  e f f e c t s  o n  o x i d a t i o n  h a v e  b e e n  w e l l  d o c u m e n t e d .

A n t i o x i d a n t s  w e r e  e v a l u a t e d  f o r  a b i l i t y  t o  in h ib i t  f o r m a t io n  
o f  i n d iv id u a l  C O P s .  T r e a t m e n t  e f f e c t s  w e r e  r e l a t e d  t o  t h e  c o n t r o l  

( F ig .  2 - 6 )  f o r  e a c h  i n d iv id u a l  C O P .  T h e  t o c o p h e r o l  b l e n d  a n d  
B H A  s i g n i f i c a n t l y  in h i b i t e d  7 - k e t o c h o l e s t e r o l  ( F ig .  2 ) ,  7 a - h y -  
d r o x y c h o l e s t e r o l  ( F i g .  3 ) ,  a n d  7 ( 3 - h y d r o x y c h o l e s t e r o l  ( F ig .  4 )  

f o r m a t io n  w i t h  r e s p e c t  t o  t h e  c o n t r o l .  A s c o r b y l  p a lm i t a t e  w a s  
m o r e  e f f e c t i v e  th a n  t h e  c o n t r o l  in  i n h i b i t i n g  f o r m a t io n  o f  o n l y  

7 - k e t o c h o l e s t e r o l  ( F i g .  2 )  a n d  7 ( 3 - h y d r o x y c h o l e s t e r o l  ( F i g .  4 ) .  

N o  s i g n i f i c a n t  d i f f e r e n c e s  w e r e  o b s e r v e d  b e t w e e n  B H A  a n d  t h e  
t o c o p h e r o l  b l e n d  o r  b e t w e e n  B H A  a n d  a s c o r b y l  p a lm i t a t e .  H o w 
e v e r ,  t h e  t o c o p h e r o l  b l e n d  w a s  m o r e  e f f e c t i v e  th a n  a s c o r b y l  p a l 
m it a t e  in  p r e v e n t i n g  7 a - h y d r o x y c h o l e s t e r o l  a n d  7 - k e t o c h o l e s -  
t e r o l  f o r m a t io n .  In  a n  a q u e o u s  m o d e l  s y s t e m  e v a l u a t i n g  

a n t io x id a n t s  a t  0 .0 1 %  ( w / w ,  b a s e d  o n  t o t a l  l i p i d ) ,  t o c o p h e r o l  
i s o m e r s  p r o v e d  e f f e c t i v e  in h ib i t o r s  o f  7 - k e t o c h o l e s t e r o l  f o r m a 
t io n  w h i l e  B H A  a n d  s e v e r a l  n o v e l  a n t io x id a n t s  e x h i b i t e d  n o  

in h ib i t o r y  e f f e c t  r e l a t iv e  t o  t h e  c o n t r o l  ( R a n k in  a n d  P i k e ,  1 9 9 3 ) .  
In  o u r  s t u d y ,  B H A  a t  t h e  s a m e  0 .0 1 %  l e v e l  ( w / w ,  b a s e d  o n  to t a l  
l ip id ) ,  s i g n i f i c a n t l y  in h i b i t e d  f o r m a t io n  o f  s e v e r a l  C O P s ,  i n c l u d 
i n g  7 - k e t o c h o l e s t e r o l .  T h e  t o c o p h e r o l  b l e n d  w e  u s e d ,  a l t h o u g h  
p r e s e n t  in  g r e a t e r  q u a n t i t y  th a n  B H A  o n  a  p e r c e n t a g e  b a s i s  

( 0 . 0 2 3 %  v s  0 .0 1 % ) ,  w a s  a l s o  a n  e f f e c t i v e  in h ib i t o r .  I t  w a s  n o t  
s ig n i f i c a n t l y  d i f f e r e n t  th a n  B H A  in  p r e v e n t i n g  f o r m a t io n  o f  a n y  
C O P s .  T h e  s a m e  o r d e r  o f  a n t io x id a n t  e f f e c t i v e n e s s  w a s  o b s e r v e d

0 5 10 15 20 25 30
Storage Time (days)

Fig. 2—Effect of antioxidants on 7-ketocholesterol formation in 
spray-dried egg yolk during accelerated storage (Cm2 catalyzed, 
60°C).

Fig. 3—Effect of antioxidants on 7a-hydroxycholesterol forma
tion in spray-dried egg yolk during accelerated storage (Cm2 cat
alyzed, 60°C).

f o r  i n h ib i t io n  o f  a l l  o x i d i z e d  p r o d u c t s  i n v o l v i n g  c a r b o n  7  o f  
c h o l e s t e r o l  ( F i g s .  2 - 4 ) .  T h u s ,  a d d i t io n a l  d i f f e r e n c e s  b e t w e e n  
t r e a t m e n t s  m ig h t  h a v e  b e e n  o b s c u r e d  b y  e x p e r i m e n t a l  e r r o r .

C h o l e s t a n e - t r i o l  ( F i g .  5 )  a n d  c h o l e s t e r o l - 5 ,6 - e p o x i d e  ( F i g .  6 )  

l e v e l s  w e r e  n o t  s i g n i f i c a n t l y  in h i b i t e d  b y  a n t io x id a n t s .  T h i s  h a s  
b e e n  r e p o r t e d  in  p r io r  s t u d i e s  i n v o l v i n g  s i m i l a r  f o o d  p r o d u c t s .  
M o r g a n  a n d  A r m s t r o n g  ( 1 9 8 7 )  r e p o r t e d  B H A ,  B H T ,  a n d  p r o p y l  
g a l l a t e  ( 6 7 - 2 0 0  p p m  in  y o l k  s o l i d s )  d id  n o t  in h ib i t  c h o l e s t e r o l -
5 , 6 - e p o x i d e  f o r m a t io n  d u r in g  a m b ie n t  t e m p e r a t u r e  s t o r a g e  o f  
h y d r o g e n  p e r o x id e - t r e a t e d ,  s p r a y - d r ie d  e g g  y o l k .  A d d i t i o n a l l y ,  
a t  a n t io x id a n t  l e v e l s  c o m p a r a b le  t o  t h o s e  o f  o u r  s t u d y ,  a - t o -  
c o p h e r o l  d id  n o t  a p p e a r  t o  i n h ib i t  c h o l e s t e r o l - 5 ,6 - e p o x i d e  o r  
c h o l e s t a n e - t r i o l  f o r m a t io n  in  s p r a y - d r ie d  w h o l e  e g g  s t o r e d  a t
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Fig. 4—Effect of antioxidants on 7/3-hydroxycholesterol forma
tion in spray-dried egg yolk during accelerated storage (C u 2 cat
alyzed, 60°C).

Fig. 5— Effect of antioxidants on cholestane-triol formation in 
spray-dried egg yolk during accelerated storage (Cu*2 catalyzed, 
60°C).

a m b ie n t  t e m p e r a t u r e  e x p o s e d  t o  l i g h t  ( W a h l e  e t  a l . ,  1 9 9 3 ) .  A l 
t h o u g h  n o t  s t a t i s t i c a l l y  e v a l u a t e d  in  t h e ir  s t u d y ,  a - t o c o p h e r o l  
l e v e l s  >  5 0 0  p g / g  d r ie d  e g g  p r o v i d e d  s o m e  i n h ib i t io n  o f  b o t h  
t h e s e  C O P s .  T h u s ,  a n t io x id a n t  l e v e l s  h ig h e r  th a n  t h o s e  in  o u r  
s t u d y  m i g h t  e f f e c t i v e l y  in h ib i t  c h o l e s t a n e - t r i o l  a n d  c h o l e s t e r o l -
5 , 6 - e p o x i d e  f o r m a t io n  in  f o o d .  T h e  p r e s e n c e  o f  e i t h e r  o f  t h e s e  
C O P s  in  f o o d  h a s  p o t e n t ia l  h e a l t h  i m p l i c a t i o n s  ( P e n g  e t  a l . ,  
1 9 9 2 a ,  b ; M o r i n  a n d  P e n g ,  1 9 9 2 ;  M o r i n  e t  a l . ,  1 9 9 2 ) .  A d d i t i o n 

a l l y ,  t h e  s e l e c t i v e  a n t io x id a n t  in h ib i t io n  o f  C O P s  e m p h a s i z e s  th e  
n e e d  t o  q u a n t i t a t e  a l l  o x i d e s  w h e n  e v a l u a t i n g  C O P  in h ib i t io n .

A l t h o u g h  a n t i o x i d a n t s  w e r e  e v a l u a t e d  in  a  s p r a y - d r ie d  f o o d ,  
t h e  a d d i t io n  o f  C u * 2 a n d  t h e  e l e v a t e d  s t o r a g e  t e m p e r a t u r e  u s e d  

t o  a c c e l e r a t e  t h e  s t u d y  c o m p r i s e d  a  m o d e l  s y s t e m .  S u c h  a  s y s t e m

Fig. 6—Effect of antioxidants on cholesterol-5,6-epoxide forma
tion in spray-dried egg yolk during accelerated storage (Cu*2 cat
alyzed, 60°C).

h a s  t h e  a d v a n t a g e  o f  p r o v i d i n g  q u ic k  r e s u l t s  b u t  a  p o s s i b l e  d i s 
a d v a n t a g e  o f  l i m i t e d  a p p l i c a t io n .  T h i s  s t u d y  w a s  d e s i g n e d  to  
i n c r e a s e  t h e  a p p l i c a b i l i t y  o f  r e s u l t s  t o  s p r a y - d r ie d  p r o d u c t s  

s t o r e d  a t  a m b ie n t  t e m p e r a tu r e .  S t o r a g e  v i a l s  w e r e  c a p p e d  t o  p r e 
v e n t  m o i s t u r e  l o s s .  A  6 0 ° C  s t o r a g e  t e m p e r a t u r e  w a s  u t i l i z e d  in 
s t e a d  o f  h ig h e r  t e m p e r a t u r e s  o f t e n  u s e d  in  s u c h  s t u d i e s .  T h i s  

h e l p e d  p r o m o t e  p r o g r e s s io n  o f  a m b ie n t  t e m p e r a t u r e  o x i d a t i v e  
m e c h a n i s m s  ( F r a n k e l ,  1 9 9 3 ) .

T h o u g h  a n t io x id a n t s  d id  n o t  c o m p l e t e l y  e r a d ic a t e  C O P s ,  th e ir  
f o r m a t io n  w a s  in h ib i t e d .  T h e  t o c o p h e r o l  b l e n d ,  w h i c h  p r o v e d  
e f f e c t i v e ,  i s  n o t  r e s t r ic t e d  b y  s e t  l e v e l s  a n d  m a y  b e  a d d e d  in  

u n r e s t r ic t e d  q u a n t i t i e s .  H ig h e r  l e v e l s  m a y  m o r e  e f f e c t i v e l y  in 
h ib i t  C O P  f o r m a t io n .
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Cholesterol Oxidation in Baked Foods Containing Fresh and
Powdered Eggs

PAOLA ZUNIN, FILIPPO EVANGELISTI, MARIA FIORENZA CABONI, GIULIA PENAZZI, GIOVANNI LERCKER, and
ENRICO TISCORNIA

----------------------------  ABSTRACT ----------------------------
The degree of cholesterol oxidation in commercial sweet baked foods 
(biscuits and snacks) and in laboratory baked biscuits, all containing 
fresh or powdered eggs, was determined. 7-Ketocholesterol was used as 
index of cholesterol oxidation and detected by two analytical methods. 
The analysis of the biscuits showed higher levels of 7-ketocholesterol 
and a more marked oxidative instability of cholesterol when prepared 
with powdered eggs. The significant amounts of 7-ketocholesterol found 
in some samples of commercial biscuits were attributed to the use of 
powdered eggs. These data are of importance to industries using eggs in 
sweet baked products which are mainly consumed by children.

Key Words: eggs, cholesterol, oxidation, biscuits, snacks

INTRODUCTION

T he grow ing  interest  in  oxid atio n  o f  cholestero l in  foods is  
lin ke d  to the potential to x ic ity  o f  certain com ponents. M an y  
cholesterol o x id atio n  products m a y  be cyto to x ic, m utagenic, ath
erogenic, ca rc in o ge n ic  and in h ib it cholesterol b iosynthesis  
(B is h o ff, 1969; T a y lo r  et al., 1979; Sm ith , 1981; P arish  et al., 
1986; M aerker, 1987; W atanabe et al., 1988; A d d is , 1990; A d d is  
and W arner, 1991; B o s in g e r  et al., 1993); K an d u tsch  et al.
(1 9 7 8 ) reported that a lo w  le v e l o f  o xystero ls (le ss than 10-6 
- 1 0 “9M ), w as b io lo g ic a lly  active.

V a rio u s  an a lytica l techniques have been developed to id en tify  
and quantify  o xystero ls in  foods (G u a rd io la  et al., 1994). C h o 
lesterol oxid atio n  products w ere found in  m ilk  and d a iry  p rod
ucts (N o u ro o z-Z a d e h  and A p p e lq v ist, 1988a, b ), infant form ulas  
(Z u n in  et al., 1990), m eat (P a rk  and A d d is , 1987; Z u b illa g a  and  
M aerker, 1991; H w a n g  and M aerker, 1993), fish  (O h sh im a  et 
al., 1993; O sad a et al., 1993), fried  foods (Z h a n g  et al., 1991). 
Pow dered e ggs rece ived  p articu lar an a lytica l attention b y  m an y  
researchers (C h ic o y e  et al., 1968; T s a i and H ud so n, 1984, 1985; 
N ab e r and B ig g e rt, 1985; M iss le r  et al., 1985; N o u ro o z-Z a d e h  
and A p p e lq v ist, 1987; M o rgan  and A rm stro n g , 1989) because  
o f  the h igh  cholesterol content o f  e gg s  and the considerable  
increased r is k  o f  oxid atio n  b y  sp ray-d ry in g . Pow dered e ggs are 
used as ingredients in  m any foods that are subjected to subse
quent co o k in g  treatm ents, w h ich , in  turn, m ay lead to further 
increase o f  cholesterol oxidation.

W id e -ra n g in g  experim ents w ith  v a ry in g  an a lytica l approaches  
( H P L C ,  H R G C ,  G C - M S )  established that 7-ketocholestero l is  a 
usefu l in d ex o f  cholestero l oxid atio n  (C a b o n i et al., 1991; R a n 
k in  and P ik e , 1993). It  w as observed that 7-ketocholesterol 
form s early  in  m odel system s, a lw ays resu ltin g  in  an am ount 
h igh er or s im ila r  to that o f  the m ain  o xystero ls (N o u ro o z-Z a d e h  
and A p p e lq v ist, 1988a). E v e n  i f  7-ketocholestero l tends to break  
dow n s lo w ly  an a lytica l m ethods em ployed fo r its determ ination  
are v e ry  sensitive  and thus are p articu larly  reliab le  fo r detection  
o f  cholesterol oxidation.

Authors Zunin, Evangelisti, and Tiscornia are affiliated with Isti
tuto di Analisi & Tecnologie Farmaceutiche & Alimentari - Uni
versità di Genova, Via Brigata Salerno (ponte), 16147 Genoa, Italy. 
Authors Caboni, Penazzi, and Lercker are affiliated with Istituto di 
Industrie Agrarie - Università di Bologna, Via S. Giacomo 7, 40126 
Bologna, Italy. ____________________________________

O u r research groups separately developed tw o different ana
ly t ica l m ethods to determ ine 7-ketocholestero l and then co -o p 
erated b y  co m p arin g  results. P re v io u s studies o f  v e ry  sm all 
quantities o f  this subtance had y ie ld e d  co n flic tin g  results. Th e  
two m ethods w ere w id e ly  and s u c c e ssfu lly  tested fo r determ i
nation o f  7-ketocholesterol in  e g g  pow ders (C a b o n i et al., 1991). 
In  our study they w ere both em ployed to determ ine the degree  
o f  cholesterol oxid atio n  o f  industria l baked products, su ch  as 
b iscu its  and sweet sn acks, prepared w ith  fresh or pow dered  
eggs. In  such  products h igh  tem perature b a k in g  and lo n g  storage  
periods contribute tow ards in cre asin g  cholesterol oxidation. 
H o w e ve r, the presence o f  other ch o le ste ro l-co n ta in in g  in gre d i
ents, su ch  as butter and m ilk , prevents re latin g the m easured  
le v e ls  o f  7-ketocholesterol so le ly  to oxid atio n  o f  e gg  cholesterol. 
O u r o bjective  w as to study m ore accu rate ly  the in cid en ce  o f  the 
type o f  e ggs on the degree o f  cholestero l oxid atio n  in  a baked  
food and to fo llo w  the developm ent o f  the oxid atio n  process  
w hen a baked product contained fresh o r pow dered e ggs. T w o  
b iscu it types w ere prepared in  o ur laboratory u s in g  o n ly  flour, 
fresh o r pow dered e gg s  and sugar. T h is  experim ental approach  
enabled us to investigate the in fluence o f  b a k in g  on cholesterol 
le v e l as w e ll as the evolution  o f  o x id atio n  over storage life.

MATERIALS & METHODS
Samples

Two groups of commercial samples were purchased in local stores 
and analyzed: 10 biscuits and 10 sweet snacks. Two kinds of biscuits, 
containing either four fresh or 40g powdered eggs, 40g water, 200g flour, 
and 200g sugar in the dough, were then baked in laboratory at 185°C 
for 20 min. The two kinds of laboratory baked biscuits, prepared with 
fresh or powdered eggs, were divided into two parts: one part was 
packed and sealed, while the other was ground and immediately ana
lyzed. A 5-g sample of each type biscuit was then extracted. The packed 
biscuits were stored at room temperature (~23°C) and subjected to ex
traction after a 35-day storage. Samples of fresh and powdered eggs were 
also analyzed.

Reagents

7-Ketocholesterol and cholesterol were purchased from SIGMA 
Chemica (St. Louis, MO); 7-ketopregnenolone, the internal standard for 
method A, was supplied by Steraloids (Wilton, NH).

Methods

Extraction of lipids. The method employed was that of Folch et al. 
(1957). Clean-up and HPLC analysis of lipids extracted from the com
mercial samples were performed by methods A and B and those ex
tracted from the laboratory samples by method B alone

Method A. Cholesterol oxides were enriched by solid-phase extraction 
(SPE): 1.5 pg 7-ketopregnenolone were added to 50-60 mg of precisely 
weighed extracted lipids and dissolved in 0.5 mL of 2% 2-propanol in 
n-heptane. This solution was applied to a 500mg Bond Elut Florisil 
cartridge (Varian, Harbor City, CA) prewashed with n-heptane. Triacyl- 
glycerols and most of the cholesterol were removed with 4 mL of 2%
2-propanol in n-heptane, and any retained cholesterol oxides were then 
eluted in 5 mL acetone. This solvent was evaporated under nitrogen flow 
(T<30°C). HPLC was run with a 30 cm X 3.9 mm i.d. Waters pPorasil 
column (Milford, MA). The mobile phase was 93:7 n-hexane/2-propanol 
(v/v) with a 1.0 mL/min flow (Park and Addis, 1985). The Perkin Elmer
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L C  s y s te m  (N o r w a lk , C T ) c o n s is te d  o f  a  S e r ie s  4 0 0  liq u id  c h r o m a to 
grap h  ( lo o p  2 0  p L )  c o n n e c te d  to  an  L C  9 0  liq u id  sp e c tro p h o to m e tr ic  
d e te c to r  (X =  2 3 3  n m ) an d  a C C -1 2  c o m p u tin g  in tegrator . Q u a n tifica t io n  
w a s  b y  th e  in tern a l stan d ard  m e th o d , w ith  m u ltip le  le v e l  c a lib ra tio n  (R 2 
=  0 .9 9 8 4 ) .

Method B. C h o le s te r o l o x id e s  w e r e  en r ic h e d  b y  SP E : a b o u t 1 0 0  m g  
o f  lip id s , e x a c t ly  w e ig h e d , w e r e  d is s o lv e d  in  0 .5  m L  n -h e x a n e  an d  a p 
p lie d  to  a 2 0 0  m g  B o n d  E lu t S il ic a  cartr id ge  (V a r ia n , A n a lit ic h e m  In
tern a tio n a l, H arb or C ity , C A )  w h ic h  w a s  p r e w a sh e d  w ith  n -h e x a n e .  
E lu tio n  w a s  carried  o u t w ith  3 m L  o f  n -h e x a n e :d ie th y le th e r  (8 :2 ) ,  4  m L  
o f  n -h e x a n e :e th e r  (1 :1 )  and  3 m L  o f  m e th a n o l (B o r to lo m e a z z i e t  a l.,
1 9 9 0 ) . T h e  tw o  la s t fra c tio n s  w e r e  m ix e d  an d  s o lv e n ts  w e r e  e lim in a te d  
b y  ev a p o r a tio n  u n d er  n itro g e n  f lo w  (T < 4 0 °C ); sa m p le s  w e r e  th en  red is 
s o lv e d  in  3 m L  a c e to n itr ile . T h e  H P L C  s y s te m  in c lu d e d  a K n au er  p u m p  
(B e r lin , G e r m a n y ) ( lo o p  2 0  p L )  c o n n e c te d  to  a K n au er  v a r ia b le  U V -  
w a v e le n g th  d e te c to r  th rou gh  a K n au er  \ - s e le c t o r ;  w a v e le n g th s  u s e d  for  
d e te c t io n  w ere: 7 -k e to c h o le s te r o l 2 4 5  n m  and  c h o le s te r o l 2 1 0  r,m. H P L C  
w a s  run w ith  a S p h er iso rb  P h a se  S e p  C 6 c o lu m n  (1 5  c m  X  4 .6  m m  i.d ., 
5 p m ) (D e e s id e ,  U K ). T h e  m o b ile  p h a se  w a s  8 0 :2 0  a c e to n itr ile /w a te r  (v /  
v )  w ith  0 .8  m L /m in  f lo w . T h e  in tegra tor  w a s  a S p ectra  P h y s ic s  4 2 9 0  
(S a n  J o se , C A ). Q u a n tifica t io n  o f  7 -k e to c h o le s te r o l an d  c h o le s te r o l w a s  
b y  th e  ex tern a l stan d ard  m e th o d  (R 2 =  0 .9 9 9 6  for  7 -k e to c h o le s te r o l) .

7-KetochoIesterol identification w a s  p er fo r m e d  b y  G C -M S  o f  th e tri- 
m e th y ls ily l  d e r iv a tiv e s  (S w e e le y  e t a l., 1 9 6 3 )  a fter  c o ld  sa p o n if ica t io n  
(S a n d e r  e t a l., 1 9 8 9 ) . A n a ly s is  w a s  run o n  a C ar lo  E rba Q M D  10 0 0  
s y s te m  (R o d a n o , M ila n o , I ta ly ) eq u ip p e d  w ith  an S E  5 2  c o lu m n  (2 5  X  
0 .2 5  m m  i.d .,  0 .1 0  p m  film  th ic k n e ss )  (C h r o m p a ck , M ila n o , I ta ly ). C o l
u m n  tem p era tu re  r o se  fro m  6 0  to  2 6 0 °C  at 2 5 °C /m in  an d  th en  to  3 1 0 °C  
at 2 °C /m in ; o v e n  tem p era tu re  w a s  6 0 °C  at o n -c o lu m n  c o ld  in jec tio n  
(G a lli e t  a l . ,  1 9 7 9 ) . T ra n sfer  l in e  w a s  2 5 0 °C  an d  th e  s o u r ce  w a s  2 0 0 °C . 
Io n iz a tio n  e n e r g y  w a s  7 0  e V . M a ss  sp ectra  w e r e  r eco rd ed  w ith in  4 0 -6 0 0  
m a ss  ran ge  (m /z ) ;  s ca n  sp e e d  w a s  0 .9  m /z  s e c -1 .

RESULTS & DISCUSSION
F o r  b o t h  m e t h o d s  the m in im u m  quantifiable am ount w as 3 
X  10_9g  for 7-ketocholesterol. Th ree  in d iv id u a l measurem ents/ 
sam ple/m ethod were perform ed: standard deviations (ppm  in  
lip id s) and standard errors were a  =  3.1 X  10“ 1 and S E  =  1.8 
X  10“ ' for m ethod A  and cr =  3 .0  X  10-1 and S E  =  1.7 X  

10-1 fo r m ethod B .

7-Ketocholesterol content in commercial biscuits
7-K eto cho lestero l am ounts (ppm  in  lip id s) detected b y  both 

an alytica l m ethods w ere com pared (T a b le  1); also  in clu d ed  were  
the am ount o f  extracted lip id s  and the cholesterol determ ined  
w ith m ethod B . R e p o rtin g  total lip id  contents is necessary to 
avo id  incorrect evaluations as to am ounts o f  7-ketocholesterol 
in  the sam ples. T h e  values o f  7-ketocholesterol recorded w ith  
the two m ethods were in  good agreem ent, as show n b y  the h igh  
correlation co efficien t ca lcu lated  fo r the sam ples 1 -9  (r2 =  
0.996); sam ple 10 w as e xclu d ed  as it w as far h igh er than all 
others. H ad  the two m ethods been identical, the points w ould  
have plotted a straight line  w ith slope 0  and intercept 1. T h e  B  
=  0 .8 2 9 A  +  0 .863 linear equation in  this case d id  not indicate  
this. T h e  large num ber o f  ingredients in  the an alyzed  products  
som etim es m ade oxystero ls p u rification  d ifficu lt, thus lead in g to 
s ligh t d ifferences between detected am ounts o f  7 -ketocholes- 
terol.

P o ss ib ly  the first four sam ples, w hose ingredient com positions  
w ere not fu lly  described, w ere not prepared w ith pow dered eggs, 
w hose usual content o f  7-ketocholesterol is m arked ly  h igher  
than the m easured am ounts. T w o  o f  the sam ples contained p o w 
dered sk im m ed  m ilk , but its addition to o vera ll fatty substance  
w as n e g lig ib le . Sam p les 2 and 5 contained butter, in  a m arked  
am ount, and eggs, as confirm ed by the h igh  cholesterol am ounts 
show n. T h e  p ro ce ssin g  co n ditions o f  these sam ples w ould  not 
induce a m arked developm ent o f  oxidation. N ote that sam ple 1 
w as the o n ly  one in w h ich  “ fresh e g g s ”  w ere sp e c ifica lly  listed  
am ong ingredients. N ote a lso  that sam ple 3 w as a batch o f  b is 
cu its for infants: safegu ard in g  the integrity o f  such products is 
even m ore im portant w hen co n sid erin g  the targeted consum ers.

Sam p les 8, 9, and 10 show ed the h ighest am ounts o f  7 -k e 
tocholesterol. Sam p le  8 listed w hole m ilk  pow der am o n g its  
ingredients; in  sam ples 9 and 10, e gg s  w ere listed as the third  
ingredient and in sam ple 10 they accounted fo r 15 .7 %  o f  total 
ingredients. T h e  b iscu its  o f  this latter sam ple had a v e ry  lo w  
fatty-substance content (T a b le  1), h a v in g  neither vegetable nor 
anim al fats in  their dough. T h u s, apart from  the lip id  fractio n  in 
the flour, the extracted fatty substance w as m o stly  attributable  
to the eggs. S in ce  pow dered e ggs have a 7-ketocholesterol 
am ount com parable to that found in  our sam ples (C a b o n i et al.,
1991), w e postulated that these b iscu its  w ere m ade w ith  them. 
Y e t, a lthough the 7-ketocholesterol am ounts w ere h igh  in  re la
tion to extracted fatty substance, the lip id  fraction  w as sm all 
enough so that the cholesterol o xides w ere no cause fo r alarm  
i f  the reference w as lOOg o f  b is c u it . .

T h e  greater am ounts o f  7-ketocholesterol detected in sam ples  
5, 6  and 7 as com pared to the first sam ple group w ere lik e ly  
related to d iffe rin g  b ak in g  techniques.

7-Ketocholesterol content in commercial sweet snacks
T h e  7-ketocholesterol am ounts (ppm  in lip id s) found w ith  the 

tw o m ethods in sweet sn acks were com pared (T a b le  2). T h e  
extracted fatty substance and cholesterol am ounts per sam ple  
were also  included. T h e  correlation coe ffic ie n t (r2 =  0 .9 3 4 )  
show ed that results o f  the tw o m ethods w ere in  go o d  agreem ent. 
T h e  slope 1 and intercept 0 postulate co u ld  be accepted in this  
case and the linear regression equation w as B  =  0 .8 7 0 A  +  
0.223, further confirm ation that either o f  the m ethods co u ld  be 
used w ith e qu ally  satisfactory results. N ote  a lso  that there w as  
a degree o f  u n ifo rm ity  o f  recorded va lu es, w h ich  w ere low er  
( x A =  3.17, wA =  1.44; x B =  2.98, o B =  1.35) than those fo r  
the b iscu its  (x A =  6.88, o A =  8.04; x B =  6 .97, o B =  7 .80). T h is  
m ay be attributed to the h igh er m oisture content o f  these sn acks  
com pared w ith the b iscu its: C a b o n i et al. (1 9 9 2 ) reported that a 
m odel-system  an a lysis indicated that w ater had an in h ib ito ry  
effect on the co m p le x  reactions in  cholesterol o xidation. F u r 
therm ore, the larger s ize  o f  sn acks as com pared to b iscu its  
should  reduce the im pact o f  p ro cessin g  te ch n o lo gies because  
less surface  per unit vo lu m e w o u ld  be exposed to oxyge n .

O f  the sam ples, five  form ed a group m arked b y  7 -keto ch o 
lesterol values ran g in g  from  1.6 to 2 .9  ppm  on the extracted  
lip id s; three had values < 2 .0  ppm . A m o n g  their ingredients  
there w ere neither w hole  m ilk  pow der, nor pow dered e ggs. O b 
v io u s ly , production conditions d id  not cause a m arked oxid atio n  
o f  cholesterol. T h e  other five sam ples listed either pow dered or 
concentrated m ilk  or pow dered e ggs am ong their ingredients.

7-Ketocholesterol content in laboratory baked biscuits
T h e  7-ketocholesterol values recorded :n the laboratory b is 

cu it sam ples im m ediately  after b a k in g  ( F 0 and P 0) and after 35-  
day storage ( F 35 and P 35) as v/ell as in  fresh and pow dered e ggs  
w ere com pared (F ig .  1). A l l  data represent to the m ean o f  tw o  
replicates. T h e  fresh e ggs show ed o n ly  trace am ounts o f  7 -ke -  
tocholesterol (< 0 .5  ppm  in lip id s). T h e  sam e lo w  values were  
also found in the fresh e ggs an alyzed  after 8 m o frozen  storage, 
as also  reported b y  N o u ro o z-Z a d e h  and A p p e lq v ist (1 9 8 7 ). T h is  
p ro cessin g  technique d id  not affect the o xystero ls concentration  
and, hence, the use o f  frozen instead o f  fresh e ggs co u ld  be 
considered as h a v in g  no effect on cholesterol oxidation.

T h e  7-ketocholesterol am ount detected in  the pow dered e gg  
used to prepare the b iscu its  w as 4.7  ppm  in lip id s  (w hose co n 
tent w as 5 4 %  b y  w eight), i.e. low er than reported (San d e r et al., 
1989; C a b o n i et al., 1991). T h is  also has to be considered  in  
relation to dehydrating techniques and storage tim e and m odes  
used for the pow dered eggs. H o w ever, the 7-ketocholesterol 
value w as m uch h igh er than in fresh e ggs and also  h igh er than 
the am ount found after b akin g  b iscu its  m ade w ith them. T h e  7- 
ketocholesterol am ount recorded in F 0 and P 0 b iscu its  w as 3.9  
and 13.0 ppm  (in  extracted lip id s), resp ective ly , and both types
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Ta b le  1— 7-ketocholestero l am o un t in e g g  co n ta in in g  co m m ercia l b iscu its

Sample

Extracted
lipids

(g/100g)
Other cholesterol 

containing ingredients
Cholesterol
(mg/100g)

7-ketocholesterol 
(ppm In lipids) 

Method A

7-ketocholesterol 
(ppm in lipids) 

Method B
1 17.4 powdered skim milk 30 1.1 2.5
2 20.8 butter (20%), milk 150 1.2 1.8
3 9.7 butter, powdered skim milk 30 2.2 2.7
4 27.6 none 60 2.2 2.5
5 13.8 butter (20%) 100 3.5 3.7
6 21.0 butter 80 3.8 3.6
7 20.4 butter 140 4.4 4.3
8 13.4 butter, whole powdered milk 80 11.4 10.4
9 4.2 none 130 12.2 11.1

10 3.7 none 140 26.8 27.1

Table 2—7-ketocholesterol amount in egg containing commercial sweek-snacks

Sample
Extracted lipids 

(g/100g)
Other cholesterol 

containing Ingredients
Cholesterol
(mg/100g)

7-ketocholesterol 
(ppm in lipids) 

Method A

7-ketocholesterol 
(ppm in lipids) 

Method B
11 24.4 Yogurth, fresh milk 110 1.6 1.8
12 29.2 butter, fresh milk 120 1.8 2.0
13 30.9 butter 120 1.9 1.5
14 29.4 butter, fresh milk 110 1.9 2.2
15 20.7 butter 130 2.9 2.4
16 15.3 none 120 3.3 2.5
17 17.8 powdered milk 160 3.5 3.8
18 19.2 butter, concentrated milk 150 4.4 4.7
19 23.0 skim yogurth, whole powdered milk 170 4.4 3.3
20 22.4 butter, powdered skim milk 240 6.0 5.6

60.0

_  50.0 --
22-
•S 40.0 
E

■  fresh eggs 

D powdered eggs

57.0

20.0 -

10.0 --

35 r35

Fig. 1—Laboratory baked biscuits: 7-ketocholesterol content of 
fresh (f) and powdered (p) eggs employed and of samples im
mediately after baking (Fo and Po) and after a 35 day storage (F35 
and P35).

show ed 7.4% extracted fat. Th e se  sam ples show ed a m ore e x 
tensive cholesterol oxid atio n  after b a k in g  than before. S u ch  fin d 
in g  w as reported fo r other foods b y  P ark  and A d d is  (1 9 8 6 ), 
N o u ro o z-Z a d e h  and A p p e lq v ist (1 9 8 8 b ), Y a n  and W hite (1 9 9 0 ), 
and P ie  et al. (1 991).

T h e  7-ketocholesterol am ount determ ined after 35-d ay  storage  
at room  temperature ( 2 0 °C )  in a sealed p ackage  w as 9.3 in F 35 
and 57.0  in P ,5 lab-baked sam ples. T h e  increase o f  cholesterol 
oxidation  products d u rin g  storage w as reported in other food  
products such  as pow dered m ilk  (N o u ro o z-Z a d e h  and A p p e l
qvist, 1988a), butter (N o u ro o z-Z a d e h  and A p p e lq v ist, 1988b) 
and dehydrated e gg s  (N o u ro o z-Z a d e h  and A p p e lq v ist, 1987). 
O u r storage period w as shorter than the industry standard be
cause o f  the la c k  o f  adequate p a ck a g in g  o ver a longer period o f  
time.

O u r data indicate that pow dered eggs, apart from  b ein g rich  
in 7-ketocholesterol p e r  se, im part a degree o f  o xid ative  insta
b ility  o f  cholesterol to foods. O x id atio n  o f  cholesterol in  such  
products o ccu rs m uch faster than in s im ila r  products m ade w ith  
fresh eggs. 7-ketocholesterol values recorded from  b iscu its  and

sn acks show ed that they had variab le  am ounts o f  o xystero ls. Th e  
7-ketocholesterol o f  som e types o f  b iscu its  co u ld  be be attrib
uted to the pow dered eggs. T h e  an a lysis  o f  laboratory baked  
b iscu its  also  show ed a m ore m arked o x id ative  in stab ility  o f  ch o 
lesterol in baked foods co n ta in in g pow dered eggs.

T h e  data are im portant fo r food tech n o lo gists, s in ce  industries  
u tilize  food ingredients that m ay be h ig h -risk  w ith regard to 
oxidation. P articu lar attention should  be g iv e n  to products pre
pared w ith such ingredients and m a in ly  consum ed b y  children. 
R esearch  is needed on d eve lo p in g  p ro ce ssin g  co n ditions o f  in 
gredients and final products as w ell as storage co n ditions that 
generate a m in im u m  degree o f  cholesterol oxidation.
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Gel Forming Characteristics of Frozen Surimi from Chum 
Salmon in the Presence of Protease Inhibitors

HIROKI SAEKI, ZENSUKE ISEYA, SATOSHI SUGIURA, and NOBUO SEKI

--------------------------------  A B S T R A C T  --------------------------------
W h en  sa lted  s u n m i p a ste  o f  ch u m  sa lm o n  w a s  in cu b a ted  at 2 0 -6 0 ° C ,  a  
m arked  lo s s  o f  th e  b rea k in g  stren g th  o f  h e a t- in d u ce d  g e l  o ccu rred  s i
m u lta n e o u s ly  w ith  b r e a k d o w n  o f  m y o s in  h e a v y  c h a in , b u t th is  w a s  e f 
fe c t iv e ly  su p p r e sse d  b y  a d d itio n  o f  c y s t e in e  p r o te a se  in h ib ito rs  o r  b o v in e  
p la sm a  p o w d er . In th e  p r e se n c e  o f  p r o te a se  in h ib ito r , th e  su r im i g e ls  
w e re  fo rm ed  at r e la t iv e ly  lo w  tem p era tu res  s h o w in g  h ig h e s t  g e l s tren gth  
at in cu b a tio n s  o f  5 0  an d  6 0 °C . C h u m  sa lm o n  su r im i s h o w e d  n o  e v id e n c e  
o f  su w ari and  n o  m y o s in  h e a v y  ch a in  c r o s s - lin k in g .

K e y  W ord s: su r im i, c h u m  s a lm o n , g e l fo r m a tio n , p ro tea se  in h ib ito rs

IN T R O D U C T IO N
G e l  fo r m in g  a b il it y  o f  frozen su rim i is the m ost im portant 
functional requirem ent im p o sin g  go o d  qu ality  on surim i-based  
products. T h e  textural profile  o f  the heat-induced ge l varies w ith  
the heating schedule o f  salt-ground meat (K a to h  et al., 1984; 
N um akura  et al., 1990). T h a t is, w hen salted surim i paste o f  
w alleye p o llo ck  is incubated below  4 0 °C , and subsequently  
heated at 9 0 °C , a h ig h ly  e lastic  ge l is  produced (M ig ita  and 
O kada, 1952; L a n ie r  et al., 1981). T h is  is term ed suw ari (set
ting). Studies have reported that the ge l form ation o f  salted sur
im i paste o f  w alleye  p o llo c k  at lo w  temperature c lo se ly  
correlated w ith a covalent c ro ss -lin k in g  reaction o f  m yo sin  
heavy ch ain  (N u m aku ra  et al., 1985, 1990; S a e k i et al., 1992; 
K am ath  et al., 1992). H o w ever, a m arked loss o f  e lastic ity  o f  
heat-induced ge ls o ccu rs w hen the salted su rim i paste is  in cu 
bated at 5 0 -6 0 ° C .  T h e  ge l degradation induced b y  heating o f  
fish meat ge l is ca lled  m odori and im p airs the textural quality  
o f  su rim i-based  products (O kam u ra , 1961; S h im iz u  et al., 1981, 
M akinodan et al., 1985). Th e se  ch aracteristics o f  ge l form ation  
o f  fish m eats are im portant in  the m anufacture o f  surim i-b ased  
products.

C h u m  salm on is  an im portant fish  resource in  the northern  
P a cific . So m e attempts have been m ade to m anufacture frozen  
surim i from  fa ll spaw n in g chum  salm on because o f  the abundant 
su p ply  and low  value. C h u m  salm on m u scle , e sp e cia lly  in  the 
spaw ning stages, contains cathepsins and a lka lin e  proteases w ith  
h igh  proteolytic a ctiv ity  (K o n a g a y a , 1985; N om ata et al., 1985; 
Ya m a sh ita  and K o n a g a y a , 1990). N ish im o to  et al. (1 9 8 8 ) re
ported that suw ari w as not observed in  heat-induced gelation o f  
chum  salm on meat paste at 2 5 °C  and 4 0 °C . H o w e ve r, there has 
been no report o f  an in vestigation  o f  the participation o f  pro
teases in the gel fo rm in g  ch aracteristics o f  th is species, espe
c ia lly  in  suw ari and m odori.

O u r o b jectives w ere to elucidate the ge l fo rm in g  character
istics  o f  chum  salm on meat paste and to investigate optim um  
conditions for its heat-induced gelation. In  addition, w e studied  
the effects o f  protease inh ib itors and co m m e rcia l bovine  p lasm a  
pow der on heat-induced ge l form ation in  suw ari and m odori.

M A T E R IA L S  & M E T H O D S
Frozen surimi

F ro zen  su r im i o f  th e  fa ll s p a w n in g  p o p u la tio n  o f  c h u m  sa lm o n  w a s  
p ro d u ced  e x p e r im e n ta lly  a c c o r d in g  to  th e  p ro ced u re  fo r  m a k in g  w a lle y e

The authors are affiliated with the Faculty of Fisheries, Hokkaido 
University, Minato 3, Hakodate, Hokkaido 041, Japan.

p o llo c k  su r im i (T o v o d a  e t a l . ,  1 9 9 2 ). R a w  fish  u se d  w e r e  o f  g o o d  q u a lity  
w ith in  o n e  d a y  p o s tm o r te m  an d  w e r e  p r o c e s s e d  in to  su r im i w ith in  8 hr. 
T h e  c o m p o s it io n  o f  th is  su r im i w a s  a s  fo l lo w s :  m o is tu re , 7 3 .8 %  (W A V ); 
cru d e  p ro te in , 19.1% ; m y o fib r illa r  p ro te in , 14 .9% ; lip id s , 0 .5% ; s u c ro se , 
6 .0% ; an d  p o ly p h o sp h a te , 0 .2 5 % . T h e  p H  w a s  6 .9  an d  m y o fib r illa r  C a -  
A T P a s e  a c t iv ity  (K a to h  e t a l., 1 9 7 7 )  o f  th e  su r im i w a s  0 .2 9 6  p m o l  
P i/m in -m g  o f  p ro te in . F ro zen  su r im i b lo c k s  (1 0  k g )  w e re  c u t in to  ab ou t 
3 0 0 -g  p o r tio n s, v a c u u m -p a c k e d  in  o x y g e n - im p e r m e a b le  b a g s , an d  stored  
at —3 0 °C  u n til u sed .

Preparation of heat-induced gels

F r o z e n  su r im i w a s  cu t in to  sm a ll c u b e s  (a b o u t 1 c m ). P artia lly  th a w e d  
su r im i c u b e s  w e r e  p la c e d  in  a fo o d  cu tter  (m o d e l M K -K 7 4 ; M a tsu sh ita  
E le c tr ic  Industry  C o ., L td ., O sa k a , Jap an ). A fte r  c h o p p in g  for  1 m in ,  
c o ld  d is t il le d  w a ter  w a s  a d d ed  fo r  a d ju st in g  p ro te in  c o n c en tr a tio n  to  180  
m g /g  a n d  c h o p p in g  w a s  c o n tin u e d  for  3 0  s e c .  T h e  c h o p p e d  su r im i w a s  
g ro u n d  w ith  3%  (w /w )  N a C l for  4  m in  at 4 °C . S a lted  su r im i p a s te  th u s  
o b ta in e d  w a s  s tu ffe d  in to  a p o ly v in y lid e n e  c a s in g  (d ia m , 22 m m ; le n g th , 
2 0 0  m m ). T em p era tu re  o f  su r im i p a s te  w a s  m a in ta in e d  at < 8°C . T w o  
s e t s  o f  h e a t- in d u ce d  g e ls  ( 1-s te p  h e a tin g  g e ls  an d  2-s te p  h e a tin g  g e ls )  
w e r e  p rep ared  b y  th e  fo l lo w in g  m e th o d s: th e  1-s te p  h e a tin g  g e ls  w e r e  
p rep ared  b y  in c u b a tin g  th e  s a lte d  su r im i p a s te  in  a w a ter -b a th  a d ju sted  
to  10 , 2 0 ,  3 0 ,  4 0 ,  5 0 , 6 0 ,  8 0 , a n d  9 0 °C  fo r  v a r io u s  le n g th s  o f  t im e . T h e
2- s te p  h e a tin g  g e ls  w e r e  a ls o  p rep ared  fro m  th e 1- s te p  h e a tin g  g e ls ,  
f o l lo w e d  b y  further h e a tin g  a t 9 0 °C  fo r  3 0  m in . H e a te d  g e ls  w e r e  im 
m e d ia te ly  c h il le d  to  < 5 ° C  in  ic e  w a te r  b e fo r e  sto r in g  at 5 °C .

Gels with protease inhibitors or bovine plasma powder

L eu p e p tin , p ep sta tin  A ,  a n d  N -[N - (L -3 -tr a n s -c a r b o x y o x ir a n -2 -c a r -  
b o n y l) -L - le u c y l]a g m a tin e  (E -6 4 )  w e r e  p u rch a sed  from  th e  P ep tid e  In sti
tu te , Inc. (O sa k a , Jap an ). S o y b e a n  try p s in  in h ib ito r  a n d  a ll o th er  
c h e m ic a ls  (rea g en t g ra d e ) w e r e  o b ta in e d  from  W a k o  Pure C h e m ic a l In 
d u str ie s , L td . (O sa k a , Jap an ). P ro tea se  in h ib ito rs  w e r e  d is s o lv e d  in  c o ld  
w a ter  an d  a d d ed  to  th e  c h o p p e d  su r im i. A fte r  a d ju st in g  th e  p ro te in  c o n 
cen tra tio n  to  180  m g /g ,  su r im i c o n ta in in g  d iffe re n t c o n c en tr a tio n s  o f  
p r o te a se  in h ib ito r  w a s  g ro u n d  w ith  3%  (w /w )  N a C l for  4  m in , in cu b a ted  
at 3 0 °C  fo r  4  hr, an d  th en  h e a te d  at 9 0 °C  fo r  3 0  m in .

D r ied  b e e f  p la sm a  p o w d e r  w a s  o b ta in e d  from  T a iy o  C h e m ic a ls  C o .,  
Ltd. (M ie ,  Jap an ). T h e  p a r tia lly  th a w e d  su r im i w a s  g ro u n d  w ith  3%  N a C l  
a n d  b o v in e  p la sm a  p o w d e r  (0 ,  5 , 10 , an d  2 0  m g /g  o f  sa lte d  su r im i p a ste )  
fo r  4  m in , an d  in cu b a ted  at 3 0 °C  fo r  0 - 3  hr, fo l lo w e d  b y  h e a tin g  at 90 °C  
fo r  3 0  m in .

Breaking strength of heat-induced gels

T h e  h e a t- in d u c e d  g e ls  w e r e  te m p er e d  for  2  hr to  a m b ien t ro o m  te m 
p eratu re  ( ~ 2 2 ° C )  p r ior  to  a n a ly s is . S ix  c y lin d e r -s h a p e d  sa m p le s  (2 5  m m  
lo n g )  w e r e  cu t from  e a ch  g e l. T h e  b r e a k in g  stren g th  o f  th e  g e ls  w a s  
m e a su r ed  on  a r h eo m eter  (m o d e l J -2 0 1 2 ;  S a n  K a g a k u  C o ., L td ., T o k y o ,  
Jap an ) e q u ip p e d  w ith  a c y lin d r ic a l p lu n g e r  (d ia m , 5 m m ; d e p r e ss io n  
s p e e d , 3 2  m m /m in ) a s  th e  lo a d  v a lu e  (g )  at th e  b rea k in g  p o in t.

Protein subunit composition of salted surimi paste and heat- 
induced gels

E ach  100  m g  o f  su r im i p a ste  an d  h e a t- in d u c e d  g e l w a s  h o m o g e n iz e d  
w ith  5 m L  o f  2 0  m M  T r is-H C l (p H  8 .0 )  c o n ta in in g  2%  s o d iu m  d o d e -  
c y ls u lfa te  (S D S ) ,  8M  urea an d  2%  p -m e r c a p to e th a n o l, an d  h ea ted  in  
b o il in g  w a ter  for  2 m in , fo l lo w e d  b y  stirr in g  fo r  22 hr at ro o m  tem p er 
atu re (N u m a k u ra  e t a l., 1 9 8 5 ) . A ll  sa m p le s  w e r e  c o m p le te ly  d is s o lv e d  
in  th e  S D S  b u ffer . P ro te in  c o n c en tr a tio n  w a s  a d ju sted  to  1.0  ftg /ftL . 
P rote in  w a s  d e te r m in e d  b y  th e  b iu ret m e th o d  (G o m a ll e t a l., 1 9 4 9 )  after
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Fig. 1— Gel formation of fall spawning chum salmon surimi. T h e  b r e a k i n g  s t r e n g t h  o f  1 - s t e p  h e a t i n g  g e l  (o) a n d  2 - s t e p  h e a t i n g  g e l  

(A) w a s  p l o t t e d  a g a i n s t  t h e  s t e p  h e a t i n g  t i m e  o f  s a l t e d  s u r i m i  p a s t e  a t  1 0 - 9 0 ° C .  E a c h  p o i n t  is  t h e  m e a n  o f  s i x  d e t e r m i n a t i o n s .  V e r t i c a l  

b a r s  r e p r e s e n t  ±  s t a n d a r d  d e v i a t i o n .

th e  p ro te in  w a s  p rec ip ita ted  w ith  7 .5%  (at fin a l c o n c en tr a tio n ) tr ic h lo 
r o a ce tic  a c id  to  r e m o v e  [3 -m ercap toeth an o l an d  r e d is s o lv e d  in  IN  N a O H .  
T h e  s o lu b il iz e d  p r o te in s  w e r e  s u b je c te d  to  S D S -p o ly a c r y la m id e  g e l  e le c 
tr o p h o re s is  (W e b e r  an d  O sb o rn , 1 9 6 9 )  u s in g  a p o ly a c r y la m id e  d isk  g e l.  
A n  A tto  D is k  G e l S y s te m , (m o d e l S J -1 0 6 0 D ;  g e l c o lu m n  s ize : d iam eter , 
6m m ; le n g th . 6 5 m m ; A tto  C orp o ra tio n , T o k y o , Jap an ) w a s  u se d . T h e  
d isk  g e ls  w e re  5 .0 %  (w /v )  a c ry la m id e  and  0 .1 4 %  ( w /v )  b is -a c r y la m id e  
c o n ta in in g  0 .1 %  S D S . P ro te in  a p p lie d  w a s  2 0  p L /d isk  g e l  and  e le c tr o 
p h o r e s is  w a s  p er fo rm ed  at a  co n s ta n t current o f  8 m A /d isk  g e l u s in g  the  
ru n n in g  b u ffe r  o f  0 . 1M  s o d iu m  p h o sp h a te  at pH  7 .2  c o n ta in in g  0 .1 %  
S D S . T h e  p ro te in  su b u n its  o n  th e g e l  rod w e r e  s ta in e d  fo r  12 hr w ith  
0 .2 5 %  C o o m a s s ie  b r illian t b lu e  R  in  4 5 %  m e th a n o l an d  9%  a c e t ic  ac id . 
T h e  s ta in e d  g e ls  w e r e  d e s ta in e d  fo r  2 4  hr w ith  30 %  m e th a n o l an d  7 .5%  
a c e tic  a c id  and  fo r  2 4  hr w ith  7 .5 %  a c e tic  a c id  (~ -3 5 °C ). T h e  c o n te n t  o f  
p ro te in  c o m p o n e n ts  w a s  d e term in ed  b y  m e a su r in g  th e  r e la tiv e  sta in  in 
te n s ity  on  th e  g e l  rod w ith  a d e n s ito m e te r  (m o d e l C S -9 1 0 ;  S h im a d z u , 
K y o to , Japan).

RESULTS & DISCUSSION
Changes in breaking strength and myofibrillar protein subunit

T h e  b reakin g  strength o f  heat-induced ge ls  w as m easured and  
plotted against the 1-step heating tim e (F ig .  1). T h e  salted su rim i 
paste incubated at 10°C  and 2 0 °C  did  not form  a gel. T h e  1- 
step heating gel w as s lig h tly  form ed at 3 0 °C  and m ore rap id ly  
and e xten sive ly  form ed above 4 0 °C . Its b reakin g  strength in 
creased w ith the rise  o f  1-step heating temperature and reached  
a m axim u m  at 6 0 °C . H o w e ve r, in  the range 4 0 -6 0 ° C ,  pro longed  
incubation  caused  a m arked decrease in b reakin g  strength.

Tw o -step  heating g e ls  were produced regard less o f  tem pera
ture o f  1-step heating, but the b reakin g  strength decreased w ith  
duration o f  1-step heating tim e in  the range 2 0 -6 0 ° C .  T h e  n o 
table decrease occurred, in  particular, at 3 0 °C  and 6 0 °C . A t  
1 0 °C , 8 0 °C , and 9 0 °C , on the contrary, no decrease o ccurred  in 
the b reaking strength o f  both heat-induced gels. Th e se  tem per
ature dependent decreases in  b reakin g  strength m ay indicate the 
participation o f  p roteolysis o f  su rim i protein. T h u s, the change  
in m yo fib rilla r  protein com ponents d u rin g  1-step heating w as 
an alyzed  b y  S D S -p o ly a c ry la m id e  gel e lectrophoresis (F ig .  2).

A t 2 0 -6 0 ° C ,  a m arked decrease in  m yo sin  h eavy chain  w as 
observed w ith  a concom itant increase in  new  com ponents m i
gratin g  between m yo sin  heavy chain  and actin  (m a in ly  150 k D a  
and 90  k D a  com ponents). H o w ever, the other protein co m p o 
nents in c lu d in g  actin  hard ly  changed. O n  the contrary, the pro
tein com position  sca rce ly  changed d u rin g  incubation at 10 °C , 
8 0 °C , and 9 0 °C . It is therefore o b vio u s that the textural d egra
dation o f  the 1-step heating gel at 3 0 -6 0 ° C  w as attributable to 
the m arked decrease in m yo sin  heavy  chain. N o  m ore change  
in  m y o fib rilla r protein com ponents w as observed w hen the 1- 
step heating ge ls  were further heated at 9 0 °C  fo r 30  m in in any  
experim ent. R esu lts indicate that the textural degradation o f  the
2-step heating ge l w as also  related to chan ges in  m y o fib rilla r  
protein o ccu rrin g  in the 1-step heating at 2 0 -6 0 ° C .

Suppression of gel degradation by protease inhibitors
W e  assum ed that the gel degradation (F ig .  1) w as caused  by  

p roteolysis o f  m yo sin  h eavy chain. In  order to c la r ify  th is, we

918—JOURNAL OF FOOD SCIENCE— Volume 60, No. 5, 1995



V)+->c
a)
coa
E
o
o

c
3

_Q
3
(/)
C

'<u
o
Q.

c
a)■I-Jco

( J

1 -step heating tim e (hr)
Fig. 2—Changes in protein subunit components of salt-ground meat during 1-step heating, (o )  M y o s i n  h e a v y  c h a i n ;  (a ) c o m p o n e n t s  

l a r g e r  t h a n  m y o s i n  h e a v y  c h a in ;  (□ )  c o m p o n e n t s  b e t w e e n  m y o s i n  h e a v y  c h a i n  a n d  a c t i n .  A c t i n  a n d  c o m p o n e n t s  s m a l l e r  t h a n  a c t in  

a r e  n o t  s h o w n  h e r e  b e c a u s e  o f  v i r t u a l l y  n o  c h a n g e s  in  a l l  e x p e r i m e n t s .

investigated the effects o f various protease inhibitors on degra
dations o f heat-induced gels and o f myosin heavy chain. That 
is, the salted surimi paste containing different concentrations o f 
E-64, leupeptin, pepstatin A , or soybean trypsin inhibitor was 
incubated at 30°C for 4 hr and further heated at 90°C for 30 
min. The breaking strength o f the 2-step heating gels thus ob
tained and the remaining myosin heavy chain were plotted 
against concentration o f the protease inhibitors (Fig. 3).

The addition o f E-64 or leupeptin (cysteine protease inhibi
tors) resulted in a marked increase in breaking strength o f 2- 
step heating gels, showing strong suppression o f degradation. 
The increase reached a plateau showing the maximum value 
>100 ug/g. Moreover, a simultaneous increase in remaining 
myosin heavy chains was also observed. On the contrary, no 
effect was observed on addition o f up to 400 pg/g o f pepstatin 
A  (aspartic protease inhibitor) and 2,000 gig/g o f soybean trypsin 
inhibitor (serine protease inhibitor). These results indicate that 
a cysteine protease(s) would be involved in the textural degra
dation o f the 2-step 30°C/90°C gel and suggest the participation 
o f cathepsin L  as the most probable protease in thermal gel 
degradation. Yamashita and Konagaya (1990, 1991) have also 
reported that cathepsin L  was the enzyme most like ly respon
sible for extensive softening o f  muscle o f chum salmon caught 
during the spawning season.

Gel formation in presence of E-64
Effect o f E-64 at 100 pg/g on gel formation o f salted surimi 

paste was further investigated over a range o f 20-60°C. The

decrease o f breaking strength o f both heat-induced gels (Fig. 1) 
was effectively suppressed by addition o f E-64 (Fig. 4A). In the 
presence o f E-64, a strong 1-step heating gel was rapidly formed 
at 40°C and above, and its breaking strength reached maximum 
within 1 hr and remained constant thereafter. On the contrary, 
the strong 1-step heating gel was not produced at 20°C or 30°C 
although inhibitor was present.

A s shown (Fig. 4B), the marked decrease in myosin heavy 
chain and the formation o f low-molecular-weight components 
between myosin heavy chain and actin was also depressed by 
addition o f E-64 at all temperatures. It is noteworthy that, even 
in the presence o f E-64, the formation o f cross-linked myosin 
heavy chain (because o f no decrease in myosin heavy chain) 
and o f  setting gel did not occur under any conditions. These 
findings indicate that proteolysis was not a cause o f “ no set
ting”  response.

We questioned the cause o f the marked decrease in breaking 
strength o f 2-step 30°C/90°C and 60°C/90°C gels. In the case o f 
2-step 60°C/90°C gel, the salted surimi paste formed a gel rap
id ly at 60°C (within about 30 min). A s  incubation time in
creased, the gel degraded due to proteolysis (modori). In 2-step 
30°C/90°C gel, the proteolytic degradation rapidly proceeded at 
30°C (Fig. 2) and no subsequent gel formation occurred at 90°C 
because the myosin had already degraded.

A s shown (Fig. 4A), the breaking strength o f the 1-step heat
ing gel was reinforced as the 1-step heating time and tempera
ture increased. It reached the maximum « l.lO O g  within 1 hr at 
60°C, whereas the 2-step heating gel showed a constant breaking 
strength at 900g, regardless o f heating sequence. Compared with
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Fig. 3—Effect of chemical protease inhibitors on breaking 
strength of 2-step heating gel and change in myosin heavy chain 
content during the gel preparation. The breaking strength (o) of 
2-step heating gels and the remaining myosin heavy chain (a ) 
were measured and plotted against concentrations of protease 
inhibitors. Each point is the mean of six determinations. Vertical 
bars represent ±standard deviation.

the b reakin g  strength o f  1-step and 2-step heating ge ls, the 1- 
step heating gel once form ed at 5 0 °C  and 6 0 °C  w as converted  
to the 2-step heating gel accom panied  w ith  a 2 0 %  decrease in

breakin g strength. Th e se  data indicate that salm on su rim i paste  
form ed the gel sh o w in g  highest b reakin g  strength at re lative ly  
low  tem peratures (5 0 -6 0 ° C )  under the condition  in  w h ich  the 
m odori w as com pletely  inhibited. O n  the contrary, the 2-step  
heating gel w as stronger than the 1-step heating gel at 2 0 °C  and 
3 0 °C . S u ch  increased b reaking strength w ith the 2-step heating  
w as not regarded as a suw ari effect. T h is  w as pro b ably  because  
the b reakin g  strength o f  the 2-step heating gel w as independent 
o f  the 1-step heating tim e and temperature, and it w as also  equal 
to that o f  the 1-step heating gel at 9 0 °C .

R e su lts  in  the presence o f  E -6 4  dem onstrated the substantial 
im provem ent o f  g e l-fo rm in g  characteristics o f  chum  salm on su r
im i. Studies have reported that the covalent c ro ss -lin k in g  reac
tion o f  m yo sin  heavy  ch ain  c lo se ly  participates in  the 
heat-induced gelation  o f  w alleye  p o llo ck  (N u m aku ra  et al., 
1985; S a e k i et al., 1992), threadfin bream  (L e e  et al., 1990a) 
and h oki (L e e  et al., 1990b). T h e ir  salted su rim i pastes set into  
a ge l read ily  at < 3 0 ° C ,  and resulted in  a stronger 2-step h eating  
gel. A p p aren tly, the g e l-fo rm in g  characteristics o f  salted su rim i 
paste o f  chum  salm on w as com pletely  d ifferent from  that o f  
these fish  species. B ased  on our results, w e have com e to the 
co n clu sio n  that 1-step heating > 8 0 ° C  is the best m ethod to p ro
duce a strong gel u sin g  chum  salm on surim i w ithout protease  
inhibitor.

D ep ression  o f  gel d egrad ation  by b o v in e  p lasm a p ow d er

Attem pts have been m ade to search fo r foodstuffs con ta in in g  
protease inh ib itors fo r im p ro v in g  the texture o f  su rim i-b ased  
products (N a ga h isa  et al., 1981; To yo h ara  et al., 1990; 1992; 
K in o sh ita  et al., 1991). Reports have suggested that bovine  
plasm a hydrolysate  w as an effective  enzym e in h ib ito r fo r m en
haden and P a c ific  w h itin g  su rim i (H am an n  et al., 1990; M o rris 
sey et al., 1993; P ark  et al., 1994). A s  show n (F ig .  5), the 
textural degradation o f  2-step heating gels accom panied  b y  the
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Fig. 4—Changes in breaking strength and protein subunit components of salted surimi paste containing E-64 during heat-induced 
gelation. (A) the breaking strength of 1-step heating gel (o )  and 2-step heating gel (a ) prepared from salted surimi paste containing 
100 pg/g of E-64. a , The data of 1-step heating gel at 903C. Each point is the mean of six determinations. Vertical bars represent ± 
standard deviation (n = 6). (B) column represents protein composition of salt-ground meat (S), 1-step heating gel at 90°C (0), and 2- 
step heating gel prepared by first-step heating at 20-60°C. □, Components larger than myosin heavy chain; H, myosin heavy chain; 
■  < components between myosin heavy chain and actin; H, actin and tropomyosin containing some cytoplasmic proteins; ■, com
ponents smaller than tropomyosin.
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Fig. 5—Effect of bovine plasma powder on breaking strength and 
myosin heavy chain content of 2-step heating gel. Salted surimi 
pastes containing 0 (o), 5 (a ), 10 (□), and 20 (•) mg/g bovine 
plasma powder were incubated at 30°C for 0-3 hr and heated at 
90°C for 30 min. The breaking strength (a) and myosin heavy 
chain content (b) of 2-step heating gels were measured and plot
ted against the 1-step heating time. S, salt-ground meat; 0, 1-step 
heating gel at 90°C. Each point is the mean of six determinations. 
Vertical bars represent ± standard deviation.

breakdow n o f  m y o sin  h eavy  ch ain  w as e ffe ctiv e ly  depressed b y  
ad d in g > 1 0  m g  o f  b ovine  p lasm a pow der/g su rim i paste. In  ad
d ition  (F ig .  6), no gel degradation w as observed d u rin g  in cu 
bation o f  su rim i paste co n ta in in g  bovine  p lasm a pow der (10  
m g/g) a: 3 0 -6 0 ° C ,  and proteolytic  degradation w as also  de
pressed (data not show n). A s  com pared w ith  other results (F ig .  
4 and 6), the effect o f  b o vin e  p lasm a pow der on gel form ation  
o f  chum  salm on su rim i w as alm ost the sam e as that o f  E -6 4 .  
T h u s, the b o vin e  p lasm a p ow der seem ed to act as a cyste ine  
protease inhibitor.

In  our study, the salted su rim i paste w as stuffed into a ca s in g  
(22  m m  d iam ) and p laced  into a hot w ater bath (9 0 °C )  fo r ge 
lation. A c c o rd in g ly , its internal tem perature reached the pre
scribed  temperature w ith in  about 15 m in. Flow ever, it w o u ld  
have taken m u ch  lo n ger fo r the product temperature to reach  
8 0 °C , i f  the salted surim i paste w as stuffed into a larger ca s in g  
and cooked in  a d ry  oven, often used in  co m m e rcia l su rim i-  
based production. In  such  case, endogenous proteases m ay cause  
protein degradation d u rin g  co o k in g . T h u s, a technique to in h ib it  
protein degradation is  needed to m anufacture su rim i-based  p rod
ucts. O u r results c le a rly  show ed that bovine  p lasm a pow der w as  
an effective  protease in h ib ito r to prevent p roteolysis o f  chum  
salm on surim i. W e co n clu d ed  that the 1-step heating at h igh er  
tem peratures appeared to be the best treatm ent fo r m axim u m  gel 
strength o f  chum  salm on su rim i w ith  bovine  p lasm a pow der.
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Electrical Conductivity of Pacific Whiting Surimi Paste
during Ohmic Heating

J. YONGSAWATDIGUL, J.W. PARK, and E. KOLBE

-------------------------  ABSTRACT -------------------------
Electrical conductivities of Pacific whiting surimi paste w:th various 
moisture contents (75, 78, 81, and 84%) and added salt (1. 2, 3, and 
4%) were measured using ohmic heating at alternating current of 3.3, 
6.7, and 13.3 V/cm. Electrical conductivity of surimi increased with 
temperature and salt content and slightly increased with moisture con
tent. Electrical conductivity correlated linearly with temperature (r2 =  
0.99). Generally, voltage gradient did not affect conductivity. However, 
variations of conductivity with voltage gradient observed in surimi con
taining 3M% salt, were probably caused by electrochemical reactions at 
electrode surfaces. The empirical model of electrical conductivity pre
dicted values ±  16% of independent experimental results.

Key Words: ohmic heating, electrical conductivity, surimi, whiting

INTRODUCTION
S u r im i  m ade from  P a c ific  w h itin g  (M erlu c c iu s  p ro du ctu s)  n or
m a lly  undergoes textural degradation due to the presence o f  a 
heat-stable endogenous protease in the flesh (C h a n g -L e e  et a l„  
1989; P atashnik  et al., 1982). T h e  protease has been identified  
as cathepsin  L  w ith  an optim um  temperature at 5 5 °C  (S e y m o u r  
et al., 1994). A  breakdow n o f  m y o fib rilla r  proteins, caused by  
pro teo lysis, in h ib its proper developm ent o f  a three-dim ensional 
gel structure (N iw a , 1992). A s  a result, the ge l fo rm in g  a b ility  
o f  P a c ific  w h itin g  su rim i is  low  unless food grade enzym e in 
hibitors, such as b e e f p lasm a proteins, e gg  w hite, and potato 
extract are added (C h a n g -L e e  et al., 1989; M o rrissey  et al., 
1993; Porter, 1992).

In  conventional heating m ethods, heat is transferred from  the 
heating m edium  to the product interior by m eans o f  both co n 
vection  and conduction. Y o n g sa w a td igu l et al. (1 9 9 5 ) illustrated  
that temperature at the center o f  a c y lin d ric a l sam ple ( I .D . =
1.9 cm , length =  17.9 c m ) o f  w h itin g  su rim i paste heated in a 
9 0 °C  water bath took =  10 m in  to reach 7 0 °C . T h e  protease is 
co m p lete ly  inactivated at that temperature (S e y m o u r et al.,
1994). F o r  two m in o f  this process, surim i w as exposed to a 
temperature range in w h ich  the protease is m ost active: 4 0 -  
6 0 °C . T h u s, a typ ica l s lo w  heating rate activates the protease to 
degrade m yo fib rilla r  proteins before the protease can be ther
m a lly  inactivated. T o  m in im ize  proteolytic a ctiv ity  w ithout use 
o f  enzym e in h ib itors, the protease w o u ld  need to be therm ally  
inactivated q u ick ly . T h is  could  be ach ieved through rapid heat
in g  m ethods as reported by G reene and Babbitt (1 9 9 0 ) and 
Y o n g sa w a td igu l et al. (1995).

O h m ic  heating is  a m ethod in  w h ich  an alternating e lectrical 
current is  passed through an e le ctrica lly  co n d u ctin g  product (de  
A lw is  and F ry e r, 1992). H eat is  in ternally  generated due to e lec
trica l resistance o f  the sam ple, supporting a rapid heating rate. 
M oreover, o h m ic heating can provide u niform  tem perature d is
tribution because both liq u id  and so lid  phases are heated s i
m ultaneously  (Parrott, 1992). S u ch  characteristics have led to 
developm ent o f  co m m e rcia l o h m ic sterilizatio n  for particulate
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foods (B is s  et al., 1989; de A lw is  and Frye r, 1990). A p p lica tio n  
o f  o h m ic heating in seafoods has also  been investigated. G e l 
strength o f  su rim i m ade from  w alleye  p o llo ck , w hite croaker, 
threadfin bream , and sardine w as im proved w hen sam ples were  
o h m ica llv  heated, as com pared w ith sam ples heated in  a 9 0 °C  
w ater bath (S h ib a , 1992; Sh ib a  and N um aku ra, 1992). P a c ific  
w h itin g  su rim i heated o h m ica lly  w ith an applied vo ltage  g ra d i
ent o f  13.3 V /cm  had good gel q u ality  (shear stress o f  30.5  kPa; 
shear strain o f  2.8). Th o se  ge ls heated co n v en tio n a lly  had show n  
shear stress and strain values o f  13.9 kP a  and 1.3, resp e ctive ly  
(Y o n g sa w a td ig u l et al., 1995). Im proved gel fun ctio n a lity  w as 
accom panied  b y  retention o f  m yo sin  h eavy chain , in d icatin g  that 
the endogenous protease w as q u ic k ly  inactivated b y  rapid  heat
in g  associated w ith ohm ic heating.

T o  d esign  the o h m ic process o p tim ally , e lectrica l co n d u ctiv ity  
o f  food m aterials d u rin g ohm ic heating m ust be elucidated. C o n 
d u ctiv ity  is  a cr it ica l param eter in flu en cin g  the rate o f  heat g e n 
eration (Palan iappan and Sastry, 1991a and de A lw is  and Frye r,
1992). E le ctrica l co n d u ctiv itie s m easured u sin g  alternating cu r
rent (50  or 60 H z )  have been studied on various food products  
(H a ld en  et al., 1990; Palaniappan and Sastry, 1991a, b; Sch re ie r  
et al., 1993). H o w e ve r inform ation about e lectrica l co n d u ctiv ity  
o f  seafoods, p articu larly  su rim i paste, is la ck in g . Therefo re, our 
o b jectives were: (1 ) to investigate effects o f  tem perature, voltage  
gradient, m oisture, and added salt content on e lectrica l co n d u c
tiv ity  o f  P a c if ic  w h itin g  su rim i paste and (2 ) to establish  an 
em p irica l m odel o f  e lectrical co n d u ctiv ity  as a function  o f  co m 
position.

MATERIALS & METHODS 
Surimi paste preparation

Pacific whiting (Merluccius productus) surimi was taken from a pro
cess line of a local manufacturer and mixed with 4% sucrose, 4% sorbitol 
(ICI Specialties, New Castle, DE), and 0.3% sodium tripolyphosphate 
(B.K. Ladenburg Corp., Cressk 11, NJ) at the OSU Seafood Laboratory. 
No food grade enzyme inhibitors were added. Samples were frozen and 
kept in a —30°C room throughout the experiment. Frozen surimi samples 
were thawed at room temperature (~23°C) for 2 hr and cut into small 
pieces (about 3 cm cubes). Sixteen batches of surimi paste representing 
four different moisture contents (75, 78, 81, and 84% wet basis) and 
added NaCl (Mallinckrodt Inc., Paris, KY) (1, 2, 3, and 4% w/'w) were 
randomly prepared. One kg of partially thawed surimi was chopped for
1.5 min in a Stephan vertical vacuum cutter (model UM 5 universal, 
Stephan Machinery Co., Columbus, OH). Salt was added and mixed with 
surimi for another 1.5 min. Then ice was added to adjust final moisture 
content to the desired level and the sample was further chopped at high 
speed under vacuum of 600 mmHg for 3 min. Final moisture content of 
each batch was determined using the standard oven method (AOAC,
1984). The paste was stuffed into PVC tubes (1.9 cm i.d. X 20.5 cm 
long) and heated using an ohmic heating apparatus.

Electrical conductivity measurement

A sample tube containing surimi paste was placed on the sample hold
ers (Fig. 1). An electrode was inserted into each end of the tube to 
provide a sample length of 15 cm. The minimum pressure that would 
maintain an air-free contact between the rhodium-coated stainless steel 
electrodes and the paste, 448 kPa, was applied to the sample. The sample 
was heated to 90°C using alternating current of 60 Hz at applied voltages 
of 50, 100, and 200 V, corresponding to voltage gradients of 3.3, 6.7,
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Thermocouple port

Fig. 1—Diagram of ohmic heating apparatus.

and 13.3 V/cm, respectively. Temperature at the geometric center of the 
samples was continuously measured with a T-type thermocouple covered 
with teflon to prevent interference from the electrical field. Voltage and 
current were measured using voltage and current transducers, respec
tively. Temperature, voltage and current data were recorded on a datal
ogger (model 21X, Campbell Scientific, Inc., Logan, UT) at 10, 2, and 
1 sec intervals, according to the applied voltage gradient of 3.3, 6.7, and
13.3 V/cm, respectively. Electrical conductivity of surimi paste during 
ohmic heating was measured twice at each voltage gradient.

The accuracy of the voltage and current transducers was tested against 
a portable multimeter (John Fluke Manufacturing, Everett, WA). The 
voltage was applied to the circuit connected with a known 500 f l  resis
tor. Voltage and current transducers were calibrated to provide the same 
readings as those from the multimeter. Surimi paste is a homogenous 
material and electric field was assumed to be uniform along the sample 
tube, thus temperature variation within the sample tube was neglected.

Data analysis

Electrical conductivities of the samples were calculated from voltage 
and current data using the equation described by Palaniappan and Sastry 
(1991a):

a = (1/R) (L/A)

where, a  = electrical conductivity (S/m); L = sample length (m); A = 
cross-sectional area of the sample (m2); R = resistance of the sample 
(ohm).

A large number of the data points (6,073) were obtained from 96 
measurements and thus the data splitting technique (Bowerman and 
O’Connell, 1990) was used to develop and validate the empirical model. 
One-third of the experimental runs (32 runs, 1,849 data points) were 
randomly separated and used to validate the model, which was developed 
from the rest of the data using a Statistical Analysis System computer 
program (SAS Institute, Inc., 1990). Nine variables including three main 
effects temperature (T), moisture content (M), and added NaCl content 
(N), three interactive effects (TM, TN, MN), and second order polyno
mial terms (T2, M2, N2), were initially analyzed for statistical significance 
using stepwise and backward regression. Residual plot of the model was 
evaluated to assure that the assumption of constant variance and nor
mality were satisfied.

R E S U L T S  &  D I S C U S S I O N

Surimi is w ashed and dew atered m inced flesh consisting pri
m arily o f  m yofibrillar proteins. Due to three cycles o f  washing

and dew atering, io n ic  constituents o r ig in a lly  present in  the fish  
are rem oved w ith w ash water, resu ltin g  in  a lo w  ion content o f  
surim i ( L in ,  1992). T h e  sodium  content o f  P a c if ic  w h itin g  surim i 
w ithout enzym e inh ib itors w as 0 .0 0 2 %  (C h u n g  et al., 1993); this 
is re lative ly  low  co n sid erin g  the am ount o f  N a C l  used (1 ^ 4 % ).  
F o r  this reason, the effect o f  added N a C l content w as studied  
instead o f  total ion content.

L in e a r  relationships between tem perature and e lectrica l co n 
d u ctiv ity  w ere evident (r2 0 .987 to 0 .999 , T a b le  1). E le ctrica l 
co n d u ctiv ity  o f  P a c ific  w h itin g  su rim i paste changed w ith  re
spect to temperature at various added N a C l  (F ig .  2 ) and m oisture  
contents (F ig .  3). S in ce  variation  between two replicates (T a b le  
1) w as low , the raw  data from  o n ly  one w ere presented. E le c 
trical co n d u ctiv ity  increased as tem perature and added salt co n 
tent increased, and s lig h tly  increased as m oisture content 
increased.

A s  salt content increased, the io n s (N a + and C L )  for co n 
d u ctin g  e lectrical current increased, w h ich  increased co n d u ctiv 
ity. Increased co n d u ctiv ity  at h igh  tem perature w as due to io n ic  
m o b ility  (Palan iappan and Sastry, 1991a). T h is  lin e a rly  in cre as
in g  trend agreed w ith results o f  F ry e r  et al. (1 9 9 3 ) and Pa lan 
iappan and S astry  (1991a , b).

H o w e ve r, e lectrica l co n d u ctiv ity  o f  purified  proteins, such  as 
w ool, co llagen , and elastin varied  w ith  tem perature acco rd in g  to 
an A rrh en iu s-typ e  equation (P e th ig , 1979). D iffe re n ce s  in  the 
trend co u ld  be due to d ifferences in  e lectrica l co n d u ctin g  mode  
o f  the m aterials. Io n ic  constituents w ere im portant in co n d u ctin g  
e lectrica l currents through the su rim i paste and other food m a
terials d u rin g  o h m ic heating. O n  the other hand, e lectrica l co n 
d u ctiv ity  in the purified  proteins (P e th ig , 1979) w as m ain ly  
attributed to negative and p o sitive  charges associated w ith  the 
protein m olecu les. A c c o rd in g  to S h ib a  (1 9 9 2 ), im pedance o f  
su rim i paste lin e arly  decreased as it w as heated o h m ica lly  from  
5 °C  to 5 0 °C , in d icatin g  an increase o f  e lectrica l co n d u ctiv ity  
w ith increased temperatures. H o w e ve r, e lectrica l co n d u ctiv ity  o f  
su rim i above 5 0 °C  is  not d ire ctly  com parable  w ith our results 
because e lectrica l current in  S h ib a ’s (1 9 9 2 ) study w as controlled  
below  3 A  to ach ieve  a desired heating rate.

E le c tr ic a l co n d u ctiv ity  tended to increase w ith  m oisture co n 
tent (F ig .  3). Io n  so lvation  co u ld  increase w hen m ore w ater m o l
ecules are availab le , resu ltin g in  increased  io n ic  m obility. A n
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E L E C T R IC A L  C O N D U C T IV IT Y  O F  S U R IM I . . .

Table 1—Means of estimated parameters of electrical conductivity modeled as a function of temperatu'e

Moisture
(%)

Salt
(%)

Coeff. P C I-1 Intercept (3/m)
Voltage gradient (V/cm) Voltage gradient (V/cm)

3.3 6.7 13.3 3.3 6.7 13.3
1 0.030 ±0* 0.030 ± 0 0.028 ± 0 0.540 ±0.003 0.606 ±0.339 0.649 ±0.062

75 2 0.052 ±0.002 0.049 ± 0 0.050±0.001 1.099±0.041 1.204 ±0.307 1.267 ±0.033
3 0.074± 0.001 0.067 ±0.004 0.069 ±0.002 1.704±0.018 1.904 ±0.020 1.921 ±0.037
4 0.092 ± 0 0.090 ± 0 0.104±0.003 2.264 ±0.028 2.533 ±0.309 2.160±0.071
1 0.033±0.001 0.031 ± 0 0.029 ±0.001 0.613± 0.007 0.645 ±0.025 0.696 ±0.024

78 2 0.053 + 0.001 0.051 ±0.001 0.051 ±0.004 1.257±0.014 1.326 ±0.326 1.449 ±0.042
3 0.080±0 0.072 ±0.002 0.087 ±0.003 1.653 ±0.059 1.869 ±0.332 1.894 ±0.042
4 0.099 + 0.003 0.096 ±0.001 0.100±0 2.285±0.176 2.651 ±0.069 2.709 ±0.065
1 0.032±0.001 0.031 ± 0 0.029 ±0.001 0.629 ±0.009 0.682 ±0.334 0.767± 0.010

81 2 0.058 ±0 0.054 ±0 0.057 ±0.002 1.327 ±0.016 1.381 ±0.338 1.499 ±0.028
3 0.083 ±0.003 0.076 ±0.003 0.082 ±0.003 1.933+0.023 2.239 ±0.256 1.984 ±0.079
4 0.112±0.005 0.110±0.003 0.131 ±0.001 2.540 ±0.046 2.556± 0.046 2.404±0.125
1 0.036± 0.001 0.034 ±0.001 0.032 ±0 0.678 ±0.034 0.758± 0.338 0.832 ±3.024

84 2 0.060±0.001 0.057 ±0 0.056 ±0 1.433 ±0.028 1.623 ±0.304 1.708 ±3.008
3 0.074±0.001 0.081 ±0.001 0.088 ±0.002 2.006 ±0.056 2.433 ±0.062 2.418± 3.301
4 0.092 ±0.002 0.107 ±0.001 0.106 ±0.008 3.343 ±0.107 3.495± 0.112 3.051 ±3.268

* 0 indicates values less than 0.001.

Fig. 2—Effect of salt content on electrical conductivity of surimi 
paste containing 75% moisture content, measured at 6.7 V/cm.

Fig. 3—Effect of moisture content on electrical conductivity of 
surimi containing 2% salt at voltage gradient of 3.3 V/cm.

i n c r e a s e  in  e l e c t r i c a l  c o n d u c t i v i t y  w i t h  in c r e a s e d  m o i s t u r e  w a s  

a l s o  r e p o r t e d  in  v a r i o u s  p r o t e in s ,  s u c h  a s  h e m o g l o b i n ,  k e r a t in ,  
a n d  b o v i n e  p l a s m a  a lb u m in  ( P e t h i g ,  1 9 7 9 ) .  T h i s  w a s  d u e  t o  
i o n i c  c o n d u c t i o n  e f f e c t s  a s s o c i a t e d  w i t h  s a l t s  in  h y d r a t e d  p r o 
t e in s .  S u c h  h y d r a t io n  a l l o w e d  p r o t o n s  a n d  o t h e r  i o n i c  s p e c i e s  t o  
m ig r a t e  a r o u n d  t h e  s u r f a c e  o f  t h e  p r o t e in s  ( P e t h i g ,  1 9 7 9 ) .  O u r  
s t u d y  d e m o n s t r a t e d  th a t  c h a n g e s  in  e l e c t r i c a l  c o n d u c t i v i t y  w e r e  

g r e a t e r  w i t h  r e s p e c t  t o  s a l t  c o n t e n t  t h a n  m o i s t u r e  c o n t e n t  in  t h e  
s t u d i e d  r a n g e s .

T e m p e r a t u r e  c o e f f i c i e n t s  a t  v a r i o u s  v o l t a g e  g r a d ie n t s  o f  e a c h  
m o i s t u r e - s a l t  c o m b i n a t i o n  w e r e  v e r y  s i m i l a r  ( T a b l e  1 ) ,  in d ic a t 

Temperature (°C)

Fig. 4— Effect of voltage gradient on electrical conductivity. (a)
75% moisture and 4% salt; (b) 84% moisture and 3% salt.

i n g  th a t  t h e  v o l t a g e  g r a d ie n t s  h a d  n o  e f f e c t  o n  e l e c t r i c a l  c o n 
d u c t i v i t y .  H o w e v e r ,  t h e  e f f e c t  o f  v o l t a g e  g r a d ie n t  w a s  n o t a b l e  
in  s a m p l e s  c o n t a i n i n g  3 ^ 1 %  N a C l  ( F i g s .  4 a - b ) .  T h e  e f f e c t  o f  
v o l t a g e  g r a d ie n t  o n  e l e c t r i c a l  c o n d u c t i v i t y  o f  f r u it  a n d  v e g e t a b l e  

p r o d u c t s  w a s  r e p o r t e d  b y  P a l a n ia p p a n  a n d  S a s t r y  ( 1 9 9 1 b )  a n d  
H a l d e n  e t  a l .  ( 1 9 9 0 ) .  H i g h  a p p l i e d  e l e c t r i c  f i e l d  e n h a n c e d  c e l l  
f lu id s  m o t i o n  w i t h i n  p la n t  c e l l s  a n d  r u p t u r e d  c e l l  m e m b r a n e s ,  
r e s u l t i n g  in  r e l e a s e  o f  c e l l  f lu id s  ( H a l d e n  e t  a l . ,  1 9 9 0 ) .  E l e c t r i c a l  

c o n d u c t i v i t y  o f  f r u i t s  a n d  v e g e t a b l e s  i n c r e a s e d  w i t h  i n c r e a s i n g  
v o l t a g e  g r a d ie n t .  D i f f e r e n c e s  in  e l e c t r i c a l  c o n d u c t i v i t y  a t  v a r i e d  
v o l t a g e  g r a d ie n t s  w e  o b s e r v e d  w e r e  u n l i k e l y  t o  h a v e  a r i s e n  f r o m  

t h e  e n h a n c e d  m o t i o n  o f  t h e  c e l l  f lu id s .  S u r im i  p a s t e  w a s  f i n e l y  
c o m m i n u t e d  a n d  w a s  a  h o m o g e n e o u s  m a t e r ia l  w h i c h  w a s  q u i t e  
d i f f e r e n t  f r o m  v e g e t a b l e s  o r  f r u it s  th a t  r e t a in e d  t h e  in t e g r i t y  o f
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plant ce lls  d u rin g  o h m ic heating. D ependence o f  e lectrica l co n 
du ctiv ity  on voltage gradient co u ld  have been caused b y  co r
rosion o f  the electrodes w h ich  often o ccurred  in  sam ples 
containing 3 and 4 %  N a C l  (F ig s .  4a-b). Fara d a ic  current gen 
erated b y  e lectro lytic  reactions w as observed w hen current den
sity  > 8 ,0 0 0  A /m 2 passed in  a p latin ized -titan iu m  electrode  
im m ersed in saturated so d iu m  ch lo rid e  solution  (S t ir lin g , 1987). 
T h u s, an e lectrica l current m easured under corroded conditions  
included both applied  alternating current and Farad a ic  current 
(O ld h am  and M ylan d , 1994). T o  m in im ize  co rrosion  o f  the e lec
trode, the m axim u m  current density w as recom m ended at 4 ,00 0  
A /m 2 (de A lw is  and Frye r, 1992).

R e latio n sh ips between applied  vo ltage  and e lectrica l current 
o f  surim i pastes at 2 5 °C  w ere studied (F ig .  5). F o r  the sam ple  
co ntaining 4 %  N a C l and 8 4 %  m oisture, electrode co rro sio n  and 
deviation from  O h m ’s law  w ere observed w hen e lectrica l cu r
rent exceeded 1 A ,  corresp o n d in g to a current density o f  about 
3,500 A /m 2. H o w ever, O h m ’s law  w as fo llo w ed  fo r the sam ple  
co ntaining 1%  N a C l  and 7 5 %  m oisture, w hen the total current 
w as < 1  A  and electrode co rro sio n  w as not noticed. T o  obtain  
accurate e lectrica l co n d u ctiv ity  values, it is  cr it ica l to m easure  
co n d u ctiv ity  such  w ay that e lectro ch em ical reactions at the e le c
trodes and any other p o larizatio n  phenom ena do not occur.

A  m odel w as developed fo r e lectrica l co n d u ctiv ity  o f  P a c ific  
w h itin g  su rim i as a function  o f  tem perature ( T ) ,  added N a C l  
content (N )  and m oisture content (M ). V o lta g e  gradient w as not 
included because it d id  not appear to affect e lectrica l co n d u c
tivity. T h e  em p irica l m odel can be w ritten as:

cr =  0 .1168 +  0 .0 0 8 3 T  -  2 .5 1 15N  +  0 .0 3 8 5 M N  +  0 .0 2 2 9 T N  
+  0 .0 2 8 2 N 2

w here cr =  E le c tr ic a l co n d u ctiv ity  (S/m ); N  =  Sa lt content (%  
w /w); M  =  M oisture content ( %  wet b asis); T  =  Tem perature  
(°C ).

A l l  variab les w ere s ign ifican t (P  <  0 .001). P o sitive  coefficient 
o f  T N  indicated that an increase in  e lectrica l co n d u ctiv ity  w ith  
temperature w as greater at h igh er salt content. A lth o u gh  the e f
fect o f  m oisture content w as not sign ifican t, a p ositive  co e ffi
cient o f  M N  suggested that an increase in  e lectrica l co n d u ctiv ity  
w ith salt content w as greater in  sam ples w ith h igh er m oisture  
content. Furtherm ore, e lectrica l co n d u ctiv ity  increased quadrat- 
ic a lly  w ith  salt content. Statistica l in s ig n ifica n ce  o f  T 2 confirm ed  
that e lectrica l co n d u ctiv ity  o f  w h itin g  su rim i pastes, w ith co m 
positional characteristics in  these ranges, lin e a rly  increases w ith  
temperature. P re d ictab ility  o f  the m odel w as illustrated (F ig .  6a- 
b). T h e  m odel satisfacto rily  predicted e lectrica l co n d u ctiv ity  o f  
P a cific  w h itin g  w ith  an error ran g in g  from  0 -1 6 % . E rro r  o f  pre
d iction  w as re lativ e ly  large  in  the sam ple co n ta in in g  3 - 4 %  N a C l  
and 8 4 %  m oisture (F ig .  6b). T h is  w as pro b ably  due to the e le c
trode co rrosion  problem . A lth o u g h  the m odel w as p rim a rily  de
veloped fo r P a c if ic  w h itin g  su rim i paste, it co u ld  be used to 
estim ate e lectrica l co n d u ctiv ity  o f  su rim i from  other species. 
T h is  inference w as based on the fact that io n ic  content o f  su rim i 
from  various fish  co u ld  be s im ila r  due to w ash in g  and dew ater
ing. Furtherm ore, e lectrica l co n d u ctiv ity  o f  su rim i-b ased  sea
foods, such  as, im itation crabm eat, co u ld  be predicted fro m  the 
m odel because the m ain  factors a ffe ctin g  e lectrica l co n d u ctiv ity  
o f  such  products are o n ly  salt and m oisture content.

CONCLUSION
E l e c t r ic a l  c o n d u c t iv it y  w as h ig h ly  dependent on tem pera
ture and added salt content and s lig h t ly  dependent on m oisture  
content. T h e  effect o f  applied  vo ltage  w as in sign ifican t. C h an ge s  
o f  e lectrical co n d u ctiv ity  affected b y  heating and com positional 
characteristics indicated the im portance o f  such  factors in  design  
and operation o f  o h m ic heaters fo r su rim i-b ased  seafood p rod
ucts. T h e  em p irica l m odel adequately predicted the e lectrica l 
co n d u ctiv ity  o f  w h itin g  su rim i based on tem perature, salt and  
m oisture.

Fig. 5 —Polarization of electrodes: 84/4: surimi paste containing 
84% moisture and 4% salt at 2 5 ° C ;  7 5 / 1 :  surimi paste containing 
7 5 %  moisture and 1 %  salt at 2 5 ° C .

Temperature (°C)

Fig. 6—Predictability of the electrical conductivity model as com
pared with experimental values, ( a )  7 5 %  m o i s t u r e ;  ( b )  8 4 %  m o i s 

t u r e ;  l in e :  p r e d i c t e d  v a l u e s ;  s y m b o l :  e x p e r i m e n t a l  v a l u e s .
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Biogenic Amines in the Flesh of Sailfish (Ist io p h o ru s  
platypterus) Responsible for Scombroid Poisoning

DENG-FWU HWANG, SHENG-HSIUNG CHANG, CHYUAN-YUAN SHIAU, and CHANG-CHIA CHENG

---------------------------------------- A B S T R A C T  ----------------------------------------
Sailfish fillets were involved in a 1994 food poisoning outbreak in west
ern Taiwan. Samples were collected from the victims’ residues and from 
retail and wholesale suppliers. They were analyzed for amines by a gra
dient elution system of HPLC. Tryptamine, histamine, spermine, trime- 
thylamine, spermidine, and cadaverine were found; other am nes were 
not detectable. The concentration of histamine was higher than 100 
mg/lOOg which was assumed as the toxic level. The allergy-like symp
toms of the victims along with the high content of histami te in the 
sailfish they had eaten were reasonable evidence that the food noisoning 
was directly associated with histamine intoxication.

Key Words: histamine, amines, food poisoning, sailfish, scorn Droid

I N T R O D U C T I O N
A n  i n c i d e n t  o f  f o o d  p o i s o n in g  d u e  to  i n g e s t i n g  t h e  f l e s h  o f  
s a i l f i s h  (Istiophorus platypterus) o c c u r r e d  in  C h a n g h u a  P r e f e c 
tu r e ,  w e s t e r n  T a i w a n ,  in  J u ly  1 9 9 4 .  T h e  i n c i d e n t  c a u s e d  i l l n e s s  

o f  1 2  v i c t i m s  f r o m  f i v e  f a m i l i e s .  S y m p t o m s  a p p e a r e d  s o o n  a f t e r  

e a t in g  s a i l f i s h  f i l l e t s  a n d  in c l u d e d  r a s h e s ,  u r t ic a r ia ,  n a u s e a ,  v o m 
i t i n g ,  d ia r r h e a ,  f lu s h in g ,  t i n g l i n g  a n d  i t c h i n g  o f  t h e  s k in .  T h e  

v i c t i m s  r e c o v e r e d  w i t h i n  8 h r . A c c o r d i n g  t o  t h e  s u r v e y  o f  th e  

T a iw a n  F i s h e r i e s  B u r e a u ,  t h e  s u s p e c t e d  f i l l e t s  w e r e  f r o m  a  s e a 
f o o d  s u p p l i e r  o f  P i n g t u n g  P r e f e c t u r e  in  s o u t h e r n  T a iw a n .

T h e  a l l e r g y - l i k e  s y m p t o m s  w e r e  s i m i l a r  t o  t h o s e  c a u s e d  b y  
h i s t a m in e .  P o i s o n i n g  b y  h i s t a m in e  h a s  h i s t o r i c a l l y  b e e n  r e f e r r e d  

t o  a s  s c o m b r o i d  p o i s o n i n g  b e c a u s e  o f  t h e  f r e q u e n t  a s s o c i a t i o n  
o f  t h e  i l l n e s s  w i t h  t h e  c o n s u m p t i o n  o f  s p o i l e d  s c r o m b m i d  f is h  
s u c h  a s  tu n a  a n d  m a c k e r e l .  T h e  f i s h e s  u s u a l l y  im p l i c a t e d  in  e p 
i s o d e s  o f  h i s t a m in e  p o i s o n i n g  a r e  S c o m b r i d a e ,  S c o m b e r e s o c i -  

d a e ,  P o m a t o m id a e ,  C o r y h a e n id a e ,  C a r a n g id a e ,  C l u p e i d a e  a n d  
E n g r a u l id a e  ( T a y lo r ,  1 9 8 6 ) .  In  a d d i t io n  t o  t h e  a b o v e  f i s h  f a m i 
l i e s ,  b la c k  m a r l in  (Makaira mazara) a n d  s t r ip e d  m a r l in  (M. au- 
dax) b e l o n g i n g  t o  I s t i o p h e r id a e  h a v e  a l s o  b e e n  i n v o l v e d  in  

o u t b r e a k s  o f  s c o m b r o i d  p o i s o n i n g  in  J a p a n  a n d  U S A  ( T a y lo r ,  
1 9 8 6 ;  R u s s e l l  a n d  M a r e t i c ,  1 9 8 6 ) .  I n  T a iw a n ,  s c o m b r o i d  p o i 
s o n i n g  h a s  a l s o  o c c u r r e d  o c c a s i o n a l l y  ( M u r r a y  a n d  H o b b s ,  
1 9 8 2 ;  C h e n  a n d  M a l i s o n ,  1 9 8 7 ;  R O C D H ,  1 9 8 8 ,  1 9 9 2 ) ,  a n d  th e  
f i s h e s  im p l i c a t e d  in  o u t b r e a k s  w e r e  tu n a ,  m a c k e r e l ,  a n d  b la c k  
m a r l in .  H o w e v e r ,  s a i l f i s h  (I. platypterus) h a s  n e v e r  b e e n  r e 
p o r t e d  a s  a  h i s t a m in e  p o i s o n i n g  f is h .

O u r  o b j e c t i v e  w a s  t o  i n v e s t i g a t e  t h e  a s s o c i a t i o n  o f  th e  f o o d  
p o i s o n i n g  in c id e n t  w i t h  t h e  a m in e  l e v e l s  o f  s a i l f i s h  i n l e t s  o b 
t a in e d  f r o m  v i c t i m s ’ r e s id u e s .  O u t b r e a k s  o f  h i s t a m in e  p o i s o n i n g  
a f t e r  e a t in g  f i s h  a r e  m a i n l y  d u e  to  p o o r  q u a l i t y  o f  r a w  m a t e r ia l  
o r  p o o r  h a n d l in g .  T h e r e f o r e ,  s a i l f i s h  f i l l e t s  f r o m  t h e  s a m e  s p e c i e s  
w e r e  a l s o  c o l l e c t e d  f r o m  t h e  r e t a i l  s u p p l i e r  in  C h a n g h u a  P r e 
f e c t u r e  a n d  t h e  w h o l e s a l e  s u p p l i e r  in  P i n g t u n g  P r e f e c t u r e  a n d  
a n a l y z e d  fo r  a m in e  l e v e l s .

M A T E R I A L S  &  M E T H O D S

R e a g e n ts

Standard amines, including tryptamine hydrochloride, 2-phenylethy- 
lamine hydrochloride, putrescine dihydrochloride, cadaverine dihydroch-

Authors Hwang, Chang, and Shiau are with the Dept, of Marine 
Food Science, National Taiwan Ocean Univ., Keelung, Taiwan 
(R.O.C.). Author Cheng is with Taiwan Fisheries Bureau. Taipei, 
Taiwan (R.O.C.). Direct inquiries to Dr. Deng-Fwu Hwang.

loride, spermidine trihydrochloride, spermine tetrahydrochloride. hista
mine dihydrochloride, trimethylamine hydrochloride, tyramine 
hydrochloride and agmatine sulfate, were obtained from Sigma Chemical 
Company (St. Louis, MO). Methanol (LC grade) and other reagents (GR 
grade) were from E. Merck (Darmstadt, Germany).

S a m p le s

A total of five samples were collected. Two samples, including frozen 
(288g) and fried (176g) fillets, were the residues of one of the victims. 
The other three samples (492, 296, and 2100g) were frozen fish fillets 
from the same specimen of sailfish (Istiophorus platypterus) obtained 
from fish shops in Changhua and Pingtung Prefecture, which were the 
retail and wholesale suppliers of the fillets causing the food poisoning. 
The sailfish had been caught in the adjacent coastal water of Pingtung 
Prefecture and its weight was about 50 kg. The wholesale supplier 
bought it and cut it into fillets. The fillets were then distributed to retail 
suppliers. Of the five samples, one from the retail supplier had a yellow- 
green surface color; the others were pink. All samples were wrapped 
and kept at —20°C until assayed.

P r e p a r a t io n  o f  s ta n d a r d  a m in e  s o lu t io n

Tryptamine hydrochloride (122.8 mg), 2-phenylethylamine hydrochlo
ride (130.1 mg), putrescine dihydrochloride (182.9 mg), cadaverine dih-

Fig. 1—HPLC profile of authentic amines.
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ydrochbride (171.4 mg), spermidine trihydrochloride (175.3 mg), 
spermine tetrahydrochloride (172.0 mg), histamine dihydrochloride 
(165.7 mg), trimethylamine hydrochloride (161.7 mg), tyramine hydro
chloride (126.7 mg) and agmatine sulfate (175.4 mg) were dissolved in 
10 mL deionized water and used as standard samples. The final concen
tration of each amine (free base) was 10 mg/mL solution.

Benzoylation of standard amine solution

The benzoyl derivatives of amines were prepared according to the 
method of Yen and Hsieh (1991 ) with minor modifications. To the stan
dard amine solution (50 |iL), 2M sodium hydroxide (1 mL) was added, 
followed by 10 pL of benzoyl chloride. This was mixed by using a 
vortex mixer and allowed to stand for 20 min. The benzoylation was 
stopped by adding 2 mL saturated NaCl solution and the amide was 
extracted with 3 mL diethyl ether. After centrifugation, the upper organic 
layer was transferred into a tube and evaporated to dryness in a stream 
of nitrogen. The residue was dissolved in 500 pL methanol and 5-pL 
aliquots were injected for HPLC analysis.

Sample preparation and amine extraction

After partially thawing, each fillet was ground in a Waring Blendor 
for 3 rr.in. Ground sample (5g) was transferred to a 50-mL centrifuge 
tube and homogenized with 20 mL of 6% trichloroacetic acid for 3 min. 
The homogenate was centrifuged (12,000 tpm, 10 min, 4°C) and filtered 
through Whatman No. 2 filter paper. The filtrate was placed in a volu
metric flask and made up to 50 mL. Each extract (2 mL) was derivatized 
with benzoyl chloride using the same procedure as for the benzoylation 
of standard amine solutions.

Apparatus

Amines were determined by using a Hitachi Liquid Chromatograph 
(Hitachi, Ltd., Tokyo) consisting of a Model L-6200 pump, a Rheodyne 
Model 7125 syringe loading sample injector, a Model L-4000 UV-VIS 
detector set at 254 nm, and a Model D-2500 Chromato-integrator. A 
Lichrospher 100 RP-18 reverse-phase column (5 pm, 125 X  2.5 mm 
i.d., E. Merck) was used for separation.

Chromatographic conditions

The gradient elution program was set at 1.1 mL/min, starting with a 
methanol-water mixture (55:45, v/v) for 4.0 min. The program proceeded 
linearly to methanol-water (80:20, v/v), with a flow rate of 1.1 mL/min 
over 2.0 min. This was followed by the same composition and flow rate 
for 6.0 min, then decreased over 2 min to methanol-water (55:45, v/v) 
at 1.1 mL/min.

Determination of trimethylamine oxide

The peak of trimethylamine (TMA) in the HPLC chromatogram might 
include free TMA derived from the reduction of trimethylamine oxide 
(TMAO) in the benzoylation procedure. Thus, TMAO was further meas
ured by using the method of Wekell and Barnett (1991). Briefly, to each 
amine extract (10 mL) was added toluene and Fe-EDTA reagent, fol
lowed by incubation in a water bath for 5 min at 50°C. After cooling, 
the sample was mixed with 45% KOH, dehydrated with anhydrous so
dium sulfate, reactivated with picric acid solution, and absorbance was 
measured at 410 nm with a UV 2000 Spectrophotometer (Hitachi).

R E S U L T S  &  D I S C U S S I O N

A  t y p i c a l  c h r o m a t o g r a p h i c  p r o f i l e  o f  10 standard b io genic  
am ines b y  the gradient elution system  w as developed (F ig .  1). 
A ll  10 am ines were w ell separated in 15 m in  total run tim e w ith  
good peak resolution, sharpness and sym m etry. Standard curves  
o f  10 am ines were separately prepared in  the range o f  0 -0 .1  
m g/ICO  m L  and peak area v s  am ount o f  am ine w as plotted. D ata  
for standard curves w ere subjected to linear regression  analysis. 
T h e  correlation co efficien ts and linear regression co efficien ts for 
each am ine were com pared (T a b le  1). T h e  correlation coefficient  
in every curve w as 0.99. T h is  indicated a definite linear rela
tionship between am ine concentration and detector response. W e  
concluded that the gradient elution program  w as satisfactory. 
R e co veries o f  am ines b y  the sam ple extraction procedure were

Ta b le  1— Linear regression equation* and correlation coefficients for au
thentic am ines

Amines

Linear equation 
coefficient Correlation

coefficienta b
Putrescine -11031 251415 0.99974
Cadaverine -26336 333694 0.99836
Tryptamine -20187 232916 0.99751
2-Phenylethylamine -20054 232893 0.99750
Spermidine -6456 198311 0.99771
Spermine 15272 129211 0.99229
Histamine 808 118699 0.99857
Trimethylamine -9838 126459 0.99451
Tyramine -11122 181602 0.99556
Agmatine -23066 118238 0.99468
* Y = a + bX, where Y = relative peak area and X = amount of amine injected into 

HPLC {jig}.

Fig. 2—HPLC profile of amines in fried fish fillet from victims' 
source.

1 0 1 %  for putrescine, 9 9 .4 %  fo r cadaverine, 8 6 .4 %  fo r tryptam - 
ine, 101%  for 2 -phenylethylam ine, 9 2 .6 %  fo r sperm idine, 9 0 .2 %  
fo r sperm ine, 8 6 .4 %  fo r histam ine, 8 8 .3 %  for tyram ine, 9 4 .3 %  
for T M A  and 9 8 .5 %  for agm atine.

T h e  ty p ica l H P L C  profile  o f  am ines from  a sa ilfish  fillet w as 
developed (F ig .  2 ), and the am ine levels o f  a ll sam ples were  
su m m arized  (T a b le  2). Tryp tam in e, h istam ine, sperm ine, T M A ,  
sperm idine and cadavarine w ere predom inant in  a ll sam ples; 
other am ines w ere not detectable ( < 2 .5  m g/100 g). Tryp tam in e, 
histam ine, sperm ine, T M A , sperm idine and cadavarine in a ll 
fillet sam ples ranged from  7 5 .0 -2 0 7 .5 , 3 2 .5 -1 8 0 .0 , < 2 .5 - 5 0 .0 ,
1 2 .5 -2 8 .5 , < 2 .5 - 1 7 .5  and 6 .0 -1 4 .5  m g/100g, respective ly. A l l  
sam ples, except the fillet w ith ye llo w -gre e n  co lo r, contained h is
tam ine > 1 0 0  m g/100g. T M A O  levels m easured by the co lo r i
m etric m ethod were < 4 .0  m g/100g in  a ll sam ples. Therefore, 
w e co n clu d ed  that the peak area o f  T M A  in  the H P L C  ch ro 
m atogram  for each sam ple represented the am ount o f  T M A .

A lth o u g h  sco m b ro id  p o iso n in g  m ay be caused b y  m an y fa c 
tors other than histam ine its e lf  (G e ig e r, 1955; A rn o ld  and 
B ro w n , 1978; C lif fo rd  et ah, 1989), h istam ine concentration is 
considered a good ind icator o f  fish  deterioration and scom broid  
p o iso n in g  (R u s se ll and M aretic, 1986; T a y lo r, 1989). T h e  U .S .  
Fo o d  &  D ru g  A d m in istratio n  ( F D A )  has established a hazard  
action level fo r h istam ine in  fish  o f  50 m g o f  histam ine/100g  
fish (5 0 0  ppm ) based on data co llected  from  num erous outbreaks
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AMINES IN SAILFISH . . .

Table 2—Concentration of amines in the flesh of sailfish (Istiophorus platypterus) causing food poisoning
Amine level (mg/IOOg)____________________________  Outward

Source Sample (g) Cadaverine Tryptamine Spermine Spermidine Flistamine Trimethylamine appearance
Victim Frozen fish fillet 288 14.5±0.3*1 208 ±6 50.0 ±3.9 17.5 ± 0.6 168 ±8 24.5±3.3 Normal

Fish shop
Fried fish fillet 
Frozen fish fillet

176 11.0 ±0.4 185 ± 11 20.0±  1.6 12.5± 1.0 180 ±9 19.0±0.5 Normal

in Changhua No. 1 492 7.5 ±0.2 213±8 20.0 ±5.3 10.0±0.5 165 ±2 18.5 ±1.3 Normal
County 

Fish shop
No. 2

Frozen fish fillet
296

2100
6.0 ±0.2 75.0 ±5.5 <2.5

\
<2.5 32.5±3.5 12.5±0.2 Yellow-green

in Pingtung Center part 12.0±0.2 190± 12 45.0±9.4\ 15.0±  1.9 178± 6 28.5±0.7 Normal
County Side part 12.5±0.4 160 ±9 10.0±0.4 17.5±0.6 165 ±10 25.0±0.8 Normal

1 M e a n  ±  S.D. for t r ip l ic a te  a s s a y s .

(T a y lo r , 1989). A  su rvey  w as taken on sco m b ro to xic fish p o i
so n in g  in B rita in  o f  over 250  suspected incidents from  1976 to 
1986. B artholom ev et al. (1 9 8 7 ) dem onstrated that histam ine  
> 1 0 0  m g/100g w ould  be to x ic  and unsafe for consum ption. W e  
concluded from  these gu id elin es that the h istam ine content in 
the flesh o f  sa ilfish  w as > 1 0 0  m g/100g and probably caused the 
p o iso n in g. T h e  a lle rg y -lik e  sym ptom s o f  the v ic tim s along with  
the h igh  concentrations o f  histam ine in the fillet residues in d i
cated that the food p o iso n in g  incident occurred in C h angh u a, 
T a iw a n , w as caused b y  histam ine.

A  study by C liffo rd  et al. (1989) showed that histam ine adm in
istered alone was less toxic than an equal amount o f  histamine 
consum ed with fish. T h is  discrepancy m ight indicate the presence 
o f  other synergistic biogenic amines, like cadaverine and putrescine  
(Bjeldanes et al., 1978). In addition to histamine, tryptamine, sper
mine, T M A , spermidine and cadaverine were found in the sailfish  
fillets. The  possible contribution o f  these amines on the potentiation 
o f  histam ine toxicity should be considered for future studies.

The  production o f  histamine in fish is usually associated with 
spoilage (Eitenm iller et al., 1982). A cco rd in g  to reports by the v ic 
tims, the sailfish fillets that caused the intoxication did not appear 
unpleasant or have a spoiled flavor at the time o f  purchase. H ista
mine formation in fish is w ell known to be associated with the 
growth o f  bacteria possessing the enzym e histidine decarboxylase. 
In fish, several histam ine-producing bacteria have been im plicated  
as prim ary contributors to histam ine formation. These bacteria are 
Proteus (Morganella) morganii, P. vulgaris, Klebsiella pneumon
iae, Escherichia, Clostridium, Salmonella and Shigella (T a y lo r et 
al., 1978, 1979; Eitenm iller et al., 1982; R ussell and M aretic, 1986; 
Taylo r, 1986). These bacteria are capable o f  producing hazardous 
amounts o f  histamine in a very short period o f  time when fish are 
held at elevated temperatures. A s  a result, contaminated fish m ay  
not appear spoiled but still be hazardous to consume. In order to 
understand the relationship between histamine formation and spoil
age, the causative bacteria in the flesh o f  sailfish w ill be investi
gated. In addition, the relationship between bacteria and sailfish  
fillet pink color and yellow -green color w ill be studied.
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Enzymatic Hydrolysis of Crayfish Processing By-products

H.H. BAEK and K.R. CADWALLADER

-------------------------  ABSTRACT -------------------------
Ten commercial proteases (neutral and alkaline) were evaluated for hy
drolysis of crayfish processing by-products (CPBs). Hydrolysis condi
tions were optimized for the alkaline protease Optimase™ APL-440 by 
response surface methodology (RSM). Two model equations were pro
posed with regard to effects of pH, temperature (T), time (t), enzyme/ 
substrate (E/S) ratio, and substrate concentration (S) on the amount of 
0.3M TCA soluble peptides (TSP) and degree of hydrolysis (DH). In
teraction effects between pH and T were observed (p<0.001). Based on 
TSP, optimum hydrolysis conditions were determined to be pH 8-9, 
65°C, 2.5 hr reaction time, 75%(w/v) substrate concentration, and 0.3% 
(v/w) enzyme.

Key Words: crayfish by-products, enzymes, hydrolysis, proteases

INTRODUCTION
T h e  L o u i s i a n a  c r a y f i s h  i n d u s t r y  is the largest co m m e rcia l 
crustacean aquaculture effort in  the U n ited  States w ith  harvest 
e xceed in g  45 ,4 0 0  tons annually . P ro ce ssin g  plants produce over  
3 8,6 00  tons o f  cra yfish  p ro ce ssin g  by-pro d u cts ( C P B s )  an nually , 
w ith reco very  o f  o n ly  1 5%  (b y  w eigh t) o f  edible  tail meat (M e y 
ers et al., 1990).

C o n sid erab le  p rogress has been m ade tow ard better u tilizatio n  
o f  C P B s .  P igm ent recovered from  C P B s  has been u tilized  in  m ar
icolture o f  red sea bream  in  Japan (M eye rs, 1987). C h ito sa n  has 
been prepared from  ch itin  isolated from  C P B s  (N o  et al., 1989) 
and u tilize d  as a co agulant fo r reco very  o f  o rgan ic  com pounds  
from  seafood p ro ce ssin g  stream s (N o  and M eyers, 1989a,b). 
M an y recoverable  vo latile  flavo r com pounds and precursors are 
present in  C P B s  (N o  and M eyers, 1989b; T a n ch o tiku l and  
H sie h , 1989; C h a  et al., 1992). A  potential e xists fo r utilizatio n  
o f  C P B s  fo r production o f  m arketable flavo r extracts. U tiliza tio n  
o f  b y-products fo r production  o f  foods and flavorants has been  
proposed fo r other seafood industries (Jo h  and H o o d , 1979; B u r 
nette et al., 1983; R e d d y  et al., 1989; Sh iau  and C h a i, 1990; 
C h a  et al., 1993; K im  et al., 1994).

Proteases can be used fo r reco ve ry  o f  flavo r (H aard , 1992). 
Protein hydrolysates from  various k inds o f  by-products have been 
produced u sin g  sp e cific  proteases ( O ’M eara and M unro, 
1984a,b; Su ró w ka  and F ik ,  1992). A n  enzym atic  process has 
been developed to produce flavorants from  seafood p ro cessin g  
b y-products (In , 1990). Protein  h yd rolysates such  as h yd ro lyze d  
vegetable protein and auto lyzed  yeast extract have been w id e ly  
used as flavo r enhancers (N agodaw ithana, 1992). H eat treatment 
can be applied to protein hydrolysate  to produce M a illa rd  re
action flavo r (process flavo r), a te ch n o lo gy  used for production  
o f  m eat and sav o ry  flavo rs (D z ie z a k , 1986).

T h e  o b jectives o f  our study were to evaluate d ifferent co m 
m ercial protease(s) for h yd ro lys is  o f  C P B s  into a product su it
able fo r further p ro ce ssin g  into seafood flavo r extracts and to 
o p tim ize  p ro cessin g  co n ditions u s in g  response surface m ethod
o lo g y  (R S M ).

Authors Baek and Cadwallader, formerly with the Louisiana A g
ricultural Experiment Station, LSU  Agricultural Center, are cur
rently with the Dept, of Food Science & Technology, M ississippi 
State Univ., Box 9805, M ississippi State, M S 39762. Address in
quiries to Dr. K.R. Cadwallader.

M A T E R I A L S  &  M E T H O D S

Materials
Picking table crayfish processing by-products (CPBs) were obtained 

from a crayfish processor in St. Martinville, LA. Clean sanitized con
tainers were provided to pickers for collection of CPBs, which were 
packed on ice and immediately transported to the LSU Muscle Foods 
Laboratory. Upon arrival, CPBs were coarsely ground using a Paoli 
meat/bone separator (model 23-668, Stephen Paoli International, Rock
ford, IL). Ground CPBs (combination of shell and mince) were either 
used immediately or vacuum-packaged in polyethylene bags ('= 500g 
per bag, Koch Supplies, Inc., Kansas City, MO) and stored at -20°C.

Enzymatic hydrolysis of CPBs

Frozen ground CPBs were thawed at 4°C overnight. CPBs (lOOg) plus 
0.05M boric acid-NaOH buffer (200 mL, pH 9.0) were ground in a 
Waring Blendor. One hundred mL ground CPBs were placed in a 100- 
mL jacketed reaction vessel (Cat. No. 991760, Wheaton, Millville, NJ) 
and preincubated for 30 min at the desired temperature. The pH was 
adjusted with aqueous 6.25N NaOH or 6N HC1 with final volume ad
justed to 110 mL with distilled water. A specific protease was added to 
the vessel, and the mixture vigorously stirred during reaction using a 
magnetic stirrer. Aliquots (1 mL) of hydrolysate were removed at time 
intervals of 10, 20, 30, 60, 90, and 120 min and immediately transferred 
into test tubes containing 2 mL of 0.3M trichloroacetic acid (TCA) so
lution. These solutions were allowed to stand at ambient temperature 
(«=23°C) for 20 min and filtered through Whatman No. 40 filter paper. 
A 25 |rL aliquot of filtrate was mixed with 0.225 mL distilled water,
1.25 mL 0.5N NaOH solution, and 0.25 mL LON Folin & Ciocalteu’s 
phenol reagent (Sigma Chemical Co., St. Louis, MO). The resulting so
lution was mixed immediately, incubated at 30°C for 15 min, and then 
centrifuged at 2,000 X  g for 10 min to remove turbid material. Super
natant absorbance was measured at 578 nm.

Estimation of degree of hydrolysis

The degree of hydrolysis (DH) was determined using a modification 
of the method described by Boudrant and Cheftel (1976) and was defined 
as follows:

DH = [(D'„limct -  D0)/(Dmax -  DJ] X  100

where the blank, D„ (amount of 0.3M TCA soluble peptides of unhy
drolyzed CPBs expressed as tyrosine) was prepared by adding 0.3M 
TCA solution to unhydrolyzed CPBs. Dmax corresponded to the maxi
mum amount of 0.3M TCA soluble peptides as tyrosine and was deter
mined after hydrolysis of 0.1 g CPBs with 4 mL 6N HC1 at 110°C for 
24 hr. Corrected amount of 0.3M TCA soluble peptides, D'at tinlc „ was 
determined by subtracting the amount of 0.3M TCA soluble peptides of 
protease from that of hydrolyzed CPBs at time t.

Table 1—Independent variables and experimental design levels expressed 
in coded and natural units for Optimase APL-440______________________

Code units

Independent variables

pH
Temp

(°C)
Time
(hr)

S a
<%)

E/Sb
(%)

- 2 7 60 0.5 15 0.1
-1 8 65 1.5 30 0.2

0 9 70 2.5 45 0.3
+ 1 10 75 3.5 60 0.4
+ 2 11 80 4.5 75 0.5

a Concentration (w/v) of CPBs. 
b Ratio (v/w) of Optimase APL-440 to CPBs.
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Fig. 1—Reaction progress curves for enzymatic hydrolysis of 
CPBs. Reaction conditions: Optimase APL-440; pH 9.0; 37°C; 
30.3% (w/v) of CPBs (on a wet basis).

Fig. 2—Degree of hydrolysis vs log-io (protease amount) for al
kaline proteases. Reaction conditions: pH 9.0; 37°C; 30.3% (w/v) 
of CPBs (on a wet basis); 1 hr reaction time.

Protease selection

Ten commercial proteases were evaluated for ability to hydrolyze 
CPBs. All were commercially available in bulk quantities and were sup
plied as free samples by manufacturers. The intrinsic pH of CPBs is 
generally between 8.0 and 9.0. Since it is more desirable to conduct

Fig. 3—Degree of hydrolysis vs log-io (protease amount) for neu
tral proteases. Reaction conditions: pH 9.0; 37°C; 30.3% (w/v) of 
CPBs (on a wet basis); 1 hr reaction time.

Fig. 4—Optimum temperatures for Alcalase 2.4L, Optimase APL- 
440, and Prozyme 6 using CPBs as substrate. Reaction conditions: 
pH 9.0; 100 pL of Optimase APL-440; 120 pL of Alcalase 2.4L; 10 
mg of Prozyme 6; 50% (w/v) of CPBs (on a wet basis); 1 hr for 
Optimase APL-440 and Prozyme 6; 1.5 hr for Alcalase 2.4L.

CPBs hydrolysis without pH adjustment, only neutral and alkaline pro
teases were evaluated.

Protease selection was based on the method of Hale (1969) with some 
modification. The plot of DH vs log,0 (protease amount), which was
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Table 2— Ev alu atio n  o f co m m e rcia l p ro teases for the h y d ro ly s is  o f C P B s

Protease
Amount3

(mg) Activity11
Alkaline

Alcalase'“ 2.4LC (89) 112.4
Prozyme'“ 6d 33 303.0
Optimase'" APL-440e (292) 34.2
Proleather'"-d 270 37.0
Trypsin* 46 217.4

Neutral
HT-proteolytic™ 200e 874 11.4
Protease 2A'“’ d 299 33.4
Papaine 2038 4.9
Bromelaine 10481 1.0
Protease S™' d 13512 0.7

a The amount of protease required for 30% hydrolysis at 37°C and 1 hr. Numbers in 
parentheses represent protease amount in pL. 

b Inverse of protease amount x  10,000. 
c Novo Nordisk Bioindustrials, Inc., Danbury, CT. 
d Amano International Enzyme Co., Inc., Troy, VA. 
e Solvay Enzymes, Inc., Elkhart, IN. 
f Sigma Chemical Co., St. Louis, MO.

Table 3—Evaluation of 3 selected commercial proteases for the hydrolysis 
of CPBs at their optimum temperatures

Proteases
Opt. temp. 

<°C)
Amount3

(mg) Activityb
Optimase APL-440 70 (140) 71.4
Alcalase 2.4L 70 (143) 69.9
Prozyme 6 40 555 18.0
a The amount of protease required for 50% hydrolysis at optimum temperature. Num

bers In parentheses represent protease amount In pL. 
b Inverse of protease amount x  10,000.

obtained from six levels of protease, had a linear relationship. From this, 
the amount of protease required to degrade CPBs to a required DH in 1 
hr (30% at 37°C or 50% at optimum temperature) was determined. Pro
tease activity was expressed as the inverse of this amount.

Optimization of hydrolysis conditions

Response surface methodology (RSM) (Box et al., 1978) was used to 
optimize hydrolysis parameters such as initial pH, temperature (T), re
action time (t), substrate concentration (S), and enzyme/substrate ratio 
(E/S). Ranges of pH, T, t, and E/S were selected based on information 
from manufacturers and preliminary experiments. The upper substrate 
concentration limit was based on the highest concentration that could be 
effectively stirred. A range of independent variables was tested (Table 
1). The coded values were obtained by the following formula:

Z = (X -  X°)/AX

where Z is the coded value, X is the corresponding natural value, X° is 
the natural value in the center of the domain, and AX is the increment 
of X corresponding to one unit of Z.

For each factor, five levels were given and a second order model was 
proposed. Data were analyzed by multiple regression to fit the following 
second order equation:

5 5 4 5

Y = b„ + E b ,  X,. + E baX,2 + E E by Xj X, (i<j)
i - l  / - I  ¡=1 j=2

where b0, b„ bH, and bB represent regression coefficients of the model, 
and X; and XB represent the independent variables in coded values. A 
central composite design was used requiring 36 experiments for the 
study of five experimental factors in coded units.

Amounts of 0.3M TCA soluble peptides (TSP) and DH were meas
ured as dependent variables. Although amount of TSP was closely re
lated to DH, it was chosen as one of the dependent variables since it 
represented real hydrolysate (short chain peptides or amino acids) pro
duced by enzymatic hydrolysis. High DH does not necessarily result in 
a high amount of hydrolysate, since elevated amounts of hydrolysate can 
be produced with high substrate concentration even at low DH.

Statistical analysis

Response surface equations were obtained using the RSREG proce
dure of the Statistical Analysis System (SAS Institute, Inc., 1985) pro-

Table 4— Responses of dependent variables to the hydrolysis conditions 
for Optimase APL-440

Independent variables Dependent variables

Run
no. pH T t s E/S

Amount of 0.3M 
TCA soluble 

peptides3 (mg)

Degree of 
hydrolysis 

(%)
1 -1 -1 -1 -1 -1 1.40 61.0
2 1 -1 -1 -1 1 1.48 65.1
3 -1 1 -1 -1 1 1.12 45.9
4 1 1 -1 -1 -1 0.39 8.7
5 -1 -1 1 -1 1 1.48 64.9
6 1 -1 1 -1 -1 1.29 55.6
7 -1 1 1 -1 -1 1.12 45.9
8 1 1 1 -1 1 0.43 9.9
9 -1 -1 -1 1 1 2.37 51.1

10 1 -1 -1 1 -1 2.35 50.5
11 -1 1 -1 1 -1 1.86 37.7
12 1 1 -1 1 1 1.22 19.8
13 -1 -1 1 1 -1 2.58 55.8
14 1 -1 1 1 1 2.87 63.3
15 -1 1 1 1 1 2.50 53.4
16 1 1 1 1 -1 0.72 6.4
17 -2 0 0 0 0 1.91 54.4
18 2 0 0 0 0 0.62 8.9
19 0 -2 0 0 0 1.96 56.2
20 0 2 0 0 0 1.13 26.5
21 0 0 -2 0 0 1.98 57.4
22 0 0 2 0 0 2.09 61.2
23 0 0 0 -2 0 0.69 59.5
24 0 0 0 2 0 3.27 56.6
25 0 0 0 0 2 1.96 56.3
26 0 0 0 0 2 2.12 61.9
27 0 0 0 0 0 2.16 63.0
28 0 0 0 0 0 2.13 61.9
29 0 0 0 0 0 2.10 60.7
30 0 0 0 0 0 2.11 61.6
31 0 0 0 0 0 2.15 62.8
32 0 0 0 0 0 2.09 60.5
33 0 0 0 0 0 2.06 60.0
34 0 c 0 0 0 2.09 60.9
35 0 c 0 0 0 2.26 66.5
36 0 c 0 0 0 2.13 62.3

a mL filtrate.

gram. Contour plots were drawn using PS-Plot (Polysoft, Salt Lake City, 
UT) to show the effect of two independent variables with all other factors 
at zero level.

RESULTS & DISCUSSION 
Progress curves for enzymatic hydrolysis of CPBs

R e actio n  p rogress cu rves fo r e n zym atic  h y d ro lys is  o f  crayfish  
p ro cessin g  by-pro d u ct ( C P B s )  w ith  and w ithout O p tim a se ™  
A P L - 4 4 0  w ere com pared (F ig .  1). T h is  type cu rve  w as typ ica l, 
e xh ib itin g  a fast reaction rate fo llo w e d  b y  a s lo w in g. S im ila r  
p rogress cu rve  shapes have been reported fo r e n zym atic  h y 
d ro lys is  o f  fish  protein (A rc h e r  et al., 1973), so y  protein (C o n -  
stantinides and A d u -A m a n k w a , 1980; A d le r-N isse n , 1979), lean 
b e e f tissue ( O ’ M eara and M un ro , 1984a,b), and case in  (M an n 
heim  and C h eryan , 1990). T h e  other n ine proteases tested 
show ed the sam e trend.

Th e re  are m any po ssib le  exp lanations fo r the p rogress curve  
obtained. A d le r-N isse n  (1 9 8 6 ) co n clu d ed  that the shape o f  a 
p rogress cu rve  w as a result o f  substrate com petition (a k in d  o f  
product in h ib itio n ) between the o rig in a l substrate and peptides  
produced d u rin g h yd ro lysis. O ’M eara and M unro  (1 9 8 4 b ) e x 
p lained  that th is type o f  cu rve  shape w as the result o f  rapid  
cle avage  o f  susceptib le  peptide bonds d u rin g  the in itia l stage, 
and slo w  cleavage  o f  the less susceptib le  bonds at later stages. 
In  enzym atic  h yd ro lys is  o f  an in so lu b le  substrate, A rc h e r  et al.
(1 9 7 3 ) suggested that enzym es adsorbed onto an in so luble  pro
tein particle  in  a fast reaction, degraded polypeptide ch ain s that 
were lo o se ly  bound to the surface, and acted on the m ore co m 
pact core protein m ore s lo w ly. In  e n zym atic  h y d ro lys is  o f  C P B s ,  
dow nw ard curvature o f  the p rogress cu rves m ay be explained  
b y  the com bination  o f  these factors since  C P B s  contain both 
so luble  and in so luble  proteins.
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Table 5— Model coefficients3 estimated by multiple linear regression for 
Optimase APL-440

Coefficients

Factor

Amount of 0.3M 
TCA soluble peptidesb 

(mg)

Degree of 
hydrolysis

<%>
Constant 2.14 62.40

Linear
pH -0.26*** -9.48***
T -0.34*** -12.46***
t 0.04 0.96
S 0.54*** -1.03
E/S 0.09** 2.62**

Quadratic
pH2 -0.23*** -8.16***
T 2 -0.16*** -5.74***
t2 — 0.04 -1.25
S 2 -0.06 -1.56
(E/S)2 -0.04 -1.30

Interactions
pH X T -0.25*** -8.74***
pH x  t -0.07 -2.08
pH x  S -0.04 -1.28
pH x  E/S 0.05 1.38
T x  t -0.03 -0.52
T X S -0.08* 2.05
T X E/S 0.04 0.55
t X S 0.06 1.51
t x  E/S 0.09* 0.24
S x  E/S 0.07 1.41

R2 0.9696 0.9606
F 23.94 18.27
Probability >  F 0.0000 0.0000

Model on which X-j =  pH, X 2 =  Temperature (T), X 3 =  Reaction time (t), X4 =  Sub
strate concentration (S), X 5 =  The ratio of Optimase APL-440 to substrate (E/S) is

5 5 4 5
Y=b0 + E biXj + E bn>a + E E bijXiXi (i<j)i=1 i=1 ' i=1 j=z

b mL filtrate.
*** Significant at 0.001 level.
** Significant at 0.05 level.
* Significant at 0.10 level.

N o  h yd ro lys is  o ccurred  w hen C P B s  w ere incubated w ithout 
O ptim ase A P L - 4 4 0 , in d icatin g  la c k  o f  rem ain in g  proteolytic ac
tiv ity  in  C P B s .  K im  et al. (1 9 9 2 ) pu rified  try p sin -like  enzym es  
from  the hepatopancreas o f  crayfish . H o w e ve r, it has been re
ported that b la n ch in g  crayfish  fo r 7 m in  in  b o ilin g  w ater w as 
su fficien t fo r in activatio n  o f  the hepatopancreatic proteases 
(M arsh a ll et a l ,  1987). In  a co m m e rcia l crayfish  p ro cessin g  
plant, heat treatm ent is  em ployed to facilitate  p ee lin g  o f  crayfish  
for tailm eat reco ve ry  and to prevent e n zym atic  soften ing o f  ta il- 
m eat texture.

Selection of protease for enzymatic hydrolysis of CPBs
Researchers have used m an y different enzym e selection  pro 

cedures fo r e n zym atic  h y d ro lys is  o f  protein (H a le , 1969; C h efte l 
et al., 1971; A r z u  et al., 1972; R e b e ca  et al., 1991). O ’M eara  
and M unro (19 8 4 a) stated a rational procedure fo r selection  o f  
a suitable protease. H o w e ve r, there is  no standard m ethod for 
selection o f  an enzym e fo r protein h y d ro lysis. H a le  (1 9 6 9 ) se
lected a protease based on the concentration required to reach a 
required D H  instead o f  on the highest degree o f  h yd ro lysis. In  
our study, enzym e selection w as based on the m ethod o f  H a le
(1 9 6 9 ) w ith  som e m odification.

T o  select suitable protease(s) for e n zym atic  h yd ro lys is  o f  
C P B s ,  enzym es sh o u ld  be evaluated u s in g  C P B s  as substrate. 
A lth o u g h  neutral proteases show ed h igh er activ itie s at neutral 
p H , a ll proteases w ere tested at p H  9.0 because the in trin sic  p H  
o f  C P B s  w as betw een 8.0 and 9.0. T h e  addition o f  additives, 
su ch  as acid s or bases, w o u ld  be undesirable in  a co m m e rcia l 
operation. F o r  p re lim in a ry  selection o f  enzym es, a m ild  tem 
perature (3 7 °C )  w as ch o sen  at w h ich  a ll proteases w o u ld  have  
su ffic ie n t a ctiv itie s  w ithout heat inactivation.

P lots o f  D H  v s  lo g 10 (protease am ount) fo r a ll proteases, e x 
cept fo r papain  and brom elain , show ed linear relationships (F ig .

2 and 3). H a le  (19 6 9 ) m easured the relative activities o f  20 co m 
m ercial proteases for hyd ro lysis o f  fish  protein and reported that 
a plot o f  so lubilization  v s  enzym e concentration on a lo garith m ic  
scale w as linear. Papain and brom elain, instead, show ed linear 
relationships for lo g -lo g  plots o f  D H  v s  protease am ount (data not 
show n). T h is  difference m ay be due to substrate specificity'.

T h e  am ount o f  protease required to d igest 3 0 %  o f  C P B s  in  1 
h r w as determ ined from  these plots. T a b le  2 show s the results  
o f  p rim ary  selection  at 3 7 °C . A l l  a lka lin e  proteases show ed  
h igh er activ itie s than d id  neutral proteases. A lc a la s e ™  2 .4 L ,  
P ro z y m e ™  6, and tryp sin  show ed the h igh est activ itie s o f  the 
five  a lka lin e  proteases tested. T ry p s in  w as e xclu d e d  fro m  further 
consideration because o f  its h ig h  relative cost. A lc a la s e  2 .4 L ,  
P ro zym e  6, and O ptim ase A P L - 4 4 0  show ed h igh est activities  
relative  to cost. Therefore, these three proteases w ere considered  
fo r further evaluation at their optim um  tem peratures.

O p tim u m  tem peratures for P ro zym e  6, A lc a la se  2 .4 L , and 
O ptim ase A P L - 4 4 0  u s in g  C P B s  as substrate w ere 4 0 ° C , 7 0 °C , 
and 7 0 °C , resp e ctive ly  (F ig .  4). A  p lo t o f  D H  v s  lo g 10 (protease  
am ount) show ed a linear relationship  at each optim um  tem per
ature (data not show n). A c tiv it ie s  o f  the three proteases w ere  
com pared at their optim um  tem peratures (T a b le  3). C a lcu la tio n s  
w ere based on am ount o f  each protease required fo r 5 0 %  h y 
d ro lysis. O ptim ase A P L - 4 4 0  and A lc a la s e  2 .4 L  exh ib ited  alm ost 
the sam e a ctiv ity  at 7 0 °C . H o w ever, O ptim ase A P L - 4 4 0  show ed  
s lig h t ly  h igh er e ffic ie n cy  than A lca la se  2 .4 L  based on its re la
tiv e ly  low er cost. P ro zym e  6 show ed the low est a ctiv ity  and  
e ffic ie n cy. B ased  on these results, O ptim ase A P L - 4 4 0  w as se
lected fo r further study. Furtherm ore, selection  o f  O ptim ase  
A P L -4 4 0  w ould be advantageous for industrial use since  pas
teurization o ccu rs at h ig h  temperature.

Optimization of hydrolysis conditions
Resp o n ses o f  tw o dependent variab les to h yd ro lys is  co n d i

tions fo r O ptim ase A P L - 4 4 0  w ere fo llo w e d  (T a b le  4). Estim ated  
regression  co efficien ts fo r each dependent variab le  w ere o b 
tained from  these responses b y  m ultip le  linear regression  (T a b le
5). F o r  am ount o f  T S P ,  regression  coefficients show ed that p H  
( X , ) ,  temperature ( T ,  X 2), substrate concentration ( S ,  X 4). and  
enzym e/substrate ratio (E / S , X 5) had line ar effects, and p H  and  
T  had quadratic effects. Interactions on am ount o f  T S P  w ere  
observed between p H  and T  (p < 0 .0 0 1 ) , T  and S  ( p < 0 .1 0 ) ,  and  
reaction tim e (t, X 3) and E / S  (p < 0 .1 0 ) .  T h e  largest va lu e  o f  
estim ated regression  co efficien t fo r S  (b4 =  0 .5 4 ) ind icated  that 
it w as the m ost im portant linear variab le  in flu e n cin g  am ount o f  
T S P .  T h e  p o sitive  value  im p lied  that am ount o f  T S P  increased  
w ith in cre asin g  S . Tem perature w as the second m ost im portant 
linear variab le  (b2 =  —0.34). T h e  net e ffect o f  the linear and 
quadratic term s o f  p H  and T  suggested that am ount o f  T S P  
increased  u n til either p H  or T  reached an optim um  point, fo l
lo w in g  w h ich  the am ount o f  T S P  decreased as p H  o r T  further 
increased. T h e  best exp lanatory m odel equation fo r am ount o f  
T S P  ( Y , )  is as fo llo w s:

Y j  =  2.14 — 0 .26  X ,  -  0 .34  X 2 +  0 .54  X 4 +  0.09 X 5 -  0.23
X , * X ,  -  0 .16  X 2* X 2 -  0.25 X , * X ,  -  0 .08 X 2* X 4 +  0 .09
x 3*x 5

T h e  p H , T ,  and E / S  had linear effects on D H , and p H  and T  
had quadratic effects. Interaction effect w as s ign ifica n t between  
p H  and T  (p < 0 .0 0 1 ).  Tem perature w as the m ost im portant lin 
ear variab le  a ffe ctin g  D H  and had the h igh est regressio n  co e f
ficien t (b2 =  — 12.46), fo llo w e d  b y  p H  (b, =  —9.48). T h e  best 
explanatory m odel equation fo r D H  ( Y 2)  is  as fo llo w s:

Y 2 =  62.40  -  9 .48 X ,  -  12.46 X 2 +  2.62 X 5 -  8 .16 X , * X ,  
- 5 . 7 4  X 2* X 2 -  8 .74 X , * X 2

T h e  m odel adequacy for each equation w as tested b y  the c o 
efficien t o f  determ ination ( R 2) and la c k  o f  fit. T h e  m odel for 
am ount o f  T S P  ( R 2 =  0 .9 6 9 6 ) ind icated  that o n ly  3 %  o f  the
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Fig. 5—Contour plots of effects of pH and temperature (A), reaction time (B), substrate concentration (C), and Optimase APL-440/ 
substrate ratio (D) on the amount of TSP.

total variation  w as not explained b y  the m odel. T h e  co efficien t 
o f  determ ination for D H  w as 0 .9606, in d icatin g  that o n ly  4 %  o f  
the total variation  w as not exp la ined  b y  the m odel. Th e se  m odels  
were considered adequate w ith satisfactory R 2 values ( >  0 .85) 
and sign ifican t F  values. L a c k  o f  fit w as significant, w hich  means 
the order o f  regression  equation w as not secondary. A lth o u gh  
the test o f  la ck  o f  fit w as sign ifican t, h igh  R 2 values indicated  
that the m odel w as adequate.

C o n to u r plots o f  the am ount o f  T S P  as a function  o f  two  
different independent v ariab le s w ere developed (F ig .  5 A  -5D ). 
Con to u rs w ere plotted w ith  the other three independent variab les  
fixed at 0 coded levels.

E v a lu atio n  o f  effects o f  p H  and tem perature on the am ount 
o f  T S P  indicated that optim um  p H  w as 9 and optim um  tem per
ature w as 6 5 °C  (F ig .  5 A ).  T h e  temperature w as s lig h tly  low er 
than that determ ined p re v io u sly , in d icatin g  interactions between  
p H  and temperature. A ls o , interaction effect w as s ign ifican t be
tween p H  and temperature (p < 0 .0 0 1 ).  O ther contour plots  
show ed that p H  optim um  w as between 8 and 9. T h is  result su g 
gested that p H  adjustm ent w as not needed during h y d ro lysis  
since  the p H  o f  both in trin sic  C P B s  and hydrolysate  w as be
tween 8 and 9. A lth o u gh  p H  drop o ccurred  d u rin g h yd ro lysis, 
p H  did  not decrease below  8.0.

E ffe c t  o f  p H  and reaction tim e on am ount o f  T S P  is  show n  
(F ig .  5 B ). A t h igh er p H  (p H  1 0 -1 1 ), am ount o f  T S P  w as co n 
stant regard less o f  reaction tim e, in d ica tin g  enzym e inactivation  
at h igh  p H  and 7 0 °C  (0  coded level). H o w e ve r, at optim um  p H  
(p H  8 -9 ) ,  the am ount o f  T S P  increased as reaction tim e in 
creased, and rem ained constant after 2.5 hr.

Th e  amount o f  T S P  increased with increasing substrate concen
tration (F ig . 5 C ). Optim um  conditions were achieved at the highest 
substrate concentration [7 5 %  (w/v)] and p H  8 -9 . Th e  greatest 
amount o f  T S P  was obtained under these conditions. Th e  effect o f  
E/S  on the amount o f  T S P  production is shown (F ig . 5D ). The  
amount o f  T S P  increased with increasing E /S  up to 0 .3 %  (v/w) and 
thereafter rem ained constant regardless o f  increases in E/S.

C o n to u r plots o f  D H  as a function  o f  tw o different independ
ent variab les are show n (F ig .  6 A - 6 D ) .  Th e se  w ere plotted for 
two independent variab les as described  p rev io u sly . H ig h e st D H  
w as obtained at 6 5 °C  and near p H  9 (F ig .  6 A ).  D H  increased  
w ith in cre asin g  reaction tim e at p H  8 - 9  (F ig .  6 B ). Further, D H  
increased w ith in cre asin g  E / S  up to 0 .3 %  (v/w ) o f  E / S  (F ig .  
6 D ). Th e se  optim um  h yd ro lys is  conditions w ere consistent w ith  
those from  contour plots for am ount o f  T S P .  Interestingly, D H  
increased as substrate concentration decreased to 4 5 %  (w /v), 
su gge stin g  that h igh  D H  did  not co in cid e  w ith a h igh  am ount
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CRAYFISH PROCESSING BY-PRODUCT HYDROLYSIS . . .

A B

Fig. 6—Contour plots of effects of pH and temperature (A), reaction time (B), substrate concentration (C), and Optimase APL-440/ 
substrate ratio (D) on DH.

o f  h y d r o ly s a t e  ( F ig .  6C )  a n d  a m o u n t  o f  T S P  m a y  b e  a  m o r e  

r e l ia b le  d e p e n d e n t  v a r ia b le .  S u r ô w k a  a n d  F ik  ( 1 9 9 2 ) ,  w h o  m e a s 
u r e d  th e  p r o d u c t io n  o f  p r o te in  h y d r o ly s a t e  f r o m  c h ic k e n  h e a d s ,  
r e p o r t e d  th a t  h y d r o ly s i s  r a te  in c r e a s e d  a s  a m o u n t  o f  w a t e r  in 
c r e a s e d  ( s u b s tr a te  c o n c e n t r a t io n  d e c r e a s e d )  u p  to  7 5 %  o f  th e  r a w  
m a t e r ia l .  S o lu b i l i z a t io n  o f  le a n  b e e f  t i s s u e  d e c r e a s e d  m a r k e d ly  
w it h  in c r e a s in g  m e a tr l iq u id  r a t io  ( O ’ M e a r a  a n d  M u n r o ,  1 9 8 4 b ) .

B a s e d  o n  t h e s e  r e s u l t s ,  o p t im u m  h y d r o l y s i s  c o n d i t i o n s  f o r  e n 
z y m a t i c  h y d r o l y s i s  o f  C P B s  w i t h  O p t im a s e  A P L - 4 4 0  w e r e  d e 
t e r m in e d  a s  p H  8 - 9 ,  6 5 ° C ,  2 . 5  h r  r e a c t i o n  t im e ,  7 5 %  ( w / v )  
s u b s t r a t e  c o n c e n t r a t io n ,  a n d  0 .3 %  ( v / w )  O p t im a s e  A P L - 4 4 0 .  
S i n c e  p H  a d j u s t m e n t  w a s  n o t  n e c e s s a r y ,  t h e  h i g h e s t  a m o u n t  o f  
h y d r o l y s a t e  c o u l d  b e  o b t a in e d  b y  c o n t r o l  o f  t e m p e r a t u r e  ( 6 5 ° C )  
a n d  r e a c t i o n  t im e  ( 2 .5  h r )  w i t h  a d d i t io n  o f  0 .3 %  O p t im a s e  A P L -  
4 4 0  to  7 5 %  ( w / v )  C P B s .

H y d r o l y s a t e s  p r o d u c e d  f r o m  C P B s  c o u l d  s e r v e  a s  f e e d s t o c k s  
f o r  t h e  p r o d u c t io n  o f  v a l u e - a d d e d  s e a f o o d  f la v o r  e x t r a c t s .  T h i s  
m a y  m a k e  it  p o s s i b l e  t o  u t i l i z e  C P B s  t o  t h e ir  f u l l  p o t e n t ia l  a n d  

c o u l d  g r e a t l y  r e d u c e  t h e  a m o u n t  o f  s o l i d  w a s t e  d i s c h a r g e d  f r o m  
c r a y f i s h  p r o c e s s i n g  p la n t s .
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Y Thermal Gelation of Pork, Beef, Fish, Chicken and Turkey 
Muscles as Affected by Heating Rate and pH

Y.H. LAN, J. NOVAKOFSKI, R.H. McCUSKER, M.S. BREWER, T.R. CARR, and F.K. McKEITH

-------------------------  ABSTRACT -------------------------
Effects of heating rate (3°C or 0.7°C/min) and pH (5.5, 6.0, 6.5, or 7.0) 
on thermal gelation properties of different muscle systems were evalu
ated (10% protein, 2% NaCl) using pork, beef, fish, and chicken and 
turkey (breast and thigh) muscles. Results indicated that, at pH 6.5 and
7.0, force required to rupture the gel (Pf), force required to move plunger 
through the gel (Fp), and viscosity index (Ni), using a slow heating rate, 
were higher than with rapid heating. All muscles (except breast muscles 
with the slow heating rate) yielded higher (PC0.05) gel strength (Fp, Pf) 
at pH 6.0 than at the other pHs.

Key Words: thermal gelation, pork, beef, fish, chicken, turkey

INTRODUCTION
G e l a t i o n  o f  m u s c l e  p r o t e i n  contributes to desirable texture  
and stab ilizatio n  o f  fat and w ater in processed meat products. 
Fo rm atio n  o f  a gel w ith desirable texture is dependent not o n ly  
on io n ic  strength, p H , heating temperature and rate, and post
m ortem  h istory o f  the m u scle , but a lso  on an im al species and 
m u scle  type. T h e  latter is  a consequence o f  the in trin sic  d iffe r
ences in  m yo sin  iso fo rm s, in itia l p H , protein extractability, and  
functional properties o f  meat proteins in d ifferent m u scle  species  
or fiber types (Sa m e jim a  et al., 1992).

M ontejano et al. (1 9 8 4 ) reported that heat-induced g e ls  pre
pared from  su rim i, beef, p ork and turkey did  not d iffe r when  
specim en deform ation d id  not exceed 8 0 %  o f  o rig in a l length. 
A m ato  et al. (1 9 8 9 ) found that poultry  th igh  gels had h igher  
shear stress and strain, and w ater retention values than breast 
gels. T u rk e y  ge ls had h igh er stress than ch ick e n  g e ls  w hen 2 %  
N a C l w as added. H o w e ve r, they did  not determ ine w hether the 
varian ce  in p H  w as responsible for observed fracture trends.

It has been suggested that protein extractabilty increases w ith  
in cre asin g  p H  (R ich a rd so n  and Jones, 1987; X io n g  and B re kke ,
1991), and gelation properties are influenced b y  p H  (D a u m -  
T h u n b e rg  et al., 1992; Fo e ge d in g , 1987; Sam ejim a et al., 1992). 
H o w e ve r, little inform ation is availab le  on the effect o f  p H  on 
gelation properties o f  ground m u scle  system s.

H eatin g  rate also  influences therm al gelation  properties. C a -  
m ou et al. (1 9 8 9 ) reported that gel strength o f  salt-so luble  pro
tein from  p ork sem im em branosus m u scle  decreased as heating  
rate (0 .28 , 0.63 and 1.42°C/m in) increased. Barbut and M ittal
(1 9 9 0 ) studied the effects o f  heating rates ( 0 .31, 0 .51, 1.22, and
1.6 2 °C  /m in) on gelation, stab ility  and texture o f  p ostrigor (beef) 
m eat batters. S lo w e r heating rates resulted in  h igh er m odulus o f  
r ig id ity  (G ), hardness, gu m m in ess and chew iness values and  
h igh er flu id  losses d u rin g co o kin g. Fo e ge d in g  et al. (1 9 8 6 ) re
ported that a b ovine  m yo sin  gel, form ed b y  heating at a linear  
rate o f  2 °C /m in  from  20 to 7 0 °C , w as stronger than gel produced  
b y  20 m in  o f  isotherm al heating at 7 0 °C . X io n g  and B rekke
(1 9 9 1 ) later confirm ed this finding. T h e y  indicated that fast heat
in g  (2 0  m in  at 7 0 °C , w h ich  brought the sam ple temperature from  
20  to 7 0 °C  w ith in  5 m in ) resulted in w eaker breast m yo fib ril

Authors Lari, Novakofski, McCusker, Carr, and McKeith are as
sociated with the Dept, of Animal Sciences, Meat Science Lab., 
Univ. of Illinois, 1503 S. Maryland Drive, Urbana, IL 61801. Author 
Brewer is with the Division of Foods & Nutrition, Univ. of Illinois, 
Urbana, IL 61801. Address inquiries to Dr. McKeith.

gels than slo w  heating (lin e ar heating rate at l°C / m in  from  20  
to 7 0 °C ).

D iffe ren ce s in protein fun ctio n ality  depend upon o rig in  o f  
species and fiber types (A m ato  et al., 1989; X io n g  and B re kke , 
1991; Sam ejim a et al., 1992). M ost studies have focused  on 
m yo fib ril system s w h ich  m akes it v ery  d ifficu lt to com pare re
sults to predict the d iffe rin g  functional b ehavior o f  an y g iv e n  
ground m uscle  system  between different species.

T h e  objective  o f  this study w as to ap p ly  the co m pression  
deform ation test to evaluate d ifferences in  therm al gelation  
properties o f  pork, beef, fish, ch icke n  and turkey m u scle s on an 
equal protein basis w ith respect to the effects o f  heating rate 
and pH .

MATERIALS & METHODS
Muscle sample

Postrigor semimembranosus muscles of pork (n=4, commercial bar- 
rows and gilts) and beef (n=4, A maturity steers and heifers) were ob
tained at 24 hr postmortem from the University of Illinois Meat Science 
Laboratory. Twenty broilers (6 wk old) and three turkeys (6 mo old) 
were obtained from University of Illinois Poultry Farm and Sprinkle 
Turkey Farm, respectively, and slaughtered and chilled. Chicken breast 
(CB), chicken thigh (CT), turkey breast (TB) and turkey thigh (TT) were 
obtained after birds had been chilled in ice water (0°C) for 24 hr. Live 
catfish were obtained from a commercial farm. Catfish (n=40) were 
mechanically stunned, skinned, eviscerated, and fillets were removed. 
The fillets were put in plastic bags and chilled in ice water for 24 hr. 
Samples from each species were trimmed of fat and epimysial connective 
tissue when necessary, then pooled and homogenized (Model R6Y, Ro
bot Coupe USA, Inc. Ridgeland, MS) in similar quantities (1000 g) for 
1 min, vacuum-packaged (Model AGW Multivac, Koch Supplies Inc., 
Kansas City, MO), and stored at -80°C  for subsequent analysis.

Chemical analyses

Five samples of each muscle system were analyzed for protein, using 
a macro-Kjeldahl procedure (AOAC, 1990), for moisture by weight loss 
of a 5-g sample dried at 105°C for 24 hr (AOAC, 1990), and for fat by 
repetitive extraction of moisture-free samples with an azeotropic mixture 
(87:13) of chloroform and methanol (Novakofski et al., 1989). Muscle 
pH was determined with a pH meter (Model 720A, Orion Research In
corporated, Boston, MA) fitted with a Ross sure-flow combination elec
trode (Model 81-72) on a 5-g sample homogenized with 25 mL distilled 
water. Percent free water was determined as a measure of water holding 
capacity (WHC) using the filter-press procedure described by Wierbicki 
and Deatherage (1958).

Preparation of heat-induced gels

Samples were adjusted to 10% protein and target pH levels (5.5, 6.0,
6.5, and 7.0) with 80 mL buffer solutions {1M 2-[N-morpholino]- 
ethanesulfonic acid (MES) and 5% NaCl} of different pH, varying 
amounts of distilled water and IN HC1 or NaOH. Based on a preliminary 
experiment, a series of buffer solutions of different pH were made to 
bring the different muscle system to the different target pHs. The final 
muscle slurry (200 mL) containing 2% NaCl and 0.4M MES at each pH 
was divided equally into eight aliquots and placed into plastic containers 
(4.8 cm high and 3.0 cm in diameter). Eight aliquots were heated iso- 
thermally in a 70°C water bath (at 3°C/min), the other eight heated at 
0.7°C/min (initial temperature = 30°C) to a final internal temperature 
70°C. Copper-constantan thermocouples (size 0.25 mm in diameter. 
Omega Engineering, Inc., Stamford, CT) attached to a recording ther-
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T a b le  1— M uscle  ch aracteristicsS
Muscle
species pH

Protein
(%>

Moisture
(%)

Fat
(%)

Free
H20(%)

SSP
(W%)

SSP
(P%)

Collagen
(mg/g)

Pork 5.60d 21.00d 74.98d 3.82° 34.02a 10.51°d 50.56b 6.49b
Beef 5.53d 22.299 73.65e 3.93° 23.77b° 11.43bc 51.26b 4.49°
Fish 6.61a 17.509 78.013 4.81b 38.46a 9.10d 52.01b 6.79b
CB 6.19b 23.60b 75.61° 1.54d 13.47d 13.743 58.22b 4.02°
CT 6.54a 19.80* 76.94b 3.79° 21.77° 13.853 69.94a 8.89a
TB 5.87c 25.27a 73.64e 0.92e 31.14ab 12.83ab 50.73b 4.06°
TT 6.23b 20.36e 72.57* 7.11a 23.87b° 11.68bc 57.34b 8.29a
SEM 0.08 0.14 0.07 0.15 2.23 0.56 2.77 0.53
a"* Means in the same columns with different superscript differ (P <  0.05).
9 Where: CB = chicken breast, CT = chicken thigh, TB = turkey breast, TT = turkey thigh. SSP(W%) = salt-soluble protein, percent of sample weight; SSP(P%) = salt-soluble 

protein, percent of total protein; SEM = standard error of means.

mometer (Model CR5 digital recorder, Campbell Scientific, Logan, UT) 
were inserted in the center of gel containers to monitor temperature dur
ing cooking. Cooked samples were immediately chilled at 4°C for 1 hr 
prior to gel strength measurement.

Gel strength

Gel strength was measured using an Instron Universal Testing Ma
chine (Model 1122, Instron Corp., Park Ridge, IL). A 1.3-cm-diameter 
flat ended plunger was used to compress the heat-induced gels to pen
etrate 60% original height. A compression load cell setting of 1 -2 kg, a 
crosshead speed of 100 mm/min, and a chart speed of 100 mm/min were 
used. The rheological parameters of the muscle gels (*“ 4°C) were meas
ured from force-deformation curves using the methods described by 
Hickson et al. (1982). The force required to penetrate or rupture the gel 
(Pf) and the force required to move the plunger through the gel (Fp) 
were determined from the force-deformation curve, and viscosity index 
(Ni) and apparent elasticity (Ea) were calculated. Force units (expressed 
as grams) may be converted to dynes by multiplying acceleration (dyne 
= g X  9.8 cm/s2 = 10~5 Newton). Viscosity index units may be con
verted to poise by the factor 5.88 X  106.

Cooking loss

After measurement of gel strength, gel samples were then used for the 
cooking loss evaluation as described by Samejima et al. (1969). Com
pressed gels were centrifuged at 5,000 X  g for 15 min. Cooking loss of 
the gels was calculated as [(slurry weight before heating — gel weight 
after centrifugation)/(slurry weight before heating)] X  100.

Salt-soluble protein (SSP)

SSP concentration was determined on duplicate 10-g ground samples 
homogenized in 150 mL of 2% NaCl and 0.1 M MES (pH 6.0) cold 
solution (~  4°C). Sample solutions were adjusted to pH 6.0 with 1 N 
HC1 and 1 N NaOH and centrifuged at 4,000 X  g for 10 min at 2°C, 
then decanted through Whatman #4 filter paper. Protein concentration of 
the SSP extract was determined using the Kjeldahl procedure (AOAC,
1990). SSP concentration was expressed as percentage of sample weight 
and as percentage of total protein.

Total collagen content

Collagen (based on hydroxyproline content) was determined for each 
sample using the modified procedure of AOAC (#990.26, AOAC, 1990). 
Each sample (~  2g) was hydrolyzed in 10 mL 6N HC1 at 105°C for 16 
hr. The hydrolyzed solution was diluted with distilled water to 15 mL, 
then decolorized by filtering through activated charcoal and Whatman 
#2 filter paper. Duplicate 0.02-mL aliquots were diluted to 2 mL with 
distilled water (2 mL H20  for blanks). Sample color and hydroxyproline 
standards were evaluated using a spectrophotometer (Beckman DU 640, 
Beckman Instruments, Inc., Fullerton, CA). Hydroxyproline content was 
extrapolated from the standard curve and converted to collagen content 
using the following formula: collagen (mg/g meat) = hydroxyproline 
(mg/g meat) X  8.

SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

The muscle and salt-soluble protein samples were analyzed by SDS- 
PAGE described by Fritz et al. (1989). The stacking gel was 5% and 
the resolving gel 10% acrylamide.

Statistical analyses

A 4 X  2 X  7 factorial design was used to investigate the effects of 
pH (5.5, 6.0, 6.5, and 7.0), heating rate (fast and slow), and seven species 
and muscle types on muscle protein gelation properties; eight replicates 
were included in each treatment. Results were analyzed using the GLM 
procedures of SAS Institute, Inc. (1993). Analysis of variance was used 
to evaluate the effects of muscle species, heating rate, pH levels, and 
interactions. Least-square means and probability of difference procedures 
were used to separate means. Regression analysis was used to test for 
linear and quadratic response with pH as the independent variable and 
gel forming characteristics as dependent variables.

R E S U L T S  &  D I S C U S S I O N

M u s c l e  c h a r a c t e r i s t i c s  o f  the different species w ere co m 
pared (T a b le  1). Th ere  w ere w ide ranges in  ch e m ica l character
istics: ultim ate p H , protein, m oisture, and lip id  content. R esu lts  
suggest that C B  had the highest ( P < 0 .0 5 )  w ater h o ld in g  capac
ity  (low est percent free w ater); how ever, T B  had the h ighest 
protein content and the low est lip id  content ( P < 0 .0 5 ) .  F is h  m us
cle  had the low est protein  and h igh est m oisture, w h ile  it had  
low er w ater-h o ld in g  cap acity  ( W H C )  and h igh er ultim ate p H  
than m ost other species. It appears that the h ig h  ultim ate p H  o f  
fish  d id  not result in  a h ig h  W H C .  T h is  m a y  be related to the 
m oisture-to-protein  ratio. It  m ay also  be related to sp e cific  type  
o f  m yo sin . S a lt-so lu b le  protein  ( S S P )  content as a percentage o f  
sam ple w eigh t w as h igh est for C B  and C T  ( P < 0 .0 5 ) ,  nu m eri
c a lly  low est fo r fish  m uscle . T h e  S S P ,  as percent o f  total protein, 
w as s im ila r  fo r m ost species except C T  w h ich  had a h ig h  so l
u b ility .

T h e  h ig h  ultim ate p H  (6 .5 4 ) o f  C T  m a y  contribute to the h ig h  
so lu b ility  due to less protein denaturation. C o lla g e n  is  the m ajor 
constituent o f  connective  tissue. T h ig h  m u scle s from  both  
ch ick e n  and turkey had the h igh est co lla ge n  content, and breast 
m u scle s the low est (P < 0 .0 5 ) .  A m ato  et al. (1 9 8 9 ) reported that 
co lla ge n  content o f  ch ick e n  breast and th igh , turkey breast and  
th igh  w as 4 .68 , 10.83, 4 .6 2 , and 5 .36  m g/g meat, respective ly. 
C o lla g e n  contents o f  ch ick e n  breast (4 .0 2 ) and tu rkey breast
(4 .0 6 ) fo u nd  in  o ur study w ere co n siste n t w ith  reported va lu es, 
w h ile  the d isp a rity  in  co lla g e n  contents o f  th igh  m u scle s  be
tw een the tw o sm d ie s m a y  be attributed to d iffe re n ce s  in  trim 
m in g  o f  e p im y sia l co n n e ctiv e  tissu e  p rio r to sam ple  
preparation.

A n a ly s is  o f  variance  (T a b le  2 ) dem onstrated that sp ecies and  
p H  had s ign ifican t effects on a ll ge l characteristics. H e a tin g  rate 
affected a ll ge l properties except c o o k in g  lo ss and e lastic ity  
(E a ). T h e  p H  had quadratic effects on co o k in g  lo ss and e lastic ity  
(E a ), and cu b ic  effects on F p , P f, and N i.  Th e re  w ere no inter
actions am ong species X  p H  X  heating rate on gel strength  
ch aracteristics except co o k in g  loss. S ig n ifica n t interactions o c
curred fo r species X  p H  on a ll characteristics, and fo r p H  X  

heating rate on m ost ch aracteristics, therefore data w ere not 
pooled  across heating rate, p H , and species.

G e l strength (F p , P f, N i ,  and E a )  w as quantified u s in g  m u scle  
sam ples adjusted to 1 0 %  protein and the indicated p H  for both 
heating rates (F ig .  1, 2, 3, and 4 ). G e ls  produced u sin g  the fast 
heating rate and p H  6.0  had the highest F p  and P f  fo r a ll species
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GELATION OF DIFFERENT SPECIES AND MUSCLE TYPES . . .

Fig. 1—Force required to move plunger through muscle gels (Fp). Means of eight replicates. Gelation conditions: 10% protein, 2% 
NaCI, 0.4M MES at various pHs; heating from 30 to 70°C at 0.7°C/min (slow heating) or isothermally in 70°C at 3°C/min (fast heating). 
Values in parenthesis are standard error of means (SEM) for comparisons across pH for a given species or among species at a given 
pH.

Fig. 2—Force required to rupture muscle gels (Pf). Means of eight replicates. Gelation conditions: 10% protein, 2% NaCI, 0.4M MES 
at various pHs; heating from 30 to 70°C at 0.7°C/min (slow heating) or isothermally in 70°C at 3°C/min (fast heating). Values in 
parenthesis are SEM for comparisons across pH for a given species or among species at a given pH.

Table 2—ANOVA of muscle gel characteristics (probability values)3

Traits
Main effects Interaction

PH2 pH3Species pH HR Sp xH R SpXpH pHxHR S p xp H xH R
Fp (g) 0.0001 0.0001 0.0001 0.025 0.0001 0.0001 0.22 0.0001 0.0001
Pf (g) 0.0001 0.0001 0.0001 0.47 0.0001 0.0001 0.31 0.0001 0.0001
Ni (X10-3) (g-min/mm2) 0.0001 0.0001 0.0009 0.04 0.0001 0.0001 0.21 0.0001 0.0001
Ea (g/mm-min) 0.01 0.0001 0.06 0.27 0.001 0.03 0.79 0.0001 0.65
Cooking loss (%) 0.0001 0.0001 0.50 0.02 0.0001 0.80 0.03 0.0001 0.19
3 Where: Fp = force to move plunger through gel. Pf = force to rupture gel. Ni -  viscosity index. Ea = elasticity. SP = species. HR -  heating rate. Species = seven species 

and muscle types.

( F i g .  1 a n d  2 ) ;  h o w e v e r ,  t h e s e  p r o d u c e d  u s i n g  t h e  s l o w  h e a t in g  
r a te  r e s u l t e d  in  t h e  h i g h e s t  F p  a n d  P f  a t  p H  6 . 0  f o r  p o r k ,  b e e f ,  
f i s h ,  a n d  T T  s a m p l e s  ( P < 0 . 0 5 ) .  T B  h a d  t h e  l o w e s t  F p  a n d  P f  

( P C 0 . 0 5 )  a t  p H  6 . 0 ,  6 . 5 ,  a n d  7 . 0  f o r  b o t h  h e a t i n g  r a te s ,  w h i l e  
C B  h a d  t h e  h i g h e s t  F p  a n d  P f  ( P < 0 . 0 5 )  a t p H  6 .5  a n d  7 .0 .  A t  
p H  5 . 5 ,  p o r k  h a d  t h e  h i g h e s t  F p  w h i l e  T B  a n d  C B  h a d  t h e  l o w e s t

F p  a n d  P f  ( P < 0 . 0 5 )  c o m p a r e d  to  t h e  o t h e r  s p e c i e s .  In  c o n t r a s t ,  
a t p H  5 .5  c o o k i n g  l o s s  w a s  h ig h e r  f o r  p o r k  a n d  l o w e r  f o r  C B  
a n d  T B  ( P < 0 . 0 5 ) .  A  c u b i c  e f f e c t  ( P C 0 . 0 0 0 1 ) f o r  F p  a n d  P f  w a s  

o b s e r v e d  w i t h  p H .  T h e  d a ta  s u g g e s t  th a t  F p  w a s  m a r k e d l y  p H -  
d e p e n d e n t  w i t h  o p t im a l  b i n d i n g  b e t w e e n  p H  6 . 0  a n d  6 . 5  f o r  a l l  
s p e c i e s  s t u d i e d .
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pH pH
Fig. 3—Viscosity index of muscle gels (Ni). Means of eight replicates. Gelation conditions: 10% protein, 2% NaCI, 0.4M MES at various 
pHs; heating from 30 to 70°C at 0.7°C/min (slow heating) or Isothermally in 70°C at 3°C/mln (fast heating). Values In parenthesis are 
SEM for comparisons across pH for a given species or among species at a given pH.

pH pH
Fig. 4—Elasticity of muscle gels (Ea). Means of eight replicates. Gelation conditions: 10% protein, 2% NaCI, 0.4M MES at various pHs; 
heating from 30 to 70°C at 0.7°C/min (slow heating) or isothermally in 70°C at 3°C/min (fast heating). Values in parenthesis are SEM 
for comparisons across pH for a given species or among species at a given pH.

Estim ated  v isc o s ity  in d e x  (N i)  (F ig .  3 ) show ed at alm ost a ll 
p H s, slo w  heating rates resulted in  h igh er v isc o s ity  va lu es than  
d id  fast heating rates. T h is  w as p articu larly  true at p H  6.5 w here  
v isc o s ity  o f  s lo w  heating rates w ere h igh er ( P C 0 .0 5 )  than those  
o f  fast heating rates fo r a ll species except b e e f and C T .  T h e  fast 
heating rate at p H  6.0  produced the highest ( P < 0 .0 5 )  v isc o s ity  
for a ll species except p ork (N i)  w h ich  decreased as p H  increased  
from  5.5 to 7.0. H o w e ve r, s lo w  heating at p H  6.5 resulted in  
the highest ( P < 0 .0 5 )  v is c o s ity  fo r C B  and T B .  In  paralle l w ith  
F p  and P f  pro files am ong a ll species, T B  had the low est 
( P < 0 .0 5 )  v is c o s ity  at p H  >  5.5, w h ile  C B  had the highest v is 
co sity  ( P < 0 .0 5 )  at p H  6.5 and 7.0. S im ila r  to F p  cu rves at p H
5.5, C B  and T B  had the low est ( P < 0 .0 5 )  w h ile  pork had the 
highest v isc o s ity  am ong a ll species. T h e  p H  had a cu b ic  effect 
(P < 0 .0 0 0 1 )  on v isco sity . Th e se  data indicate that v is c o s ity  w as  
pH-dependent w ith h igh er values at p H  6.0  and 6.5 fo r m ost 
species and m u scle  types. X io n g  and B re k k e  (1 9 8 9 ) reported  
that ch icken  breast m y o fib rils  exh ib ited  a greater apparent v is 

co sity  than leg m yo fib rils . A s g h a r  et al. (1 9 8 4 ) and M orita  et 
al. (1 9 8 7 ) noted a greater v isc o s ity  o f  ch ick e n  breast m yo sin  
than le g  m yo sin  w ith in  the p H  range 5 .4  to 6.0. T h e y  suggested  
that the p o lym o rp h ism  o f  m yo sin  and the ab ility  o f  w hite m y 
o sin  to form  lo n ger filam ents than red m y o sin  m igh t e xp la in  
v is c o s ity  differences. H o w e ve r, our results from  gro u nd  m u scle  
system s w ere not consistent w ith  those reported in  m yo fib ril or 
m y o sin  studies.

F o r  ca lcu lated  e lastic ity  values (F ig .  4 ), C B  had h igh er values  
( P < 0 .0 5 )  at p H  6.5 w ith  both heating rates than the other spe
cies. A t  p H  5.5, a ll species had s im ila r  e lasticities; d ifferences  
in  e lastic ity  becam e larger as p H  increased. T h e  p H  had a quad
ratic e ffect on ge l e lastic ity  (P < 0 .0 0 0 1 ) .

C o o k in g  lo ss w as quantified u s in g  m u scle  sam ples adjusted  
to 1 0%  protein and the indicated p H  fo r both fast and slo w  
heating rates (F ig .  5). F a st heating rates brought the internal 
sam ple temperature from  22 to 7 0 °C  w ith in  about 16 m in  (3 °C /  
m in ), w h ile  the slo w  heating rates required ~  68 m in  to b ring
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Fig. 5—Cooking loss of muscle gels. Means of eight replicates. Gelation conditions: 10% protein, 2% NaCI, 0.4M MES at various pHs; 
heating from 30 to 70°C at 0.7°C/min (slow heating) or isothermally in 70°C at 3°C/min (fast heating). Values in parenthesis are SEM 
for comparisons across pH for a given species or among species at a given pH.

t h e  in t e r n a l  t e m p e r a t u r e  t o  7 0 ° C  ( 0 .7 ° C / m i n ) .  C o o k i n g  l o s s e s  
d e c r e a s e d  w i t h  in c r e a s i n g  p H  ( P < 0 . 0 5 ) .  T h e  p H  h a d  a  q u a d r a t ic  
e f f e c t  ( P < 0 . 0 0 0 1 )  o n  c o o k i n g  l o s s .

T h e  c o n s i s t e n t  e f f e c t  o f  p H  o n  c o o k i n g  l o s s  in d i c a t e s  th a t  
W H C  o f  m u s c l e  p r o t e in  w a s  v e r y  d e p e n d e n t  o n  p H  w i t h  a l l  

s p e c i e s  r e s p o n d i n g  s i m i l a r l y  t o  p H  c h a n g e s .  T h i s  s u g g e s t s  a n  
i n c r e a s e  in  e l e c t r o s t a t i c  r e p u l s i o n  a m o n g  p r o t e in  m o l e c u l e s  a n d  
a n  i n c r e a s e  in  p r o t e i n - s o l v e n t  in t e r a c t io n s  a s  p H  i n c r e a s e d  f r o m  
5 .5  to  7 .0 .  T h e  i n c r e a s e d  p r o t e i n - s o l v e n t  i n t e r a c t io n s  c o u l d  in 
c r e a s e  t h e  s o l u b i l i t y  o f  p r o t e in ,  t h u s  im p r o v e  w a t e r  r e t e n t io n .  
A m o n g  d i f f e r e n t  s p e c i e s ,  c h i c k e n  b r e a s t  h a d  t h e  l o w e s t  ( P <  
0 . 0 5 )  c o o k i n g  l o s s  a t  e a c h  p H  f o r  b o t h  h e a t i n g  r a t e s ,  c o n s i s t e n t  

w i t h  i t s  l o w e s t  f r e e  w a t e r  p e r c e n t a g e .  H o w e v e r ,  b e e f ,  p o r k  a n d  
T T  p r e p a r e d  u s i n g  t h e  tw o  h e a t i n g  r a t e s  h a d  h ig h e r  c o o k i n g  l o s s  
a t  m o s t  p H  l e v e l s  t h a n  t h e  o t h e r  s p e c i e s .  C o o k i n g  l o s s  o f  T B  
m u s c l e  w a s  n o t  a  d ir e c t  r e f l e c t i o n  o f  i t s  v e r y  l o w  g e l  s t r e n g t h ,  
a l t h o u g h  t h e  q u a n t i t y  o f  w a t e r  a d d e d  t o  T B  t o  a d j u s t  t h e  p r o t e in  
t o  10%  w a s  t h e  h i g h e s t  o f  a l l  s p e c i e s .

O v e r a l l  r e s u l t s  i n d ic a t e d  th a t  g e l s  f r o m  C B  a n d  C T  h a d  th e  
h i g h e s t  s t r e n g t h  a n d  c o o k i n g  y i e l d ,  w h i l e  b e e f  a n d  p o r k  p r o 
d u c e d  w e a k e r  g e l s  a n d  h i g h e r  c o o k i n g  l o s s e s .  T h e  v a r ia t io n  in  
g e l a t i o n  p r o p e r t i e s  a m o n g  s p e c i e s  d id  n o t  a p p e a r  t o  b e  r e la t e d  

t o  m u s c l e  f ib e r  t y p e s .  T h e s e  d i f f e r e n c e s  m a y  b e  r e l a t e d  to  th e  
d i f f e r e n c e  in  p o s t m o r t e m  in i t ia l  a n d /o r  u l t im a t e  m u s c l e  p H .  L a n  
e t  a l .  ( 1 9 9 5 )  r e p o r t e d  th a t  D F D  m u s c l e  w i t h  in i t i a l  u l t im a t e  p H  
o f  7 . 0  h a d  l o w e r  c o o k i n g  l o s s  a n d  h ig h e r  g e l  s t r e n g t h  ( F p ,  P f ,  
N i )  a t  a l l  a d j u s t e d  p H s  ( 5 . 5 ,  6 . 0 ,  6 . 5 ,  a n d  7 . 0 )  th a n  n o r m a l  p o r k  
m u s c l e  w i t h  in i t i a l  u l t i m a t e  p H  5 .5 .  T h e y  s u g g e s t e d  th a t  m u s c l e  
w i t h  l o w e r  in i t ia l  p H  m a y  u n d e r g o  m o r e  p r o t e in  d e n a t u r a t io n  
w h i c h  w o u l d  r e d u c e  p r o t e in  f u n c t i o n a l i t y  a n d  s e n s i t i v i t y  t o  p H .

H o w e v e r ,  t h i s  t r e n d  w a s  n o t  s o  o b v i o u s  o n  t h e  g e l a t i o n  p r o p 
e r t i e s  o f  f i s h  a n d  T T  w i t h  r e s p e c t  t o  t h e i r  h i g h  in i t ia l  p H .  T h i s  

m a y  b e  d u e  to  t h e  h i g h  f a t  c o n t e n t  in  m u s c l e  t i s s u e s ,  a n d  f o r  
f i s h  m u s c l e ,  t h i s  m a y  a l s o  b e  r e l a t e d  t o  i t s  h i g h  m o i s t u r e - t o -  

p r o t e in  r a t io .  A m a t o  e t  a l .  ( 1 9 8 9 )  r e p o r t e d  th a t  t h ig h  g e l s  h a d  
h ig h e r  s h e a r  s t r e s s ,  s h e a r  s t r a in ,  a n d  w a t e r  r e t e n t io n  v a l u e s  th a n  
b r e a s t  g e l s .  T u r k e y  g e l s  h a d  h i g h e r  s t r e s s  th a n  c h i c k e n  g e l s .  In  

t h e i r  s t u d y ,  p H  6 . 0 7  w a s  o b s e r v e d  f o r  b o t h  c h i c k e n  a n d  t u r k e y  
t h ig h ,  a n d  5 . 5 4  a n d  5 . 6 4  f o r  c h i c k e n  a n d  t u r k e y  b r e a s t ,  r e s p e c 
t i v e l y .  T h e y  s u g g e s t e d  th a t  d i f f e r e n c e s  in  s t r e s s  v a l u e s  b e t w e e n  

m u s c l e  g r o u p s  m i g h t  b e  d u e  t o  in h e r e n t  p H  d i f f e r e n c e s .  O u r  
r e s u l t s  a l s o  s u g g e s t  th a t  t h e  b r e a s t  m u s c l e s  u s e d  in  t h e i r  s t u d y  
w e r e  n o t  a t  o p t i m u m  p H  ( 6 . 5 )  f o r  g e l a t i o n .

O v e r a l l  r e s u l t s  a l s o  d e m o n s t r a t e d  th a t  s l o w  h e a t i n g  r a t e s  p r o 
d u c e d  h i g h e r  F p ,  P f ,  a n d  N i  a n d  h i g h e r  c o o k i n g  l o s s e s  th a n  f a s t  

h e a t i n g  r a t e s  f o r  a l l  b u t  t w o  ( b e e f  a n d  C T )  s p e c i e s  a t  p H  6 .5  

a n d  7 .0 .  T h i s  w a s  in  a g r e e m e n t  w i t h  o b s e r v a t i o n s  o f  B a r b u t  a n d  
M it t a l  ( 1 9 9 0 ) ,  F o e g e d i n g  e t  a l .  ( 1 9 8 6 ) ,  a n d  N o r t h c u t t  e t  a l .
( 1 9 9 3 ) .  T h e y  s u g g e s t e d  th a t  s l o w e r  h e a t i n g  r a te s  w o u l d  a l l o w  
m o r e  t im e  f o r  p r o t e in s  t o  u n f o l d  a n d  in t e r a c t .  O u r  r e s u l t s  a l s o  
a g r e e d  w i t h  t h o s e  o f  H e r m a n s s o n  ( 1 9 7 8 )  w h o  s u g g e s t e d  th a t  

d e n a t u r a t io n  o f  p r o t e in s  p r io r  t o  a g g r e g a t i o n  ( r e la t e d  t o  s l o w  
h e a t i n g )  r e s u l t e d  in  a  f in e r  g e l  s t r u c tu r e  a n d  g r e a t e r  g e l  s t r e n g t h  
t h a n  i f  r a n d o m  a g g r e g a t i o n  o c c u r r e d  s i m u l t a n e o u s l y  w i t h  o r  

p r io r  t o  d e n a t u r a t io n .  C a m o u  e t  a l .  ( 1 9 8 9 )  r e p o r t e d  th a t  p r o t e in  
l o s s  in  t h e  e x p e l l e d  w a t e r ,  a f t e r  c o m p r e s s i o n ,  w a s  l o w e r  f o r  
s l o w e r  h e a t i n g  r a te s .  R e d u c i n g  p r o t e in  l o s s  b y  s l o w  h e a t i n g  m a y  

c o n t r ib u t e  t o  s t r o n g e r  g e l s .  A l t h o u g h  v a r y i n g  m a r k e d ly ,  c o l l a g e n  

c o n t e n t  o f  m u s c l e s  d id  n o t  a p p e a r  to  b e  r e l a t e d  t o  g e l  s t r e n g t h  
w h e n  c o m p a r i n g  i t s  c o n t e n t  a n d  g e l  s t r e n g t h  o f  m u s c l e .  T h i s  

m a y  b e  d u e  t o  t h e  l o w  c o l l a g e n  c o n t e n t  in  t h e  10%  m u s c l e  
p r o t e in  g e l  m a t r i c e s .  B a i l e y  a n d  L ig h t  ( 1 9 8 9 )  s u g g e s t e d  th a t  in  
c o o k e d  m u s c l e  o n l y  1 0 - 1 5 %  o f  c o l l a g e n  i s  s o l u b i l i z e d .  S a l t -  

s o l u b l e  p r o t e in  i s  l a r g e l y  r e s p o n s i b l e  f o r  t e x t u r a l  p r o p e r t i e s  o f  
p r o c e s s e d  m e a t  ( A s g h a r  e t  a l . ,  1 9 8 5 ;  L i - C h a n  e t  a l . ,  1 9 8 5 ) ,  a n d  

s o l u b i l i t y  d i f f e r e n c e s  h a v e  a l s o  b e e n  r e p o r t e d  b e t w e e n  f ib e r  
t y p e s  ( X i o n g  a n d  B r e k k e ,  1 9 9 1 ;  S a m e j im a  e t  a l . ,  1 9 9 2 ) .  P r e v i 
o u s  w o r k  in  o u r  la b  ( L a n  e t  a l . ,  1 9 9 3 )  i n d ic a t e d  th a t  p H  6 . 0  
y i e l d e d  t h e  h i g h e s t  p e r c e n t a g e  o f  S S P  f o r  b e e f  l o n g i s s i m u s  d o r s i  
a n d  s e m i m e m b r a n o s u s  m u s c l e s ;  t h u s ,  in  o u r  c u r r e n t  s t u d y ,  p r o 
t e in  s o l u b i l i t y  o f  d i f f e r e n t  s p e c i e s  a n d  m u s c l e  t y p e  w e r e  m e a s 
u r e d  a t  p H  6 .0 .  T h e  s o l u b i l i t y  v a l u e s  d id  n o t  a p p e a r  t o  b e  r e l a t e d  

t o  g e l  s t r e n g t h  a n d  c o o k i n g  l o s s .  E le c t r o p h o r e t i c  a n a l y s i s  s u g 
g e s t e d  n o  a p p r e c ia b le  d i f f e r e n c e s  in  m u s c l e  p r o t e in  c o m p o s i t i o n  

o r  s a l t - s o l u b l e  p r o t e in  c o m p o s i t i o n  o f  d i f f e r e n t  s p e c i e s  ( S D S -  
P A G E  d a t a  n o t  s h o w n ) .

C O N C L U S I O N S

D i f f e r e n c e s  e x i s t  in  g e l a t i o n  p r o p e r t i e s  b e t w e e n  s p e c i e s  a n d  

m u s c l e  t y p e s  o n  a n  e q u a l  p r o t e in  b a s i s .  C h i c k e n  b r e a s t  a n d  t h i g h  
h a d  t h e  h i g h e s t  g e l  s t r e n g t h  a n d  w a t e r  b i n d i n g  a b i l i t y  f o r  b o t h  

s l o w  a n d  r a p id  h e a t i n g  r a te s  a t  p H > 6 . 0 ,  a n d  t u r k e y  b r e a s t  h a d  
t h e  l o w e s t  g e l  s t r e n g t h .  M u s c l e  g e l a t i o n  p r o p e r t i e s  w e r e  p H -  
d e p e n d e n t  w i t h  h i g h e s t  g e l  s t r e n g t h  o c c u r r in g  a t  p H  6 . 0  to  6 . 5 ,  
w h e r e a s  c o o k i n g  l o s s  d e c r e a s e d  a s  p H  i n c r e a s e d .  R e s u l t s  s u g g e s t
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Thermal Gelation of Myofibrils from Pork, Beef, Fish,
Chicken and Turkey

Y.H. LAN, J. NOVAKOFSKI, R.H. McCUSKER, M.S. BREWER, T.R. CARR, and F.K. McKEITH

-------------------------  ABSTRACT -------------------------
Myofibril gels with 5, 7, or 10% protein and 2% NaCl were prepared 
from pork, beef, fish, chicken and turkey muscles using a heating rate 
of 0.7°C/min and pH 6.0 to compare the thermal gelation properties of 
myofibrillar protein from different species. The force required to rupture 
gel (Pf), force required to move plunger through gel (Fp), viscosity index 
(Ni), and elasticity (Ea) increased and cooking loss decreased with in
creasing protein contents. Myofibrils of chicken breast and thigh had 
lower and fish and turkey thigh had higher cooking loss at protein con
tents of 7% or 10%.

Key Words: myofibril gelation, pork, beef, fish, chicken, turkey

INTRODUCTION
T h e r m a l  g e l a t i o n  o f  m y o fib rilla r  protein is  la rge ly  resp o n si
ble for the textural properties o f  processed meat products (A s -  
ghar et al., 1985). Reported studies have identified large  
variations in functional properties o f  m y o fib rilla r  proteins as
sociated w ith  m u scle  fiber types. P ark  (1 9 9 1 ) found that m y o fi
b rils  from  b e e f or pork form ed g e ls  w ith greater hardness than 
co m m ercia l fish surim i above 5 5 °C . A s  concentration o f  m y o fi
b rilla r  protein in  the gel increased, ge l hardness increased re
gardless o f  c o o k in g  temperature or species. Sam ejim a et al.
(1 9 9 2 ) reported that pork card iac m y o fib rils  a lw ays exhibited  
low er so lu b ility  and form ed m uch w eaker heat-induced g e ls  than 
those produced b y  skeletal m yo fib rils  under identical conditions  
o f  temperature, p H , io n ic  strength and protein content. X io n g  
and B rekke  (1 9 8 9 , 1991) observed increased g e llin g  a b ility  o f  
ch icke n  breast m yo fib rils  com apred w ith ch ick e n  leg m yo fib rils  
at protein concentrations <  3 % . H o w ever, under s im ila r  g e llin g  
conditions, at 8 %  protein, L a v e lle  and Fo e ge d in g  (1 9 9 3 ) re
ported that turkey breast and th igh  m y o fib ril g e ls  had s im ila r  
rh eo lo gica l properties. S u ch  co n flictin g  results suggest that the 
m echanism s for gelation  m ay be altered w ith v a ry in g  protein  
concentration, Furtherm ore, m ost m yo fib ril gelation studies have  
been conducted w ith rather dilute protein concentrations ( 0 .1 -  
3 % ), w hile  in practice  m ost processed meat products contain  
h igh er concentrations o f  protein. R e se arch  is  needed to ch arac
terize protein g e llin g  co n ditions so that they are m ore represen
tative o f  the protein environm ents present d u rin g  meat 
processing.

Sp e cie s d ifferences in  gelation properties have been reported  
am ong pork, beef, fish, ch ick e n  and turkey breast and th igh  m us
cle s (L a n  et al., 1995). O u r o bjective  w as to determ ine w hether 
such d ifferences in  m u scle  gelation  are due to quantitative d if
ferences in m yo fib rillar, sarco p lasm ic and strom al protein, or 
due to d ifferences in b in d in g  a b ility  o f  m y o fib rilla r proteins 
am ong species.

MATERIALS & METHODS
Muscle sample preparation

Postrigor semimembranosus muscles of pork (n = 4, commercial bar- 
rows and gilts) and beef (n = 4, A maturity steers and heifers) were
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obtained 24 hr postmortem from the University of Illinois Meat Science 
Laboratory. Twenty broilers (6 wk old) and three turkeys (6 mo old) 
were obtained from the University of Illinois Poultry Farm and Sprinkle 
Turkey Farm, respectively, and slaughtered and chilled. Chicken breast 
(CB), chicken thigh (CT), turkey breast (TB) and turkey thigh (TT) were 
obtained after birds had been chilled in ice water (0°C) for 24 hr. Live 
catfish were obtained from a commercial farm. Catfish (n = 40) were 
mechanically stunned, skinned, eviscerated, and fillets were removed. 
The fillets were put in platic bags and chilled in ice water for 24 hr. 
Samples from each species were trimmed of fat and epimysial connective 
tissue as necessary, then pooled and homogenized (Model R6Y, Robot 
Coupe USA, Inc., Ridgeland, MS) in similar quantities (lOOOg) for 1 
min, vacuum-packaged (Model AGW Multivac, Koch Supplies Inc., 
Kansas City, MO), and stored at -80°C  for subsequent analysis.

Preparation of myofibrillar, sarcoplasmic, and stromal protein 
fractions

Sarcoplasmic and myofibrillar proteins were prepared as described by 
Eisele and Brekke (1981). Homogenized muscle samples (400 g) were 
thawed and blendec in a Waring Blendor in 1600 mL buffer solution 
(0.05M NaCl, 0.05M potassium-phosphate, 5 mM EDTA, pH 7.0) for 4 
min at maximum speed in a 2-4°C cold room. The suspension was 
mixed with a propeller (Model 106, Talboys Instrument Corp., Emerson, 
NJ) at 30 rpm for 4 hr followed by filtration through a strainer at 4°C. 
Connective tissue accumulated on the propeller shaft and on the house
hold strainer was collected. The suspension was centrifuged at 7,000 x 
g for 30 min. The supernatant (sarcoplasmic protein) was retained. The 
resulting pellet was resuspended in 1600 mL buffer four times, each 
followed by centrifjgation at 7,000 x g for 30 min at 2^4°C. Lipid 
accumulation at the top of the bottles during each centrifugation was 
discarded. Protein concentration of the final myofibril pellet, connective 
tissue residue, supernatant of sarcoplasmic protein fraction, and homog
enized muscle tissue was determined using Kjeldahl nitrogen determi
nation (AOAC, 1990). The concentration of each protein fraction as a 
percentage of total muscle protein was calculated based on the pellet and 
residue weight or supernatant volume and Kjeldahl nitrogen. For ex
ample: concentration of myofibrils as a percentage of total muscle pro
tein = (protein concentration of myofibril pellet X weight of myofibril 
pellet)/(weight of total muscle protein). The myofibril pellets were stored 
at 4°C and evaluated within 24 hr of isolation.

Preparation of heat-induced gels

Myofibril samples were adjusted to the appropriate protein concentra
tions and pH 6.0 using 80 mL buffer solution containing 5% NaCl and 
1M MES (2-[N-morpholino] ethanesulfonic acid), varying amounts of 
distilled water and IN HC1 and NaOH. The pH was measured with a 
pH meter (Model 720A, Orion Research Incorporated, Boston, MA) fit
ted with a Ross sure-flow combination electrode (Model 81-72). All gel 
samples contained 2% NaCl and 0.4M MES. A 200-g gel sample was 
divided into 8 plast.c containers (4.8 cm high and 3.0 cm in diameter) 
for each protein level, then heated from 30°C to 70°C at 0.7°C/min in a 
water bath (Model 183, Precision Scientific Incorporated, Chicago, IL). 
Copper-constantoan thermocouples (0.25 mm in diameter. Omega En
gineering, Inc. Stamford, CT) attached to a recording thermometer 
(Model CR5 digital "ecorder, Campbell Scientific, Logan, UT) were used 
to monitor temperature. Samples were chilled at 4°C for 1 hr prior to 
gel strength measurement.

Gel strength

Gel strength was measured using an Instron Universal Testing Ma
chine (Model 1122, Instron Corp., Park Ridge, IL). A I.3-cm-diameter
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Table 1— Protein components and contents of muscles^

Species

Pro
tein
<%)

Colla
gen (%)

Sarcop
(%)

Myofib
(%)

Stromal
<%)

Calcu
lated

protein*
(%>

Pork 21.00d 0.65b 8.82 11.41 0.84 21.07
Beef 22.29c 0.45c 9.10 12.65 0.85 22.60
Fish 17.509 0.68b 5.50 11.31 0.52 17.33
CB 23.60b 0.40° 9.46 12.57 0.32 22.35
CT 19.80f 0.89a 7.89 10.87 1.07 19.83
TB 25.27a 0.41c 9.71 13.01 0.41 23.13
TT
SEM

20.36e
0.14

0.83a
0.05

6.58 11.85 1.26 19.69

af Means in same column with different superscripts differ (P <  0.05).
9 Where: Sarcop = sarcoplasmic protein, Myofib = myofibril protein, Stromal = 

stromal protein, CB = chicken breast, CT = chicken thigh, TB = turkey breast, TT =  
turkey thigh, SEM = standard error of means. 

h Calculated protein = Sarcop + Myofib + Stromal.

Table 2—ANOVA of myofibril gel characteristics (probability values)8
Main effects Interaction Quadratic

Traits species protein species x  protein protein
Fp (g) 0.0001 0.0001 0.0001 0.0001
Pf (g) 0.0001 0.0001 0.0001 0.0001
Ni (X10-3) 

(g ■ min/ 
mm2) 0.0001 0.0187 0.0001 0.0001

Ea (g/mm • 
min) 0.0001 0.0001 0.0180 0.5109

Cooking 
loss (%) 0.0001 0.0001 0.0001 0.0001

a Where: Fp = Force to move plunger through gel; Pf =  Force to rupture gel; Ni = 
Viscosity index, Ea = elasticity, Protein: 5, 7, and 10%. Species = 7 myofibrils from 
different species and muscle types.

plunger was used to penetrate the heat-induced gels to deform 60% of 
original height along the long axis. A compression load cell setting of 
1-2 kg, a crosshead descent speed of 100 mm/min, and a chart speed of 
100 mm/min were used. The rheological parameters of the muscle gels 
(*=4°C) were measured from force-deformation curves using the methods 
described by Hickson et al. (1982). Force required to penetrate or rupture 
the gel (Pf) and force required to move the plunger through the gel (Fp) 
were determined from the force-deformation curve, and viscosity index 
(Ni) and apparent elasticity (Ea) were calculated.

Cooking loss measurement

After gel strength measurement, the heated samples were used for 
cooking loss determination as described by Samejima et al. (1969). Com
pressed gel was centrifuged at 5,000 X g for 15 min. Cooking loss was 
calculated as [(slurry weight before heating -  gel weight after centrifu
gation)/! slurry weight before heating)] x  100.

SDS-polyacrylamide gel electrophoresis (SDS-PAGE)

The myofibrillar and sarcoplasmic protein fractions were subjected to 
SDS-PAGE as described by Fritz et al. (1989). The stacking gel was 5% 
and the resolving gel 10% acrylamide.

Total collagen content

Collagen (based on hydroxyproline content) was determined for each 
muscle and myofibril sample using the modified procedure of AOAC 
(#990.26, AOAC, 1990). Five replicates of =* 2g muscle or 4g myofibril 
sample were hydrolyzed in 10 mL of 6N HC1 at 105°C for 16 hr. The 
hydrolyzed solutions were diluted with distilled water to 15 mL and 
decolorized by filtering through activated charcoal and Whatman #2 filter 
paper. A 0.02-mL aliquot was diluted to 2 mL with distilled water in 
duplicate (2 mL H.O for blanks). Absorbance at 560 run of samples and 
hydroxyproline standards was determined using a spectrophotometer 
(Beckman DU 640, Beckman Instruments, Inc., Fullerton, CA). Hydrox
yproline content was extrapolated from the standard curve and converted 
to collagen content using the following formula: collagen (mg/g sample) 
= hydroxyproline (mg/g sample) X 8.

Statistical analysis

A 3 X 7 factorial design was used to investigate the effect of protein 
concentrations (5, 7, or 10%) and species and muscle types on gelation 
properties of myofibril systems. Eight replications were used for each 
treatment. Data were analyzed using the GLM procedures of SAS Insti
tute, Inc., (1993). Analysis of variance was used to evaluate the effects 
of muscle species, protein contents, and interactions. Least-square means 
and probability of difference procedures were used to separate means. 
Regression analysis was used to test for linear and quadratic response 
with protein concentration as independent variable and gel forming char
acteristics as dependent variables.

R E S U L T S  &  D I S C U S S I O N

M y o f i b r i l l a r , s a r c o p l a s m i c , a n d  s t r o m a l  p r o t e in  c o n 
c e n t r a t io n s  in  m u s c l e  t i s s u e  o f  e a c h  s p e c i e s  a n d  m u s c l e  t y p e  

d e t e r m in e d  in  o u r  s t u d y  w e r e  c o m p a r e d  ( T a b le  1 ) . M y o f i b r i l l a r  
p r o t e in  r a n g e d  f r o m  5 1  %  f o r  T B  t o  6 4 %  f o r  f i s h .  S a r c o p l a s m i c  

p r o t e in  r a n g e d  f r o m  3 1 %  f o r  f i s h  to  4 2 %  f o r  p o r k .  S t r o m a l  
p r o t e in  c o n t r ib u t e d  a  v e r y  s m a l l  p e r c e n t a g e  to  t h e  t o t a l  p r o t e in  

r a n g in g  f r o m  1 .2 6 %  f o r  T T  t o  0 .3 2 %  f o r  C B .  T h e s e  v a l u e s  w e r e  
r e l a t i v e l y  c o n s i s t e n t  w i t h  t h e  c o l l a g e n  c o n t e n t ,  s u g g e s t i n g  th a t  
c o l l a g e n  i s  t h e  p r e d o m in a n t  s t r o m a l  p r o t e in .  T h e  f a c t  th a t  s o m e  

o f  t h e  s t r o m a l  p r o t e in  v a l u e s  d e t e r m in e d  w e r e  e q u a l  t o  o r  l o w e r  
th a n  t h e  c o l l a g e n  v a l u e s  m a y  b e  d u e  to  r e l a t i v e l y  la r g e  v a r ia t io n s  
in  s a m p l in g .  T h e  v a l u e s  o f  m y o f ib r i l l a r  a n d  s a r c o p l a s m i c  p r o t e in  

c o n c e n t r a t io n s  o f  m u s c l e  t i s s u e s  w e r e  g e n e r a l l y  c o n s i s t e n t  w i t h  
a  p r e v i o u s  r e p o r t  th a t  m y o f ib r i l l a r  a n d  s a r c o p l a s m i c  p r o t e in s  
c o m p r i s e  ~  6 0 %  a n d  3 0 %  o f  t h e  to t a l  m u s c l e  p r o t e in ,  r e s p e c 
t i v e l y  ( L a w r i e ,  1 9 9 1 ) .  O u r  l o w  s t r o m a l  p r o t e in  v a l u e s  c o m p a r e d  
t o  t h e  v a l u e s  f r o m  th a t  r e p o r t  ( - «  1 0 % ) w e r e  l i k e l y  d u e  to  t r im 
m i n g  o f  e p i m y s i a l  c o n n e c t i v e  t i s s u e  d u r in g  s a m p l e  p r e p a r a t io n .  
T h e  c a l c u l a t e d  to t a l  p r o t e in  v a l u e s  o f  t h e s e  t h r e e  p r o t e in  f r a c 
t i o n s  w e r e  s im i la r  to  t h e  t o t a l  p r o t e in  c o n t e n t .  F i s h ,  C T ,  a n d  T T  

h a d  l o w e s t  ( P  <  0 . 0 5 )  t o t a l  p e r c e n t  p r o t e in  a m o n g  a l l  s p e c i e s .  

C o l l a g e n  c o n c e n t r a t io n s  w e r e  h i g h e s t  ( P  <  0 . 0 5 )  f o r  C T  a n d  
T T . A l t h o u g h  v a r y i n g  m a r k e d ly ,  t h e  q u a n t i t a t iv e  d i f f e r e n c e s  in  
m y o f ib r i l l a r ,  s a r c o p l a s m i c  a n d  s t r o m a l  p r o t e in s  b e t w e e n  s p e c i e s  

d id  n o t  a p p e a r  t o  b e  r e la t e d  t o  d i f f e r e n c e s  in  g e l a t i o n  p r o p e r t i e s  
o f  g r o u n d  m u s c l e  t i s s u e  b e t w e e n  s p e c i e s  f r o m  o u r  p r e v i o u s  

s t u d y  ( L a n  e t  a l . ,  1 9 9 5 ) .  N o t e  th a t  l o w - i o n i c - s t r e n g t h  b u f f e r ,  
w h i c h  c o n t a i n e d  0 .0 5 M  N a C l ,  0 . 0 5 M  p o t a s s i u m - p h o s p h a t e ,  a n d  

5  m M  E D T A  a t  p H  7 .0 ,  w a s  u s e d  in  e x t r a c t io n  o f  s a r c o p l a s m i c  
p r o t e in  f r a c t io n  in s t e a d  o f  d i s t i l l e d  w a t e r .  E le c t r o p h o r e t i c  r e s u l t s  

s u g g e s t e d  th a t  m y o s i n  a n d  a c t in  w e r e  t h e  m a j o r  p r o t e in s  in  th e  
m y o f ib r i l l a r  p r o t e in  f r a c t io n s  f o r  a l l  s p e c i e s .  I n  c o n t r a s t ,  s a r c o 
p l a s m i c  p r o t e in  f r a c t io n s  c o n t a i n e d  n e i t h e r  m y o s i n  n o r  a c t in  
( S D S - P A G E  d a ta  n o t  s h o w n ) .

A n a l y s i s  o f  v a r i a n c e  ( T a b le  2 )  in d ic a t e d  th a t  s p e c i e s  a n d  p r o 
t e in  c o n c e n t r a t io n  h a d  s i g n i f i c a n t  e f f e c t s  o n  a l l  g e l  s t r e n g t h  c h a r 
a c t e r i s t i c s  a n d  c o o k i n g  l o s s .  P r o t e in  c o n c e n t r a t io n  h a d  

s ig n i f i c a n t  q u a d r a t ic  e f f e c t s  o n  a l l  c h a r a c t e r i s t i c s  e x c e p t  E a . S i g 
n i f i c a n t  in t e r a c t io n s  b e t w e e n  s p e c i e s  a n d  p r o t e in  c o n c e n t r a t io n  
o n  a l l  g e l a t i o n  p r o p e r t i e s  w e r e  o b s e r v e d .

T h e  d e p e n d e n c e  o f  g e l  s t r e n g t h  a n d  c o o k i n g  l o s s  o n  p r o t e in  

c o n c e n t r a t i o n s  w a s  d e t e r m in e d  a t  p H  6 . 0  b e c a u s e  m o s t  m u s c l e s  
h a d  h i g h e r  g e l  s t r e n g t h  a t  p H  6 . 0  in  o u r  p r e v i o u s  s t u d y  ( L a n  e t  
a l . ,  1 9 9 5 ) .  M y o f i b r i l  g e l s  w e r e  p r e p a r e d  u s i n g  5 ,  7 ,  8 ,  9 .  a n d  
1 0 %  p r o t e in  f o r  C B ,  C T ,  T B ,  a n d  T T , a n d  5 ,  7 ,  a n d  1 0 %  p r o t e in  

f o r  p o r k ,  b e e f  a n d  f is h  m y o f ib r i l s .  F o r c e  r e q u ir e d  t o  m o v e  
p lu n g e r  t h r o u g h  m y o f ib r i l  g e l s  ( F ig .  1 ), f o r c e  r e q u ir e d  t o  r u p tu r e  
g e l s  ( F i g .  2 ) ,  v i s c o s i t y  in d e x  o f  g e l s  ( F ig .  3 ) ,  a n d  a p p a r e n t  e l a s 
t i c i t y  v a l u e s  ( F i g .  4 )  in c r e a s e d ,  a n d  c o o k i n g  l o s s e s  ( F i g .  5 )  d e 
c r e a s e d  w i t h  i n c r e a s i n g  p r o t e in  c o n c e n t r a t io n s .  D i f f e r e n c e s  in  
g e l  s t r e n g t h s  ( F p ,  P f ,  a n d  N i  in  F i g .  1, 2 ,  a n d  3 )  a m o n g  s p e c i e s  

w e r e  v e r y  s m a l l  a t  5 %  p r o te in ;  h o w e v e r ,  a s  p r o t e in  c o n c e n t r a 
t io n  in c r e a s e d ,  th e  m a g n i t u d e  o f  t h e  d i f f e r e n c e  i n c r e a s e d  b e 
t w e e n  f i s h  a n d  m o s t  o t h e r  s p e c i e s .  F i s h  m y o f i b r i l s  h a d  t h e  l o w e s t  
F p  a n d  N i  a n d  t h e  h i g h e s t  c o o k i n g  l o s s  c o m p a r e d  to  m o s t  o t h e r  
s p e c i e s  a t  7 %  ( T a b le  4 )  a n d  1 0 %  ( T a b le  5 )  p r o t e in s .  T T  m y o f i 
b r i l s  h a d  lo w 'e r  F p  a n d  N i  a t  5 %  ( T a b le  3 )  a n d  7 %  p r o t e i n ,  a n d
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Protein content (%)
Fig. 1—Effect of protein concentration on force required to move 
plunger through myofibril gel (Fp) of different species. Means of 
eight replicates, C = chicken; T = turkey. Gelation conditions: 2% 
NaCI, 0.4M MES at pH 6.0; heating from 30 to 70°C at 0.7°C/min. 
(SE bars are excluded from Fig. 1-5 for visual clarity).

Protein content (%)
Fig. 2—Effect of protein concentration on force required to rup
ture myofibril gel (Pf) of different species. Means of eight repli
cates, C = chicken; T = turkey. Gelation conditions: 2% NaCI, 
0.4M MES at pH 6.0; heating from 30 to 70°C at 0.7°C/min.

h igh er co o k in g  loss at 7 and 10%  protein than T B  m y o fib rils  (P  
<  0 .05). A t  10%  protein, ge l strength (F p , P f, and N i)  w as 
sim ila r  between T B  and T T  m y o fib rils  (T a b le  5). S im ila r  ge l 
ch aracteristics w ere observed at 7 %  (F p  and P f)  and 1 0%  (F p ,  
P f, N i,  and E A )  protein g e ls  between C B  and C T .  H o w e ve r, C B  
m yo fib rils  had the low est co o k in g  lo ss at 7 and 10%  protein  
gels, consistent w ith the fin d in gs in  ground m uscle  system s (L a n  
et a l„  1995).

G elation  characteristics o f  p o rk  and b e e f m y o fib rils  w ere gen
e ra lly  interm ediate at various protein levels. E la s t ic ity  w as low er  
(P  <  0 .0 5 ) for fish  and T T  ge ls  at each m yo fib ril protein content, 
w hile  s im ila r  e lastic ity  va lu es w ere observed in  10%  m yo fib ril 
gels for pork, beef, C T ,  and T B .  R e su lts  suggest that d ifferences  
in  gelation properties between species w ere not consistent at 
various protein concentrations. F e rry  (1 9 4 8 ) suggested that, in  
extrem ely dilute solutions, protein association  tendency w as sat
isfied w ith in  a sin g le  m o lecu le , resu ltin g in  m ore com pact m o 
lecu lar configuration and a decrease in  in trin sic  v isco sity . In

Protein content (%)
Fig. 3—Effect of protein concentration on viscosity index (Ni) of 
myofibril gel of different species. Means of eight replicates, C = 
chicken; T = turkey. Gelation conditions: 2% NaCI, 0.4M MES at 
pH 6.0; heating from 30 to 70°C at 0.7°C/min.

Protein content (%)
Fig. 4—Effect of protein concentration on elasticity (Ea) of myofi
bril gel of different species. Means of eight replicates, C = 
chicken; T = turkey. Gelation conditions: 2% NaCI, 0.4M MES at 
pH 6.0; heating from 30 to 70°C at 0.7°C/min.

m ore concentrated solutions, association  m ay o ccu r between  
segm ents o f  d ifferent m o lecu les w ith netw ork form ation. U s in g  
a torsion tw isting  test, L a v e lle  and Fo e g e d in g  (1 9 9 3 ) and N o rth - 
cutt et al. (1 9 9 3 ) reported that, at 8 %  protein, turkey breast and  
th igh  m y o fib ril g e ls  had equivalent rh e o lo gica l properties. T h e y  
suggested that protein isoform s w ere not the m ajo r factor in flu 
e n cin g  ge l structure form ation. H o w e ve r, u sin g  low  protein co n 
centrations ( <  2 .5 % ) and co m pression  tests, D u d z ia k  et al.
(1 9 8 8 ), Fo e ged ir.g  (1 9 8 7 ), and X io n g  and B re k k e  (1 9 9 0  and
1991) reported that g e ls  from  m yo sin  and acto m yo sin  (p H  7.0) 
or salt-so luble  proteins (p H  6 .0 ) from  tu rkey or ch ick e n  breast 
had h igh er shear stress and strain values than those o f  s im ila r  
proteins from  thigh. C o n trad icto ry  results m ay be related to 
am ounts and types o f  proteins used. T h is  suggested that inter
actions am ong protein m o lecu les at a concentration h ig h  enough  
to form  a stronger gel m atrix  m ay d iffe r  from  interactions o c
cu rrin g  in  dilute protein suspensions. It also  suggests that rhe
o lo g ica l procedures used to m easure different p h y sica l prop
erties m ay influence results.
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THERMAL GELATION OF MYOFIBRILS FROM DIFFERENT SPECIES . . .

Fig. 5—Effect of protein concentration on cooking loss of myofi
bril gel of different species. Means of eight replicates, C = 
chicken; T = turkey. Gelation conditions: 2% NaCI, 0.4M MES at 
pH 6.0; heating from 30 to 70°C at 0.7°C/min.

F is h  m y o fib rils  had lo w er ge l strength (F p , P f, and N i)  and 
h ig h e r c o o k in g  lo ss than m ost other sp ecies at protein >  5 % . 
T h is  m a y  indicate that fish  proteins are m ore susceptib le  to de- 
naturation due to fre e zin g  than are m am m alian  or avian  m uscle  
proteins. M atsum oto (1 9 7 8 ) reported that, w hen su rim i w as  
stored at — 2 0 °C  w ithout addition o f  antidenaturants, the protein  
denatured m arked ly  and, in turn, lost its ge l fo rm in g  ab ility. 
H o w e ve r, the cryoprotectant effects o f  sorbitol, sucrose  and po
lyphosphate co u ld  prevent denaturation o f  frozen  surim i. In  ad
dition, C h e n g  et al. (1 9 7 9 ) and D e n g  (1 9 8 1 ) reported that the 
degradation o f  m yo sin  w as associated w ith  an a lka lin e  protease,

resu lting in  reduction o f  textural strength o f  fish gels, e sp e c ia lly  
w hen cooked at 5 0 -7 0 °C . W e  co u ld  also  postulate that protein  
denaturation in frozen fish m u scle  reduced e xtractability  o f  sar
co p la sm ic  protein, resu lting its low er percentage in our results  
S im ila r  results w ere obtained by P ark  (1 9 9 1 ) w ho com pared  the 
gel fo rm in g  ab ilities o f  su rim i-lik e  m aterials from  beef, pork  
(w ith  0 .5 %  polyphosphate and 4 %  sorbitol added) and co m 
m ercial su rim i b y  m easuring gel hardness after heating from  35 
to 8 0 °C  at 0 .5°C/m in. M y o fib rils  from  b e e f or pork form ed gels  
w ith greater hardness than co m m ercia l fish  su rim i above 5 5 °C .  
A s  concentration o f  m y o fib rilla r protein in  the gel increased  
from  7 to 15% , hardness o f  g e ls  increased, regard less o f  co o k in g  
temperature or species. C o frad e s et al. (1 9 9 3 ) evaluated the e f
fects o f  protein concentration, p H  and io n ic  strength on v isco sity  
o f  actom yosin  from  ch ick e n  breast, pork lo in  and fish  (hake). 
R e su lts  suggested that protein concentration and p H  increased  
v isc o s ity  o f  actom yosin  gels; how ever, no inter-species d iffe r
ences w ere reported. T h e  absence o f  sp ecies d ifferences m ay be 
due to the lo w  protein concentration (0 .5 -1 .5 % )  they used.

A t  5 %  protein, C T  m yo fib rils  produced the strongest (P  <  
0.0 5 ) ge ls  (T a b le  3); at h igh er protein contents, C T  m y o fib rils  
m aintained a h igh er gel strength than the other m y o fib rils  ( T a 
bles 4  and 5). T h e  co llage n  content o f  C T  m y o fib ril w as h ighest 
(0 .68  m g 'g ) and C B  w as the second highest (0.43  m g/g) am ong  
all species (0.11 to 0 .19  m g/g fo r the other 5 m y o fib rils). It is  
not cle ar w hether the h igher gel strength w as related to co llage n  
content. B a ile y  (1 9 8 8 ) suggested that e p im ysiu m  contained a 
h igh  proportion o f  heat-soluble cro ss-lin k a g e s, w h ile  the p eri
m ysiu m  and end o m ysiu m  had a h igh er concentration o f  rela
tiv e ly  heat-stable cro ss linkage s. R edu ctio n s in  co llage n  
so lu b ility  decrease therm al breakdow n o f  co llagen . B a ile y  and  
L ig h t  (1 9 8 9 ) a lso  suggested that in meat connective  tissues the 
am ount o f  co llage n  so lu b ilize d  b y  heating w as o n ly  1 0 -1 5 % .  
Denatured co llage n  is im portant as an em u lsifier, stab ilizer, 
b in d in g  agent, and a lso  as a g e llin g  and th icke n in g  a g e n t T h e  
co llage n  content in C T  and C B  m yo fib rils  m ay have contributed  
to the h igh er gel strength.

Table 3—Effect of species on thermal gelation of myofibrils at 5% proteins
Myofibril species

Traits Pork Beef Fish CB CT TB TT SEM
Fp (g) 105d 157c 156c 245b 315a 136° 91d 7.49
Pf (g) 87de 97d 132c 161b 225a 87de 64e 9.05
Ni (X10-3) (g • min/min2) 1.49d 1.64cd 1.73c 2.63b 3.20a 1.45d 1.00e 0.08
Ea (g/mm ■ min) 2585a 2535ab 661c 3096a 3198a 3061a 984b° 596
Cooking loss (%) 33.76b 37.41a 36.10a 31.25° 30.30° 30.80° 31.92° 0.64
a f Means in same row with d fferent superscript differ (P < .05).
9 Where: Fp = Force to move plunger through gel; Pf = Force to rupture gel; Ni = Viscosity index; Ea = Elasticity; SEM = standard error of means.

Table 4— Effect of species on thermal gelation of myofibrils at 7% proteins
Myofibril species

Traits Pork Beef Fish CB CT TB TT SEM
Fp (g) 745b° 675° 377e 822ab 850a 797ab 497d 27.96
Pf (g) 465° ÔSS1* 252d 667ab 720a 640ab 317d 44.73
Ni (x  10-3) (g • min/mm2) 7.36° 6.92° 3.75e 8.61b 9.71a 7.75° 4.80d 0.29
Ea (g/mm • min) 2957bcd 4952ab 2624d° 5900a 4715abc 6005a 1888d 758
Cooking loss (%) 15.53b 13.02° 21.49a 4.86e 10.99d 13.62b° 20.383 0.69
a f Means in same row with different superscript differ (P < 0.05).
9 Where: Fp = Force to move plunger through gel; Pf = Force to rupture gel; Ni = Viscosity index; Ea = Elasticity; SEM = standard error of means.

Table 5— Effect of species on thermal gelation of myofibrils at 10% proteins

Traits
Myofibril species

SEMPork Beef Fish CB CT TB TT
Fp (g) 2320ab° 2322ab° 1366e 2401ab 2680a 2296b° 2010° 120
Pf (g) 1750°d 2250ab 1672d 2357a 2410e 2290ab 2040b° 90.57
Ni (x  10-3) (g • min/mm2) 21.71a 22.56a 13.33b 20.09e 23.01a 19.90« 22.09« 1.17
Ea (g/mm • min) 9397ab 10562a 4152d 7850b 7772b 7842b 5230°d 752
Cooking loss (%) 5.49b° s .is 1* 10.24a 2.80d 4.10° 5.71b 9.92a 0.44
a'f Means in same row with different superscript differ (P < 0.05}.
8 Where: Fp = Force to move plunger through gel; Pf = Force to rupture gel; Ni = Viscosity index: Ea = Elasticity: SEM » Standard error of means.
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CONCLUSIONS
D if f e r e n c e s  e x is t e d  in  g e l a t i o n  p r o p e r t i e s  o f  m y o f i b r i l s  b e 
t w e e n  s p e c i e s  a n d  m u s c l e  t y p e s .  M y o f i b r i l s  f r o m  c h i c k e n  b r e a s t  
a n d  t h ig h  h a d  t h e  h i g h e s t  g e l  s t r e n g t h  a n d  w a t e r  h o l d i n g  c a p a c 
i t y ,  w h i l e  f i s h  m y o f i b r i l s  h a d  t h e  l o w e s t .  P o r k  a n d  b e e f  m y o f i 
b r i l s  w e r e  i n t e r m e d i a t e  a n d  g e l a t i o n  p r o p e r t i e s  o f  d i f f e r e n t  t y p e s  

o f  m y o f i b r i l s  w e r e  a l t e r e d  b y  v a r y i n g  p r o t e in  c o n c e n t r a t io n s .  
T h is  s u g g e s t e d  th a t  i n t e r a c t io n s  a m o n g  p r o t e in  m o l e c u l e s  in  a  
h i g h  c o n c e n t r a t io n  g e l  m a t r ix  m a y  d i f f e r  f r o m  t h o s e  o c c u r r in g  
in  d i l u t e  p r o t e in  s u s p e n s i o n s .
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Nitrite Effects on Formation of Volatile Oxidation Products
from Triolein

SIBEL ERDURAN and JOSEPH H. HOTCHKISS

----------------------------  ABSTRACT ----------------------------
Oxidation of triolein resulted in the formation of 5 major aldehydes 
(heptanal, octanal, nonanal, 2-decenal and 2-undecenal). Pre-treatment 
of the triolein with a twofold molar excess of N20 3 did not qualitatively 
affect the compounds formed but reduced the amount formed by 63 to 
74%. Treatment with tenfold excess of N ,0, resulted in formation of 
several unknown compounds. However, the ratio of N;0 3 to olefinic 
groups in lipids in cured meats was less than 1:750. These data indicate 
that nitrite reduced the formation of aldehydes from lipid oxidation and 
contributed to anti-oxidant activity. However, the amount of nitrite added 
to meats is probably insufficient for this to be a major anti-oxidant mech
anism.

Key Words: nitrite, lipid oxidation, cured meats, triolean. fats

INTRODUCTION
T h e r e  a r e  e x t e n s iv e  published reports on the effects of nitrite 
(NOy) salts in cured meat (National Research Council, 1981; 
Hotchkiss and Cassens, 1987). Nitrite imparts some desirable 
characteristics including color fixation (Cassens et ah, 1979), 
anti-microbial activity (Sofos et al., 1979), and inhibition of 
lipid oxidation (Pearson et ah, 1977). The anti-oxidative prop
erties of NO, are important because the flavor characteristics of 
cured meats probably derive primarily from inhibition of lipid 
oxidation rather than formation of specific cured meat flavors 
(Gray et ah, 1981).

The anti-oxidant activity of NOy cannot be explained by its 
direct anti-oxidative potential. Evidence supports at least 3 in
direct mechanisms which may operate simultaneously (Igene et 
ah, 1985). Nitrite may act by: binding heme and preventing 
release of catalytic iron; binding non-heme iron thus inhibiting 
catalysis; and/or stabilizing olefinic lipids against oxidation. Sta
bilization of the porphyrin ring, preventing release of Fe+2 during 
cooking, was considered to be the most important mechanism 
by Igene et ah (1985). This mechanism was also supported by 
Kanner et ah (1980) who compared the effects of nitric oxide 
myoglobin (MbNO), metmyoglobin (Mmb) and oxymyoglobin 
(M b02) on lipid oxidation in model systems. While Mmb and 
MbO, had a clear pro-oxidative effect, MbNO under the same 
conditions acted as an anti-oxidant. Anti-oxidative activity was 
maintained in the presence of pro-oxidants such as heme pro
teins. The anti-oxidant activity of iron-nitric oxide complexes 
has also been studied (Kanner et ah, 1984). Cysteine in the 
presence of iron ions caused rapid oxidation but the cysteine- 
Fe-NO complex had no pro-oxidant effect.

Less evidence concerns the effects of NOy binding to unsat
urated fatty acids. Goutefongea et ah (1977) first demonstrated 
NO, binding to fatty acids and triglycerides which was related 
to the degree of unsaturation. Walters et ah (1979) reported 
reaction of palmitodiolein with oxides of nitrogen. Zubillaga et 
ah (1984) extracted polar lipids from raw and NO,-treated beef 
and pork and found that NO, -treated lipids had substantial ac
tivity inhibiting oxidation of linoleic acid. They suggested nei
ther residual N O ,, carbon-nitroso or nitrogen-nitroso com-
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pounds, nor products of the addition of nitrogen oxides to 
olefins, accounted for the anti-oxidant activity. Ross et ah (1987) 
demonstrated that dinitrogen trioxide (N ,03) reacted with meth- 
yloleate to form several addition products, some of which had 
N-nitrosation capacity under conditions similar to frying bacon. 
Dinitrogen trioxide is the reactive species formed when NOy is 
added to mildly acidic media such as cured meats (Challis and 
Kyrtopoulos, 1978). Later, Liu et ah (1988) identified covalent 
nitro-nitroso derivatives of olefins which decomposed to nitro- 
sating agents upon heating to frying temperatures. These data 
showed that N20 3 added to olefinic fatty acids and suggested 
that N20 3 protected olefinic fatty acids against oxidation. This 
hypothesis was supported by Freybler et ah (1993) who exten
sively studied the ability of NOy to stabilize lipids against per
oxidation. Using lipids extracted from pork samples, they 
demonstrated that NO/ stabilized unsaturated lipid fractions 
against oxidation based on significant differences in 2-thiobar- 
bituric acid (TBA) values for lipid fractions isolated from 
NOy-treated and non-treated pork samples. They concluded that 
NOy exerted at least part of its anti-oxidant activity by binding 
and thus stabilizing unsaturated membrane lipids.

These data indicated that NOy to some extent inhibited lipid 
oxidation by binding to olefinic lipids. No report has explored 
the extent to which NOy stabilizes lipids against oxidation by 
quantification of volatiles produced by oxidation. Our objective 
was to determine the effects of N ,03 treatment on the formation 
of volatile products from olefinic lipid oxidation. Formation of 
such volatiles leads to objectionable odors resulting from meat 
oxidation (Ajuyah et ah, 1993).

M A T E R IA L S  & M E T H O D S
Reagents

Triolein (l,2,3-tri[cis-9-octadecenoyl]glycerol) was purchased from 
Sigma Chemical Co. (St. Louis, MO). Dinitrogen trioxide (N20 3) was 
synthesized by the method of Ross et al. (1987). A two-stage enclosed 
glass micro-trap was purged with N, and perchloric acid (5 mL, 70%) 
slowly added to sufficient solid sodium nitrite to form =  a twofold 
excess of N20 3 to double bonds in 500 mg of triolein. The N ,0 3 was 
purged from the acid-nitrite mixture with N2 and frozen as a character
istic light blue solid in a trap cooled by liquid nitrogen (LN2). Purified 
O, and N, were acquired from Airco Products (Allentown, PA). Hexane 
was analytical reagent grade.

Apparatus

An ah glass thermal oxidation/collection apparatus was used to con
tinuously purge and trap volatiles produced from triolein oxidation (Fig. 
1). Triolein was oxidized in an atmosphere of prepurified O, without 
catalysts or solvent in a 50-mL glass impinger (Wheaton, Millville, NJ) 
at 90°C. A continuous 0 2 flow of 40 mLfrnin was maintained through 
the tube in order to purge oxidation products as they were formed. The 
tube was connected to two glass vapor traps (50-mL Wheaton impingers) 
with glass tubing fitted with stopcocks and surrounded by heating tape 
to prevent condensation. The glass traps were immersed in LN2. Each 
trap was linked to a water trap to compensate for the vacuum created 
by the low temperature and to prevent contaminants from entering the 
traps. The traps were efficient enough to condense all O, flowing through 
the system. Lack of background interference was established by con
ducting experiments with all reagents (including triolein) but with N, 
replacing the O,.
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Analysis of volatiles

F ig .  1 — A p p a r a t u s  t o  r e a c t  t r i o l e i n  w i t h  O 2  a n d  c o l l e c t  v o l a t i l e s .  

( 1 )  c o m p r e s s e d  O 2 ;  ( 2 )  c o m p r e s s e d  N 2 ;  ( 3 )  g a s  b l e n d e r ;  ( 4 )  v a l v e ;  

( 5 )  m e t a l  t u b i n g ;  ( 6 )  m e t a l - t o - g l a s s  j o i n t ;  ( 7 )  r e a c t i o n  t u b e ;  18) 

w a t e r  b a t h ;  ( 9 )  h e a t e d  z o n e s ;  ( 1 0 )  s t o p c o c k s ;  ( 1 1 )  g l a s s  i m p i n g e r  

t r a p s ;  ( 1 2 )  L N 2 ;  ( 1 3 )  D e w a r  f l a s k s ;  ( 1 4 )  w a t e r  t r a p .

Reaction with N20 3

Triolein (500 mg; 0.56 mmol) in 3 mL hexane was added to the blue 
solid N20 3 and the mixture held at — 77°C in a dry ice/methoxyethanol 
bath for 12 hr. The sample was vacuum-evaporated to remove unreacted 
N20 3 and hexane, and the resulting N20 3-treated triolein was reacted with
o 2.

Oxidation procedure

Triolein (500 mg; 0.56 mmol), or the N20 3-treated triolein, was placed 
in the reaction tube, the system sealed, and the tube put in a 90°C water 
bath. Oxygen (40 mL/min) was passed through the tube and into the 
LN2-cooled traps. At predetermined time intervals, flow from the oxi
dation tube was switched from one trap to the other. Volatiles were then 
extracted from the trap with 4 mL of ultra-pure Freon-113 (1,1,2-trich- 
loro-l,2,2,-trifluoroethane). Freon extracts were stored at -5°C  in 10- 
mL glass vials equipped with aluminum foil liner caps (Krackeler 
Scientific, Inc., Albany, NY) until analysis. For subsequent analysis, 1 
mL of Freon extract was concentrated to 0.2-mL in a slow N2 gas stream.

A Hewlett Packard 5790A gas chromatograph, equipped with a 0.53 
mm X 30m fused silica capillary column coated with Rtx-50 (50% 
phenyl-50% methyl polysiloxane; Restek Corp., Bellefonte, PA) was 
used. Temperatures were as follows: injector, 200°C; detector, 250°C; 
column, 3 min at 35°C, increased to 225°C at 4°C/min, held at 225°C 
for 10 min. Carrier gas was N2 at 2.6 mL/min. Retention times and peak 
areas were recorded by electronic integrator. Compounds were identified 
by co-injection with authentic standards. Statistical significance in non- 
anal formation between N20 3-treated and untreated triolein were deter
mined by independent t-test (Mini-tab Data Analysis Software 1.1, 1988; 
n = 3)

R E S U L T S  & D IS C U S S IO N

A n a l y s e s  o f  c o n d e n s a t e , after triolein was heated and purged 
with N2, showed minor peaks indicating that the triolein did not 
contain large amounts of volatile compounds and a lack of in
terference from the system or reagents. Likewise, purging the 
system with 0 2 when no triolein was present resulted in chro
matograms with only minor peaks, which indicated a lack of 
artifacts.

A typical chromatogram of the volatiles produced from re
acting triolein with 0 2 at 90°C for 24 hr (Fig. 2a) showed five 
major peaks identified as heptanal, octanal, nonanal, 2-decenal 
and 2-undecenal. These were based on co-injection with stan
dards and comparison of retention times. These compounds 
were identical to those identified by Selke et al. (1977) from 
triolein oxidation at 196°C for 10 min. In addition to those com
pounds, Selke et al. (1977) identified heptane and octane as 
major products. These were likely present in our samples but 
were eluted with the solvent front and, hence, not recorded 
peaks. While the above compounds were detected by Selke et 
al. (1977) in a system containing only triolein, Ajuyah et al.
(1993) have recently shown that several of these compounds 
also occurred in significant amounts in oxidized meats.

Treating triolein with twofold molar excess of N20 3/mole of 
double bonds prior to reacting with 0 2 did not qualitatively af
fect results but substantially reduced the amount of all products 
formed (Fig. 2b). The amounts were lowered by; 63%, heptanal; 
69%, octanal; 63%, nonanal; 74%, 2-decenal; 67%, 2-unde
cenal; (n = 3). Furthermore, several minor oxidation products 
present as a result of triolein oxidation were not detected after
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F ig .  2 — G C - c h r o m a t o g r a m s  o f :  ( a )  v o l a t i l e s  f o r m e d  w h e n  t r i o l e i n  w a s  r e a c t e d  w i t h  O 2 a t  9 0 ° C  f o r  2 4  h r ;  ( b )  v o l a t i l e s  f o r m e d  w h e n  

t r i o l e i n  t h a t  h a d  f i r s t  b e e n  t r e a t e d  w i t h  a  t w o f o l d  e x c e s s  o f  IM2O 3 w a s  f u r t h e r  r e a c t e d  w i t h  O 2 a t  9 0 ° C  f o r  2 4  h r ;  (c )  v o l a t i l e s  f o r m e d  

w h e n  t r i o l e i n  t h a t  h a d  b e e n  f i r s t  t r e a t e d  w i t h  a  t e n f o l d  e x c e s s  o f  N 2O 3 w a s  f u r t h e r  r e a c t e d  w i t h  O 2 a t  9 0 ° C  f o r  2 4  h r .  P e a k s  1 t o  5  

i d e n t i f i e d  a s  h e p t a n a l ,  o c t a n a l ,  n o n a n a l ,  2 - d e c e n a l ,  a n d  2 - u n d e c e n a l ,  r e s p e c t i v e l y .
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NITRITE AND VOLATILE OXIDATION PRODUCTS . . .

reacting N20 3-treated triolein with 0 2 under the same conditions 
(Fig. 2a, 2b).

In agreement with Selke et al. (1977), nonanal was the pre
dominant oxidation product of triolein. The quantities of non
anal formed over time from the reaction of triolein with 0 2 at 
90°C with and without N20 3 treatment were summarized (Fig. 
3, n = 3 for each treatment). Several hours were required before 
sufficient volatiles were collected to be detected. This was prob
ably due in large part to the mild conditions (90°C; absence of 
catalyst) under which oxidation occurred. The difference in 
amounts of nonanal formed at 24 hr were highly significant (p 
< 0.01) between the untreated and N20 3-treated triolein.

The data indicated that N20 3 substantially inhibited, but did 
not completely block the formation of volatile oxidation prod
ucts. The degree to which N20 3 treatment protects the double 
bonds from oxidation would depend, in part, on the number of 
double bonds bound by N20 3. The mass (n = 3) of a 500-mg 
triolein sample increased by 108 mg after reacting with N20 3. 
This corresponds to 1.42 mmole of N20 3 and suggests that only 
85% of the double bonds in the triolein had reacted with N20 3. 
Presumably, double bonds which had not reacted with N20 3 
would be available to react with 0 2. Thus, inhibition of oxida
tion was not expected to be complete.

Increasing the ratio of N20 3 to double bonds from a two- to 
a tenfold molar excess resulted in a complex chromatogram after 
the products were reacted with 0 2 at 90°C (Fig. 2c). Several 
new compounds were observed indicating that a 10-fold excess 
of N20 3 resulted in formation of compounds not seen at a two
fold excess. Some N20 3 might have dissociated from triolein as 
a result of heating employed during oxidation reactions leaving 
some double bonds available for oxidation. Liu et al. (1988) 
found that nitro-nitroso compounds derived from olefins decom
posed at s»100°C.

Our studies used a molar ratio of N20 3 to olefinic groups of 
«*2:1. However, in cured meats, olefinic groups are in large 
excess compared to NOy. For example, the addition of 120 
mg/kg sodium nitrite to a pork product is equivalent to 0.87 
mmol of N20 3/kg of meat (2NaN02 + 2H+ —> N20 3 + H20  + 
2Na+). Assuming a pork product contains 30% fat of which 42% 
is oleic and 9.6% linoleic acid (Bogert et al., 1973) the concen
tration of olefinic groups would be 0.66M. Thus the ratio of 
N20 3 to olefinic groups is <1:750. While N20 3 was effective at 
inhibiting oxidation by stabilizing olefinic groups with which it 
had reacted, the amount of NOy added to meats was insufficient 
to be a considerable mechanism for inhibiting oxidation (in our 
opinion). However, oxidation may occur primarily in membrane 
lipids which are highly unsaturated and a small amount of nitrite 
might be more effective than our calculations imply.

Formation of the major volatile products of lipid oxidation 
was inhibited by NOy to olefinic lipids. This provided further 
evidence that NOy could inhibit the formation of compounds 
contributing to oxidized flavor (i.e., warmed-over flavor) in 
meats. Our results were consistent with observations of Freybler 
et al. (1993) based on TBA values. They concluded that NOy 
(or its reactive product, N20 3) inhibited oxidation by stabilizing 
double bonds. A mechanism for reduction in aldehyde formation 
and lowering of TBA values is consistent with the formation of 
C-nitro-nitroso addition to olefinic groups identified by Liu et 
al. (1988). Our data did not support the conclusions of Zubillaga 
et al. (1984) that the anti-oxidant activity of sodium nitrite, al
though associated with the polar-lipid fraction in raw beef or 
pork but did not appear to involve addition of nitrogen oxides 
to olefinic double bonds.

Our data were developed in a simple system compared to 
cured meats and do not directly prove that a similar mechanism 
applies to meats, nor do they give the relative importance of 
different anti-oxidant mechanisms of NOy. However, the pres-

F ig .  3 — F o r m a t i o n  o f  n o n a n a l  o v e r  t i m e  w h e n  t r i o l e i n  w a s  r e 

a c t e d  w i t h  O 2  a t  9 0 ° C  f o r  2 4  h r  (■ )  o r  w h e n  t r i o l e i n  t h a t  h a d  f i r s t  

b e e n  t r e a t e d  w i t h  a  t w o f o l d  e x c e s s  o f  IM 2 O 3  w a s  f u r t h e r  r e a c t e d  

w i t h  O 2  a t  9 0 ° C  f o r  2 4  h r  ( □ ) .

ence of lipid-bound NOy in meats has been conclusively dem
onstrated and confirmed (Hotchkiss et al., 1985; Freybler et al.,
1993) as well as the inhibitory effects of such binding on oxi
dation. The numbers of olefinic groups stabilized compared to 
those available for oxidation need to be determined for the rel
ative importance of this mechanism to be quantified.
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Protein Recovery from Veal Bones by Enzymatic Hydrolysis

MICHEL LINDER, JACQUES FANNI, MICHEL PARMENTIER, MICHELLE SERGENT, and ROGER PHAN-TAN-LUU

----------------------------  ABSTRACT ----------------------------
Enzymatic hydrolysis (commercial enzyme) was applied to crushed 
bones in a batch reactor. The extraction was modeled using a Doehlert 
design. The effects of temperature (five levels ranging from 40 to 60°C), 
pH (seven levels from 5.7 to 7.5), enzyme concentration (seven levels 
from 20 to 80 g.kg _l protein), hydrolysis time (seven levels from 30 to 
180 mn) and protein concentration (three levels from 60 to 90 g.kg 1 
mixture) were studied. Response surface methodology (RSM) predicted 
changes in protein yield and hydrolysis degree. Duration and enzyme 
concentration were the most important parameters, whereas pH and tem
perature exhibited no significant effects. Inhibition was observed over 
80 g.kg 1 of protein concentration.

Key Words: veal, protein, enzymatic hydrolysis, meat by-product, Doeh- 
lert-matrix

INTRODUCTION

Bon e  is one o f the most plentiful by-products in meat process
ing varying between 8% and 12% of live weight, depending on 
species. A high percentage of this potentially valuable protein 
source is discarded or used as feed and fertilizer (Duerr and 
Earle, 1973; Jobling, 1986). Nonconventional protein potentials 
such as meat bone protein should be utilized through specific 
processes. Several such studies have been reported. Meat pro
teins from alkaline extracts were recovered from meat offal 
(Ledward and Lawrie, 1984) and beef bones (Jelen et al., 1979; 
Dondero et al., 1987). However, the alkali treatment of proteins 
causes reactions which may be undesirable for food use, such 
as racemization of amino acid residues, and elimination and ad
dition reactions which may lead to toxic effects (Shih, 1992). 
Enzymatic treatment has several advantages over chemical mod
ifications minimizing nutrient loss (Adler-Nissen, 1986). By us
ing hydrolysis, Fik and Surowka (1987) prepared a protein 
concentrate from broiler chicken heads. Sorensen and Rasmus
sen (1989) developed an enzyme application for upgrading me
chanically recovered meat.

Enzymatic hydrolysis of proteins is a complex process be
cause of several peptide bonds and their specific accessibility to 
enzymatic reactions. This usually depends on temperature, pH, 
agitation, protease specificity, concentration of enzyme and pro
tein. Adler-Nissen (1982) investigated the influence of four fac
tors (degree of hydrolysis or DH, temperature, enzyme/protein 
ratio, and the nature of the substrate) on functional properties 
of soy hydrolysates. Using an incomplete two- and three-level 
matrix block (DH, substrate, and temperature), they only ac
counted for the first-order interactions.

Our objective was to determine the relative importance of pH, 
temperature, time, and enzyme and protein concentrations on 
responses (DH and yield), because the main obstacle for hydro
lysate use in food preparation was bitterness. Due to economic 
constraints or toxicological considerations, commercial methods 
for removal of bitter peptides are not available. Therefore, pre
venting or minimizing formation of bitter peptides can be
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achieved by strict control of proteolytic reactions. We developed 
an empirical model to account for the overall interactions be
tween parameters and allow selection of the most efficient mon
itoring parameters on a larger scale. We used response surface 
methodology (RSM) according to the Doehlert uniform shell 
design for five factors (Doehlert, 1970).

MATERIALS & METHODS
Preparation, composition and storage of substrate

Fresh food grade veal bones, from the production line of a local salting 
plant, were used. After crushing twice with a 4-mm-diameter meat 
grinder, at 4°C, the material was vacuum-packed in 400-g polyethylene 
bags and stored at -30°C. Samples were subsequently taken from this 
raw material. The crushed bones contained, per kg: 31.5 g (cr=4.1) total 
nitrogen, 114.lg (a= 5) fat, 110.7g (cr=5.9) ash and 424g (<r=4.1) dry 
matter (total solids). Analytical results were obtained from 6 independent 
assays and the dispersion was expressed by standard error of mean.

Enzyme and reactor experiments

Neutrase® 0.5L is a liquid food grade preparation of Bacillus subtilis. 
The residual proteolytic activity was obtained according to the N,N- 
dimethyl casein gel diffusion method (Novo Industri, 1979). All assays 
were batch experiments, in which 300g of crushed/ground bones were 
suspended in distilled water in a stirred and thermostated, jacketed ves
sel. The mixture was subjected to the action of protease according to the 
experimental plan (Table 1). The protein extraction procedure was 
adapted from the process of Sorensen and Rasmussen (1989). Most of 
the food grade fat fraction was readily skimmed off the aqueous mixture 
after heat treatment (Moss and Trautman, 1972). The batch was cooled 
to the proper temperature, the pH adjusted and a slightly diluted enzy
matic solution added. After a given time, the enzyme was inactivated by 
holding the temperature at 90°C for 15 min with live steam injection. 
The protein hydrolysate was recovered by screening (30-mesh) and cen
trifuged (15 min, 2°C, 1000 X g) to remove the residual fat layer. Su
pernatant and sludge were freeze-dried and stored at — 30°C; insoluble 
residues were dried and weighed.

Chemical composition

The crushed bones and hydrolysates were analyzed for nitrogen con
tent using the Kjeldahl method and fat content was determined by 
Soxhlet extraction, using standardized analytical methods (AOAC,
1984). Dry matter was determined at 105°C. Ash was obtained by min
eralization at 520°C over 24 hr. Amino acid determinations were carried 
out on acid hydrc lysates using a 7300 Beckman amino acid analyzer, 
according to the procedure of Simpson et al. (1976). Samples were 
freeze-dried in a LYOVAC freeze-drier Model GT3 (Leybold-Heraeus, 
Orsay, France) at room temperature (22-25°C).

Table 1— L e v e l d is tr ib u tio n  o f th e  p r o c e s s  v a r ia b le s  (b o ld  v a lu e s : ce n te r  o f  
th e  e x p e r im e n ta l d o m a in )______________________________________________________

P r o c e s s  v a r ia b le E x p e r im e n t a l v a lu e S t e p L e v e l

X I :  te m p e ra tu re  (°C ) 40 45  5 0  55  60 10.000 5

X 2 : p H  (p H  u n its) 5.7 6 .0  6 .3  6 .6  6 .9  7 .2  7 .5 1.039 7

X 3 : e n z y m e  co n c e n tra tio n  
(g  k g  1 p ro te in )

20  2 8  43  5 0  57 72  80 3 6 .7 6 4 7

X 4 : h y d r o ly s is  t im e  (m n ) 30  45 9 0  1 0 5  120 165 180 9 4 .8 1 6 7

X 5 : p ro te in  c o n c e n tra tio n  
(g  kg  1 m ix tu re )

60  7 5  90 19.354 3

Volume 60, No. 5, 1995—JOURNAL OF FOOD SCIENCE—949



PROTEIN RECOVERY FROM VEAL BONES BY ENZYMATIC HYDROLYSIS . . .

T a b le  2—Doehlert plan and experimental responses
Process variables Response variables

no. X1 X2 X3 X4 X5 Y1 Y2 Y3
1 1 .0 0 0 0 . 0 0 0 0 .0 0 0 0 . 0 0 0 0 . 0 0 0 50.89 65.61 4.95
2 - 1 .0 0 0 0 . 0 0 0 0 .0 0 0 0 . 0 0 0 0 . 0 0 0 49.45 65.28 4.72
3 0.500 0 . 8 6 6 0 .0 0 0 0 . 0 0 0 0 . 0 0 0 41.15 63.11 4.32
4 -0.500 - 0 . 8 6 6 0 .0 0 0 0 . 0 0 0 0 . 0 0 0 48.18 67.09 4.98
5 0.500 - 0 . 8 6 6 0 .0 0 0 0 . 0 0 0 0 . 0 0 0 48.74 6 8 . 8 6 4.92
6 -0.500 0 . 8 6 6 0 .0 0 0 0 . 0 0 0 0 . 0 0 0 50.83 6 6 . 1 1 4.78

31a 0 . 0 0 0 0 . 0 0 0 0 .0 0 0 0 . 0 0 0 0 . 0 0 0 47.18 67.34 4.91

7 0.500 0.289 0.816 0 . 0 0 0 0 . 0 0 0 53.24 69.99 6.47
8 -0.500 -0.289 -0.816 0 . 0 0 0 0 . 0 0 0 47.11 59.81 3.85
9 0.500 -0.289 -0.816 0 . 0 0 0 0 . 0 0 0 52.47 63.11 6 .2 0

1 0 0 . 0 0 0 0.577 -0.816 0 . 0 0 0 0 . 0 0 0 46.85 62.47 4.19
11 -0.500 0.289 0.816 0 . 0 0 0 0 . 0 0 0 53.75 69.68 6.80
1 2 0 . 0 0 0 -0.577 0.816 0 . 0 0 0 0 . 0 0 0 52.47 69.61 6 . 1 0

31b 0 . 0 0 0 0 . 0 0 0 0 .0 0 0 0 . 0 0 0 0 . 0 0 0 47.93 67.45 4.92

13 0.500 0.289 0.204 0.791 0 . 0 0 0 55.69 68.62 6.38
14 -0.500 -0.289 -0.204 -0.791 0 . 0 0 0 47.65 59.48 4.90
15 0.500 -0.289 -0.204 -0.791 0 . 0 0 0 49.23 67.06 5.10
16 0 . 0 0 0 0.577 -0.204 -0.791 0 . 0 0 0 46.07 62.61 4.01
17 0 . 0 0 0 0 . 0 0 0 0.612 -0.791 0 . 0 0 0 42.27 61.99 3.13
18 -0.500 0.289 0.204 0.791 0 . 0 0 0 50.80 69.88 4.74
19 0 . 0 0 0 -0.577 0.204 0.791 0 . 0 0 0 52.27 72.09 6.17
2 0 0 . 0 0 0 0 . 0 0 0 -0.612 0.791 0 . 0 0 0 49.83 68.43 4.70

31c 0 . 0 0 0 0 . 0 0 0 0 .0 0 0 0 . 0 0 0 0 . 0 0 0 45.81 66.78 4.80

2 1 0.500 0.289 0.204 0.158 0.775 53.60 59.92 6.51
2 2 -0.500 -0.289 -0.204 -0.158 -0.775 53.15 69.07 6.95
23 0.500 -0.289 -0.204 -0.158 -0.775 54.12 71.86 6.80
24 0 . 0 0 0 0.577 -0.204 -0.158 -0.775 45.72 69.38 6.90
25 0 . 0 0 0 0 . 0 0 0 0.612 -0.158 -0.775 54.91 72.39 7.90
26 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0.632 -0.775 54.91 71.72 8.05
27 -0.500 0.289 0.204 0.158 0.775 51.60 63.58 5.70
28 0 . 0 0 0 -0.577 0.204 0.158 0.775 51.52 6 8 . 8 8 5.15
29 0 . 0 0 0 0 . 0 0 0 -0.612 0.158 0.775 44.20 59.98 3.67
30 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 -0.632 0.775 44.14 58.01 3.44
31 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 0 . 0 0 0 47.10 66.37 4.85

F ig .  1 — E f f e c t  o f  t i m e  o n  t h e  e x t e n t  o f  h y d r o l y s i s  d e g r e e  ( D H )  (o) 
a n d  o n  t h e  c o r r e c t e d  o s m o l a l i t y  ( m O s m )  (A) o f  c r u s h e d  b o n e  

d i s p e r s i o n  b y  N e u t r a s e  0 . 5 L  a t  t h e  c e n t e r  p o i n t .  R e a c t i o n  c o n d i 

t io n s :  5 0 ° C ;  p H  6 . 6 ;  e n z y m e ,  5 0 g  k g  1 m e a t  p r o t e i n ;  p r o t e i n  c o n 

c e n t r a t i o n  in  t h e  r e a c t o r ,  7 5 g  k g  1 m i x t u r e .

T a b le  3—Analysis of variance for hydrolysis p'ocess data: polynomial 
model

Source of 
variation

Sum of square Degrees
of

freedom
Mean square

Y l Y2 Y3 Y l Y2 Y3

Regression 382.27 495.45 44.13 2 0 19.11 24.77 2 .2 1
Residual 87.96 42.55 5.65 13 6.76 3.27 0.44

Lack of fit 85.64 41.79 5.64 1 0 8.56 4.18 0.56
Pure error 2.32 0.76 0.009 3 0.77 0.25 0 . 0 0

Total 470.23 538.00 49.78 33

R2 0.82 0.93 0.89
Adjusted R2 0.53 0.80 0.72

Degree of hydrolysis (DH)

Reaction kinetics were followed by measuring the degree of hydrol
ysis with the pH-stat method according to the procedure of Adler-Nissen
(1986). Above pH 6.5, the dissociation of amino groups becomes 
significant and the equation relating DH to alkali consumption during 
the course of the hydrolysis reaction is given by:

DH (%) =
ot.h,„

B - N b

MP
• 100

where DH is defined as the rate of the number of peptide bonds cleaved 
(h) over the total number of such bonds in the protein substrate (hIot). 
This is calculated from the amino acid composition of the substrate (Ta
ble 5), and can be approximated to 7.8 equivalent per kg protein (cal
culated as Kjeldahl N X 5.25); B is the alkali consumption in mL; NB 
is the normality of the alkali (4N NaOH); MP is the grams of protein 
(N X 6.25) in the reactor. The degree of dissociation is

]QpH-pK

1 + 10p»-pk

The pK values at different temperatures T were calculated from Stein
hardt and Beychok (1964):

Experimental design and statistics

According to preliminary studies based on a survey of the effective 
parameters, a Doehlert experimental design was selected, using NEM- 
ROD® software (Mathieu and Phan-Tan-Luu, 1992). This experimental 
matrix displays a uniform distribution of the points within the experi
mental domain.

Processing variables investigated were temperature (XI), pH (X2), 
enzyme concentration (X3), hydrolysis time (X4) and protein concentra
tion in the reactor (X5). The Doehlert matrix allowed a number of dis
tinct levels for each variable. The first was a five-level variable, the last 
one was a three-level and all the others had seven levels (Table 1). 
According to the experimental constraints, these variables were affected 
by the Doehlert matrix with respect to the range and the power of each 
variable, as determined in a preliminary study and published data (Web
ster et al., 1982; Adler-Nissen, 1986; Quaglia and Orban, 1987; Cham
bers and Rasmussen, 1988). Responses were:

•  hydrolysis yield (Y l) expressed as amount of nitrogen in the hy
drolysate over initial nitrogen content.

•  the supernatant total nitrogen/hydrolysate total nitrogen (Y2) allow
ing determination of soluble and insoluble protein fractions in the 
hydrolysates, respectively.

•  the DH (Y3) which should be controlled to avoid product bitterness.

pK 7.8 +
(298 -  T) 

298 • T
• 2400

In the range of pH 5.7-6.5, the osmometer technique was used to mon
itor the DH according to the procedure of Adler-Nissen (1986). The 
measurements are not impaired by the presence of insoluble matter in 
the protein hydrolysis reaction mixture. Correlations between osmolality 
and conductivity (R2 = 0.99) were used to correct the osmometer read
ings which can be affected by addition of alkali to keep constant pH 
during hydrolysis. The osmometer was calibrated against the pH-stat 
method leading to direct estimation of DH % when the osmolality of a 
given sample is known (R2 = 0.90). The least square regression gave:

The total number of points (N = k2 + k + 1) for five factors is 31. 
Thirty-four experiments were carried out: Experiment 31 was per
formed at the center of the experimental domain and repeated three 
times (31a, 31b, 31c) in order to estimate residual variance (Table 2).

A full quadratic model containing 21 coefficients including interaction 
terms was assumed to describe relationships between responses and ex
perimental factors:

% = fk (X„ X2, X3, X4, X5) where k = 1, 2, 3 for fk [1]

5 5 4 5

•0k = Pko + I  Pk, X, + I  pkll X? + I  L  pklJ X,X, [2]

% DH(pH _ SU1 mnhodl = 0.12 osmolality corrected -  2.55 where %  is the dependent variable; po is the constant coefficient; X, are
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F ig .  2 — R e s p o n s e  s u r f a c e  c o n t o u r s  f o r  p r o t e i n  y i e l d  ( Y 1 )  a s  a  

f u n c t i o n  o f  e n z y m e  c o n c e n t r a t i o n  ( X 3 )  a n d  t e m p e r a t u r e  ( X I ) .  p H

( X 2 ) ,  t i m e  ( X 4 )  a n d  p r o t e i n  c o n c e n t r a t i o n  ( X 5 )  w e r e  k e p t  a t  0  

c o d e d  le v e l s .

F ig .  3 — R e s p o n s e  s u r f a c e  c o n t o u r s  f o r  p r o t e i n  y i e l d  ( Y 1 )  a s  a  

f u n c t i o n  o f  p H  ( X 2 )  a n d  e n z y m e  c o n c e n t r a t i o n  ( X 3 ) .  T e m p e r a t u r e  

( X I  ), t i m e  ( X 4 )  a n d  p r o t e i n  c o n c e n t r a t i o n  ( X 5 )  w e r e  k e p t  a t  0  

c o d e d  le v e l s .

Fixed variables

XX
X4
X5

0.000 
o. ooo 
0.000

Response Y l

i  : 41.2
2 : 42.5
3 : 43.8
4 : 45.1
3 : 46.4
6 : 47.8
7 : 49.1
8 : 50.4
9 : 51.7

10 : 53.0
11 : 54.4

R = 1 . OOO

the coded independent variables; 3  are the linear coefficients, (3̂  are the 
second-order interaction coefficients and 3, are the quadratic coeffi
cients.

Data analysis

Data were computed using the NEMROD® software (Mathieu and 
Phan-Tan-Luu, 1992) including ANOVA and canonical analysis in order 
to obtain interaction data between the process variables and responses.

RESULTS & DISCUSSION 
Hydrolysis curves

Data were obtained from the time-course experiments using 
the pH-stat method and osmolality plot for the DH values (Fig. 
1). The high initial reaction rate (slope of hydrolysis curve) de
creased with time, and the shape of the hydrolysis curve was 
typical of a substrate-enzyme system (Quaglia and Orban,
1987). The mechanism underlying such a complex process is 
too complicated to devise a theoretical model. In such case, an

Fixed variables

XI = 0.000
X2 = o.ooo

X5 = 0.000

Response Y3

l  : 3.13
2 : 3.58
3 : 4.02

4 : 4.47
5 : 4.92

6 : 5.37
7 : 5.81
8 : 6.26
9 6.71

10 7.16
11 7.60

R = 1.000

F i g .  4 — R e s p o n s e  s u r f a c e  c o n t o u r s  f o r  t h e  h y d r o l y s i s  d e g r e e  ( Y 3 )  

a s  a  f u n c t i o n  o t t i m e  ( X 4 )  a n d  e n z y m e  c o n c e n t r a t i o n  ( X 3 ) .  T e m 

p e r a t u r e  ( X 1 ) ,  p H  ( X 2 )  a n d  p r o t e i n  c o n c e n t r a t i o n  ( X 5 )  w e r e  k e p t  

a t  0  c o d e d  le v e l s .

empirical model may be useful, particularly if responses, need 
to be only approximated over a range of variables (Box et al., 
1978; Box and Draper, 1987).

Data of the different responses Y l, Y2, Y3 obtained by using 
the experimental Doehlert matrix led to 92.7% efficiency (Table 
2). From this plan, the estimated model coefficients (3 of Eq. (2) 
were calculated by regression analysis on experimental re
sponses (REGSIA procedure of the NEMROD® program). 
Yields and hydrolysis degree varied with significant effect 
(p<0.05) due to hydrolysis time (34) and enzyme concentration 
(33) (Y2: p<0.01 and Y3: p<0.05). An interaction between hy
drolysis time and enzyme concentration (model coefficient 334, 
p<0.10) was observed. No significant trends were found in the 
pH range (32) or temperature (31)-

ANOVA and canonical analysis were used to characterize the 
validity of proposed polynomial models. The adequacy of each 
polynomial model was tested by the lack of fit, the coefficient 
of determination, R2, and adjusted R2. Statistical analysis of re
sponses (Table 3) were accurately predicted by the quadratic 
model, as shown by coefficients of determination (R2>80%).

Geometric representation
A series of response surfaces was generated by plotting yields 

and hydrolysis degree vs two processing variables (the three 
others were kept at the center of the experimental field). The 
relationship between hydrolysis yield and two quantitative var
iables (enzyme concentration and temperature) could be repre
sented by contour surfaces (Fig. 2). In the pH range investigated, 
changes in yield and amount of different fractions were not sig
nificant on the contour plot (Fig. 3). The pH value may not be 
controlled during hydrolysis, thus simplifying the regulation of 
the batch reactor, as mentioned by Sorensen and Rasmussen
(1989) and Surowka and Fik (1992).

From analysis of the isoresponse contours, enzyme amount 
and time are apparent prevailing factors affecting resulting DH 
which ranged from 3 to 8% (Fig. 4), and therefore should be 
increased in order to improve protein recovery. The isoresponse 
surfaces of the response Y l (yield) and the response Y2 (su
pernatant) followed similar trends. However, the DH (Y3) must 
be kept at a value lower than 6-8 to avoid an intense bitter 
flavor which could impair use of protein hydrolysates in human 
foods (Adler-Nissen, 1986). Protein concentration (X5) seems 
to have an inhibiting effect on response Y2 (Fig. 5) for a protein 
concentration >8%. This may be the result of inhibition by the 
substrate, a high mineral content or poor homogenization.
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Fixed variables

XI = 0.000
X2 = 0.000
X4 = 0.000

Response Y2

l  : 38.0
2 : 59.3
a : 60.6
4 : 61.9
5 : 63.2
6 : 64.5
7 : 65.9
8 : 67.2
9 : 68.5

i o  : 69.8
11 : 71.1

R = 1.000

F ig .  5 — R e s p o n s e  s u r f a c e  c o n t o u r s  f o r  p r o t e i n  y i e l d  o n  t h e  s u 

p e r n a t a n t  ( Y 2 )  a s  a  f u n c t i o n  o f  e n z y m e  c o n c e n t r a t i o n  ( X 3 )  a n d  

p r o t e i n  c o n c e n t r a t i o n  ( X 5 ) .  T e m p e r a t u r e  ( X I ) ,  p H  ( X 2 )  a n d  t i m e  

( X 4 )  w e r e  k e p t  a t  0  c o d e d  l e v e l s .

T a b le  4— A m in o  a c id  c o m p o s it io n  o f th e  ra w  m a te r ia l (c ru s h e d  b o n e s ) a n d  
o f h y d ro ly s a te  p o w d e r  (g .1 6 g  1 N)____________________________________________

H y d r o ly s a te
M eat b o n e  p o w d e r

A m in o  a c id s

p ro te in  H C I 
6 N  1 10°C  24  hr  

h y d r o ly s is

H C l 6 N  
1 1 0 °C  2 4  hr 
h y d r o ly s is

m e th a n e -
s u lfo n ic

h y d r o ly s is

z ree
a m in o

acid

A la n in e 7 .44 7.11 6.97 D.22
A rg in in e 6 .96 6 .84 5.53 3.04
A s p a rt ic  a c id 6.52 6.41 6 .64 3.04
1/2 c y s t in e 1.21 0 .19 0.52 3.00
G lu ta m ic  a c id 11.52 11.00 11.38 0 .2 6
G ly c in e 14.16 13.33 13.13 0 .16
H ist id in e 3.01 2.05 2 .14 0 .03
H y d r o x y p ro lin e 6.98 6.44 5 .36 0 .00
Is o le u c ln e 2.10 1.79 1.04 0 .0 3
L e u c in e 5.24 5.01 4.47 0.07
L y s in e 6.93 4.62 3 .98 0 .06
M e th io n in e 0 .55 0 .04 1.18 0 .06
O rn ith in e 0 .28 0.07 0 .14 0 .03
P h e n y la la n in e 2.81 2.08 2.07 0 .0 4
P ro lin e 8.28 8.01 7 .58 0 .06
S e r in e 3.58 3.41 3.47 0 .0 6
T h re o n in e 3.42 3.35 3 .12 0 .03
T y r o s in e 1.78 1.41 1.43 0.02
V a lin e 3 .18 2.45 2.40 0 .0 3
T ry p to p h a n n m * n m * 1.84 n m *

* (n o t m e a s u re d )_________________________________________________________________

a The composition of essential amino acids in the food grade protein powder was car
ried out In Experiment 31 (experimental domain center). Each result Is the average of 
two observations.

F i g .  6 — O p t i m a l  p a t h  f o r  p r o t e i n  y i e l d  r e s p o n s e  m a x i m i z a t i o n  

( Y 1 )  i n  c o d e d  v a r i a b l e s .  T e m p e r a t u r e  ( X 1 ) ,  p H  ( X 2 ) ,  e n z y m e  c o n 

c e n t r a t i o n  ( X 3 ) ,  t i m e  ( X 4 ) ,  p r o t e i n  c o n c e n t r a t i o n  ( X 5 ) .

F i g .  7 — O p t i m a l  p a t h  f o r  s u p e r n a t a n t  p r o t e i n  y i e l d  r e s p o n s e  m i n 

i m i z a t i o n  ( Y 2 )  i n  c o d e d  v a r i a b l e s .  T e m p e r a t u r e  ( X 1 ) ,  p H  ( X 2 ) ,  e n 

z y m e  c o n c e n t r a t i o n  ( X 3 ) ,  t i m e  ( X 4 ) ,  p r o t e i n  c o n c e n t r a t i o n  ( X 5 ) .

Considering economic constraints, optimal conditions were 
established according to the 5 monitoring factors and were 
shown to maximize yield (Fig. 6), and to minimize the super
natant fraction (response Y2) (Fig. 7). Protein yields from the 
enzymatic treatment varied from 60-80% of extractable protein, 
thus limiting production of bitter-tasting fragments. Starting 
from the center of the experimental domain, the optimal path
way (Figs. 6 and 7) indicates that optimization of yield should 
be obtained by increasing time and enzyme amount. The results 
of temperature optimization showed that hydrolysates obtained 
between 52 and 55°C led to the greatest yield. Enzymatic hy
drolyses have been shown to be valuable. The amino acid profile 
of the substrate and the hydrolysates at the center point were 
compared (Table 4). There was no major loss of any amino acid. 
The product was characterized by a high content o f important 
amino acids such as alanine, arginine, aspartic acid and leucine. 
The hydrolysate was rich in glutamic acid, glycine, hydroxy- 
proline and proline, thus confirming the observation that Neu- 
trase® solubilized the connective tissue collagen. Response 
surface methodology permitted a predictive experimental model 
to be developed. The resulting quadratic polynomial equation 
proved valuable through the initial Doehlert network. The re
sults will enable development of large-scale experiments 
through characterization of important parameters. The hydroly
sates were freeze-dried and stored at — 30°C in order to further 
study their functional and nutritional properties.
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Pyridinoline Cross-Iinks in Bovine Muscle Collagen

ANDREAS BOSSELMANN, CARSTEN MÖLLER, HANS STEINHART, MANFRED KIRCHGESSNER,
and FRIEDER J. SCHWARZ

--------------------------------  A B S T R A C T  --------------------------------
Development of muscle collagen cross-linkage was investigated by de
termining hydroxylysylpyridinoline and lysylpyridinoline contents of 
longissimus dorsi, semitendinosus and extensor carpi ulnaris muscles. 
These were removed from male, female and castrated German Simmen- 
tal cattle (150-620 days old) fattened on different energy levels and 
related to possible influences of sex, feeding intensity and type of mus
cle. In intramuscular collagen, an age-related increase in pyridinoline 
content was found. Cross-link formation was also influenced by sex and 
feeding intensity. Epimysia exhibited differences in pyridinoline content 
which were probably due to differences in physical strain of the muscles.

Key Words: meat, collagen, pyridinoline cross-links, epimysium, ten
derness

IN T R O D U C T IO N

C o l l a g e n  as the main component of muscle connective tissue 
is important for the quality of meat. High collagen content af
fects meat tenderness as well as the biological value of meat 
protein. Little correlation has been reported between collagen 
content and meat quality. Meat from young and old animals 
differs distinctly in tenderness, although their muscle collagen 
contents differ only slightly (Augustini and Temisan, 1985).

Differences in toughness are caused by maturation processes 
in connective tissues. These lead to stabilization of the collagen 
fiber network in adolescent animals through multivalent cross- 
linking molecules (Bailey, 1984). Stabilization of mature col
lagen is manifested by decreased solubility (Cross et ah, 1984; 
Augustini and Temisan, i985), increased mechanical stability 
(Bernal and Stanley, 1987) and higher resistance to enzymatic 
reactions (Weiss, 1976). The high stability against degradation 
by proteolytic enzymes diminishes the value of collagen. More
over, proteolytic resistance causes preservation of mechanical 
stability of the collagen fiber upon enzymatic protein degrada
tion during meat maturation. Therefore, intramuscular collagen 
must be regarded as a primary factor contributing to toughness 
of meat.

Several compounds postulated to be mature cross-links have 
been isolated from connective tissues rich in collagen. However, 
the contents of such compounds did not correspond to age-re
lated stabilization of collagen (Shimokomaki et al., 1972; Rob
ins et al., 1973; Fujii and Tanzer, 1974; Moriguchi and 
Fujimoto, 1978). Exceptions were the trivalent 3-hydroxypyri- 
dinium cross-links hydroxylysylpyridinoline (HP) and lysylpyr
idinoline (LP) (Fig. 1). For several connective tissues with 
abundant collagen the content of pyridinolines increased with 
advancing age (Moriguchi and Fujimoto, 1978; Nakano et al., 
1983; Shikata et al., 1985; Eyre, 1987). The pyridinolines con
nect three collagen molecules, which leads to stabilization of the 
collagen network. Concerning meat quality, not only collagen 
content but also age-related cross-linkages must be considered. 
Because of the sparse occurrence of pyridinolines in collagen,
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it is difficult to determine their amounts. Therefore, knowledge 
about pyridinolines in intramuscular connective tissue (IMCT) 
is limited. Our objective was to carry out an extensive deter
mination of the pyridinoline content in bovine muscle with small 
amounts of connective tissue.

M A T E R IA L S  &  M E T H O D S
Animal tissues

Muscles were obtained from German Simmental cattle, female, male 
and castrated, and 150-620 days old. The animals differed in feeding 
intensity. Half the bulls (Bh) were high-energy fattened by feeding ad 
libitum maize com silage and 1.8 kg/day concentrate (high feeding in
tensity). The other bulls (Bl) were restrictively fed maize silage and 1.0 
kg concentrate (low feeding intensity). Heifers (H) and steers (S) were 
given high-energy-level rations. More details concerning fattening of the 
animals were reported (Schwarz et al., 1992). Genetic scattering was 
minimized by the sampling of animals that were all half-brothers and - 
sisters. A total of 57 animals were raised in this experiment. (Table 1).

At a live weight of 200 kg (beginning of fattening period), 350 kg, 
425 kg (only heifers), 500 kg, 575 kg and 650 kg (both bulls and steers),

COOH

HC—OH
I

T”2
?HjHC— NH,
ICOOH

COOH

I

?HjHC— NH,
I
COOH

H ydroxylysylpyrid inoline (HP) L y sy lp y rid in o lin e  (LP)

F ig .  1 — S t r u c t u r e s  o f  t h e  3 - h y d r o x y p y r i d i n i u m  c r o s s - l i n k s  h y 

d r o x y l y s y l p y r i d i n o l i n e  ( H P )  a n d  l y s y l p y r i d i n o l i n e  ( L P ) .

T a b le  1— E x p e r im e n t a l d e s ig n  

L o w  fe e d in g
in te n s ity  H ig h  fe e d in g  in te n s ity

B u ll B u ll H e ife r  S te e r

A v e r a g e  d a ily
g a in  [g l 8 7 0 1200 9 7 0 980

S la u g h t e r  
w e ig h ts  [kg] A g e  [d a y s]

200 157 ± 4 157 ± 4 1 7 3 ±  13 1 4 7 ±  5
3 5 0 3 1 2 ±  5 261 ± 4 3 0 8  ± 4 2 6 9 ± 5
425 — — 3 8 2  ± 9 —
500 4 7 4 ±  12 3 6 8  ± 6 5 0 0  ± 2 0 4 8 6 ±  19
575 583  ± 2 6 5 0 9  ± 3 7 — 5 3 6 ±  16
650 6 1 8 ± 3 7 5 4 6  ± 3 4 — 6 0 0  ± 3 8

Volume 60, No. 5, 1995—JOURNAL OF FOOD SCIENCE—953



PYRIDINOLiNES IN BOVINE MUSCLE COLLAGEN . .

T a b l e  2 — A v e r a g e  c o lla g e n  c o n te n ts  o f b o v in e  m u s c u lu s  e x te n s o r  c a rp i ul~ 
n a n s  (E C U )  c o n n e c t iv e  t is s u e s  (n = 3 )

C a te g o r y

S la u g h te r
w e ig h t

[k gl

In tr a m u s c u la r  
c o n n e c t iv e  t is s u e

C o lla g e n  in %  o f d ry  
w e ig h t E p im y s iu m

M u sc le

Iso la te
afte r

s ie v in g

C o lla g e n  in 
%  o f d ry  

w e ig h t

B u ll, lo w 200 5 .2 6 ± 0 .1 4 8 .8  ± 2 .1 5 6 .8 ±  2.2
fe e d in g  in te n s ity 350 7 .1 3 ± 0 .3 5 7 .2 ± 0 .4 7 8 .0 ±  1.3

500 6 .6 6 ± 0 .3 63.7  ± 1 .3 8 7 .9 ±  3.8
575 4.57  +  0 .2 3 4 .5  ± 0 .8 8 3 .0  ± 1 .5
650 4.31 ± 0 .2 3 0 .0  ± 0 .9 6 9 .4  ± 1 .8

B u ll, h ig h 200 5 .2 6 ± 0 .1 4 8 .8 ± 2 .1 5 6 .8 ±  2.2
fe e d in g  in te n s ity 350 5 .3 4 ± 0 .2 4 7 .8  ± 1 .3 43.3  ± 0 .7

500 4.99  ± 0 .1 4 4 .2  ± 1 .5 55.1 ± 1 .4
575 6 .2 0 ± 0 .2 3 8 .0  ± 0 .9 6 7 .6 ±  1.3
650 5 .4 6 ± 0 .2 3 2 .7 ± 2 .6 8 3 .8  ± 2 .7

H e ife r 200 4 .52  ± 0 .3 47.1 ± 1 .8 53.7  ± 1 .4
3 5 0 2 .76  ± 0 .2 1 6 .9 ± 0 .8 6 0 .0  ± 1 .0
425 4.31 ± 0 .1 3 8 .5 ±  1.1 7 0 .3 ±  1.6
500 4.51 ± 0 .2 1 9 .2 ± 0 .8 8 5 .8 ±  1.9

S te e r 200 4 .98  ± 0 .2 4 3 .5 ±  1.3 6 6 .0  ± 1 .3
350 2 .3 0 ± 0 .1 2 8 .2  ±  1.1 6 6 .8 ±  1.2
500 4.69  ± 0 .2 56.2  ± 1 .2 7 8 .3 ±  2.1
575 5 .7 3 ± 0 .3 3 9 .4 ±  1.4 7 3 .5 ±  1.6
650 4.83  ± 0 .2 41.7  ± 1 .1 6 8 .2 ±  1.6

T a b l e  4 — A v e r a g e  c o lla g e n  co n te n ts  o f b o v in e  m u s c u lu s  s e m it e n d in o s u s  
(S T )  c o n n e c t iv e  t is s u e s  (n = 3 )

C a t e g o -y

S la u g h te r
w e ig h t

1kg]

In tr a m u s c u la r  
c o n n e c t iv e  t is s u e

C o lla g e n  in %  o f  d ry  
w e ig h t E p im y s iu m

M u sc le

Iso la te
afte r

s ie v in g

C o lla g e n  in  
%  o f d ry  

w e ig h t

B u ll, lo w 200 2 .9 8 ± 0 .3 30.1 ± 0 .9 2 7 .6 ±  0.7
fe e d in g  in te n s ity 350 5 .00  ± 0 .1 42.9  ± 2 .2 5 5 .2  ± 1 .6

500 5 .23  ± 0 .2 14.7 ± 1 .1 3 9 .6 ±  2.1
575 4 .06  ± 0 .2 2 2 .5 ± 2 .0 4 1 .3  ±  1.2
650 4.51 ± 0 .2 1 6 .5 ± 0 .9 4 1 .8 ±  2.2

B u ll, h ig h 200 2 .9 8 ± 0 .3 30.1 ± 0 .9 2 7 .6 ±  0.7
fe e d in g  in te n s ity 350 4.05  ± 0 .3 3 1 .5 ±  1.6 2 1 .4  ±  1.1

500 4 .5 0 ± 0 .3 42.2  ± 1 .7 3 0 .9 ±  1.6
575 3 .5 8 ± 0 .1 17.9 ± 2 .0 25.7  ± 1 .9
650 3 .7 8 ± 0 .2 1 0 .4 ± 0 .9 3 4 .4 ± 2 .0

H e ife r 200 2 .0 8  ± 0 .3 3 3 .7  ± 2 .2 2 2 .4 ±  1.9
350 2 .2 0 ± 0 .1 5 .05  +  0 .8 1 4 .5 ±  1.9
425 3 .0 4  ± 0 .3 24.1 ± 1 .4 26.1 ± 1 .3
500 2 .88  ± 0 .3 1 9 .7 ± 2 .1 2 8 .7  ± 0 .5

S te e r 200 3 .4 5 ± 0 .4 2 5 .8 ±  1.3 31.1  ± 2 .4
350 1.71 ± 0 .2 1 1 .7 ±  0.6 3 1 .8 ±  1.0
500 2 .1 3 ± 0 .4 3 4 .9  ± 1 .8 4 6 .4 ±  1.8
575 2 .7 9 ± 0 .2 17.2 ± 1 .1 3 0 .3 ±  1.5
650 3 .0 4 ± 0 .1 16.6 ±  1.1 2 2 .5 ±  1.4

T a b l e  3 — A v e r a g e  c o lla g e n  co n te n ts  o f b o v in e  m u s c u lu s  lo n g is s im u s  d o rs i  
(L D ) c o n n e c t iv e  t is s u e s  (n = 3 )

C a te g o ry

S la u g h te r
w e ig h t

1kg)

In tra m u s c u la r  
c o n n e c t iv e  t is s u e  

C o lla g e n  in %  o f  d ry  
w e ig h t E p im y s iu m

M u sc le

Iso la te
afte r

s ie v in g

C o lla g e n  in 
%  o f d ry  

w e ig h t

B u ll, lo w 200 2 .0 4 ± 0 .2 2 7 .9 ±  1.4 5 5 .6 ±  2.4
fe e d in g  in te n s ity 350 1.81 ± 0 .2 2 6 .6 ± 0 .9 5 9 .4 ±  1.5

500 2 .6 9 ± 0 .2 17.9 ±  1.2 55.7  ± 0 .8
575 2.71 ± 0 .2 18.2 ±  1.0 3 2 .6 ±  2.0
650 2.47  ±  0.1 2 2 .6 ± 0 .8 6 1 .3 ± 2 .6

B u ll, h ig h 200 2 .0 4 ±  0.2 2 7 .9 ±  1.4 5 5 .6 ±  2.4
fe e d in g  in te n s ity 350 2 .26  ± 0 .1 2 3 .4 ±  2.4 6 0 .7  ± 1 .2

500 2 .6 3 ± 0 .1 3 6 .0 ±  1.9 5 8 .8 ±  2.0
575 2 .33  +  0 .2 3 4 .0 ±  1.0 5 1 .4  ±  1.7
650 2 .8 5 ± 0 .2 19.1 ± 1 .2 4 0 .0 ±  2.1

H e ife r 200 1.80 ± 0 .2 3 2 .8 ±  1.7 6 5 .5 ±  1.5
350 1.77 ± 0 .1 4 .0 2 ±  0.5 5 4 .4 ±  1.5
425 1.72 +  0.1 14.6 ± 0 .9 6 8 .5 ±  2.3
500 1 .7 3 ± 0 .2 2 2 .4 ± 2 .2 4 9 .0  ± 1 .3

S te e r 200 1.96 ± 0 .1 32.1  ± 1 .9 93.1 ± 1 .5
350 1.03 ± 0 .1 3 .5 5 ± 0 .9 6 7 .3 ± 2 .9
500 2 .3 0 ± 0 .1 3 1 .0 ±  1.8 5 9 .9  ± 1 .2
575 1.81 ± 0 .2 3 3 .5 ± 2 .1 65.1 ± 1 .5
650 1.71 ± 0 .2 6 0 .0 ± 2 .3 5 3 .5  ± 2 .7

animals were slaughtered. For these investigations three animals of each 
slaughter point and feeding intensity were chosen. Three muscles dif
fering in collagen content were collected from each animal: longissimus 
dorsi (LD), semitendinosus (ST) and extensor carpi ulnaris (ECU). A 
slice of the middle piece of each muscle (~  250 g) was frozen imme
diately after slaughtering, vacuum-sealed, and stored at -30°C  until 
analysis for pyridinolines.

Analytical procedure

For isolation oflMCT (Moller et al., 1993) muscle samples were freed 
from outer fat layers and coarse tendon. The connective tissue covering 
the muscle (epimysium) was dissected and analyzed separately. After 
lyophilization, the epimysium was ready for hydrolysis and the deter
mination of pyridinolines omitting the isolation procedure.

About lOOg of remaining muscle was homogenized with a meat chop
per. Samples (15g) of freeze-dried muscle were blended in a high-speed 
analytical mill (20,000 rpm) for 1 min while cooling the mill at 4°C. 
The fibrous IMCT was separated from pulverized muscle protein by

passing the blended muscle sample through a sieve with 160-pm2 holes 
with agitation for 10 min on a mechanical shaker. The material left on 
the sieve was washed and sieved in acetone. After drying at 40°C, blend
ing and sieving were repeated. The isolated IMCT remaining on the 
sieve was then hydrolyzed in 6 M HC1 for 4 hr at 145°C (Roach and 
Gehrke, 1970). Collagen contents were determined by hydroxyproline 
analysis before and after isolation.

The first step for determination of pyridinolines (Steinhart et al., 1994) 
was a partial purification of the crude hydrolysates by cation-exchange 
chromatography on a phosphocellulose column (FL-form, 2.6 X  30 cm). 
After injection of the hydrolysate, the column was washed with 450 mL 
of 0.1M HCI to remove the bulk of the amino acids. Pyridinolines were 
eluted with 100 mL of 0.5M HCI. The flow rate was 2 mL/min. The 
pyridinoline fraction was evaporated, the residue taken up in 0.01M HCI 
and diluted with the same volume of eluent B. Pyridinolines were de
termined by ion-paired reversed-phase HPLC with sodium octanesul- 
fonic acid as the ion-pairing agent. For separation a reversed-phase 
Nucleosil 120 3C,g column (3 pm, 12.4 cm X  4 mm) was used. The 
HPLC gradient system consisted of two eluents: A (5g sodium dihydro
gen phosphate monohydrate, 1.17g sodium octanesulfonic acid mono
hydrate, 1 mL of 85% phosphoric acid/L) and B (75% eluent A and 
25% acetonitrile (v/v)). The elution gradient program started at 60% 
A/40% B at time 0, followed by linear gradients to 40% A/60% 3  for 
1 min and then to 15% A/85% B in 14 min, with flow rate 1 mL-'min. 
Pyridinolines were detected by measuring fluorescence ( \ „  = 295 nm, 
\ cm = 395 nm). Retention times were HP 9.5 min and LP 10.5 min.

Statistical methods

The unpaired Student’s t-test was used to determine statistical signif
icance of differences at p < 0.05.

RESULTS
T h e  c o l l a g e n  c o n t e n t s  of epimysium, muscle and isolated 
material from three different muscles were compared (Tables 2 -
4). The means included three determinations. There was a de
crease in muscle collagen content in the dry matter from ECU, 
with an overall average of 4.9 ± 1.1%, to ST, with an overall 
average of 3.3 ±  1.2%, to LD, with an overall average of 2.1 
±  0.5%. Amounts of connective tissue in muscles of steers and 
heifers were generally lower (p <  0.05) than those in muscles 
of bulls Bh and Bl. Collagen in the isolated material ranged from 
20% to 45% depending on type of muscle. Epimysial connective 
tissue of LD and ECU showed similar collagen contents of 55% 
to 70% (relative to dry weight). Collagen content in ST (25-
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T a b le  5— C o n te n ts  o f ly s y lp y r id in o lin e  (L P ) a n d  h y d r o x y ly s y lp y r id in o lin e  (H P ) in b o v in e  in t ra m u s c u la r  c o n n e c t iv e  t is s u e  (m o le s/m o l c o lla g e n )

S la u g h t e r
w e ig h ts

M u s c u lu s  e x te n s o r  
c a rp i u ln a r is

M u s c u lu s  
lo n g is s lm u s  d o rs i

M u s c u lu s
s e m ite n d in o s u s

C a te g o ry [kg] L P H P H P + L P L P H P H P ± L P L P H P H P ± L P

B u ll, lo w 200 0 .00 3 0 .04 5 0 .0 4 8 ± 0 .0 1 5 0 .00 0 0 .07 5 0 .0 7 5  ± 0 .0 2 2 0 .00 0 0.091 0.091 ± 0 .0 2 5
fe e d in g 3 5 0 0 .007 0 .08 4 0.091 ± 0 .0 3 3 0 .00 0 0 .11 4 0 .1 1 4 ± 0 .0 1 5 0 .007 0 .0 9 4 0.101 ± 0 .0 1 8

in te n s ity 500 0 .00 6 0 .099 0 .1 0 5 ± 0 .0 1 6 0 .007 0 .110 0 .11 7  ± 0 .0 2 5 0 .0 1 6 0 .12 0 0 .1 3 6 ± 0 .0 2 3
575 0 .00 0 0 .11 8 0 .1 1 8  ± 0 .0 3 2 0 .00 5 0 .1 2 6 0.131 ± 0 .0 2 4 0 .012 0 .12 5 0 .1 3 7 ± 0 .0 1 3
650 0 .0 0 0 0 .13 0 0 .1 3 0 ± 0 .0 2 3 0 .01 3 0 .1 5 8 0.171 ± 0 .0 2 1 0 .022 0.201 0 .2 2 3  ± 0 .0 3 2

B u ll, h ig h 200 0 .00 3 0 .04 5 0 .0 4 8 ± 0 .0 1 5 0 .00 0 0 .07 5 0 .0 7 5  ± 0 .0 2 2 0 .00 0 0.091 0.091 ± 0 .0 2 5
fe e d in g 350 0 .00 6 0 .07 9 0 .0 8 5  ± 0 .0 2 0 0 .00 6 0 .0 9 6 0 .10 2  ± 0 .0 2 9 0.011 0 .11 3 0 .1 2 4 ± 0 .0 2 3
in te n s ity 500 0 .00 6 0 .09 4 0 .1 0 0 ± 0 .0 1 9 0 .007 0 .11 4 0.121 ± 0 .0 2 4 0 .00 6 0 .09 5 0.101 ± 0 .0 3 0

575 0 .013 0 .11 6 0 .1 2 9 ± 0 .0 1 3 0 .01 6 0 .15 8 0 .1 7 4 ± 0 .0 2 1 0.011 0 .13 3 0 .1 4 4 ± 0 .0 3 8
650 0 .0 0 6 0.121 0 .1 2 7 ±  0 .02 5 0 .019 0 .16 4 0 .18 3  ± 0 .0 2 9 0 .02 3 0 .22 0 0 .2 4 4 ±  0 .039

H e ife r 200 0 .0 0 0 0 .04 2 0 .0 4 2  ± 0 .0 2 2 0 .00 0 0 .097 0 .09 7  ± 0 .0 2 0 0 .00 9 0 .11 2 0.121 ± 0 .0 1 7
3 5 0 0 .0 0 0 0 .0 8 4 0 .0 8 4 ± 0 .0 1 7 0 .0 0 0 0 .14 2 0 .14 2  ± 0 .0 2 4 0 .00 0 0 .16 5 0 .1 6 5 ± 0 .0 2 4
425 0 .0 1 4 0.121 0 .1 3 5 ± 0 .0 1 4 0 .00 0 0 .19 0 0 .19 0  ± 0 .0 2 4 0 .01 8 0 .18 3 0.201 ± 0 .0 3 0
500 0 .01 8 0 .142 0 .1 6 0  ± 0 .0 3 2 0 .010 0 .142 0 .1 5 2 ± 0 .0 1 7 0 .02 0 0 .15 8 0 .1 7 8  ± 0 .0 3 6

S te e r 200 0 .0 0 4 0 .05 8 0 .06 2  ± 0 .0 2 9 0 .00 0 0.071 0.071 ± 0 .0 2 5 0 .00 0 0 .09 3 0 .0 9 3  ± 0 .0 2 5
3 5 0 0 .0 0 6 0 .05 8 0 .0 6 4  ± 0 .0 2 4 0 .00 5 0 .06 6 0 071 ± 0 .0 1 1 0 .00 8 0 .09 8 0 .1 0 6 ± 0 .0 1 3
500 0 .0 0 4 0 .07 2 0 .0 7 6  ± 0 .0 2 8 0 .00 9 0 .13 9 0 148 ± 0 .0 2 3 0 .0 0 0 0 .12 0 0 .1 2 0  ± 0 .0 2 9
575 0 .00 0 0 .10 9 0 .1 0 9 ±  0 .017 0 .015 0 .14 0 0 155 ± 0 .0 3 6 0 .01 4 0 .12 5 0 .1 3 9  ± 0 .0 2 9
650 0 .01 0 0 .16 2 0 .1 7 2 ± 0 .0 2 6 0 .013 0 .177 0 190 ± 0 .0 4 2 0 .019 0 .15 6 0 .1 7 5 ± 0 .0 2 3

T a b le  6— C o n te n ts  o f  ly s y lp y r id in o lin e  (LP ) a n d  h y d r o x y ly s y lp y r id in o lin e  (H P ) in b o v in e  e p im y s ia l c o n n e c t iv e  t is s u e  (m o le s/ m o le  c o lla g e n )

S la u g h te r
w e ig h ts

[kg]

M u s c u lu s  e x te n s o r M u s c u lu s M u s c u lu s
ca rp i u ln a ris lo n g is s im u s  d o 's i s e m ite n d in o s u s

C a te g o ry L P H P H P ± L P L P H P H P ± L P LP H P H P ± L P

B u ll, low 200 0 .00 5 0 .10 5 0 .1 1 0 ± 0 .0 3 4 0.001 0 .012 0 .0 1 3 ± 0 .0 0 7 0 .00 5 0 .0 7 4 0 .0 7 9 ± 0 .0 1 3
fe e d in g 3 5 0 0 .00 5 0 .12 5 0 .1 3 0 ± 0 .0 2 5 0 .00 3 0 .01 8 0.021 ± 0 .0 0 8 0 .00 0 0 .089 0 .0 8 9 ± 0 .0 1 0
in te n s ity 500 0 .00 0 0 .17 9 0 .1 7 9 ± 0 .0 1 9 0 .002 0 .017 0 .0 1 9 ± 0 .0 0 6 0 .00 9 0 .09 5 0 .1 0 4 ± 0 .0 2 0

575 0 .00 0 0 .15 5 0 .1 5 5 ± 0 .0 2 2 0 .00 3 0 .017 0 .0 2 0 ± 0 .0 1 0 0 .00 8 0 .1 0 4 0 .1 1 2 ±  0 .027
650 0 .00 0 0 .22 8 0 .2 2 8 ± 0 .0 2 7 0 .00 3 0 .02 6 0 .02 9  ± 0 .0 0 8 0 .00 9 0 .1 0 4 0 .1 1 3 ± 0 .0 1 2

B u ll, h ig h 200 0 .00 5 0 .10 5 0 .1 1 0 ± 0 .0 3 4 0.001 0 .012 0 .0 1 3 ± 0 .0 0 7 0 .00 5 0 .07 4 0 .0 7 9 ± 0 .0 1 3
fe e d in g 3 5 0 0 .00 5 0 .172 0 .17 7  ± 0 .0 2 9 0 .002 0 .027 0 .0 2 9 ± 0 .0 0 5 0 .00 8 0 .119 0 .1 2 7  ± 0 .0 1 4
in te n s ity 500 0 .00 0 0.171 0.171 ± 0 .0 4 0 0 .002 0 .03 4 0 .0 3 6 ± 0 .0 1 1 0 .007 0.081 0 .0 8 8 ± 0 .0 1 7

575 0 .00 0 0 .19 6 0 .19 6  ± 0 .0 3 3 0 .002 0 .029 0.031 ± 0 .0 0 5 0 .01 8 0 .13 3 0.151 ± 0 .0 1 4
650 0 .00 0 0 .27 3 0 .2 7 3  ± 0 .0 3 6 0 .00 3 0 .03 3 0 .0 3 6 ± 0 .0 1 4 0 .01 5 0 .147 0 .1 6 2 ± 0 .0 2 2

H e ife r 200 0 .00 3 0 .07 5 0 .0 7 5 ± 0 .0 1 0 0 .00 0 0 .01 5 0 .01 5  ± 0 .0 0 7 0 .007 0 .09 4 0.101 ± 0 .0 3 1
350 0 .0 0 0 0 .17 8 0 .1 7 8 ± 0 .0 3 9 0 .00 2 0 .0 1 4 0 .0 1 6 ± 0 .0 0 2 0 .0 0 6 0 .137 0 .1 4 3 ± 0 .0 2 4
425 0 .0 0 3 0 .12 3 0 .1 2 6  ± 0 .0 2 5 0.001 0 .01 9 0 .02 0  ± 0 .0 0 3 0 .0 0 6 0 .132 0 .1 3 8 ± 0 .0 3 8
500 0 .00 3 0 .08 6 0 .0 8 9 ±  0.021 0 .00 3 0 .02 4 0 .027  ± 0 .0 0 5 0 .0 0 6 0.151 0 .1 5 7  ± 0 .0 2 7

S te e r 200 0 .00 0 0 .09 4 0 .0 9 4 ± 0 .0 1 2 0.001 0 .00 8 0 .0 0 9  ± 0 .0 0 6 0 .01 0 0 .109 0 .1 1 9 ± 0 .0 1 3
3 5 0 0 .00 0 0.121 0.121 ± 0 .0 3 5 0 .00 2 0 .01 0 0 .0 1 2 ± 0 .0 0 6 0 .0 0 8 0 .11 8 0 .1 2 6 ± 0 .0 2 8
500 0 .00 0 0 .237 0 .23 7  ± 0 .0 4 7 0 .00 2 0 .01 5 0 .0 1 7 ±  0 .003 0 .00 0 0 .17 3 0 .1 7 3 ± 0 .0 3 8
575 0 .00 0 0 .21 0 0 .2 1 0 ± 0 .0 4 1 0 .00 5 0 .01 2 0 .01 7  ± 0 .0 0 3 0 .00 3 0 .17 5 0 .1 7 8 ± 0 .0 4 0
650 0 ,0 0 0 0 .27 5 0 .2 7 5 ± 0 .0 4 0 0 .00 3 0 .022 0 .0 2 5 ±  0 .003 0 .01 9 0 .167 0 .1 8 6 ± 0 .0 2 3

40%), a muscle with higher proportions of elastin, was signifi
cantly lower (p <  0.01).

Generally, the collagen contents of connective tissues were 
sufficient to analyze HP and LP. As in other collagenous tissues, 
HP was the dominant component of pyridinolines in epimysia 
and in IMCT’s. LP formed only maximally 5-10% of total pyr
idinolines (Tables 5, 6), which confirmed the results of Eyre
(1987) and Steinhart et al. (1994).

The results for pyridinoline content in the tissues were sum
marized and compared for each fattening category (Fig. 2 and
3) to point out differences in cross-linkage as related to sex and 
feeding intensity. An age-related increase in total pyridinoline 
content was obvious in all three types of muscle, in epimysial 
connective tissue (p <  0.05) as well as in IMCT (p <  0.01). 
Intramuscular collagen of ECU showed lower pyridinoline con
tents compared to LD and ST (p <  0.05) (Fig. 2).

Differences in pyridinoline content were found in epimysial 
samples (Fig. 3). Conspicuously low pyridinoline contents oc
curred in epimysia of LD. During the examination period, con
tents rose from 0.009 ± 0.006 to 0.036 ±  0.014 mole 
pyridinoline/mole collagen. ST epimysia pyridinoline contents 
ranged from 0.079 ±  0.013 to 0.186 ±  0.023 mole pyridino
line/mole collagen, attaining values similar to those found in 
IMCT. The highest pyridinoline contents, increasing from 0.075 
± 0.010 to 0.275 ± 0.040 mole pyridinoline/mole collagen, 
were found in ECU epimysia. These differences in cross-linkage

of epimysial collagen in all fattening categories were obviously 
specific for each type of muscle.

Comparing results for the different fattening categories, intra
muscular collagen of heifers showed higher pyridinoline con
tents compared to animals of the same age from other categories 
(p <  0.05). Also note that bulls fattened on low-energy level 
had a lower degree of cross-linkage in collagenous connective 
tissue compared to same-age counterparts fattened on high-en
ergy level (p <  0.05) (Fig. 4).

DISCUSSION
In  a l l  t is s u e s  examined, pyridinolines were detected. In ac
cordance with Nakano et al. (1983) and Eyre et al. (1984), the 
amounts of total pyridinolines as the sum of HP and LP were 
related to collagen content. The total pyridinoline content in 
intramuscular collagen varied from 0.05 to 0.28 mole/mole col
lagen, depending on age. Compared to other connective tissues, 
cross-linkage of muscle collagen was smaller. Eyre (1987) 
found pyridinoline contents in connective tissues ranging from 
0.3 mole/mole collagen in bones up to 3.0 mole/mole collagen 
in intervertebral disks. Each pyridinoline molecule connects 
three collagen molecules, thus a molar ratio of 0.3 indicates a 
very high degree of cross-linkage in the collagen network.

Several researchers have reported an increase in pyridinoline 
content with age in various connective tissues abundant in col-
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lagen (Moriguchi and Fujimoto, 1978; Nakano et al., 1983; Shi- 
kata et al., 1985). This increase with advancing age was also 
ascertained in bovine intramuscular collagen. The pyridinoline 
content in IMCT of musculus stemomandibularis (STERN) 
from older milk cows (Steinhart et a l, 1994) was compared with 
that of ECU from heifers in our results (Fig. 5). The animals 
were of the same gender and both muscles had nearly equivalent 
amounts of connective tissue. Thus, results were combined to 
reveal tendencies. As expected, the pyridinoline content of in
tramuscular collagen of heifers to 18 mo was smaller than with 
older animals. During the first months an increase in pyridino
line content was much faster than in the period following phys
iological maturity, when cross-link formation proceeded at a 
noticeably slower rate. Similar changes have been reported by 
Moriguchi and Fujimoto (1978) for pyridinoline content in rat 
cartilage collagen. The continuous increase in pyridinoline con
tent after reaching physiological maturity indicated that pyridi- 
nolines in intramuscular bovine collagen also should be 
considered as “ mature”  cross-linking molecules. An increase in 
pyridinoline content is accompanied by diminution of labile 
cross-links and by enhancement in mechanical stability of col
lagen fibers. Moriguchi and Fujimoto (1978) indicated that 
formation of cross-links was an essential step of growth in order 
to obtain and uphold mechanical strength of the collagen fibers.

The extent o f cross-linkage seemed to be closely related to 
the physiological functions of the tissues. Although the muscles 
examined (ST, ECU and LD) had different physiological func
tions, their pyridinoline contents in the intramuscular collagen 
were very similar compared to the content in epimysial collagen. 
LD was the largest of the three muscles and supports carrying 
capacity of the vertebral column. It contributes essentially to the 
elasticity of the body during forward and backward movement. 
The two other muscles are active and heavily stressed muscles 
of the motor system. ECU, with more connective tissue, is less 
voluminous than ST which is quite fleshy. The main function 
of IMCT is to prevent injury and overstraining of contractile 
elements of muscle fibers. Obviously, the higher strain of ST 
and ECU is mainly equalized by the content of IMCT and not 
by the degree of cross-linkage. The different functions of mus
cles are distinctly reflected in their cross-linkage of epimysial 
collagen.

Unlike intramuscular collagen, épimysium is more responsi
ble for efficient transmission of contractile power of the mus
cular elements via tendons to the skeleton. It is more likely that 
the low pyridinoline content of LD épimysium is related to its 
function, which requires a higher elasticity of surrounding con
nective tissue layers. In contrast to LD, ST and ECU are more 
stabilized for a better support of motion through more extensive 
épimysium cross-linkages. Because of the smaller size of ECU, 
its épimysium has a more tendonlike function. This explains its 
épimysium having the highest pyridinoline content. A correla
tion between function and cross-linkage of connective tissue was 
also reported by Eyre et al. 1984. In tendons and ligament they 
found differing pyridinoline contents and associated these with 
physical strains of the tissues.

The gender of the animals had little influence on muscle col
lagen cross-linkage. The hormone status of the animals had a 
distinctly greater effect on the content of muscle connective tis
sue. Independent of feeding intensity, bull muscles contained 
larger amounts of collagen than steer and heifer muscles. This 
was in agreement with reported results (Prost et al., 1975; Jer
emiah and Martin, 1982; Seideman, 1986). Nevertheless, in 
many samples, pyridinoline contents of heifers, compared to 
other animals, were higher, especially in the center region of 
each age period. At the end of the investigation period differ
ences no longer occurred (Fig. 2). Heifers attain physiological 
maturity faster than steers and bulls, so that cross-linkage during 
the first months of life is initially faster but reaches a constant 
rate. This resulted in an equalization of pyridinoline contents of 
different sexes at the end of the age period.

0 200 400 600
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800
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Low-energy-level fattening apparently decelerated physiolog
ical aging processes. The pyridinoline content was lower in mus
cles of bulls fattened on low-energy level compared to their 
counterparts fattened on high-energy level. This indicated that, 
with low-energy-level fattening, the high collagen turnover at 
the beginning of growth was preserved for a longer time.

From our results, increased toughness of meat with age is not 
caused by an increase in collagen content. This is in agreement
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with the previous results (Cross et al., 1984; Augustini and Tem- 
isan, 1985). More likely the stabilization of collagen through 
cross-linkage with advancing age leads to a lessening of meat 
tenderness (Bailey, 1984). The rise in pyridinoline content of 
muscle collagen probably contributes essentially to this de
crease.

Age, sex and feeding intensity influence meat tenderness. For 
a general overall description of their effects we can characterize 
tenderness by measurement of shear force or by sensory char
acteristics. This will show the results of changes in tenderness 
caused by these factors, but will not explain how such changes 
came about. With the determination of pyridinolines it is pos
sible to describe changes in tenderness at the physiological and 
biochemical levels. Because of their thermal and chemical sta
bility the pyridinolines are insensitive to other influences af
fecting meat tenderness. The results of shear force measurement 
or analysis by sensory panels commonly used for description of 
tenderness may be obscured by cold-shortening or other effects 
from mistreatment during slaughter or storage. The determina
tion of pyridinolines is an objective method for characterization 
of tenderness which derives from the meat and not from possible 
changes by processing treatments.

REFERENCES
Augustini, C. and Temisan, V. 1985. Kollagen und Kollagenlöslichkeit in 

verschiedenen Muskeln von Jungbullen in Abhängigkeit vom Alter. Mit
teilungsblatt der Bundesanstalt für Fleischforschung 90: 6673-6677.

Bailey, A.J. 1984. Recent Advances in the Chemistry o f Meat. Special 
Publications No. 47. pp. 22-40. The Royal Society of Chemistry, London.

Bernal, V.M. and Stanley, D.W. 1987. Stability of bovine muscle connective 
tissues. J. Food Sei. 52: 876-878.

Cross, H.R., Schanbacher, B.D., and Crouse, J.D. 1984. Sex, age and breed 
related changes in bovine testosterone and intramuscular collagen. Meat 
Sei. 10: 137-195.

Eyre, D.R. 1987. Collagen crosslinking amino acids. Meth. Enzymol. 144: 
115-139.

Eyre, D.R., Paz, M.A., and Gallop, P.M. 1984. Cross-Linking in collagen and 
elastine. Ann. Rev. Biochem. 53: 717-748.

Fujii, K. and Tänzer, M.L. 1974. Age-related changes in the reducible cros
slinks of human tendon collagen. FEBS Lett. 43: 300—303.

Jeremiah, L.E. and Martin, A.H. 1982. The influence of breed of sire and 
sex on bovine intramuscular collagen content and solubility after various 
intervals of post mortem ageing. Can. J. Animal Sei. 62: 77-84.

Möller, C., Steinhart, H., and Bosselmann, A. 1993. Isolation of bovine in
tramuscular connective tissue. Z. Unters. Lebensm. Forsch. 196: 415-416.

Moriguchi, T. and Fujimoto, D. 1978. Age-related changes in the content of 
the collagen crosslink, pyridinoline. J. Biochem. 72: 933-935.

Nakano, T., Thompson, J.R., and Aherene, F.X. 1983. Growth-dependent 
changes in the content of the collagen crosslink, pyridinoline, in joint car
tilage from pigs. Can. J. Anim. Sei. 63: 677-681.

Prost, E., Pelczynska, E., and Kotula, A.W. 1975. Quality characteristics of 
bovine meat. I. Content of connective tissue in relation to individual mus
cles, age and sex of animals and carcass quality grade. J. Animal Sei. 41: 
534-540.

Roach, D. and Gehrke, C.W. 1970. The hydrolysis of proteins. J. Chroma
tography 52:393-404.

Robins, S.P., Shimokomaki, M., and Bailey, A.J. 1973. The chemistry of the 
collagen cross-links. Age-related changes in the reducible components of 
intact bovine collagen fibres. Biochem. J. 131: 771-780.

Schwarz, F.J., Kirchgessner, M., Augustini, C., and Branscheid, W. 1992. 
Wachstumsspezifische Veränderung der Schlachtkörperqualität von Mas
trindern der Rasse Deutsches Fleckvieh. 1. Wachstumsverlauf von Jung
bullen, Ochsen und Färsen bei unterschiedlicher Fütterungsintensität 
(Growth specific alterations of carcass quality of fattening cattle of German 
Simmental. 1. Growth rate of bulls, steers and heifers fed with different 
feeding intensity). Fleischwirtsch. 72: 1584-1589.

Seideman, S.C. 1986. Methods of expressing collagen characteristics and 
their relationship to meat tenderness and muscle fiber types. J. Food Sei. 
51: 273-276.

Shikata, K., Hiramatsu, M., Masumizu, T., Fujimoto, D., and Utsumi, N. 
1985. Age-related changes in the content of non-reducible crosslinks in rat 
mandibular bone. Archs. Biol. 30: 451-453.

Shimokomaki, M., Elsden, D.F., and Bailey, A.J. 1972. Meat tenderness: 
Age-related changes in bovine intramuscular collagen. J. Food Sri. 37: 
892-896.

Steinhart, H., Bosselmann, A., and Möller, C. 1994. Determination of pyri
dinolines in bovine collagenous tissues. J. Agric. Food Chem. 42: 1943- 
1947.

Weiss, J.B. 1976. Enzymic degradation of collagen. Int. Rev. Connect. Tissue 
Res. 7: 101-157.

Ms received 9/10/94; revised 4/1/95; accepted 4/16/95.

This paper is dedicated to Dr. A. Montag, Institute of Biochemistry and Food Chemistry, 
University of Hamburg, on the occasion on his 65th birthday.

PROTEIN RECOVERY FROM VEAL BONES BY ENZYMATIC HYDROLYSIS. . .From page 952
Fik, M. and Surowka, K. 1987. Preparation and properties of protein con

centrate from broiler chicken heads. J. Sci. Food Agric. 37: 445-454. 
Jelen, P., Earle, M., and Edwardson, W. 1979. Recovery of meat protein from 

alkaline extracts of beef bones. J. Food Sci. 44: 327-331.
Jobling, A. 1986. Recovery and utilisation of edible protein from abattoir by

products. In Developments in Food Proteins—4, B.J.F., Hudson (Ed.), p. 
37-55. Elsevier Applied Science Publishers, London.

Ledward, D.A. and Lawrie, R.A. 1984. Recovery and utilisation of by-product 
protein of the meat industry. J. Chem. Biotechnol. 34B: 223-228.

Moss, V.G. and Trautman, C.J. 1972. Method of preparing meaty-flavored 
protein hydrolysates from meat carcass components. LT.S. Patent 
3,692,538.

Mathieu, D. and Phan-Tan-Luu, R. 1992. LPRAI Université d’Aix-Marseille.
NEMROD®: New Efficient Methodology for Research using Optimal Design. 

Novo Industri. 1979. Method for Detection of Residual Proteolytic Activity. 
195a-GB.

Quaglia, G.B. and Orban, E. 1987. Enzymatic solubilisation of proteins of 
sardine (Sardina pilchardus) by commercial proteases. J. Sci. Food. Agric. 
38: 263-269.

Shih, F.F. 1992. Modification of food proteins by non-enzymatic methods. 
Ch. 7, in Biochemistry o f Food Proteins, B.J.F., Hudson (Ed.), Elsevier 
Applied Science Publishers, London.

Simpson, R.J., Neuberger, M.R., and Lius, T.Y. 1976. Complete amino acid 
analysis of proteins from a single hydrolysate. J. Biol. Chem. 251: 1936- 
1940.

Sorensen, N.H. and Rasmussen, P.B. 1989. Enzymatic bone cleaning and 
scrap meat recovery. 35th Int. Congr. Meat Sci. Technol. 957-962.

Steinhardt, H. and Beychok, S. 1964. Interaction of protein with hydrogen 
ions and ether small ions and molecules. In The Proteins, Vol 2, H. Neu- 
rath (Ed.), p. 139-304. Academic Press, New York.

Surowka, K. and Fik, M. 1992. Studies on the recovery of proteinaceous 
substances from chicken heads. I. An application of neutrase to the pro
duction of protein hydrolysate. Int. J. Food Sci. Technol. 27: 9-20.

Webster, J.D., Ledward, D.A., and Lawrie, R.A. 1982. Protein hydrolysates 
from meat industry by-products. Meat Sci. 7: 147-157.

Ms received 12/12/94; revised 3/27/95; accepted 4/17/95.

This investigation was supported by the meat processing company “les Salaisons d’Orly" 
to whom we are grateful for permission to publish this work.

958—JOURNAL OF FOOD SCIENCE—Volume 60, No. 5, 1995



Fatty Acid Content of Supercritical Carbon Dioxide Extracted
Fractions of Beef Fat

J. A. MERKLE and D. K. LARICK

----------------------------  ABSTRACT ----------------------------
Utilization of beef fat might be improved via production of fractions 
with specific functional properties. Beef fat was fractionated using su
percritical carbon dioxide at 40°C and pressures from 10.3-27.6 MPa. 
Extractions followed by one or two stage separation were collected into 
glass vials at atmospheric pressure and temperature. Resultant extracts 
were analyzed for fatty acid content by gas chromatography (GC). A 
significant difference in concentration due to extraction pressure for 16 
straight chain fatty acids, 6 branched chain fatty acids, and 7 unknowns 
was found. Total fatty acids (mg/g extract) increased as pressure in
creased. Monounsaturated and polyunsaturated fatty acids increased with 
increasing pressure and solvent density as shown by the saturate/ 
unsaturate, saturate/monounsaturate, and saturate/polyunsaturate ratios.

Key Words: beef, fatty acids, supercritical CO,, tallow, unsaturated

INTRODUCTION
W o r l d w id e  p r o d u c t io n  of tallow and grease is over 6 million 
metric tons. Annual production of edible tallow in the U.S. is 
>0.5 million metric tons. Health concerns about saturated fats 
and cholesterol have decreased the utilization of this by-product. 
Utilization of beef fat might increase if it could be separated 
into various components which could be used for specific food 
applications. Altering fatty acid ratios to provide specific com
positions or result in a more “ healthy”  image may also be pos
sible.

Supercritical fluids are used commercially to extract caffeine 
from coffee and tea, essential oils for fragrances, and hop oil. 
Supercritical fluids are useful to extract oils from oil seeds (Stahl 
et al., 1980; Bulley et al., 1984; Friedrich and Pryde, 1984; 
Temelli, 1992) and cholesterol from milk (Bradley, 1989). Cho
lesterol and lipids have also been extracted from meat products 
(Hardardottir and Kinsella, 1988; King et al., 1989, 1993; Chao 
et al., 1991) and eggs (Froning et al., 1990). Many researchers 
have studied fractionation of milk fat using supercritical fluids 
(Kaufmann et al., 1982; Shishikura et al., 1986; Arul et al., 
1987; Bhaskar et al., 1993).

Sharp differences occur in the density and solvating power of 
supercritical fluids depending on temperature and pressure used. 
At high pressures and temperatures, little or no selectivity of 
extraction occurs, rather, an extraction of a majority of the non
polar compounds has been observed. Conversely, at pressures 
and temperatures closer to the critical point, the density and 
solvating properties of supercritical fluids vary. These variations 
affect efficiency of separation and extraction (Brogle, 1982; Al- 
lada, 1984).

Few researchers have reported use of supercritical fluids to 
fractionate lipids associated with beef subcutaneous fat. Our ob
jective was to determine the effect of extraction pressures on 
the fatty acid composition of resulting beef lipid fractions.

Author Merkle is with the Dept, of Food Science & Nutrition, Univ. 
of Minnesota, 1334 Eckles Ave., St. Paul, MN 55108. Author Larick 
is with the Dept, of Food Science, Box 7624, North Carolina State 
Univ., Raleigh, NC 27695-7624.

MATERIALS & METHODS
Materials

Subcutaneous fat was collected from the loins of 12 Angus-Hereford 
cross steers. Fat was pooled and ground once through a 0.95 cm plate. 
Portions (50g) were weighed and vacuum-packaged in low permeability 
bags (Cryovac Corp., Duncan, SC) and overwrapped with polyethylene 
coated freezer paper. Samples were stored at — 10°C and allowed to thaw 
at refrigeration temperature (2-4°C) prior to use.

Supercritical fluid extraction

A Superpressure Model 46-1341-2 supercritical fluid extractor (New
port Scientific, Jessup, MD) with a 69.0 MPa double and diaphragm 
compressor was used to fractionate the beef fat (Fig. 1). A 50-g sample, 
immobilized between two plugs of glass wool, was loaded into a 0.845L 
(internal volume) stainless steel extraction vessel. A one- or two-stage 
separation from supercritical carbon dioxide followed the single extrac
tion step (Table 1). For a two-stage separation, a 0.500L stainless steel 
separation vessel was used between the extraction vessel and the collec
tion vessel. The temperature of both vessels was maintained at 40°C, 
using heaters wrapped around the outside of the vessels and an internal 
thermocouple under thermostatic control. All stainless steel transfer lines 
were insulated to prevent heat loss and precipitation of solubilized ma
terial due to temperature drop. Gas was depressurized at room temper
ature and atmospheric pressure into a 0.500L Pyrex glass flask. Flow 
was maintained at 15 L/min through the flow indicator and the extraction 
was terminated after 500L of carbon dioxide gas (measured at room 
temperature and pressure) were measured on the flow totalizer. Samples 
were transferred, with a pasteur pipette, into 16 mm X 125 mm Pyrex 
tubes fitted with teflon lined caps. Tubes were nitrogen-flushed and 
placed into a freezer at -  10°C until fatty acid analysis was performed.

Fatty acid analysis

Fatty acid contents of samples were determined using a modified fatty 
acid methyl ester method (Morrison and Smith, 1964). A sample (—100 
± 0.01 mg) was weighed into a 16 mm X 125 mm Pyrex tube fitted 
with a teflon-lined cap. The sample was diluted with 10 mL chloroform- 
methanol (2:1 v:v) with 0.01% butylated hydroxy toluene (BHT). A 
sample (1 mL) was transferred using a volumetric pipet to another clean 
16 mm X 125 mm Pyrex tube. Boron triflouride (12%) in methanol (2 
mL) was added as a catalyst. Pentadecenoic acid (C 15:1; 40 pL of 
20.8964 pg/mL) in chloroform:methanol (2:1 v:v) was added as internal 
standard. Tubes were placed into a heating block at 100°C for 30 min. 
Tubes were removed and 4 mL saturated (26.4%) sodium chloride so
lution was added to each tube. Optima (Fisher Scientific, Fair Lawn, NJ) 
high purity hexane (2 mL) was added to extract the methyl esters. Tubes 
were shaken well and centrifuged for 5 min to aid in separation of the 
phases. The top hexane layer was transferred to a conical, graduated 5 
mL Pyrex tube. The tube was washed with another 2 mL hexane. The 
hexane portion was evaporated to 1 mL. Sodium sulfate was added to 
bind any residual water.

A Hewlett Packard 5890 gas chromatograph, equipped with a 30m 
DB-23 fused silica column (J & W Scientific, Folsom, CA) with internal 
diameter 260 pm and a film coating thickness of 0.25 pm was used to 
separate fatty acid methyl esters. Helium carrier gas column flow rate 
was 1.7 mL/min at a head pressure of 1.75 kg/cm2 with a 1:22 split ratio. 
The injector temperature was maintained at 230°C while the detector 
was at 240°C. A two step linear temperature program of 150°C to 200°C 
at 4°C/min and 290°C to 222°C at 10°C/min (total run time of 14.7 min) 
was used for separation. A flame ionization detector (FID) with nitrogen 
makeup gas was used for detection. Peak areas were calculated using a 
Spectra Physics SP4100 computing integrator.
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HEATED BACK 
PRESSURE

F ig .  1 — S c h e m a t i c  d i a g r a m  o f  s u p e r c r i t i c a l  e x t r a c t o r .

T a b le  1— E x p e r im e n t a l d e s ig n  o f e x tra ct io n  p re s s u re s

S e p a ra t io n  v e s s e l p re s s u re  (M P a)

20.7 17.2 13.8 10.3 0 a

E x tra c tio n 2 7 .6 X X X X
v e s s e l 20.7 X X X X

p re s s u re 17.2 X X X
(M P a) 13.8 X X

10.3 X

a 0 indicates that separation vessel was not used.

Response factors were calculated by comparing peak areas of known 
quantities of authentic standards (Nu Check Prep, Inc., Elysian, MN) to 
the internal standard, pentadecenoic acid.

Mass spectrometry

Fatty acid methyl esters were prepared as described above and a 0.5 
pL sample was injected directly onto a 30 m DB-23 capillary column 
(J & W Scientific, Folsom, CA) with internal diameter 320 pm and a 
film thickness of 1 pm. The column was held at an initial temperature 
of 150°C for 2 min and then programmed from 150°C to 200°C at 
4°C/min and from 200°C to 230°C at 10°C/min. Methyl esters were an
alyzed using a Hewlett Packard 5897 gas chromatograph/mass spectrom
eter with an ionization potential of 70 eV and a scanning range of 400- 
500 atomic mass units. Peaks were identified by comparing retention 
times and mass spectra to authentic standards (Matreya, Inc., Pleasant 
Gap, PA; Nu Check Prep, Inc., Elysian, MN) prepared in an identical 
fashion.

Experimental design

A range of extraction and separation pressures was used (Table 1). A 
single extraction, followed by one (atmospheric pressure) or two (sepa
ration vessel followed by atmospheric pressure) stage separation from 
supercritical carbon dioxide was carried out. A wide range of pressures 
was used from just above the critical pressure at 10.3 MPa to 27.6 MPa. 
All extractions were performed in duplicate. An unextracted sample of 
subcutaneous fat was analyzed as a “ control”  to evaluate the degree of 
fractionation.

Analysis of variance was calculated for each data set using the general 
linear model procedure (SAS, 1985). Waller-Duncan k-ratio t-tests were 
calculated for significantly different main effect means (P < 0.05). Means 
were considered significantly different if P < 0.05 unless otherwise in
dicated.

RESULTS & DISCUSSION

Fatty acid analysis

Fatty acid concentrations of extracted samples were compared 
(Table 2). Only those fatty acids which were positively identi
fied and which were influenced by extraction conditions are re
ported. Also, only those extraction treatments which resulted in 
significant fractionation are reported. Samples prepared at ex
traction vessehseparation vessel (EV:SV) pressures of 27.6; 17.2, 
20.7:17.2, 27.6:13.8, 20.7:13.8, 20.7:10.3, 20.7:0 and 17.2:0 did 
not result in significant fractionation of triglycerides as indicated 
by a lack of statistical differences in fatty acid compositions.
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T a b le  2— Fa tty  a c id  co n te n t (m g/g  e x tra ct) o f  s u p e rc r it ic a lly  e x tra cte d  b e e f s a m p le s

ID a C 1 0 :0 b C 1 2 :0 C 1 4 :0 C 14:1 i - C I  5:0 a -C 1 5 :0 C15:C) ¡ -C l  6:0 C 1 6 :0 l-C 16 :1 C16 :1 i-C 1 7 :0
S a m p le R T C 1.87 2 .50 3 .6 4 3 .96 4 .06 4.20 4.45 4.97 5 .48 5.59 5.79 6.05

E V  p d S V  p d

C o n tro l 0 .6 6 hi 1 .16 hi 36.35*9*1 8 .0 4 h 5.87*9*1 5.76*9*1 9.40*9 3.32*9 205.13*9 1.16* 26.049 4.87*9
27.6 20.7 1 .1 6 fa hi 1.60*9h 44.50*9 11.54*9 6.69* 6.63* 10.61* 4.02* 243.49* 0.509 35.63* 6.40*
17.2 13.8 1.77* 2.10* 45.05* 12.12* 6.40*9 6.10*9 9.34*9 3.23*9*1 178.909*1 0.239*i 28.01*9 4.279
27.6 10.3 1.25*9*1 1.53*9*1 34.799*1 9.81*9*1 5 .31 9 h 4.889*1 7.489*1 2 .7 0 9 h 154.079*1 0 .3 6 9 h 24.729 3.839
17.2 10.3 1.59f 1.89*9 43.62*9 11.67*9 6.25*9 6.10*9 9.42*9 3.31*9 188.14*9*1 0 .1 8 9 h 29.21*9 4.679
13.8 10.3 1.18*9*" 1.419*1 32.55*1 9.099*i 4 .6 4 h 4 .3 9 h 6.83*i 2.35*i 134.10*1 0.189*i 22.149 3.329
13.8 0 e 0.52' 0.66' 12.78' 3 .3 4 1 2.04' 1.61' 2.56' 0.85' 48.89' 0 .0 5 h 7 .6 4 h 0.97*i
10.3 0 e 1.43*9 1.68*9h 37.35*9*1 10.80*9 5.73*9*1 5.28*9*i 7.899*1 2.780*i 153.719*i 0.179*i 25.979 3.899

tra n s  9 c is  9 e ls  11
ID a a -C 1 7 :0 C 1 7 :0 C17 :1 C 1 8 :0 C l  8:1 C18 :1 C18 :1 C 1 8 :2  C 18::3 C 2 0 : 0 F A M E  S U M
R T 6.25 6.61 6 .9 4 7.92 8 .08 8 .25 8 .33 8 .9 0  9 .75 10.69  T O T A L

E V  pd S V  p d

C o n tro l 6.67*9 10.26*9 4 .82 9 h 111.10*9 3.11*9 213.64*9*1 7.64*9 10.319*1 "1.909*1 0.53*9 798.30*9
2 7 .6 20.7 8.13* 12.62* 7.11* 130.82* 4.09* 288.99* 9.14* 14.94* 2.88* 0.75* 976.33*
17.2 13.8 5.309*1 7.499*i 4 .24 9 h 6 8 .3 0 hi 2.239*1 160.929*1 5.13*1'* 7.929*1 1.589*i o .1 9 h** 672.899*1
2 7 .6 10.3 4.999*1 7.269*i 4 .4 7 9 h 7 0 .6 4 hi 2 .3 6 9 h 166.849*1 4.91*1 7 .2 7 9 h 1.729*1 o.399*i* 635.979*1
17.2 10.3 5.859*1 8.559*1 5.78*9 8 0 .3 4 9 hi 2.489*1 189.829*1 6.389*i' 9 .3 6 9 h 1.839*1 0 .1 6 h*j 730.609*1
13.8 10.3 4 .1 3 hl 5 .6 9 hl 3 .2 9 h 54.09'i 1 .87 h 1 3 2 .3 4 h 4.12* 6 .9 1 h 1.24*1* 0 .1 5 h*i 5 3 8 .7 0 h
13.8 0 e 1.41' 1.80' 1 .04 1 19.19* 0.64' 44.93' 1.17* 2.13 ' 0 .41 ' o.ooi 257.86 '
10.3 0 e 4 .81 9 b 7.019*1 4.929*i 61.16*1* 2.019*1 157.139*1 5 .1 3 hii 7.789*1 ! . 6 29*i 0 .1 3*j 612.609*1

8 ID = Identification by mass spectrometry and retention time.
b Compounds identified by number (n) of carbons, followed by degree of unsaturation.

i = (n-D-methyl; a =  (n-2)-methyl branch of the corresponding n carbon fatty acid. 
c RT = Retention time.
d EV p = Extraction vessel pressure; SV  p = Separation vessel pressure.
e Separation vessel pressures of 0 indicates that the separation vessel was not used - one stage extraction. 
f'i Means in the same column with the same letter do not differ significantly (P < 0.05).

The concentration of 32 of the 37 fatty acids was influenced (P 
< 0.05) by extraction and separation conditions.

Total fatty acids (mg/g extract) increased as pressure in
creased. The highest extraction pressure, 27.6:20.7 (extraction 
pressure 27.6 MPa; two stage separation pressure 20.7 MPa and 
atmospheric pressure), resulted in a higher yield of fatty acids 
than the control. This was due to low solubility of connective 
tissue, phospholipids, and other polar compounds in supercritical 
carbon dioxide which resulted in their remaining in the extrac
tion vessel. As pressure was decreased, the yield of extract and 
the concentration of fatty acids in the extract decreased. This 
resulted from a decrease in solvating power of the solvent and 
an increase in concentration of compounds (e.g., volatiles) with 
high partial pressures in supercritical fluid (Merkle and Larick,
1994). Monounsaturated and polyunsaturated fatty acid concen
tration increased as solvent density increased. A change in total 
fatty acids (mg/g) was observed in the two stage separations 
from treatments with the same separation pressure and different 
extraction pressures. For such samples the yield of fatty acids 
increased with increased extraction pressure. This may be due 
to a precipitation occurring as lipid-rich supercritical carbon di
oxide dropped in density from the higher pressure extraction 
vessel to the lower pressure separation vessel. Such pressure 
drop results in a precipitation of material which is no longer 
soluble in the less dense fluid. As this density difference in
creases greater amounts of material precipitate, entrapping other 
high molecular weight material to precipitate with it. This results 
in a decrease in triglyceride content as indicated by fatty acid 
concentration (mg/g). This trend (P <0.10) can be observed by 
comparing the treatments 27.6:20.7 MPa and 27.6:17.2 MPa, the 
fatty acid content of the treatment with the higher pressure drop, 
(27.6:17.2 MPa), was lower than that of the treatment with the 
lower pressure drop (27.6:20.7 MPa). Concentrations were 767 
and 976 mg/g extract, respectively. A similar trend (P < 0.10) 
was observed when comparing the pair of treatments, 17.2:13.8 
MPa and 17.2:10.3 MPa, which had fatty acid concentrations of 
672 mg/g and 730 mg/g extract, respectively.

Fatty acid analysis resulted in the identification of 14 satu
rated, 8 monounsaturated, 2 polyunsaturated, and 13 unknown 
compounds. Unknowns together comprised a very small fraction 
of the total fatty acid content (data not shown).

Saturated fatty acids identified in the fractions included: de- 
canoic (0 0 :0 ) , dodecanoic (0 2 :0 ) , tridecanoic (0 3 :0 ) , tetra- 
decanoic (0 4 :0 ) , 13-methyltetradecanoic (i-C15:0), 12-meth- 
yltetradecanoic (a-C15:0), pentadecanoic (0 5 :0 ) , 14-methyl- 
pentadecanoic (i-C16:0), hexadecanoic (0 6 :0 ) , 15-methylhex- 
adecanoic (i-C17:0), 14-methylhexadecanoic (a-C17:0), hepta- 
decanoic (0 7 :0 ), octadecanoic (0 8 :0 ) , and eicosonoic (C20:
0) acid. The major constituents of this class («75% ) were hex
adecanoic and octadecanoic acids. The presence of odd num
bered chain and branched chain fatty acids have been previously 
demonstrated ir. fat from forage-fed steers (Marmer et al., 1984; 
Holden, 1985). The saturates comprised the majority of the total 
fatty acids identified. The 27.6/20.7 MPa treatment resulted in 
the highest concentration of saturated fatty acids, greater (P < 
0.10) than the control. The amount of saturated fatty acids/g 
decreased as pressure decreased. The trend for total fatty acids 
followed that of saturated fatty acids, i.e., concentration de
creased with decreasing pressure and solvent density.

Monounsaturated fatty acids identified in the fractions in
cluded: tetradecenoic (C14:l), 14-methylheptadecenoic (i-C 16:
1) , hexadecenoic (C16:1), heptadecenoic acid (C17:l), trans-9- 
octadecenoic (trans-9-C18:l), cis-9-octadecenoic (cis-9-C 18:1), 
cis-11-octadecenoic (cis-11 -08 :1 ), and eicosenoic (C20:l) ac
ids. The 27.6:20.7 MPa treatment resulted in the highest con
centration (mg/g) of monounsaturated fatty acids. The two-stage 
separations showed similar results to those observed in the total 
extraction. At a given separation pressure, increasing the ex
traction pressure tended to result in an increase in monounsa
turated fatty acids (as expressed in mg/g). Single stage 
separation showed a slight decrease from highest pressure to 
lowest pressure with the exception of the single stage separation 
of the 13.8 MPa extraction which was much lower than all other 
treatments.

Polyunsaturated fatty acids identified included: octadecadi- 
enoic (C18:2) and octadecatrienoic (C l8:3) acids. The concen
tration of these fatty acids was similar throughout the treatments 
with the 27.6/20.7 MPa treatment being higher and the single 
stage separation, 13.8 MPa, being lower than the control for 
both acids. There was no difference in polyunsaturated fatty acid 
composition between the other treatments. This was due to the 
low concentration of polyunsaturated fatty acids in beef tallow.
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SUPERCRITICAL C02 EXTRACTED FATTY ACIDS . . .

T a b le  3— S u m m a r y  o f fa tty  a c id s  fro m  s u p e rc r it ic a l flu id  e x tra cte d  b e e f ta llo w

T re a tm e n t  
E V  p b S V  p b

F a tty  a c id  (m g /g) Fa tty  a c id  ra tio s

S A T a M O N O 3 P O L Y 3
T O T A L
U N S A T

T O T A L
F A

S A T /
U N S A T

S A T /
P O L Y

S A T / 
M O N O

M O N O /
P O L Y

C o n tro l 40 1 .3 de 2 6 4 .7 def 12.2e* 2 7 6 .9 de* 7 9 8 .3 de 1.45 3 2 .8 7 de 1.52 2 1 .6 8
2 7 .6 20.7 47 7 .8 d 3 5 7 .5d 17.8d 3 7 5 .3 d 9 7 6 .3 d 1.27 26.82* 1.34 2 0 .0 6
2 7 .6 17.2 3 6 6 .6e 2 7 4 .3 de 13.1de 2 8 7 .5de 7 6 7 .7 de 1.28 2 7 .9 7 e* 1.34 2 0 .9 3
20.7 17.2 3 2 2 .2ef 2 3 3 .9f9 11.4e* 2 4 5 .3 e* 6 7 9 .0 e* 1.31 2 8 .2 3 e* 1.38 2 0 .5 0
2 7 .6 13.8 3 2 6 .8 ef 2 3 7 .6f9 11.3 e* 2 4 9 .0ef 6 8 4 .1e* 1.31 2 8 .8 2 e* 1.38 2 0 .9 6
20.7 13.8 3 4 5 .9ef 2 5 2 .8f9 12.5e* 2 6 5 .2ef 7 2 4 .3ef 1.30 2 7 .7 6 e* 1.37 2 0 .2 9
17.2 13.8 3 3 8 .8ef 2 1 3 .1f9 9 .5 e* 2 2 2 .7ef 6 7 2 .9ef 1.52 3 5 .6 6 d 1.59 2 2 .4 4
27.6 10.3 2 8 8 .4 e* 2 1 3 .8 f9 9 .0 e* 2 2 2 .8e* 6 3 6 .0e* 1.34 3 3 .3 1 de 1.40 2 3 .7 8
20.7 10.3 3 4 0 .2ef 2 5 0 .4f9 11.9 e* 2 6 2 .2e* 7 1 5 .1 e* 1.30 2 8 .6 6 e* 1.36 2 1 .0 9
17.2 10.3 3 6 0 .3ef 2 4 5 .8f9 11.1»* 2 5 7 .0ef 7 3 0 .6ef 1.40 3 2 .2 3 de* 1.47 21 98
13.8 10.3 2 5 5 .1f 173.39 8.2* 181.4* 538.7* 1.41 3 1 .3 0 de* 1.47 21 26
20.7 0 C 3 2 3 .0ef 2 3 6 .5f9 11.4e* 2 4 7 .9e* 6 7 9 .4e* 1.30 2 8 .3 3 e* 1.37 20 74
17.2 0 3 3 6 .9 ef 228.5*9 10.7e* 2 3 9 .2e* 6 8 9 .6e* 1.41 31 -60de* 1.47 21 44
13.8 0 93.49 5 9 .0 h 2.59 61.59 257.99 1.52 3 6 .7 7 d 1.58 2 3  22
10.3 0 293.2* 206.4*9 9 .4 e* 2 1 5.7e* 6 1 2 .6 e* 1.36 3 1 .1 9de* 1.42 2 1 .9 5

a SA T = Saturated; MONO = Monounsaturate; POLY = Polyunsaturated; UNSAT = Unsaturated. 
b EV p = Extraction vessel pressure (MPa); SV p = Separation vessel pressure (MPa). 
c Separation vessel pressure of 0 indicates that the separation vessel was not used - one stage extraction. 
d*9 Means in the same column with the same letter do not differ significantly (P < 0.05).

Saturated/unsaturated, saturated/monounsaturated, saturated/ 
polyunsaturated, and monounsaturated/polyunsaturated ratios 
changed as extraction pressures changed (Table 3). Ratios for 
all comparisons were similar to the control at the low pressures. 
As pressure increased, these ratios decreased indicating that tri
glycerides containing the more unsaturated fatty acids were sol
uble at higher densities.

These data indicated that at pressures nearest the critical point, 
where carbon dioxide had lowest density, the triglycerides con
taining the short-chain nonpolar fatty acids were most soluble. 
These results were similar to those reported by Froning et al.
(1990) who demonstrated that supercritical extraction of lipid in 
egg yolk resulted in an increased saturate/unsaturate ratio in the 
remaining egg product as extraction pressure was increased. 
Chao et al. (1991) reported similar results with differential scan
ning calorimetry. Extracts at higher pressures resulted in higher 
peaks at lower temperature regions and lower peaks in higher 
melting regions corresponding to higher polyunsaturated and 
lower saturated fatty acid composition in those fractions.

The solubility of compounds has been previously correlated 
with vapor pressures (Wong and Johnston, 1986). Increasing pres
sure results in increased yield due to a greater solvent capacity 
(de Filippi, 1982). The optimal fractionation conditions, however, 
are near the critical temperature and pressure (Brogle, 1982).

CONCLUSIONS
E x t r a c t io n  c o n d it io n s  affected the fatty acid content of ex
tracts. Within a specific carbon chain length, the extraction of 
fatty acids was based on the degree of unsaturation. At lower 
pressures, more saturated fatty acids were extracted. As pres
sures and density of fluid increased, the amount of unsaturated 
compounds and degree of unsaturation increased as shown by 
the saturate/unsaturate and monounsaturate/polyunsaturate ra
tios. Differences between fatty acid composition of beef fat ex
tracts were obtainable by variation in extraction pressure but no 
true separations of fatty acids were observed. SFE can be useful 
in fractionating beef fat. Differences in extracts demonstrate a 
potential for development of fractions which may be useful to 
the food industry specific food applications.
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Consumer Acceptability of Beef Steak Tenderness in the
Home and Restaurant

M.F. MILLER, L.C. HOOVER, K.D. COOK, A.L. GUERRA, K.L. HUFFMAN, K.S. TINNEY, C.B. RAMSEY, H.C. BRITTIN,
and L.M. HUFFMAN

----------------------------  ABSTRACT ----------------------------
Acceptability of beef steak tenderness in home and restaurant environ
ments was evaluated by 62 consumers. Steaks (loin, ribeye, or bottom 
and top round) were consumed by each panelist in their home and in a 
fine dining restaurant. Each consumer rated steaks for tenderness and 
overall acceptability in the home (over a 2-mo period) and one steak per 
week (over a 7-wk period) in the restaurant. Acceptability for steaks 
consumed at home and in the restaurant ranked between 3 (moderately 
tough) and 4 (slightly tough) on an 8-point scale. The Wamer-Bratzler 
Shear force transition level for beef tenderness acceptability in the home 
was between 4.6 and 5.0 kg and in the restaurant between 4.3 and 5.2 
kg. The unacceptable level of beef steak tenderness was <4.3 kg. Results 
suggested that consumers were more critical of beef tenderness in the 
home than in restaurants. Consumer responses may have been influenced 
by receiving free meals in the home or restaurant, as well as by the 
dining environment.

Key Words: beef, palatability, sensory, shear force, tenderness

INTRODUCTION
T e n d e r n e s s  is the most important palatability attribute of meat 
and a primary determinant of meat quality (Dikeman, 1987). 
The National Beef Tenderness Survey revealed that beef pro
duction practices result in considerable variation in tenderness 
and an unacceptable percentage of tough meat (Smith et al.,
1992). Several factors, such as breeding and feeding conditions, 
contribute to variations in tenderness (Crouse et ah, 1991; 
Wheeler et ah, 1990; Shackelford et ah, 1991).

Retailers and restaurateurs have rated tenderness as a top con
cern (Smith et ah, 1992). Meeting the tenderness needs for those 
markets could lead to more consumer satisfaction, and possibly 
increased consumption of beef. Establishing a “ tenderness tran
sition level”  for acceptability in consumer markets (restaurant 
vs home) could lead to new marketing systems for beef of var
ious qualities. For example, a tenderness value could be placed 
on a package for sale to restaurants or in the retail case. Know
ing what a consumer may perceive as acceptable tenderness in 
a restaurant as compared with the home has other implications. 
The industry might establish an acceptability level, based on 
values given by consumers, at which meat portions would be 
considered undesirable to eat or would require an additional 
treatment.

Our objectives were to determine acceptability levels for beef 
steak tenderness, as assessed by the same group of consumers 
in restaurant and home settings, and to determine any relation
ships between Warner Bratzler Shear (WBS) force values and 
beef tenderness ratings by consumers on paired steaks in both 
the home and restaurant.

MATERIALS & METHODS
Meat

Sides of beef (22) and loin strips (30) (IMPS j 180) were purchased 
from the Excel Corporation (Plainview, TX). Individual steaks 2.0 cm 
thick were cut from the rib, loin, and top and bottom rounds. Steaks

Authors Miller, Guerra, Tinney, Ramsey are with the Dept, of A n
imal Science & Food Technology and authors Hoover, Cook, K.L. 
Huffman, Brittin, and L.M. Huffman are with the Education, Nu
trition, & Restaurant, Hotel Management Dept., Texas Tech Uni
versity, Box 42162, Lubbock, T X  79409-2162. Direct inquiries to 
Dr. M.F. Miller.

averaged 225g. The ribeye and loin strip steaks contained only the lon- 
gissimus muscle, the top round steak was the semimembranosus and the 
bottom round steak was the biceps femoris. After sample numbers were 
assigned, each steak was vacuum packaged in Cryovac B550 bags 
(Cryovac Division of W.R. Grace & Co., Duncan, SC). The steaks for 
the home and restaurant study were stored at -20°C  for 45 days until 
all data were collected. Steaks for both the home and restaurant were 
not significantly different for Warner Bratzler Shear Forces Values al
though they varied in muscle group. Thus, the tenderness variation for 
both groups was the same.

W arner-Bratzler shear evaluation

One hundred eighteen steaks (randomly selected from the four primal 
cuts) were thawed at 2°C for 48 hr. Steaks from each primal cut for 
shear testing were paired with those to be evaluated by consumers in 
both the home and restaurant. Steaks were broiled on an Open Health 
electric broiler (Faberware Company; Bronx, NY) to an internal tem
perature 70°C. Temperature was monitored with a digital meat thermom
eter (Taylor, model 9865). Cooked steaks were chilled for 24 hr at 2°C 
for Wamer-Bratzler shear (WBS) force testing. To obtain shear force 
values, six 1.3 cm diameter cores were removed from each of the chilled 
steaks, parallel to the muscle fiber orientation. Each core was sheared 
once after reaching room temperature (22°C) and an average WBS value 
was determined for each steak.

Consumer panel

Questionnaires were circulated to university personnel to obtain pan
elists for the study. Consumer panelists (62) were selected from 180 
university personnel families based on family income, ethnic origin, sex 
and questions dealing with methods of cookery and degree of doneness 
to which they regularly cooked steaks. Consumers were selected who 
preferred medium doneness and who grilled steaks on gas, electric or 
charcoal grills. We also considered demographics to get a representative 
distribution of age, income levels, ethnic origins, and gender for Lub
bock, TX.

Consumer sensory evaluation

Home use tests. Steaks (4) from the four primal cuts (n = 248) were 
trimmed of all fat to a uniform size and randomly assigned to each 
consumer for evaluation. Steaks were bagged with identification tags and 
instructions for cookery, sensory evaluation forms, and a beef steak color 
guide for doneness (National Livestock and Meat Board, 1978). Instruc
tions explained cooking method (i.e., grilling), evaluation procedures, 
tenderness rating scales, and phone numbers to contact the researcher 
with any questions.

A I hr training session was held with each individual who received a 
package of steaks for the family. This training involved explicit instruc
tions on cookery. A display of steaks grilled to differing degrees of 
doneness was used. Consumers were advised to grill steaks to medium 
doneness as illustrated in the beef steak color guide.

Each family member older than 15 yr was requested to score an as
signed steak on an 8-point scale (8 =  extremely tender, 7 = very tender, 
6 = moderately tender, 5 = slightly tender, 4 = slightly tough, 3 = 
moderately tough, 2 = very tough, and 1 = extremely tough) (Cross, 
1978). Panelists were asked to rate each steak as “ acceptable” or “ un
acceptable” in tenderness and for overall acceptability. The data collec
tion period was about 2 mo.

Restaurant tests. The same consumers participated in restaurant test
ing. Each consumer was randomly assigned six loin strip steaks for eval
uation. Steaks were thawed at 2°C for about 48 hr, transported to the 
restaurant on the day of service and stored at 2°C. Vacuum packaging 
was removed, and a restaurant-type steak pick was labeled with the cor
responding five digit assigned steak number and placed in the steak.

Data were collected at Skyviews of Texas Tech, a laboratory restau
rant of the Restaurant, Hotel, and Institutional Management (RHIM) pro-
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B E E F  T E N D E R N E SS AC C EP TA B ILITY  LE V E LS . . .

T a b l e  1 — D e m o g r a p h ic s  fo r  c o n s u m e r  p a n e lis ts  e v a lu a t in g  b e e f t e n d e r n e s s  
in h o m e  a n d  re sta u ra n t te st in g

C h a ra c te r is t ic N u m b e r P e rce n t

G e n d e r

F e m a le 31 50
M a le 31 50

A g e  i n  y e a r s

1 5 -1 8 9 14.5
1 9 -2 2 6 9.7
2 3 -2 9 9 14.5
3 0 -3 9 14 22.6
40 o r m o re 24 38.7

E t h n i c i t y

A m e r ic a n  In d ia n 2 3.2
A s ia n 3 4.8
B la ck 5 8.1
H is p a n ic 9 14.3
W h ite 43 6 9 .4

E d u c a t i o n  l e v e l

N o n -h ig h  S c h o o l G ra d u a te 7 11.3
H ig h  S c h o o l G ra d u a te 15 24.2
S o m e  C o lle g e 17 27.4
B a c h e lo r 's  D e g re e 6 9.7
P o st  G ra d u a te 17 27.4

A n n u a l  h o u s e h o l d  i n c o m e

L e s s  th a n  $ 2 0 ,0 0 0 h 17.7
$ 2 0 ,0 0 0 -3 9 ,9 9 9 14 22.6
$ 4 0 ,0 0 0 -5 9 ,9 9 9 26 41.9
$ 6 0 ,0 0 0 -9 9 ,9 9 9 11 17.7

»Restaurant Consumers »H om e Consumers
S -i

1 2 3 4 5 6 7 8

Extremely Tenderness rating Extremely
tough tender

F ig .  1 — W a r n e r - B r a t z l e r  s h e a r  f o r c e  v a l u e s  a s  r e l a t e d  t o  t e n d e r 

n e s s  r a t i n g s  o f  s t e a k s  b y  c o n s u m e r s  in  r e s t a u r a n t  a n d  h o m e s .
( V a l u e s  s h o w n  a r e  m e a n s ,  n  =  6 2 ) .

F ig .  2 — P e r c e n t a g e  o f  s t e a k s  a t  e a c h  t e n d e r n e s s  r a t i n g  d e t e r 

m i n e d  t o  b e  a c c e p t a b l e  in  t e n d e r n e s s  b y  c o n s u m e r s  in  r e s t a u r a n t  

a n d  h o m e s .  ( V a l u e s  s h o w n  a r e  m e a n s ,  n  =  6 2 ) .

gram in the College of Human Sciences, Texas Tech University. 
Skyviews provides a fine-dining environment with formal table service.

Consumer panelists were asked to attend six, 1.5 hr test meals over a
7-wk period to evaluate 372 steaks. The consumer panel was composed 
of families, consisting of one to five members, who dined at 5:30 p.m., 
6:00 p.m., or 6:30 p.m. Each panelist was assigned the same seat for the 
six evaluation sessions.

Upon arrival at Skyviews, panelists were seated, and drink orders were 
taken. Restaurant-type tickets with panelist numbers were given to an 
expediter in the kitchen. Steaks were pulled according to the panelist 
numbers on the ticket. At this time the appetizer course, then a salad 
were served and the grilling process was initiated.

Steaks were placed on the grill, and the numbered pick was placed in 
a rectangular styrofoam block in the position to correspond with steak 
on the grill. Steaks were grilled to medium doneness, using a Star-Max 
Broiler (Star Manufacturing International, Incorporated, Smithville, TN). 
Internal temperature of steaks was monitored by an Omega DP80 digital 
thermometer (Omega engineering, Stamford, CT). When the steaks 
reached 70°C the corresponding numbered pick was inserted back into 
the steak, and the steak was placed on a dinner plate.

At the completion of the salad course, the entree consisting of steak 
sample, vegetable medley, roasted new potatoes and freshly baked bread 
was presented. Wine was offered to the panelists when the entree course 
was presented. Panelists were instructed not to consume the wine until 
they had rated the steak. Evaluation notebooks then were distributed to 
the panelists by the service manager who gave a brief description of 
evaluation forms, instructed panelists and responded to any questions. 
Consumers first evaluated overall acceptability. After completing the 
overall acceptability evaluation, the second form was distributee for 
evaluation of tenderness, and tenderness acceptability (using the same 
scales as in the home study). Panelists were given ample time for eval
uation of steak samples during the entree course. A dessert course com
pleted the meal.

Statistical analyses. Data were analyzed with the Statistical Analysis 
System package (SAS Institute, Inc., 1985). Mean WBS values for the 
paired WBS steaks from both the home and restaurant were calculated for 
each point on the 8-point tenderness rating scale as were descriptive sta
tistics, including frequency and percentages of consumers rating the steaks 
“ acceptable,”  for both tenderness acceptability and overall acceptability. 
For example, of all steaks that received a 2 rating the WBS associated 
with those steaks were used to calculate the mean for WBS value at the 
2 tenderness rating. Correlation coefficients were computed for relation
ships between tenderness acceptability and overall acceptability.

RESULTS & DISCUSSION 
Consumer panel

The demographic characteristics of the 62 consumers were 
evaluated (Table 1). Age range was 15-52 yr. Over 70% of 
panelists were white. Other ethnic groups included Hispanic, 
Black, Asian, American Indian, and African American. Family 
income ranged from <$10,000 to 99,999, with a median of 
$40,000-$50,000.

Consumer acceptability scores

Data (Fig. 1) showed as WBS value decreased, tenderness 
scores increased (indicated more tenderness). This suggested 
that consumers could detect changes in tenderness similar to 
those found from the instrumental measurement. In all tender
ness ratings except 5, a lower WBS value was associated with 
a given tenderness rating in the homes than in the restaurant.

The transition in ratings from tough to tender was determined 
based on data of Fig. 1. Initial transition for WBS values oc
curred between a 4 (5.2 kg) and 5 (4.3 kg) tenderness rating for 
consumers in the restaurant setting and between a 3 (5.0 kg) 
and 4 (4.6 kg) tenderness rating in the homes. Consumers in the 
restaurant tolerated slightly tougher meat and gave higher ten
derness ratings at any given shear value than the same consum
ers in their homes.

Percentages of steaks were compared (Fig. 2) at each tender
ness rating deemed acceptable in tenderness by consumers. The 
largest increase in tenderness acceptability for all steaks occurred 
between a 3 and 4 tenderness rating for both home and restaurant 
consumption. This established the tenderness acceptability level. 
The beef tenderness acceptability level occurred at 4.3 kg.

In homes and at the restaurant, when steaks were given a 
minimum of a 5 tenderness rating, at least 94% were rated ac
ceptable for tenderness. When the tenderness rating dropped 
from 4 to a 3, 60% fewer consumers rated tenderness acceptable 
in the home. However, in the restaurant only 35% fewer cus-
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IRestaurant Consumers EJHome Consumers

1 2 3 4 5 6 7 8
Extremely

tough Tenderness rating Extremely
tender

F i g .  3 — P e r c e n t a g e  o f  s t e a k s  a t  e a c h  t e n d e r n e s s  r a t i n g  d e t e r 

m i n e d  t o  b e  a c c e p t a b l e  o v e r a l l  b y  c o n s u m e r s  in  t h e  r e s t a u r a n t  

a n d  h o m e s .  (Values shown are means, n =  62).

Home R estaurant
F ig .  4 — T e n d e r n e s s  t r a n s i t i o n  l e v e l s  f o r  s t e a k  c o n s u m e r s  in  

h o m e s  a n d  t h e  r e s t a u r a n t .

tomers rated the 3-scored steaks acceptable. If the steaks were 
given a 2 or 3 tenderness rating, a much higher percentage of 
steaks were rated acceptable in tenderness in the restaurant than 
in the homes. This appeared to indicate that consumers may be 
more tolerant of tougher beef in a restaurant than in the home.

Percentages of steaks at each tenderness rating deemed to be 
“ overall acceptable” by consumer panelists were also compared 
(Fig. 3). Consumers were less critical when rating overall ac
ceptability of steaks as compared to tenderness acceptability. 
This indicated that tenderness was not the only factor they con
sidered important in determination of acceptability (Fig. 2). In 
homes and at the restaurant, if steaks were given a minimum of 
a 4 tenderness rating, 80% or more were rated overall acceptable 
(the same pattern as for tenderness acceptability). If the score 
was 3 or lower for tenderness, consumers in the restaurant found 
a much larger percentage of steaks overall acceptable than they 
did in their homes. When the tenderness rating was 3, 54% of

the consumers in the restaurant judged the steaks overall ac
ceptable and only 31% of the home consumers considered them 
overall acceptable. In the restaurant, 36% of the steaks rated 
very tough were considered overall acceptable while only 1.4% 
were found acceptable in the home. Similarly, 50% of the steaks 
that were rated extremely tough were considered overall ac
ceptable in the restaurant and none in the home. No steaks were 
acceptable when rated extremely tough in the home. Correlation 
coefficients between tenderness acceptability and overall ac
ceptability in the home were 0.66, in the restaurant 0.73. Thus, 
tenderness accounted for 44% (R2) of the variation in overall 
acceptability in the homes and 53% in the restaurant. The beef 
industry should focus on beef tenderness as an important trait 
because it accounts for a considerable degree of variation in 
acceptability among consumers. However, such results show 
other attributes, such as juiciness and flavor, may affect overall 
acceptability of beef steaks. Miller et al. (1995) reported ten
derness and flavor to both be important in the consumer ac
ceptability of beef.

Of the total steaks, 81.3% were considered acceptable in ten
derness by restaurant consumers and 87.6% acceptable overall. 
These data show that although some steaks were too tough to 
be acceptable for tenderness, other attributes such as flavor and 
juiciness made them acceptable overall.

Relationships between the home and restaurant environment 
were compared w'hen at least 98% of the steaks were rated over
all acceptable (Fig. 4). In the home, when steaks were rated 
acceptable for tenderness, the average WBS value was 3.5 kg. 
However, in the restaurant, steaks rated acceptable in tenderness 
had a WBS average of 4.0 kg. This suggests that less tender 
steaks were considered acceptable in the restaurant than in the 
home. The figure supports this finding by separating the tough 
and tender ratings from the 8-point scale. For the home, when 
steaks received at least a slightly tender rating (>5), the WBS 
value was 3.9 and when the steaks received a slightly tough 
rating (<4) the WBS value was 4.9. In the restaurant, steaks 
receiving at least a slightly tender rating had a WBS value of 
4.5 and for the slightly tough (<4) the WBS value was 5.3. 
Consumers may also have been influenced by atmosphere, serv
ice, convenience and quality of accompanying food when de
termining overall acceptability of the steaks. They also may 
have been influenced by receiving a free meal in the restaurant 
or free steaks for the home portion of the study. Results indicate 
that there is a level of tenderness (about 4.3 kg) that is unac
ceptable to steak consumers, and such level can be defined in 
terms of WBS values.
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Color Stability and Microbial Growth Relationships in Beef 
as Affected by Endogenous a-Tocopherol
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----------------------------  ABSTRACT ----------------------------
Longissimus muscle from Holstein steers supplemented with vitamin E 
at 500 or 2000 mg/head/day showed less surface metmyoglobin accu
mulation than controls during 12 days storage at 4°C. Temperature abuse 
at 25°C for 24 hr increased metmyoglobin formation; vitamin E supple
mentation diminished the adverse effect of temperature abuse. No dif
ferences (P >  0.05) in bacterial load were observed among the 3 vitamin 
E treatments during storage. Sensory panelists preferred vitamin E-sup- 
plemented beef steaks in visual acceptance. Panelist assessment of dis
coloration correlated highly with a* value and hue angle. In general, 
elevated a-tocopherol concentrations in beef steaks did not affect pan
elist assessment of meat spoilage.

Key Words: beef, color stability, a-tocopherol, microbial

INTRODUCTION
T h e  a p p e a r a n c e  o f  m e a t , especially its color, has been used 
by consumers as an important indicator of meat quality. When 
oxymyoglobin is oxidized to metmyoglobin in beef, the color 
changes from acceptable cherry-red to undesirable brown. Tech
nology which extends the color shelf-life of meat would improve 
the economic return since discojoration-caused conversions, dis
counts, and discards of products would be reduced (Schaefer et 
al., 1991). However, extension in color shelf-life of meat products 
does not necessarily equate with extension of microbiological 
shelf-life.

Reductants such as sodium ascorbate and sodium erythorbate 
were reported to maintain color shelf-life in ground beef without 
affecting bacterial load (Greene et ah, 1971). Manu-Tawiah et ah
(1991) used a mixture of tetrasodium pyrophosphate, sodium er
ythorbate and citric acid in combination with modified atmos
phere packaging to obtain an extension of color shelf-life in 
ground beef by 1 to 3 days, and beef steak by 1 day. No differ
ences in growth of mesophiles, psychrotrophs, or enterobacteri- 
aceae were observed between treatments at any storage time. 
They cautioned that, since bacterial load was unaffected by color 
maintenance compounds they tested, a potential for “ masking” 
microbial problems could exist with extended color stability. They 
did not assess spoilage in their study.

Dietary vitamin E supplementation of cattle and pigs improved 
color stability and shelf-life of beef and pork products (Faustman 
et ah, 1989; Asghar et ah, 1991; Lanari et ah, 1993). Vitamin E 
supplementation increased endogenous a-tocopherol concentra
tions in meat products. However, effects of elevated endogenous 
tocopherol concentrations on bacterial load have not been ade
quately studied. Arnold et ah (1992, 1993) found that vitamin E 
supplementation at levels of 500 and 2000 lU/head/day did not 
affect total bacterial load on beef from Holstein and beef breed 
steers during 12 days storage at 4°C. However, Asghar et ah
(1991) reported that the bacterial load on pork chops from vitamin 
E-supplemented pigs was higher than on control pork chops
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stored at 4°C for 10 days. They attributed this to a higher drip 
loss in non-supplemented pork chops which resulted in less sur
face moisture on the pork. They maintained that this would pro
vide an environment less favorable for bacterial growth, and thus 
a lower bacterial load on non-supplemented pork chops. Thus, 
whether meat products with acceptable appearance due to dietary 
vitamin E supplementation would also have acceptable microbial 
shelf-life is not clear.

Our objective was to study the effects of vitamin E supple
mentation on beef color stability, and microbial growth and pro
file in longissimus lumborum through both instrumental and 
sensory evaluations.

MATERIALS & METHODS
Animals and diets

Holstein steers (n=44) were used. Three different trials (Trial 1, n=14; 
Trial 2, n=  15; Trial 3, n= 15) were performed over a period of 7 me. All 
animals in the three trials were given ad libitum access to diets consisting 
of 90% com-plus-supplement/10% com silage (Arnold et al., 1993) at the 
Univ. of Wisconsin. Cattle weighing 450 kg were assigned randomly to 
1 of 3 dl-a-tocopheryl acetate supplementation target levels: 0 mg/head/ 
day (E-0; n= 14), 500 mg/head/day (E-500; n= 15), 2000 mg/head/day (E- 
2000; n= 15) for 126 days prior to slaughter. For each replicate trial, five 
animals were randomly assigned to each dietary treatment. However due 
to an unavoidable error in fabrication and shipping in Trial 1, four rather 
than five control loins were available. In Trials 2 and 3, there were five 
different loins available from each of the three treatment groups. Diets 
were sampled twice per week and samples from two consecutive weeks 
were composited for vitamin E analysis. The intake of vitamin E was 67 
(E-0), 380 (E-500) and 1447 (E-2000) IU/head/day. Steers were slaugh
tered at Packerland Packing Company (Green Bay, WI) when they were 
600 kg. Left strip loins were removed at 24 hr postmortem, vacuum- 
packed and shipped to the University of Connecticut and stored at 4°C. 
At 14 days postmortem, the longissimus lumborum (LL) muscle was dis
sected from the loin and prepared as follows.

Nonabuse and temperature abuse studies

Slices (1 cm thick) were prepared from each longissimus lumborum. 
Beef cores (12 cm2 X 1 cm thick) were removed from the slices, placed 
on fiberboard trays and overwrapped with oxygen-permeable PVC film 
(15,500-16,275 cm3/m2/24 hr at 23°C) and stored at 4°C for 12 days under 
illumination from cool white fluorescent lights (581 lux). One set of beef 
cores (n=7 per LL) was stored at 4°C (non-abused) for 12 days; the second 
set of beef cores (n=7 per LL) was stored at 25°C for 24 hr (temperature- 
abused) and subsequently stored at 4°C for 12 days. The remains of the 
beef slices were vacuum-packed and stored at -20°C until analyzed for 
a-tocopherol concentration. Surface metmyoglobin accumulation of non- 
abused and temperature-abused beef cores was determined on alternate 
days using a Shimadzu UV-Vis 2100U spectrophotometer equipped with 
an integrating sphere for diffuse reflectance (Stewart et al., 1965). Dupli
cate measurements were performed through the film on each core, im
mediately after surface metmyoglobin determination, beef cores were 
analyzed for total aerobic bacterial load. Each beef core was placed in a 
sterile stomacher bag with 100 mL sterile peptone water (0.1%) anc. ho
mogenized for 60 sec in a stomacher (400 Mark II, Fisher Scientific). 
Serial dilutions of the homogenate were applied to duplicate plates of plate 
count agar (PCA, Difco) and incubated at 25°C for 48 hr (Steinbrugge and 
Maxcy, 1988). Bacterial counts were expressed on the basis of total surface 
area of both horizonal faces of the core.
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F ig .  1 — S u r f a c e  m e t m y o g l o b i n  ( 1 a )  a n d  a e r o b i c  p l a t e  c o u n t  ( 1 b )  

o f  b e e f  l o n g i s s i m u s ,  l i i m b o r u m  m u s c l e  s a m p l e s  o b t a i n e d  f r o m  

c a t t l e  s u p p l e m e n t e d  w i t h  v i t a m i n  E  a t  l e v e l s  o f  0  ( E - 0 ) ,  5 0 0  IE -  

5 0 0 ) ,  a n d  2 0 0 0  ( E - 2 0 0 0 )  m g / h e a d / d a y  a n d  s t o r e d  a t  4 ° C  f o r  1 2  

d a y s .  S t a n d a r d  e r r o r  b a r s  a r e  i n d i c a t e d .

Bacterial profile

Identification of bacterial isolates from meat cores in the non-abused 
study was performed in Trials 1 and 2. Five colonies were randomly 
removed from each countable aerobic plate on day 0, 4 and 8 for identi
fication according to Manu-Tawiah et al. (1991). Selected colonies were 
spread on trypticase soy agar (TSA) and plates were incubated at 25°C 
for 24 hr to assess purity. Isolates from TSA were characterized initially 
according to a Gram stain reaction. Gram-negative isolates were separated 
initially based on FeS formation in Triple Sugar Iron Agar (TSI; Difco) 
and presence of urease. Isolates with the same TSI reaction, urea reaction 
and cell morphology were grouped together and one isolate/group was 
identified using API 20E test strips (BioMerieux Vitek Inc, Hazelwood, 
MO). Gram-positive isolates were identified following the scheme of Har
rison et al. (1981).

Sensory studies

Sensory evaluation experiments were conducted in a double-blind man
ner in individual booths with a semi-trained panel consisting of university 
staff (n= 11 members, trial 1; n=  10 members, trial 2; n = 8 members, trial
3). It was desired to have panelists evaluate discoloration and spoilage 
status of beef steaks which had been exposed to display conditions for a 
wide range of exposure times. In order to avoid scheduling conflicts and 
the confounding effect of day of evaluation, strip loin steaks (2 cm) were 
removed from each loin at 14, 11, 8 and 4 days, and 2 hr prior to eval
uation. For each time point at which steaks were sliced in advance of the 
sensory evaluation date, primals were again vacuum-packed. Prior to re
moval of a steak from the LL, a thin slice (1 cm) was removed to provide 
a fresh cut surface. Beef steaks were placed on fiberboard trays and ov
erwrapped as described. Panelists were requested to evaluate each steak 
for presence and extent of discoloration, and acceptability of appearance 
for purchase. In addition, panelists assessed spoilage status in terms of 
olfactory acceptability and indicated whether or not they would consume 
the steak. Following completion of the panel evaluation, each steak was 
analyzed for total bacterial load and color status. One core (12 cm- X 2 
cm thick) was removed from the geometric center of each steak and an
alyzed for bacterial load as described. For instrumental color analysis, four 
measurements were made around the core periphery using a Minolta Chro-

mameter CR 200; a*, b* and L* values were recorded and hue angle 
calculated as: hue angle=tarr'(b*/a*)*36072Tr.

a-Tocopherol analysis

Alpha-tocopheryl acetate concentrations in diet samples and a-tocoph- 
erol concentrations in LL were determined according to Arnold et al.
(1993) using normal-phase, isocratic high-performance liquid chromatog
raphy with fluorescence detection. Determinations were made on duplicate
1-g aliquots of each samples.

Statistical analysis

Results from the three trials were not different and thus data were 
pooled together for subsequent analysis. Data were analyzed by the Gen
eral Linear Models procedure of SAS Institute, Inc. (1985) with a split- 
split plot design tc account for repeated measurements. Animals were 
considered as the main plot, animal X vitamin E treatment as sub-plot, 
and animal X vitamin E treatment X day as sub-sub-plot. Bacterial load 
data were subjected to a log transformation prior to statistical analysis. 
Differences between vitamin E treatment means were detected by the LSD 
multiple range test. Regression analyses were performed and the signifi
cance of correlation coefficients was determined by the t statistic where, 
t= (r)(n -2 )l/2/ ( l - r 2)12, with n-2 degrees of freedom.

RESULTS

T h e  a c c u m u l a t i o n  o f  m e t m y o g l o b i n  on nonabused beef 
cores during storage at 4°C for 12 days was assessed (Fig. la). 
No differences (P >  0.05) in surface metmyoglobin accumulation 
were observed between treatments during the first 4 days of stor
age. When stored for more than 6 days, E-0 beef cores showed 
greater surface metmyoglobin accumulation than E-500 and E- 
2000 treatments (P <  0.05). Surface metmyoglobin accumulation 
on E-500 and E-2000 beef cores did not differ over the 12-day 
storage (P >  0.05; Fig. la). No difference in total bacterial load 
was found among the three treatments for any storage time (P >  
0.05; Fig. lb). Presumptive identification of bacterial genera in 
the non-abuse study indicated no treatment effect for any meso- 
philic genus present on beef cores stored at 4°C for 0, 4 or 8 days 
(Table 1). The Pseudomonas and Coryneform groups were iden
tified as predominant mesophilic microflora; the proportion of 
Pseudomonas isolates appeared to increase during storage (Table 
1).

Temperature abuse of beef cores increased metmyoglobin for
mation and total bacterial load on beef core surfaces (Fig. 2a and 
2b) when compared with nonabused counterparts (Fig. la and lb; 
P <  0.05). During subsequent storage at 4°C for 6 days, surface 
metmyoglobin accumulation in temperature-abused samples was 
higher in E-0 than E-500 and E-2000 (P <  0.05). Following 
temperature abuse, E-0, E-500 and E-2000 beef cores demon
strated no difference in bacterial growth over 12 days storage at 
4°C (P >  0.05; Fig. 2b).

Vitamin E supplementation at levels of 500 and 2000 mg/head/ 
day increased endogenous tocopherol concentrations of LL mus
cle over that of E-0 by 2.6- and 5.5-fold, respectively (Table 2). 
The relationship between endogenous tocopherol concentrations 
and metmyoglobin accumulation on non-abused beef cores at day 
8 of 4°C storage was compared (Fig. 3). Higher endogenous to
copherol concentrations in beef correlated with lower metmy
oglobin level, a threshold concentration of 4 |ig a-tocopherol/g 
muscle appeared necessary to maximally retard metmyoglobin 
formation.

Sensory evaluation responses were compared (Table 3). On day 
0, steaks from E-0, E-500 and E-2000 treatments were considered 
of normal color and had acceptable appearance; no difference was 
found among the three treatments (P >  0.05). When steaks were 
stored at 4°C for 4 days, more panelists considered E-0 steaks 
discolored than E-500 and E-2000 (P <  0.05), however, no treat
ment effect was evident for appearance acceptance and purchas
ing preference (P >  0.05). At 8 to 14 days storage, essentially 
all steaks were considered discolored to some extent by panelists. 
However, more panelists accepted the appearance of E-500 and
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T a b le  1— G e n e ra  o f  m e s o p h ilic  is o la te s  (n =  4 5 , E -0 ; n =  5 0 , E -5 0 0 , a n d  n =  50, E -2 0 0 0 ) o b ta in e d  fro m  b e e f c o r e s  s to re d  at 4 °C  fo r  0, 4  a n d  8 d a y s

N o . o f is o la te s

D a y  0 D a y  4 D a y  8

G e n u s E -0 E -5 0 0 E-2 0 0 0 E -0 E -5 0 0 E -2 0 0 0 E-0 E -5 0 0 E -2 0 0 0

G ra m -n e g a t iv e
Pseudomonas 17 22 22 23 22 27 26 30 31
Acinetobacter 1 4 3 4 4 2 3 0 0
Serratia 2 0 0 1 0 1 1 0 0
Hafnia 1 0 0 0 0 0 0 0 0
Klebsiella 0 1 0 0 0 0 0 0 0

G ra m -p o s it iv e
Coryneform 15 14 20 15 20 15 13 14 16
Micrococcus 7 3 2 1 1 2 0 0 0
Lactobacillus 0 4 0 1 1 0 2 2 1
Lost (no growth

upon transfer) 2 2 3 0 2 3 0 4 2

0 2 4 6 8 10 12 14
D a y

F ig .  2 — S u r f a c e  m e t m y o g l o b i n  ( 2 a )  a n d  a e r o b i c  p l a t e  c o u n t  ( 2 b )  

o f  b e e f  l o n g i s s i m u s  l u m b o r u m  m u s c l e  s a m p l e s  o b t a i n e d  f r o m  

c a t t l e  s u p p l e m e n t e d  w i t h  v i t a m i n  E  a t  l e v e l s  o f  0  ( E - 0 ) ,  5 0 0  IE -  

5 0 0 )  a n d  2 0 0 0  ( E - 2 0 0 0 )  m g / h e a d / d a y .  B e e f  lo in  s a m p l e s  w e r e  

t e m p e r a t u r e - a b u s e d  a t  2 5 ° C  f o r  2 4  h r  a n d  s u b s e q u e n t l y  s t o r e d  a t  

4 ° C  f o r  1 2  d a y s .  S t a n d a r d  e r r o r  b a r s  a r e  i n d i c a t e d .

T a b le  2— A lp h a -to c o p h e r o l c o n c e n tra t io n s  in lo n g is s im u s  lu m b o ru m  m u s 
c le  fro m  ca ttle  s u p p le m e n te d  w ith  v ita m in  E  at le v e ls  o f 0 (E -0 ), 5 0 0  (E -5 0 0 )  
a n d  2 0 0 0  (E -2 0 0 0 ) m g/h e a d /d a y  fo r  126 d a y s

T  re a tm e n ts  
E -0  E -5 0 0 E -2 0 0 0

a -T o c o p h e r o l c o n c e n tra t io n s  
(pg/g m u sc le ) 1.11 ±  0 .0 5 a 2 .90  ±  0 .1 0 b 6 .1 6  ±  0 .1 6 C

a c Means with different superscripts are different (P <  0.05).

E-2000 steaks and preferred purchasing them when compared to 
E-0 steaks (P <  0.05).

The panelists’ estimates of steak surface discoloration were 
compared (Fig. 4a). Over a 14-day storage, surface discoloration 
followed the order E-0 >  E-500 >  E-2000 (P <  0.05). The a* 
value readings (Fig. 4b) and hue angle values (Fig. 4c) of loin

a — T o c o p h e r o l  C o n c e n t r a t i o n  (p -q /q  m u s c l e )

F ig .  3—R e l a t i o n s h i p  b e t w e e n  a-tocopherol concentration and per
cent metmyoglobin on day 8 of display at 4°C for beef longissimus lum
borum muscle samples from cattle supplemented with vitamin E at 
levels of 0 (E-0), 500 and 2000 (E-2000) mg/head/day. A second order 
regression is indicated.

steaks supported this sensory result in that a decrease in redness 
and increase in hue angle followed the order E-0 >  E-500 >  E- 
2000 (P <  0.05). The instrumental measurement of hue angle 
value and sensory panelist assessment of discoloration demon
strated similar responses (Fig. 4a and 4c). Correlations between 
estimated surface discoloration and a* value (R=0.84; Fig. 5a) 
and hue angle value (R=0.88; Fig. 5b) were significant (P <  
0.05). There were no treatment differences in L* or b* values 
(data not shown).

Sensory evaluation results indicated that olfactory quality of 
beef steaks was similar for E-0, E-500 and E-2000 steaks for days 
0, 4, 8 and 14 of storage (Table 3). For day 11 steaks, fewer 
panelists detected spoilage in E-2000 than in E-0 steaks (Table
3). There was no difference in olfactory quality between E-0 and 
E-500, or E-500 and E-2000 steaks (P >  0.05). Similar to results 
for beef cores, total aerobic bacterial load on beef steaks was not 
affected by vitamin E treatment (P >  0.05; Fig. 4d).

Panelists also judged the overall quality of beef steaks by in
dicating their consumption preference based on combined visual 
and olfactory assessment (Table 3). During the early storage pe
riod, panelists did not discriminate between vitamin E treatments 
for consumption preference. When steaks were stored 8 days or 
longer at 4°C, more panelists indicated a preference for con
sumption of E-500 and E-2000 steaks over E-0 steaks (P <  0.05). 
In no instance did panelists indicate that they would choose to 
consume a beef steak which had been identified as spoiled (data 
not shown). On day 4 of storage, 3 to 6% of panelists would not 
consume beef steaks since they perceived them as spoiled, al
though they indicated a willingness to purchase based on ap
pearance. However, there was no main treatment effect in this 
regard. On day 8 of storage, 4 to 6% of panelists were willing to
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D a y s  s to re d  at 4°C

________________________0_______________________ 4_______________________ 8______________________ 11______________________ 14_________

C a te g o ry  T r t  P e rc e n t o f  p a n e lis ts  r e s p o n d in g  " y e s "

Visual qualities

Table 3— Sen so ry evaluation of loin steaks from cattle supplem ented with vitam in E at levels of 0 (E-0), 500 (E-500) and 2000 (E-2000) mg/head/day

Is th e  s te a k  d is c o lo re d ? E-0 0 ± 0* 7 5 .0 ± 6 .1 b 100 + 0 d 100 ± 0 d 100 ± 0 d
E -5 0 0 1.3 ± 0 .9 a 43.2 + 7 .6 C 9 7 .4 1.4d 9 9 .4 ± 0 .6 d 100 + od
E -2 0 0 0 2.2 ± 1.1a 4 8 .4 ± 6.7C 9 2 .8 + 3 .0 d 100 ± 0 d 100 od

Is th e  s te a k 's  a p p e a ra n c e E -0 100 ± oa 95.7 ± 1.4a 40.2 ± 8 .8 ° 6.61 ± 3 .2 e 5.0 ± 2 .7e
a c c e p ta b le ? E -5 0 0 100 ± oa 98.7 ± 1.3a 75.2 ± 5 .5 b 3 6 .6 ± 9 .0 C 19.5 ± 7 .4 d

E -2 0 0 0 100 ± oa 100 0 a 8 8 .8 ± 3 .4 ab 40.4 ± 6 .0 C 24.7 ± 8 .3 d

W o u ld  y o u  b u y  th e  ste a k ? E -0 100 + oa 9 5 .7 ± 1.4a 37.7 7 .9 C 7 .3 ± 3 .2 e 5.0 2 .7 e
E -5 0 0 100 oa 9 8 .7 ± 1.3a 74.9 ± 5 .4 b 3 8 .6 ± 8 .6 C 18.9 ± 7 .3 d
E -2 0 0 0 100 + oa 100 ± 0 a 88.2 ± 3 .5 ab 41.1 6 .0 C 25.2 + 7 .9 d

Olfactory quality
Is  th e  ste a k  s p o ile d ? E -0 0 ± oa 7.1 ± 1.2b 15.2 + 2.3C 25.7 ± 3 .9 d 7 3 .7 ± 5.4e

E -5 0 0 0 + oa 5.1 ± 1.5b 12.4 + 4.6C 2 2 .5 ± 4 1cd 62.1 ± 8 .6 e
E -2 0 0 0 0 + oa 3.2 ± 1.2b 11.4 ± 2.2C 15.4 ± 2 .5 C 6 1 .4 ± 8 .3 e

Overall quality assessm ent
W o u ld  y o u  c o n s u m e E -0 100 ± oa 9 0 .9 + 1.8* 55.6 ± 5.0C 3 1 .5 ± 3 .2 d 13.1 ± 2 .7 e

th e  ste a k? E-5 0 0 100 ± oa 9 4 .9 + 1.6a 7 4 .8 + 3 .9 b 51.9 ± 5 .5 C 25.1 ± 6 .6 d
E -2 0 0 0 100 ± oa 9 6 .9 + 1.2* 77.1 + 2 .4 b 50.8 ± 5 .2 C 2 5 .8 ± 6 .4 d

P u rc h a s e  b u t note E -0 0 ± oa 5.5 ± 1.3b 0.7 + 0 .7a 0 ± 0* 0 ± 0*
s p o ila g e  a n d  d o  n ot E-5 0 0 0 ± oa 3.9 + 1.2b 5.3 ± 1.6b 0 .8 ± 0 .8 a 0 ± 0 a
c o n s u m e  ltf E -2 0 0 0 0 ± oa 3.2 + 1.2b 4.6 ± 1.8b 0 .6 ± 0.6* 0 ± 0 a

a‘e Within the same question, treatment means <± SE) with different superscripts are different (P <  0.05). 
f Percentage of panelists (calculated from responses) who would purchase the steak but note spoilage and not cansume it.

D a y  D a y

F ig .  4 — S e n s o r y  a n a l y s i s  o f  s u r f a c e  d i s c o l o r a t i o n  ( % ) ( 4 a ) ;  o b j e c t i v e  a n a l y s i s  o f  a *  v a l u e  ( 4 b )  a n d  h u e  a n g l e  ( 4 c ) ;  a n d  t o t a l  b a c t e r i a l  

l o a d  ( 4 d ) ;  o f  b e e f  l o i n  s t e a k s  f r o m  c a t t l e  s u p p l e m e n t e d  w i t h  v i t a m i n  E  a t  l e v e l s  o f  0  ( E - 0 ) ,  5 0 0  ( E - 5 0 0 )  a n d  2 0 0 0  ( E - 2 0 0 0 )  m g / h e a d /  

d a y .  B e e f  s t e a k s  w e r e  s t o r e d  a t  4 ° C  f o r  1 4  d a y s .  S t a n d a r d  e r r o r  b a r s  a r e  i n d i c a t e d .

purchase E-500 and E-2000 beef steaks but would not consume 
them due to spoilage; only 0.7% of panelists responded in this 
manner for E-0 steaks. However, it is important to note that pan

elist response for E-500 and E-2000 steaks on day 8 was not 
different from that of E-0 steaks on day 4 ( P  > 0.05). On days 
11 and 14 storage, <  1% of panelists indicated that purchased
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F ig .  5 — R e l a t i o n s h i p  b e t w e e n  e s t i m a t e d  d i s c o l o r a t i o n  ( % )  a n d  a *  

v a l u e  ( 5 a ) ;  a n d  h u e  a n g l e  ( 5 b )  o f  b e e f  l o in  s t e a k s  f r o m  c a t t l e  s u p 

p l e m e n t e d  w i t h  v i t a m i n  E  a t  0  ( E - 0 ) ,  5 0 0  ( E - 5 0 0 )  a n d  2 0 0 0  ( E - 2 0 0 0 )  

m g / h e a d / d a y .  B e e f  s t e a k s  w e r e  s t o r e d  a t  4 ° C  f o r  1 4  d a y s .  

S t a n d a r d  e r r o r  b a r s  a r e  i n d i c a t e d .

steaks would not be consumed due to spoilage regardless of treat
ments.

DISCUSSION
D ie t a r y  v it a m in  E s u p p l e m e n t a t io n  was effective in decreas
ing metmyoglobin formation in LL muscle during 4°C storage 
and under conditions of temperature abuse (Fig. la and 2a). Mit- 
sumoto et al. (1991) reported a negative correlation between a- 
tocopherol concentrations and metmyoglobin formation in 
Holstein and crossbred beef at day 16 of 4°C storage. They sug
gested that 3.5 pg/g muscle was needed to retard metmyoglobin 
formation. Arnold et al. (1992) also reported a correlation be
tween a-tocopherol concentration and metmyoglobin formation 
in loin and sirloin. Metmyoglobin formation approached a mini
mum of 23% at 3.3 pg/g longissimus muscle stored at 4°C for 
12 days and 26% at 3.8 pg/g gluteus medius muscle stored at 
4°C for 8 days. A strong correlation between a-tocopherol con
centration and metmyoglobin accumulation was also observed in 
our study (Fig. 3). However, «= 4 pg a-tocopherol/g beef ap
peared necessary for retarding metmyoglobin formation; a value 
slightly higher than those reported by Mitsumoto et al. (1991) and 
Arnold et al. (1992).

Although the a-tocopherol concentration was 2.2 fold higher 
in E-2000 than in E-500 beef (Table 2), metmyoglobin accumu
lation did not differ among the vitamin E treatments (P <  0.05; 
Fig. la and 2a). Arnold et al. (1993) found no differences in 
metmyoglobin accumulation during retail display of longissimus 
muscle from cattle which received 380 and 1446 IU/day for the 
last 100 days of a 252-day study. Although spectrophotometric 
determination of metmyoglobin accumulation in beef cores re
vealed no difference in color preserving effect between E-500 and 
E-2000, panelists in our double-blind study discriminated between 
the treatments based on estimated discoloration (Fig. 4a). The 
perception of the panelists was consistent with the discrimination

among treatment effects revealed by colorimetric assessment of 
a* value and hue angle. Hue angle appeared especially sensitive 
as a measure of beef color stability.

Sensory evaluation indicated that estimated discoloration (%) 
of beef steaks strongly influenced panelist response regarding ap
pearance acceptability and purchase preference (Fig. 4a and Table
3). When beef steaks were perceived to contain <  15% discol
oration, more than 75% of panelists accepted the appearance. 
However, once panelists perceived steaks to be >  20% discol
ored, >  50% of panelists rejected the steaks. This result was 
similar to that of Hood and Riordan (1973) who reported that 
shopper discrimination against discolored meat increased with in
crease in metmyoglobin content. The ratio of sales of discolored 
beef to bright red beef was 1:2 when 20% metmyoglobin was 
present in the discolored batch. Beef steaks from vitamin E sup
plemented cattle were perceived to be less discolored than those 
from non-supplemented animals after 4 days storage at 4°C (Fig. 
4a), and more favorable in appearance by panelists (Table 3). 
These results further confirmed previous studies that dietary vi
tamin E supplementation extends color shelf life of fresh beef 
(Faustman et al., 1989; Mitsumoto et al., 1991; Arnold et al.,
1992).

Endogenous a-tocopherol concentrations of LL muscle were 
increased by vitamin E supplementation (Table 2). Elevated a- 
tocopherol concentrations in vitamin E-supplemented beef had no 
influence on bacterial load during 4°C storage (Fig. lb and Fig. 
4d) or during temperature abuse (Fig. 2b i. These results were 
consistent with findings by Arnold et al. (1992, 1993) who 
showed no effect of dietary vitamin E on bacterial load in beef 
during the display period, but differ from results of Asghar et al.
(1991) who reported higher bacterial load in vitamin E-supple- 
mented than in control pork chops. In acdition, the profile of 
mesophilic microflora on beef in the non-abuse study was unaf
fected by dietary vitamin E supplementation (Table 1). Manu- 
Tawiah et al. (1991) reported that use of tetrasodium pyrophos
phate, sodium erythorbate and citric acid to extend beef color 
shelf-life had no effect on presence of certain mesophilic bacterial 
genera.

Elevated temperature or extended storage accelerated oxymy- 
oglobin oxidation and bacterial growth in beef (Fig. 1 and 2). 
Bala et al. (1977) reported a concomitant decrease in oxymy- 
oglobin content with increased bacterial load and suggested that 
bacteria may cause oxymyoglobin oxidation. O’Keeffe and Hood
(1982) hypothesized that increased oxygen consumption, which 
might be caused by bacterial growth, may lower partial oxygen 
pressure sufficiently to enhance oxymyoglobin oxidation. How
ever, Bevilacqua and Zaritzky (1986) provided data which failed 
to support a bacterial :pO, mechanism for accelerating meat dis
coloration. In our results, no difference in oacterial load resulted 
from vitamin E supplementation (Fig. lb and 2b), yet there was 
less discoloration in E-500 and E-2000 steaks. In view of these 
results, significance of the relationship between bacteria and meat 
discoloration must be reconsidered. Thus, for a given level of 
discoloration, bacterial load was greater in beef from vitamin E- 
supplemented cattle than from controls. Results from Manu-Ta- 
wiah et al. (1991) also showed that bacterial loads were greater 
in color-stabilized beef than controls for a given level of discol
oration. In the temperature abuse study, bacterial load and met
myoglobin formation were substantially higher following 24 hr 
at 25°C than in the non-abused samples (P <  0.05). However, 
there was a clear vitamin E treatment difference for pigment ox
idation, but not bacterial load. These results did not support a 
clear-cut relationship between discoloration and bacterial load.

Spoilage of beef occurs when the bacterial load reaches ca. 107 
CFU/cm2 (Kraft, 1986). In our study, this level occurred on beef 
steak by day 8 of storage at 4°C (Fig. 4d). Longissimus muscle 
has a color shelf life of ca. 6 days (O’Keeffe and Hood, 1982). 
Arnold et al. (1993) reported that vitamin E supplementation 
could extend the color shelf-life of longissimus muscle by 2 to 5 
days and thus provide a substantial economic advantage. Dietary 
vitamin E had no effect on bacterial load, and spoilage assessment
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of beef steaks was generally not affected by treatment. The reason 
that fewer panelists detected spoilage on E-2000 steaks than E-0 
steaks for day 11 is unknown. Panelists may associate cherry-red 
color with less bacterial load, which influenced their perception 
for spoilage, but this did not hold for day 14.

A potential problem with the use of vitamin E for extending 
color shelf-life is that consumers may purchase beef based on 
acceptable appearance, but then subsequently determine that it is 
spoiled. There was no difference between control and E-treated 
beef steaks stored at 4°C for 0, 4, 11 and 14 days (P >  0.05; 
Table 3). When beef steaks were stored at 4°C for 8 days, more 
panelists would have purchased spoiled steaks with good appear
ance from the vitamin E treatments than the control treatment. 
The relative number of panelists actually doing this was <  10% 
(Table 3) and no different than the percentage of panelists re
sponding similarly for E-0 steaks on day 4 (P >  0.05). Meat cuts 
with lower color stability than LL muscle, such as psoas major 
and gluteus medius, may respond to vitamin E supplementation 
differently; this could also impact panelist response (Chan et al.,
1995).

CONCLUSION
D iet a r y  v it a m in  E s u p p l e m e n t a t io n  of Holstein steers at lev
els of 380 (E-500) and 1447 (E-2000) ng/head/day for 126 days 
decreased surface metmyoglobin formation of beef under condi
tions of normal refrigerated storage at 4°C and temperature abuse. 
Vitamin E supplementation also increased color stability of beef 
steaks and visual acceptance by panelists. No significant effect 
was observed for vitamin E supplementation on bacterial load of 
beef. Panelist assessment of meat spoilage was not affected by 
dietary vitamin E supplementation.
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Survival of L is te ria  m o n o c y to g e n e s , Y ers in ia  en te ro c o litic a  
and E s c h e ric h ia  c o li 0157:H7 and Quality Changes After 

Irradiation of Beef Steaks and Ground Beef

AN-HUNG FU, J. G. SEBRANEK, and E. A. MURANO

----------------------------  ABSTRACT ----------------------------
Beef steaks and ground beef were inoculated with Listeria m onocyto
genes, Yersinia enterocolitica, or Escherichia coli 0157:H7. Samples 
were packaged in air or under vacuum and irradiated at low (0.60 to 
0.80 kGy) or medium (1.5 to 2.0 kGy) doses, with each dose delivered 
at either a low (2.8 M/min conveyor speed) or high (6.9 M/min) dose 
rate. Medium-dose irradiation accompanied by 7°C storage resulted in 
no Y. enterocolitica  or E. coli 0157:H7 survivors being detected. There 
was no effect on survival of the pathogens by dose rate or storage at
mosphere. No difference (P>0.05) was observed in meat pH or color, 
but TBA values increased after 7 days storage.

Key Words: beef, pathogens, microbials, irradiation

INTRODUCTION
In Jan ua ry  1993, an outbreak of foodbome illness caused by 
consumption of hamburger contaminated with Escherichia coli 
0157:H7 (Mermelstein, 1993) showed how pathogens can con
taminate meat products, survive, grow, and cause disease when 
proper processing has not been applied. Good manufacturing 
practices (GMP) and hazard analysis and critical control point 
(HACCP) systems have been emphasized in slaughtering and 
processing plants (Tompkin, 1983; Karr et ah, 1994), but spo
radic contamination is still possible.

There have been several reports on contamination levels of 
Listeria monocytogenes (Johnson et ah, 1990), Yersinia enter
ocolitica (Hanna et ah. 1976; Myers et ah, 1982), and Escher
ichia coli 0157:H7 (Doyle and Schoeni, 1987) in beef. Because 
these organisms can survive refrigeration temperatures, the use 
of low-temperature storage alone cannot be relied upon to keep 
meat safe from them (Palumbo, 1986). Irradiation provides an 
alternative that can decrease the microbial load of foods and 
may also eliminate specific pathogens on meat and meat prod
ucts without changing their nutritive and sensory qualities (Nie- 
mandet ah, 1981; Thayer et ah, 1986; Skalaet ah, 1987;Thayer,
1993). The Food and Drug Administration (FDA) has approved 
use of irradiation to reduce bacterial contamination of raw poul
try (FDA, 1990), but no approval has been granted for beef. 
Research is required to demonstrate the benefits of irradiation 
in preventing outbreaks of foodbome illness from beef or beef 
products. Research (Clavero et ah, 1994) has indicated that path
ogens such as E. coli C157:H7, salmonellae and Campylobacter 
jejuni are sensitive to gamma irradiation. A dose of 2.5 kGy was 
suggested as sufficient to kill large numbers of the pathogens in 
ground beef.

The effect of irradiation dose rate on destruction of micro
organisms is controversial. It has been hypothesized that, at a 
high dose rate, recombination of radicals formed during irradi
ation takes precedence over reaction of radicals with food com
ponents, as occurs at a low dose rate (Hayashi, 1991). This may 
increase chances for microbial survival, because of more rapid 
depletion of toxic radicals in the environment. Also, it has been
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postulated that high-dose rate irradiation may result in creation 
of an anoxic environment, resulting in fewer oxygen radicals. 
Some reports have shown no difference in effects on microor
ganisms between high dose rates and low dose rates, as dem
onstrated by comparing gamma irradiation (low dose rate) and 
electron irradiation (high dose rate) (Hayashi, 1991). Such dif
ferences, however, could be due to inherent differences in ra
diation source, independent of dose rate. It would be valuable 
to determine whether there is an effect due to dose rate using a 
given source of irradiation.

Vacuum packaging has been used for primal and subprimal 
cuts to inhibit growth of spoilage microorganisms in fresh meat. 
Refrigeration is also important with temperatures between 1°C 
and 5°C important to delaying microbial spoilage (Gill and 
Newton, 1978). Most spoilage microorganisms in meat are gram 
negative, with Pseudomonas predominant when storage is aer
obic at refrigeration temperatures. Vacuum packaging will shift 
the microflora from gram-negative to gram-positive cells, thus 
delaying meat spoilage. Early studies have shown that lactic acid 
bacteria predominate in refrigerated vacuum-packaged pork 
(Lee et al., 1985) and beef (Beebe et al., 1976; Christopher et 
ah, 1979). However, defects such as off-flavors, off-odors, and 
undesirable colors after 8-11 wks refrigerated storage have been 
reported (Pierson et al., 1970; Johnson, 1974). Vacuum pack
aging is often regarded as a modified atmosphere in the sense 
that elevated levels (10-20%) of C 02 are produced within the 
package by respiration of microorganisms and meat. Therefore, 
safety concerns which have been raised for meat packaged under 
modified atmospheres need to be considered in vacuum pack
aging (Hintlian and Hotchkiss, 1986) as well. There has been 
some concern that modified-atmosphere packaging in combi
nation with low-dose irradiation (<10 kGy) may inhibit some 
spoilage microorganisms and result in a favored, less-competi
tive environment for surviving pathogens to proliferate (Lambert 
et al., 1991).

The objectives of this study were to: evaluate the effects of 
low and medium doses of irradiation on survival of Listeria 
monocytogenes, Yersinia enterocolitica, and Escherichia coli 
0157:H7 in beef loins, steaks, and ground beef; to determine 
the effect of dose rate on survival of these pathogens; and to 
monitor quality changes of pH, lipid oxidation, color, and odor 
after irradiation at various doses and dose rates.

MATERIALS & METHODS
Sample preparation

Ten vacuum-packed beef rib eye rolls were obtained directly from the 
processing line of a commercial source and cut into 2.5-cm thick steaks 
at the Iowa State University Meat Laboratory. Fresh ground beef 180% 
lean) was obtained from a local supermarket in 2.75 kg lots and sepa
rated into 25-g portions to be used as experimental units.

External inoculation and packaging

Steaks and ground beef samples were separated into four groups for 
inoculation with L. monocytogenes. Y. enterocolitica, or E. coli 0157: 
H7. Uninoculated samples of each were used as controls. Listeria mon
ocytogenes Scott A was grown in trypticase soy broth containing 0.6%
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yeast extract (TSB+YE) at 35°C for 24 hr to the stationary phase. The 
culture was then transferred to fresh broth and incubated for 6 hr to 
reach log phase (as determined by previous growth curve experiments). 
A 2-mL inoculum was transferred to a 10-mL TSB+YE broth and diluted 
in 1200-mL of 0.1% peptone water to a final concentration of 7 log 
cells/mL. Using the same procedure, Y. enterocolitica  was grown in 
Brain Heart Infusion broth (BHI) at 25°C, and approximately 7 log cells/ 
mL was obtained; E. coli 0157:H7 was grown in trypticase soy broth 
(TSB) at 35°C for 12 hr, transferred to fresh broth and incubated for 4 
hr to reach log phase. After dilution, the final concentration of E. coli 
0157:H7 was 7 log cells/mL.

Steaks were dipped in the appropriate inoculum solution for 10 min 
and drained on sterilized racks for 2 min. Inoculations resulted in about 
5 log cells/g. Inoculated and uninoculated treatment groups were indi
vidually divided into two subgroups, which were assigned to vacuum or 
in-air packaging. Steaks were placed in high-barrier pouches with 0 2 
permeability of <2.5 cm3/645 cm2/24 hr at 23°C and 0% RH and water 
vapor transmission of <  1.0 g/645 cm2/24 hr at 38°C and 90% RH (Cur- 
Ion”1 863 Saran, Curwood Inc. New London, WI). Vacuum packaging 
was completed by using a model A300 CVP machine (CVP System, 
Inc., Downers Grove, IL). Vacuum-packed steaks were used to simulate 
wholesale cuts except for reduced size. Another subgroup of samples 
was placed in the same type of pouches sealed without vacuum, to sim
ulate steaks packaged with exposure to air. After packaging, all steaks 
were placed in cardboard boxes and stored at 2-4°C for 12 hr before 
being irradiated.

Each ground beef unit was inoculated with 1 mL of Listeria mono
cytogenes, Yersinia enterocolitica, or E. coli 0157:H7 from prepared 
inoculum (1:100 dilution) resulting in about five log cells/g. A high 
inoculum was used to make enumeration of survivors easier. Once again, 
uninoculated samples were used as a control set. Samples were wrapped 
in Saran Wrap™ (Dow Chemical Co., Indianapolis, IN) and were stored 
at 2-4°C  for 12 hr before being irradiated.

Irradiation

Steaks were irradiated at the Linear Accelerator Facility at ISU. The 
temperature of the product just prior to and immediately after irradiation 
was monitored by a thermocouple datalogger (Li-con, Stanford, CT) and 
did not exceed 10°C. Each vacuum or air subgroup was further divided 
into five groups and assigned to different irradiation-processing treat
ments. Low or high dose rates were produced by changing the power 
level (1 or 3 kW) and conveyor speed (cm/min, for short or long ex
posure time). Doses used were 0.60 kGy and 1.5 kGy, each at low (3.8 
or 1.8 M/min conveyor speed) and high (10.2 or 3.9 M/min) dose rate, 
with nonirradiated samples used as controls. Actual absorbed doses were 
measured by placing alanine pellets on both sides of a steak with each 
pellet enclosed within a high-barrier paper pouch to prevent moisture 
from the product from reaching the pellets. An Electron Paramagnetic 
Resonance (EPR) instrument was used to determine the absorbed dose 
(Bruker Instruments, Inc., Billerica, MA). The instrument was calibrated 
with standard dosimeters provided by the National Institute of Standards 
and Technology (NIST). Reported doses were averages from doses ob
served at the top surface and bottom surface of the samples. Variation 
between minimum and maximum doses were ±  0.1 for low doses and 
±  0.2 for medium doses. The same protocol was used for treating 
ground beef, except that doses were 0.80 kGy and 2.0 kGy, with either 
a low (3.6 and 1.7 M/min) or high (7.7 and 3/6 M/min) dose rate.

All combinations of treatments for steaks and ground beef were ana
lyzed immediately after irradiation (day 0). Samples were also stored at 
7°C for 7 days to simulate consumer storage, followed by temperature 
abuse at 25°C for 2 days to simulate mishandling. Preliminary studies 
have shown that storage of fresh meats at 2=4°C (simulated wholesale/ 
retail storage) increased total plate counts (TPC) by only 1.0 log CFU/ 
g; therefore, 7°C was used to represent the temperature of a household 
refrigerator.

Physical and chemical analyses

Measurements of pH, lipid oxidation (TBA), and color were con
ducted on uninoculated samples except for products for which the TPC 
showed obvious spoilage (>107 CFU/g) or when obvious off-odor de
veloped. Sample pH was measured by using a slurry of lOg of meat 
with 100 mL distilled water, a pH meter (Fisher Accumet Model 925, 
Fisher Scientific, Pittsburgh, PA), and a sealed combination electrode 
with silver/silver chloride reference (Omega Engineering, Inc., Stamford, 
CT). Measurement of thiobarbituric acid (TBA) values, an index of lipid 
oxidation, was performed by the method of Tarladgis et al. (1960). Du

plicate readings for each sample were recorded for pH and TBA tests. 
Color (L, a, and b i measurements were made with a HunterLab Labscan 
spectrophotometer (Hunter Associated Laboratories Inc., Reston, VA). 
An average value was obtained from three random surface locations on 
each sample.

Microbiological analyses

Separate sets of samples were used for the microbiological analyses 
on each sampling day. Samples were aseptically collected by excising 
25g with a sterilized scalpel, of the top 0.5 cm of surface tissue. Samples 
were homogenized for 2 min in a sterile bag containing 225 mL of sterile 
0.1% peptone water in a Stomacher lab blender (Model 400; Tekmer™ 
Co., Cincinnati, OH).

To determine the presence of each of the three pathogens, direct plat
ing onto selective media was done, as well as following a Most Probable 
Number (MPN) method to enumerate each pathogen in samples where 
the number of bacteria were too few to detect by direct plating. Listeria  
m onocytogenes cells were enumerated by serially diluting samples in 
0.1% peptone buffer, plating onto Modified Oxford Agar plates and in
cubating them for 48 hr at 35°C. Typical colonies were enumerated, 
identified by Gram stain, catalase, oxidase, tumbling motility at 25°C, 
and their identity confirmed by Micro-ID Listeria (Organon Teknika, 
Durham, SC). For samples where no listeriae were detected by direct 
plating, a three-tube MPN procedure with University of Vermont Mod
ified broth (UVM, Difco) was followed (McClain and Lee, 1989). 
Growth from positive tubes was inoculated onto Modified Oxford Agar 
plates, incubated for 48 hr at 35°C, and typical colonies were identified.

Yersina enterocolitica  cells were enumerated by serially diluting sam
ples as described, plating onto Cefsulodin-Irgasan-Novobiocin (CIN, 
Difco) agar plates and incubating these for 48 hr at 35°C. Typical red 
“ bullseye” colonies with transparent borders were enumerated, identi
fied by Gram stain, LAIA (LIA + arginine) slants and their identity 
confirmed by Enterotube II (Roche Diagnostic Systems, Montclair, NJ). 
For samples where no yersiniae were detected by direct plating, a three- 
tube MPN procedure with peptone sorbitol bile broth (PSBB, Difco) was 
followed (Wauters et al., 1988). Growth from positive tubes was inoc
ulated onto CIN plates, incubated for 48 hr at 35°C, and typical colonies 
were identified.

Escherichia coli serotype 0157:H7 cells were enumerated by serially 
diluting the samples, plating onto Sorbitol MacConkey agar (SMA, 
Difco) plates and incubating for 48 hr at 35°C. Typical colonies (red or 
colorless) were counted and their identity confirmed by a commercial 
agglutination test using 0157 antiserum (Oxoid, Unipath Co., Columbia, 
MD). For samples where no E. coli 0157:H7 were detected by direct 
plating, a 3-tube MPN procedure with EC broth (Difco) was followed 
(Doyle and Shoeni, 1987). Growth from positive tubes was inoculated 
onto SMA plates, incubated for 48 hr at 35°C, and typical colonies were 
identified as above

In most inoculated samples, cell counts were high (as expected) and 
could be enumerated by direct plating. Serial dilutions were prepared 
according to recommended microbiological procedures (Vanderzant and 
Splittstoesser, 1992), with 0.1 mL surface plated onto Plate Count Agar 
(PCA, DIFCO), and incubated aerobically at 25°C for 48 hr to enumerate 
total plate counts.

Sensory color and odor evaluation

Only uninoculated samples were used for color and odor evaluations 
that were conducted at day 0. A ten-member sensory panel evaluated 
samples by using a 5-point descriptive scale for surface color (1 =  dark 
brown; 5 = dark red) and odor (1 = pleasant, no off-odor; 5 = extreme 
off-odor). Panelists were selected from faculty and graduate students in 
the Animal Science Department who were experienced with sensory pan
els. No training of panelists was included. Samples were tempered at 
room temperature (~  23°C) for 2 hr, unwrapped, and placed in Ziploc® 
(DowBrands L.P., Indianapolis, IN) pouches for evaluation. Ten steaks 
or five ground beef samples were evaluated by each panelist at each 
session. Steaks and ground beef were evaluated in separate sessions.

Statistical analyses

The experiment with steaks included 40 treatment combinations: two 
packaging treatments, four inoculation treatments, and five irradiation 
treatments ( 2 X 4 X 5 =  40). Measurements of pH, TBA, Hunter color 
L, a, b, and sensory evaluation were conducted only on uninoculated 
samples thus including 10 (2 X 1 X 5) treatment combinations. Micro
biological, physical and chemical analyses were conducted at day 0, 7,

Volume 60, No. 5, i 995—JOURNAL OF FOOD SCIENCE—973



IRRADIATION OF PATHOGENS IN BEEF. . .

and 9; and sensory evaluation was conducted only at day 0. Three rep
lications were conducted. The total number of steaks used was 480 [(40 
X 3  + 1 0 X 3 + 1 0 X  1 ) X 3 ] .  The experiment with ground beef 
included 15 treatment combinations: four inoculation treatments, and five 
irradiation treatments ( 4 X 5  = 20). The same sampling design was used 
as for steaks; therefore, the total number of ground beef samples was 
240.

Microbiological data were transformed into logarithms of the number 
of colony-forming units/g (loglo CFU/g). Average data and standard er
rors were calculated from three replications. Each sampling time (day 0, 
7, and 9) was analyzed separately because of the different temperatures 
used for storage. Physical, chemical, microbiological, and color/odor 
data were analyzed by using the Statistical Analysis System (SAS Insti
tute Inc., 1986). The analysis of variance (ANOVA) procedure was used 
to detect the significances of replications, packaging (loins and steaks 
only), dose, and packaging by dose (loins and steaks only). Dose rate 
and other combination effects were also evaluated. If no significant dif
ference existed between low and high dose rates, data were averaged for 
analyses of irradiation effects. Comparisons of means was based on Dun
can s multiple range test.

RESULTS & DISCUSSION
Dose rate effects on microorganisms and quality attributes

Some dose-rate effects on microorganisms were observed 
(data not shown). Differences, however, were all <  2 log and 
were not consistent, with both high and low dose rates resulting 
in lower cell counts. For other attributes, no dose rate effect (P 
>  0.05) was found among samples (data not shown). Using a 
single radiation source means that dose-rate differences which 
can be obtained are relatively limited, although there was more 
than a twofold difference between low and high dose rates in 
this study. Further studies using a wider range of dose rates are 
needed to fully evaluate this.

Effects of irradiation on microorganisms
Listeria monocytogenes. Irradiation reduced the number of L. 

monocytogenes in both beef steaks and ground beef. In steaks, 
there was 1 log cell reduction of L. monocytogenes after low- 
dose (0.6 kGy) irradiation, compared with 3 log cell reduction 
achieved by medium dose (1.5 kGy) (Fig. 1-A, B). Storage at 
7°C was effective in suppressing the growth of this organism in 
all samples, with no increasing counts observed during the stor
age period. Also, cell counts of irradiated steaks were lower than 
those of controls throughout storage, especially for medium- 
dose-treated samples. However, after temperature abuse, growth 
rates (Fig. 1-A, B) of cells exposed to medium dose were some
what faster than the low dose treatments. Patterson et al. (1993) 
reported that irradiated cells showed an extended lag phase be
fore growth which was directly related to irradiation dose. In 
our study, the “ abused” samples were held at 25°C whereas 
Patterson et al. (1993) studied temperatures up to 15°C. Possibly 
the higher temperature and a 48 hr interval masked any lag 
phase difference that existed.

Varabioff et al. (1992) showed that L. monocytogenes sur
vived well in chicken stored under vacuum or modified atmos
phere (increased C 0 2) compared with samples packaged in air 
after both were irradiated at 2.5 kGy. Grant and Patterson (1991) 
found that modified atmosphere (25% CO,, 75% N2) increased 
Dl0 values for L. monocytogenes and Y. enterocolitica. In our 
study, no significant difference was observed in number of sur
vivors of L. monocytogenes regardless of storage atmosphere. 
This may be related to lower (0.60 or 1.5 kGy) doses, which 
allowed more total survivors.

There was a significant difference in number of survivors in 
ground beef as result of the dose level (Fig. 1 C). Low-dose 
(0.80 kGy) and medium-dose (2.0 kGy) irradiation reduced the 
number of L. monocytogenes by 1.5 log and 5 log, respectively. 
No obvious growth was observed during 7°C storage for any 
samples. Medium-dose irradiation decreased the number of L. 
monocytogenes cells to <  1 log CFU/g, and no survivors were 
detected after the temperature was elevated to 25°C. Growth of

this organism was totally masked by the large number (7.0 log 
CFU/g) of mesophilic organisms that grew in the ground beef 
at 25°C. Comparing the effect of medium-dose irradiation on 
survival of L. monocytogenes in steaks (1.5 kGy) vs ground beef 
(2.0 kGy), we found that irradiation at 2.0 kGy was effective 
for reducing this pathogen in both products, but surviving cells 
could proliferate during temperature abuse. Knabel et al. (1990) 
showed that storage under anaerobic conditions resulted in an 
increase in Listeria spp. survivors after a heat treatment com
pared with storage in air. In our study, MOX plates were in
cubated aerobically; thus, cell counts of this organism may have 
been less than if the plates had been incubated anaerobically. 
However, there was no significant change in cell counts during 
7 days storage in vacuum or air atmospheres. This may be ex
plained by the relatively short storage period; thus, no recovery 
effect due to atmospheric change was observed.

Yersinia enterocolitica. There was no significant difference 
in growth of Y. enterocolitica on steaks, regardless of packaging 
atmosphere (Fig. 2-A, B). This organism was reduced to un
detectable levels by 1.5 kGy irradiation, and no further growth 
was observed during storage. Irradiation at 0.60 kGy suppressed 
cell growth only at the beginning of storage, with growth ob
served during extended storage. Hanna et al. (1976) reported 
that no Y. enteroco/itica-like organisms were isolated until 21 
days storage at 1-3°G and that isolation of these organisms was 
more frequent after 28 days storage under vacuum conditions 
than under nonvacuum. We found no difference for cell recov
ery between samples packaged under vacuum vs. air, again 
probably because of the relatively short storage.

In ground beef, almost all Y. enterocolitica cells were elimi
nated by irradiation, regardless of dose (Fig. 2-C). Low survival 
probably was due to that organism’s poor ability to compete 
with the proliferating mesophiles, as well as its sensitivity to 
irradiation.

Although swine are considered a major natural reservoir for 
pathogenic Y. enterocolitica, contamination of beef with the or
ganism is also possible (Ibrahim and Mac Rae, 1991; Andersen 
et al., 1991). However, the occurrence of Y. enterocolitica is 
usually low because this organism is less competitive than others 
found in animals. In this study, only two nonirradiated steaks 
were positive for Y. enterocolitica after 7 days storage. No ir
radiated steak was positive for Y. enterocolitica at day 0, even 
when doses as low as 0.6 kGy were used. Results confirmed 
those of El-Zawahry and Rowley (1979), who reported that a 
dose of 1 kGy was adequate to eliminate Y. entercolitica in raw 
meat.

Escherichia coli 0157:H7. E. coli 0157:H7 was completely 
eliminated by irradiation at 1.5 kGy, with no survivors detected 
on steaks during storage (Fig. 3-A, B). There was at least 1 log 
reduction by 0.6 kGy irradiation, but the cells continued to grow 
during storage at 7°C and 25°C. Thus, low-dose irradiation could 
provide increased safety for products but only if they were not 
heavily contaminated. This organism is usually present in meat 
in low numbers, with <  15 organisms/g (LSDA, 1993) reported. 
After temperature abuse, growth of cells in the control samples 
was suppressed to undetectable levels, regardless of storage at
mosphere. This may have resulted from accumulated CO, in 
packages, which was toxic to this organism. Spoilage occurred 
after 2 days at the abuse temperature, regardless of packaging 
method, as evidenced by total plate count of 107 cells/g (data 
not shown). No effect of air vs. vacuum packaging was found 
in this study which is consistent with a study by Thayer and 
Boyd (1993). They also reported that growth of Salmonella spp. 
(Thayer and Boyd, 1991) was not affected by air in the storage 
environment when irradiated in mechanically deboned chicken 
meat. They suggested that the mass of the meat probably masked 
any possible oxygen effect on the cells.

In ground beef, E. coli 0157:H7 was also eliminated by me
dium-dose (2.0 kGy) irradiation, and not many cells were re
covered during storage at 7° or 25°C (Fig. 3-C). There was only 
a 2-log cell reduction after irradiation at 0.8 kGy. Cell number
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F ig .  3 — G r o w t h  o f  E. c o li  0 1 5 7 : H 7  in  a i r  

( A )  o r  v a c u u m  (B )  p a c k a g e d  s t e a k s  a n d  
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2 5 ° C  ( d a y  7 - 9 ) .  B a r s  r e p r e s e n t  s t a n d a r d  

d e v i a t i o n  o f  t r i p l i c a t e s .

was decreased during storage at 7°C, but this organism prolif
erated rapidly after temperature abuse and reached the same 
number of survivors as for controls. More than half the out
breaks of E. coli 0157:H7 infections have been attributed to 
ground beef (Doyle, 1991; Mermelstein, 1993); irradiation at 2.0 
kGy can significantly decrease the risk of E. coli 0157:H7.

When medium doses were applied, Y. enterocolitica and E. 
coli 0157:H7 were both reduced to undetectable levels, 
whereas some L. monocytogenes cells still survived (Fig. 1-3). 
These results confirmed that L. monocytogenes were more re
sistant to irradiation than were the other two pathogens 
(Thayer, 1993).

Uninoculated samples. The effect of irradiation on unino
culated samples was also monitored. A small number of steaks 
were found to contain Y. enterocolitica, but no L. monocyto
genes or E. coli 0157:117 were found in any uninoculated sam
ples. Enumeration of TPC as an index of total microbial load in 
meat is often used as a routine check for quality-control. From 
our results, TPC were reduced by 2-3 log immediately after 
irradiation at 1.5 kGy in steaks packaged under vacuum or in 
air (Fig. 4-A, B). Samples irradiated at 0.60 kGy resulted in a 
reduction in TPC of 1 log in vacuum-packaged steaks but in 2 
log when packaged in air. This suggests that irradiation may be 
more effective for reducing TPC when oxygen is present, pos
sibly due to an increase in formation of oxygen-related free 
radicals, which can affect microorganisms. Dose effect during 
7°C storage was significant (P <  0.05), and the medium dose 
was more effective. Flowever, after temperature abuse there was

no difference (P >  0.05) between any of the samples, regardless 
of dose. It is possible that recovery occurred more quickly in 
low-dose abused samples but after 2 days abuse no difference 
was observed. Thus, fresh beef irradiated at doses up to 1.5 kGy 
still required adequate refrigeration to ensure safety and long 
shelf life.

The initial TPC of ground beef was 7.0 log CFU/g (Fig. 4— 
C), which was higher than for beef steaks (3.5 log CFU/g). Low 
(0.80 kGy) and medium (2.0 kGy) doses of irradiation caused
1.5- and 3.0-log reduction of TPC, respectively. When stored at 
7°C, TPC of irradiated samples increased but remained <  7.0 
log CFU/g. Nonirradiated samples on the other hand, had al
ready spoiled (reached 8.5 log CFU/g) after 7 days storage at 
the same temperature. After 2 days storage at 25°C, samples 
irradiated at 0.80 kGy also reached spoilage levels, while sam
ples irradiated at 2.0 kGy were at the threshold (7.0 log CFU/ 
g). This indicated that meat samples with higher microbial loads 
such as ground meat, required a higher dose of irradiation to 
effectively reduce contaminants and extend shelf life.

Low tempera:ure and vacuum packaging are very important 
to maintaining high microbiological quality of meat. Longer 
shelf life can be obtained when beef steaks are stored at lower 
temperature (4°C or lower) than 7°C. Lebepe et al. (1990) re
ported that 3.0-kGy radiation extended the microbiological shelf 
life of vacuum-packaged pork loins stored at 2 4°C to >  90 
days. In our study, no significant difference (P >  0.05) in TPC 
was observed between packaging environments when stored at 
7°C, but storage time was relatively short (7 days).

Volume 60, No. 5, 1995—JOURNAL OF FOOD SCIENCE—975



IRRADIATION OF PATHOGENS IN BEEF. . .

OkGy - tr- 0.6 kGy -O- 1.5 kGy

Storage Time (Days)
F ig .  4 — T o t a l  p l a t e  c o u n t s  in  a i r  ( A )  o r  v a c u u m  (B )  p a c k a g e d  

s t e a k s  a n d  g r o u n d  b e e f  (C )  t r e a t e d  w i t h  i r r a d i a t i o n  a n d  s t o r e d  a t  

7 ° C  ( d a y  0 - 7 )  f o l l o w e d  b y  2 5 ° C  ( d a y  7 - 9 ) .  B a r s  r e p r e s e n t  s t a n d a r d  

d e v i a t i o n  o f  t r i p l i c a t e s .

Irradiation effects on quality attributes
No pH differences were observed in steaks (Table 1) or 

ground beef (Table 2) until after 9 days storage and then prob
ably resulted from microbial proliferation.

TBA values for steaks increased after 7 days storage for all 
samples, with in-air packaging resulting in more lipid oxidation 
than vacuum packaging, as we expected. TBA values were not 
positively correlated with microbial load. Microbial degradation 
of malonaldehyde and other thiobarbituric acid reactive sub
stances (TBARS) (Moerck and Ball. 1974) may have occurred. 
TBA values for ground beef were >  2.0 at day 0, and there was 
no significant difference (P >  0.05) in values between treat
ments (Table 2). After 7 or 9 days storage, irradiated samples 
showed higher TBA values than controls. Irradiation may have 
delayed microbial degradation of malonaldehyde and other TBA 
reactive substance, resulting in higher TBA values than those of 
the control. However, the validity of using TBA as an index for 
lipid oxidation of meat products after irradiation and during stor
age needs to be further investigated.

No significant (P >  0.05) color difference for steaks was ob
served by the Hunter method (Table 1). Also, sensory evaluation 
showed no color difference (P >  0.05) between control and 
irradiated samples (Table 3). Regardless of packaging methods 
irradiated samples were not different than controls for off-odor 
scores. However, some panelists noted off-odors in irradiated 
samples. Because samples were evaluated 2 hr after packages 
were opened, dissipation of odor may have occurred. Vacuum- 
packaged beef often develops unique odors even in the absence 
of a high level of contaminating microorganisms (Egan and

Table 1— S e le c te d  c h a r a c te r is t ic s  o f irra d ia te d  s te a k s  p a c k a g e d  in a ir  (A )
a n d  In v a c u u m  (V) d u r in g  s to ra g e  at 7 °C  (d a y  0 -7 )  a n d  2 5 °C  (d a y  7 -9 )

D a y s
o f

s to ra g e

Irra d ia tio n  d o s e  (k G y )

0.0 0.60 1.5

A V A V A V

pH 0 5 .5 1 a 5 .58 a 5 .5 1 a 5 .5 5 a 5 .5 3 a 5 .6 2 a
7 5 .5 1 a 5 .4 8 a 5 .57 a 5 .4 5 a 5 .5 3 a 5 .5 1 a
9 5 .2 3 e 5 .3 1 bc 5 .3 5 ab 5 .30 bc 5 .4 3 a 5 .4 2 a

T B A 0 0 .6 5 a 0 .2 7 ab 0 .4 2 ab 0 .1 4b 0 .5 8 ab 0 .1 5b
7 2 .3 3 a 0 .7 6 b 2 .4 3 a 1.23b 2 .5 8 a 1.25b
9 1 -84a 0 .7 1 b 2 .1 6a 1.02ab 2 .0 7 a 1.03ab

L  v a lu e 0 3 0 .0a 2 8 .8 a 2 9 .3a 2 9 .3 a 2 9 .6a 2 7 .2 a
7 2 8 .3a 2 8 .5a 2 9 .6a 2 3 .6 s 2 9 .1a 2 9 .13
9 3 0 .8a 3 1 .3a 2 9 .7 a 2 9 .9 a 2 9 .5a 2 9 .0a

a v a lu e 0 9 .4 a 6 .2° 7 .5 b Q.5C 6 .4 e 5.9e
7 7 .3 a 7 .1 3 7 .1 a 7 .0 a 6 .7 a 6 .6 a
9 6 .9 a 7 .0 a 6 .4 ab 6 .8 a 6 .0 b 6 .5 ab

b v a lu e 0 5 .8 a 4.6b 4 .8 b 4 .0 b 4 .8 b 4 .1 b
7 5 .4 ab 4.4° 4 .8abc 4 .6 bc 5 .5 a 4 8 abc
9 4.6a 4.7a 5.1a 4 .7 a 4 .7 a 4.5a

a_c Values within each row with the same suoerscripts are not significantly different (p 
>  0.05).

Table 2— S e le c te d  c h a r a c te r is t ic s  o f irra d ia te d  g ro u n d  b e e f d u r in g  s to ra g e  
at 7 °C  (d a y  0 -7 )  a n d  2 5 °C  (d a y  7 -9 )____________________________________________

D a y s
o f

s to ra g e

Irra d ia tio n  d o s e  (k G y)

0.0 0.80 2.0

pH 0 5 .53 a 5 .48 a 5 .5 2 a
7 5 .4 6 a 5 .25 a 5 .2 9 a
9 6 .5 1 a 5 .6 3 b 5 .52 d

T B A 0 2 .23 a 2 .0 8 a 2 .0 8 a
7 2 .2 7b 4 .0 1 a 4 .30 a
9 2.22^ 5 .2 8 a 6 .1 9 a

L  v a lu e 0 43.8 a 4 2 .4 b 4 2 .4 b
7 44.3 a 4 5 .4a 44.3 b
9 43.7 a 4 5 .6a 41.9 a

a v a lu e 0 8 .1 a 7 .7 ab 7 .0 b
7 6 .9 a 6 .5 a 6 .4 a
9 6 .0 b 7 .1 a 6 .2 ab

b v a lu e 0 7 .6 a 6 .8 b 6 .5 b
7 7 .1 a 7 .4 a 6 .8 a
9 6 .5 b 7 .6 a 7 .9 a

a>b Values within each row with the same superscripts are not significantly different (p 
>  0.05).

Table 3— S e n s o r y  c o lo r  a n d  o d o r  c h a r a c te r is t ic s  o f irra d ia te d  s te a k s  p a c k 
a g e d  in a ir  (A ) a n d  in v a c u u m  (V)

Irra d ia tio n  d o s e  (k G y)

0 .0  0 .60  1.5

A V A V A V

C o lo r 3 .9 a 4 .1a 3 .4 b 3 .9 a 2 .4 e 3 .6 ab
O d o r 1.2b 1.5b 2 .0 a 2 .2 a 2 .4 a 2 .2 a

a< Values within each row with the same superscripts are not significantly different (p 
>  0.05).

Shay, 1982) due to predominantly lactic acid bacteria. After 
irradiation, lactic acid bacteria were predominant and may have 
contributed some odor development. For ground beef, although 
some values for L, a ,b color measurements were different (P 
<  0.05) (Table 2), no differences (P >  0.05) in sensory color 
or odor were detected by panelists (Table 4).

CONCLUSIONS
F r e s h  b e e f , especially ground beef, is easily contaminated dur
ing processing. Irradiation, followed by refrigeration was found 
to be a very effective way to reduce initial microbial loads, 
improve safety and extend shelf ife of meat without affecting 
sensory quality. Elimination of pathogens was directly related
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T a b le  4— S e n s o r y  c o lo r  a n d  o d o r  s c o r e s  o f  irra d ia te d  g ro u n d  b e e f

Irra d ia tio n  d o s e  (k G y)

0.0 0 .80 2.0

C o lo r 3 .2 a 3 .0 a 2 .8 a
O d o r 3 .1 a 2 .8 a 3 .0 a

a Values within each row with the same superscripts are not significantly different (p 
> 0.05).

to total irradiation dose, but dose rate was not a factor affecting 
survival of microorganisms.
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Ground Beef Characteristics after Browning or Oil 
Extraction Preparation

K. S. RHEE and M. L. BRAVO-GUTIERREZ

----------------------------  ABSTRACT ----------------------------
Ground beef with 26.3% fat was cooked by browning/draining (BD), 
browning/rinsing (BR;, and an oil-extraction method with (OA) or with
out (ON) meat broth added back. BR caused the most reduction of total 
fat and cholesterol, whereas ON and OA yielded less cooked meat than 
BD and BR. ON and OA cooked samples, compared to BD and BR 
samples, contained more polyunsaturated fatty acids and nonheme iron 
and had higher TBA values upon extended storage at 4°C. Trained sen
sory panelists rated BD or BR cooked ground beef more intense in pos
itive flavor note ̂ “ cooked beef/brothy” ) than ON or OA meat. Likewise, 
consumers tended to prefer meatloaf, spaghetti sauce, and chili prepared 
with BD or BR cooked ground beef to those prepared with ON or OA 
cooked meat.

Key Words: ground beef, stir frying, nutrients, sensory, lipid oxidation

INTRODUCTION
G r o u n d  b e e f  has teen a favorite food among many consumers. 
Ground beef and its products accounted for 42% of total beef 
consumption in 1990 (AMI, 1991). In the home, browning— 
cooking crumbled meat to brown the product (and render out 
the fat from high-fat meat)— is the most common ground beef 
preparation method, other than cooking beef patties. Mixed rec
ipes using ground meat as a major ingredient often involve 
browning the meat and draining the cooked-out liquid before 
adding other ingredients. An additional step, such as rinsing the 
browned-drained meat with warm or hot water, can be taken to 
remove residual fa: on the surface of cooked meat particles 
(Love and Prusa, 1992; Snyder et al., 1992).

Small et al. (1991) proposed an unconventional ground meat 
cooking method to make the meat more healthful; a patent (U.S. 
4,980,185) was granted for the method. Ground meat was heated 
in unsaturated (vegetable) oil to 100°C or higher, strained, and 
finally rinsed with boiling water. Their results showed that total 
fat, saturated fatty acids, and cholesterol in ground beef (=21% 
fat) were reduced more by oil extraction/rinsing than by brown
ing/rinsing or cooking as patties. However, the researchers did 
not document sensory properties of the resultant meat or food 
products prepared with such meat. Additionally, storage stability 
of the oil extracted-rinsed meat was not determined. Our objec
tive was to compare the oil extraction method with other cook
ing methods for loose or crumbled (not formed into patties) 
ground beef, with regard to nutrient retention in cooked meat, 
sensory properties of cooked meat (with no other ingredients) 
as well as mixed food products/dishes prepared with such pre
cooked meat, and lipid oxidation in the precooked meat during 
storage.

MATERIALS & METHODS
Meat materials

Fresh beef chucks were obtained from the Texas A&M University 
Rosenthal Meat Science and Technology Center. Manually separated fat

Author Rhee is with the Meat Science Section, Dept, of Animal 
Science, Texas A&M Univ., College Station, TX  77843-2471. A u
thor Bravo-Gutierrez. formerly with Texas A&M University, is cur
rently with the Instituto Tecnológico de Estudos Superiores de 
Monterrey (ttesm), Mexico.

and lean fractions were ground separately through a grinder plate with 
1.27 cm-diameter holes and subsampled for fat analysis using a CEM 
Automatic Extraction System with Automatic Volatility Computer (CEM 
Corp., Indian Trail, NC). The ground lean and fat fractions were mixed 
in appropriate proportions to oroduce ground beef batches w ith target 
fat levels of 8% and 25%, and reground through a grinder plate with 
0.32 cm-diameter holes. Fat levels of the two batches were 9.0% ar.d 
26.3%, respectively (Table 1). Each batch was divided into 1,500-g por
tions, vacuum-packaged, and frozen (<1 week) at —20°C until used for 
cooking or raw meat analyses.

Ground beef cooking treatments

Of the following five treatments, only one (B) utilized the low-fat 
(9.0%) ground beef, with the other four using the high-fat (26.3%) meat. 
Before cooking, vacuum-packaged frozen ground beef was thawed, with
out breaking the vacuum seal, at 4°C for 24 hr. Four cooking replications 
(l,500g meat/replication) per treatment were conducted for cooking yield 
determination, compositional analyses, and storage experiments. Sensory 
evaluation samples were cooked separately.

Browned (B). Ground beef at 4°C was manually crumbled and 
browned (without added oil) for 16 min, with constant stirring, in a 
Teflon-coated electric skillet (Model 72010, West Bend Co., Manitowoc, 
WI) set at 150°C with no preneating. At the completion of browning, 
temperature of the center of the meat mass (piled-up cooked meat) 
reached =79°C as measured by a thermocouple. It was easier to brown 
the meat uniformly at 150°C than at a higher skillet temperature (Rhee 
et al„ 1993).

Browned and drained (BD). Ground beef at 4°C was browned for 
16 min as described. The meat was divided into two equal portions and 
each was drained 5 min through a funnel (17-cm diameter at the top) 
lined with one layer of cheesecloth. The drip was discarded.

Browned and rinsed (BR). Ground beef at 4°C was browned and 
drained as described for BD, and then the cooked meat (equivalent to 
750g raw meat) in each funnel was rinsed with 187.5 mL boiling water.

Oil-extracted/no broth added (ON). This procedure and the subse
quent one (OA) were adapted from those of Small et al (1991). Crum
bled ground beef (l,500g) was heated with 750 mL soybean oil 
(containing no additives), with constant stirring, until the meat-oil mix
ture reached =90°C. [The cold (4°C) meat and oil took =12 min to 
reach =90°C in a skillet set at 150°C with no preheating]. The mixture 
was stirred for 5 min with the heat turned off; temperature of the mixture 
remained at about 90°C during this time. The heat was turned back on 
and the mixture was stirred another 15 min, until its temperature reached 
=  105°C. The heat was turned off and the mixture was allowed to stand 
for 3 min. The meat-oil mixture was divided into two equal portions, 
drained, and rinsed with boiling water, as described for BR. The rinsed 
meat was placed in a plastic bowl with the cover on and held at 4°C for 
80 min. The holding was done to more accurately compare this version 
(ON) of the oil-extraction method with the next, broth added version 
(OA).

Oil-extracted/broth added (OA). Ground beef was cooked/extracted 
with soybean oil, drained, and rinsed with boiling water, as described 
for ON. However, the meat cook-out and oil from the oil-extraction step 
and liquid from water rinsing were collected in a Pyrex baking dish (28 
X 18 X 4 cm) placed on ice and held in a -  20°C freezer for 60 min. 
The solidified fat was lifted off as a cake and the aqueous (broth) layer 
was boiled in a Pyrex beaker for =20 min, to =9 mL. The concentrated 
broth was added back to the cooked meat (from 1500g raw meat) that 
had been held at 4°C during broth separation and concentration.

Use of cooked meat in mixed recipes

Three products varying in spice intensity and flavor—meatloaf, spa
ghetti sauce, and chili—were prepared using the ground beef from BD,
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T a b le  1— C o o k in g  y ie ld , p ro x im ate  co m p o sitio n , and ch o lestero l v a lu e s  for gro u n d  beef prepared by d ifferent m ethods

C o o k in g e
m e th o d

C o o k in g
y ie ld
<%>

M o istu re
(g/IO O g)

P ro te in
(g/1 0 0 g)

T o ta l fat 
(g/IO O g)

C h o le s te ro l
(m g /1 0 0 g )

A s h
(g/IO O g)

R a w C o o k e d R a w C o o k e d R a w C o o k e d R a w C o o k e d R a w C o o k e d

B 8 5 .3 a 7 1 .0 a 6 7 .9 a 20.1a 2 3 .8 e 9 .0 b 9 .9 e 5 5 .2 b 7 7 .0 b 1.0a 1.1a
B D 6 0 .6 b 5 6 .3 b 5 9 .5 b 15.8b 2 7 .3 ab 2 6 .3 a 1 4 .1a 68.1a 9 0 .3a 0 .7 b 1.1a
B R 5 8 .0 C 5 6 .3 b 6 0 .4b 1 5 .8 b 2 6 .0 b 2 6 .3 a 12.2 b 68.1a 7 9 .6 b 0 .7 b 0 .9 b
O N 5 6 .6d 5 6 .3 b 5 7 .8C 1 5 .8 b 2 8 .1a 2 6 .3 a 14.0a 68.1a 9 5 .4a 0 .7 b 1.0a
O A 5 7 .5 d 5 6 .3 b 5 7 .8 C 15.8 b 2 6 .7 ab 2 6 .3 a 14.0a 68. 1a 9 4 .6a 0 .7 b 1.1a

a'd Means within the same column with the same superscript are not significantly different (p>0.05l. 
e B used low-fat (9.0%) raw ground beef; BD, BR, ON and OA used high-fat (26.3%) ground beef.

BR, ON, or OA treatment. Small et al. (1991) stated that they used their 
oil-extracted ground meat in various recipes (including meatloaf, spa
ghetti sauce, and chili con came) that called for ground or finely chopped 
meat, but presented no sensory data. Recipes from a ground beef cook
book (Southern Living, 1972) were modified through preliminary ex
periments. Nonmeat ingredients used for each product and their 
quantities (based on precooked meat from 1500g raw meat) are specified.

Meatloaf. Two eggs (“ large”  size), lOg salt, 120g plain bread 
cmmbs, 153g 2%-fat fluid milk, 60g finely chopped fresh celery, and 
60g finely chopped fresh onion were used. The meatloaf mixture was 
divided into two equal portions (for 2 loaves), placed in aluminum pans 
(20.3 X 9.8 X 6.0 cm) with the top leveled, baked in a 204°C preheated 
oven for 20 min, and cooled 15 min at room temperature and another 
15 min at 4°C. Loaves were vertically sliced into individual serving 
sections, each weighing «*20g; the browned surface was removed from 
each loaf for uniformity of sliced sections. The meatloaf slices were 
placed in either tops or bottoms of Pyrex petri dishes (5-cm diameter). 
The dishes were then placed on styrofoam trays (6/tray), vacuum-pack- 
aged, and held at -20°C  until the next day for sensory evaluation.

Spaghetti sauce. Canned tomato sauce (800g), 173g chopped fresh 
onion, 5g crushed fresh garlic, 30g Worcestershire sauce, 15g salt, 3.5g 
oregano (dried), 5g black pepper, and lOg sugar were added to pre
cooked ground beef. The sauce mixture was simmered for 20 min, di
vided into 20g portions, and handled in the same manner as meatloaf 
samples.

Chili. Nonmeat ingredients— 185g chopped fresh onion, lOg crushed 
fresh garlic, 80g fresh green bell pepper (blanched and chopped), 467g 
canned chili beans, 750g canned tomato sauce, 500g tomato catsup, 4g 
white vinegar, 20g prepared mustard, 8g chili powder, 15g hot sauce, 
60g flour, and 15g salt—were combined with precooked meat, simmered 
for 20 min, and handled in the same manner as meatloaf samples.

Determination of cooking yield and nutrient retention

Cooking yield (%) was determined by meat weight difference before 
and after B, BD, BR, ON, or OA treatment. Retention of a meat com- 
ponent/nutrient, as a percentage of the amount in raw meat, was calcu
lated according to the procedure outlined by Murphy et al. (1975). Total 
food energy (kcal) for cooked ground beef was calculated from fat and 
protein contents (9 kcal/g fat; 4 kcal/g protein) since the amount of 
carbohydrate in beef is negligible (USDA, 1990).

Chemical analyses

Moisture (by oven drying), ash, and crude protein were determined in 
triplicate by AOAC (1990) procedures. Total lipid was extracted ac
cording to the procedure of Folch et al. (1957) and fat content was 
gravimetrically determined in triplicate on aliquots of extract after sol
vent removal. Cholesterol content was determined as described by Bohac 
et al. (1988).

Total iron was determined on wet-ashed (Parkinson and Allen, 1975) 
samples by flame atomic absorption spectrometry. The modified 
Schricker nonheme iron method (Rhee and Ziprin, 1987) was used for 
nonheme iron analysis. Heme iron content was estimated by subtracting 
nonheme iron values from total iron values.

An aliquot of the total lipid extract was transmethylated by the pro
cedure of Metcalfe and Wang (1981) and fatty acid methyl esters were 
analyzed by gas chromatography as described by Rhee et al. (1988). 
Weights (g) of individual fatty acids/lOOg sample were estimated from 
fatty acid weight percentage data used in conjunction with total fat con
tent (Rhee, 1994).

Lipid oxidation was determined using a distillation TBA procedure 
with an antioxidant solution (propyl gallate-EDTA) added at the blend
ing step (Rhee, 1978). From each cooking replication of BR, BD, ON, 
or OA, 390g cooked meat was divided into 65g portions in 100-mL

beakers, over-wrapped with Saran® Wrap (Dow Consumer Products, In
dianapolis, IN), and stored at 4°C for 0, 1,2, 4, 6, or 8 days. Each stored 
sample (60g) was blended with 30 mL antioxidant solution and 90 mL 
distilled-deionized water, and two 30g portions of the slurry were dis
tilled.

Sensory analyses

Cooked ground beef samples (with no added ingredients) of BD, BR, 
ON, and OA treatments were evaluated by a trained sensory panel, 
whereas samples of meatloaf, spaghetti sauce, and chili made with 
ground beef precooked by BD, BR, ON, or OA were evaluated by con
sumer panels. Panelists were seated in individual sensory booths and 
received samples through hatches of a bread-box type.

Evaluation of cooked ground beef samples. Five highly trained and 
experienced panelists were used. They were professional panelists at the 
Texas A&M University Sensory Testing Facility who had been origi
nally trained according to the Spectrum”  procedures of Meilgaard et al.
(1991) and had evaluated various meat products over many years w ith 
continuous retraining. Prior to test sessions on the four cooking treat
ments, a product orientation/retraining session lasting =»2 hr was held 
with reference products for Spectrum™ intensity scales and some cooked 
beef samples, such as browned ground beef and pan-broiled beef steaks 
(the lean and fat). The following flavor attributes (aromatics) were eval
uated on a 0-15 intensity scale (0 = absent; 15 = extremely intense): 
cooked beef/brothy, cooked beef fat, serum/bloody, grainy/cowy, card
board, painty, fishy, liver, soured/grainy, and browned.

The meat samples were cooked in triplicate for each cooking treatment 
(1500g raw meat/cooking replication/treatment) a day before evaluation, 
portioned into individual servings, vacuum-packaged, and held overnight 
at —20°C, as described earlier. On the following morning (sensory eval
uation day), frozen samples (still vacuum-packaged) were tempered at 
room temperature for 1 hr before reheating. Five servings (in petri 
dishes) at a time were reheated in a microwave oven (700 watts) at 
“ high” power for 1.5 min. The bottom of each dish was checked with 
the hand for uneven heating, and any inadequately heated dish was mi
crowaved for an additional 5-10 sec (5 sec at a time) until warm.

Two mid-morning test sessions were held on the same day; six sam
ples were served in each session with a 15-min break between sessions. 
Two samples (two cooking replications) of BD, two BR, one ON, and 
one OA were evaluated in the first session and two ON, two OA, one 
BD, and one BR in the second session. Sample serving order in each 
session was random. Unsalted crackers and water were provided for 
cleansing/rinsing between samples. Samples were evaluated under red 
light to avoid bias due to color.

Consumer evaluation of mixed recipe products. Untrained panelists 
(at least 50 for each product)—students, staff, and faculty at Texas A&M 
University—evaluated the meatloaf, spaghetti sauce, and chili samples, 
with each product evaluated on a separate day. Samples were evaluated 
for flavor, texture, and overall acceptability on an 8-point hedonic scale 
(from 1 = dislike extremely to 8 = like extremely, with all of the 8 
points given descriptors). Vacuum-packaged individual servings held 
overnight at -20°C  were tempered and reheated as described for cooked 
ground beef samples. Cooking of the ground beef (by BD, BR, ON, or 
OA) in preparation of each mixed recipe product was not replicated. 
Panelists were asked to proceed at their own pace and were provided 
with a cup of water to rinse between samples, which were evaluated 
under red light.

Statistical analysis

Data were evaluated by analysis of variance and mean separation by 
the Student-Newman-Keuls test. Correlation procedure was used to de
termine relationships between experimental variables. The SAS Institute,
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T a b le  2— Retention of moisture, protein, fat, cholesterol, and ash in ground 
beef cooked by different methods____________________________________
Cookings ____________________ Retention (%)
method Moisture Protein Total fat Cholesterol Ash

B 82a 101ab 95a 119a 99a
BD 64b 105a 33b 80b 90b
BR 62c 96b 27c 68c 73d
ON 58d 101ab 30b 79b 81c
OA 59d 97 b 31b 80b 82c

a d Means within the same column with the same superscript are not significantly dif
ferent (p>0.05).

e B used low-fat (9.0%) raw ground beef; BD, BR, ON and OA used high-fat (26.3%) 
ground beef.

Inc. (1990) program was used for data analysis. Significance was estab
lished at p < 0.05 unless otherwise indicated.

The entire study consisted of four analytical/experimental components. 
One-factor analysis of variance was used for chemical composition data 
on raw samples at two fat levels. Cooked ground beef composition data 
and TBA values within each storage period were treated as one factor, 
randomized block experiments with five cooking treatments (B, BD, BR, 
ON, OA) blocked by cooking replications. A complete block design was 
used for trained sensory panel data on cooked ground beef samples with 
panelists serving as blocks. Consumer sensory data on meatloaf, spa
ghetti sauce, or chili samples were treated as three separate experiments 
of randomized design, each having four treatments (BD, BR, ON, OA).

RESULTS & DISCUSSION
Cooking yield

Among the five cooking treatments, B (browning of the low- 
fat meat) had the highest cooking yield because all the cook- 
out remained with the meat. Of the high-fat meat cooking 
methods, BD had the highest yield and ON and OA (the two 
variations of oil-extraction) the lowest (Table 1). The cooking 
yield of BD (=61%) was similar to the =65% yield reported 
by Cannell et al. (1989) on ground beef with 25.42% fat and 
the =62% yield by Love and Prusa (1992) of ground beef with 
27.3% fat.

ON and OA required the longest cooking times (>30 min, 
excluding the broth separation/concentration time for OA vs 
<17 min for BD or BR). The long preparation time is a major 
disadvantage for both versions of oil extraction since a meal 
taking 30 min or less is considered critical for consumers 
(NLSMB, 1992).

Proximate composition and cholesterol content
The low-fat ground beef used for B treatment, when com

pared to the high-fat ground beef used for BD, BR, ON, or OA 
treatment, was higher in moisture, protein, and ash and was 
lower in cholesterol (Table 1). When cooked, B samples had 
the highest moisture and contained the least fat/lOOg. Among 
the cooking techniques used for the high-fat meat, BR yielded 
cooked meat with the lowest fat content. Although BR, ON, and 
OA were subjected to draining and rinsing at some point during 
cooking/preparation process, ON and OA might have had some 
oil penetration into meat particles. The penetrated oil would not 
be removed by draining and rinsing. Protein values/lOOg cooked 
meat were lowest for B samples because the cook-out (consist
ing primarily of water) was allowed to remain with the meat for 
this treatment. ON and OA samples contained more cholesterol 
than BR samples. Total fat and cholesterol values correlated 
positively (r = 0.71; p <  0.001) when data on cooked samples 
of all five treatments were included. BR (219 kcal/lOOg) yielded 
cooked meat with lower total calories when compared to BD, 
ON, and OA (236, 238, and 232 kcal/lOOg, respectively). The 
low-fat B samples had the least caloric value (185 kcal/lOOg).

Retention as percentage of amount in raw meat
While cooked meat composition data (g/lOOg meat) are often 

used for dietary planning, percent retention data indicate true

effects of cooking on nutrients. B treatment on the low-fat meat 
resulted in higher moisture, fat, and ash retention than did those 
cooking treatments for high-fat meat (Table 2) because the 
cook-out was retained with the cooked meat for B, as men
tioned. Among the high-fat meat cooking treatments, BD 
retained the most moisture and ON and OA the least. BR was 
most effective for lowering fat and cholesterol retention. In con
trast, Small et al. (1991) reported that the oil extraction method 
was more effective than BR. In their study, oil extraction of 
ground beef containing 20.7% fat resulted in 32.3% fat retention 
(reported as 67.7% loss), similar to our ON and OA data (30% 
and 31%. retention) on ground beef with 26.3% fat (Table 2); 
however, fat retention for BR was higher in their study (41%> 
vs 27%). The large fat retention difference between our BR 
samples and their “ stir-fried” -and-rinsed (corresponding to our 
BR) samples could be due largely to the low browning temper
ature they employed. The amount of boiling water used to rinse 
the cooked meat resulting from a given weight of raw meat was 
greater in their study (50 mL/lOOg vs 25 mL/lOOg). They 
browned ground beef at 100-110°C, a much lower temperature 
than browning temperatures used in other studies [i.e.. 150°C 
we used, 163°C by Cannell et al. (1989), and 177°C by Love 
and Prusa (1992)]; they did not specify browning time. A cook
ware temperature of 100-110°C (212-230°F) seems to be unu
sually low to brown (“ stir-fry” ) ground meat. Browning ground 
meat (especially high-fat meat) is essentially a pan-frying pro
cess. The temperature of a cooking utensil, when controllable 
by a thermostat as for an electric skillet, is usually set at 149°C 
(300°F) or higher for pan-frying.

As for cholesterol, oil extraction of ground beef containing 
20.7%) fat resulted in 60.8% retention (reported as 39.2% loss) 
in the study by Small et al. (1991), which was lower than our 
cholesterol retention values for ON and OA (79%o and 80%). 
Cholesterol retention for BR. was higher in their study (81.7% 
vs 68%), as was fat retention.

Cooked meat compositional data reported by Love and Prusa
(1992)—cooked meat nutrient data reported as amounts derived 
from lOOg raw meat—were used to calculate retention percent
ages to compare with our data. Their BR samples from raw 
ground beef containing 27.3%> fat (vs 26.3%> fat in our study) 
retained 16% of the fat and 62%o of the cholesterol present in 
raw samples, which were basically confirmed by our results. 
These researchers browned meat at 177°C (vs 150°C in our 
study), and the cooked meat from a 200g portion of raw meat 
(one-half of the cooked meat from 400g raw meat) was rinsed 
with 1000 mL water at 65-70°C. Although they used a larger 
volume of rinsing water per meat weight (raw basis), the tem
perature of their rinsing water was lower.

Moisture retention was lower for ON and OA than for BD or 
BR. This might be attributed to increased evaporation losses that 
could have occurred during oil extraction involving an extensive 
heat treatment and to the moisture replacing effect of cooking 
meat in oil. Protein retention was high (>95%>) for all treatments 
because the protein in meat would have been coagulated by 
these cooking treatments and the coagulated protein would be 
unlikely to migrate into the drip or rinsing water.

BR resulted in the least ash retention among high-fat meat 
treatments and BD the most. Ash components, mostly minerals, 
are water-soluble. This water-solubility may explain the ash re
tention difference between BD and BR, i.e., the hot-water rins
ing step in BR increased ash loss through a leaching effect. The 
oil used in the browning step of ON and OA might have had a 
protective coating effect and reduced losses of certain ash com
ponents in the rinsing step.

Nonheme iron (NHI) and heme iron
Cooked meat total iron content (3.1-3.4 mg/lOOg) or retention 

(80-88%>) was not significantly different among high-fat meat 
treatments. All cooked samples, including those of B, had sim
ilar (p >  0.05) total iron values. ON and OA yielded cooked
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Ta b le  3— N o n hem e iron and hem e iron v a lu e s  and  percent ch a n g e s  due
to co o k in g  fo r g ro u n d  beef cooked  by d ifferent m ethods_______

Cookingd
method

Nonheme iron Heme iron

Raw
<gg/g>

Cooked
(gg/g>

% Changee 
due to 

cooking
Raw

(mg/100)
Cooked

(mg/100g)

% Changee 
due to 

cooking
B 5.0a 10.8C +  84b 2.8a 2.1a -  37

BD 3.8b 11.6C + 85b 1.9b 2.0a -  34
BR 3.8b 12.2b + 85b 1.9b 1.9a -  41
ON 3.8b 16.3a + 142a 1.9b 1.8s -  45
OA 3.8b 15.8a +  138a 1.9b 1.8a -  43

a'c Means within the same column with the same superscript are not significantly dif
ferent (p>0.05).

d B used low-fat (9.0%) raw ground beef; BD, BR, ON and OA used high-fat (26.3%) 
ground beef.

e {[(cooked value/raw value) x  (% cooking yield/100)] x  100} -  100.

T a b le  4—Total saturated (SFA), monounsaturated (MUFA), and polyunsat
urated (PUFA) fatty acids for ground beef cooked by different methods

% of total fatty acid g/100g sample
Meat SFA MUFA PUFA SFA MUFA PUFA

Raw
Low-fat 45.7a 50.0a 4.4b 3.5d 3.8b 0.3C
High-fat 45.1a 52.0a 2.9b 10.4a 12.0a 0.7b

Cookede
B 43.2a 52.9a 3.9b 3.6d 4.4b 0.3°
BD 43.8a 46.0a 2.7b 5.3b 5.6b 0.3°
BR 43.1a 53.7a 3.2b 4.5C 5.6b 0.3C
ON 29.6b 43.4a 27.0a 3.6d 5.2b 3.3a
OA 31.6b 42.6a 25.8a 3.8d 5.1b 3.1a

a d Means in the same column having the same superscript are not significantly differ
ent (p>0.05).

e B used low-fat (9.0%) raw ground beef; BD, BR, ON and OA used high-fat (26.3%) 
ground beef.

meat with higher NHI content than BD or BR; percent increase 
of NHI due to cooking treatment was more than 50% higher for 
ON and OA compared to BD and BR (Table 3). An extensive 
heat treatment of the oil-extraction procedure, i.e., cooking meat 
in oil to =  105°C, apparently caused increased release of iron 
from meat pigments. NHI increase in meat upon cooking has 
been attributed to iron released from myoglobin and hemoglobin 
(Schricker and Miller, 1983; Chen et al., 1984; Buchowski et 
al., 1988; Han et al., 1993). Percent decrease of heme iron due 
to cooking treatment was higher for BR, ON, and OA than for
BD. A substantial portion of heat-coagulated hemoproteins 
(meat pigments) on the surface of meat particles might have 
been removed by the water rinsing step (BR, ON, and OA).

Fatty acid composition
Cooking the high-fat ground beef with ON or OA caused the 

most changes in fatty acid profile. ON and OA samples con
tained less 16:0—the most abundant saturated fatty acid in meats 
(Rhee, 1992)—than BR and BD samples (2.4 g/lOOg for ON 
and OA vs 2.9 and 3.3g/100g for BR and BD, respectively) and 
more 18:2 (>2.8g/100g for ON and OA vs 0.3g/100g for BR 
and BD), the major polyunsaturated fatty acid in these samples 
and meat in general. Consequently, ON and OA substantially 
increased total polyunsaturated fatty acid (PUFA) content and 
decreased total saturated fatty acid (SFA) content (Table 4). ON 
and OA samples, therefore, had the highest PUFA to SFA ratio 
(>0.8 for ON and OA vs <0.1 for BD and BR). The sharp fatty 
acid composition change with ON or OA was due to the com
position of the cooking oil (soybean oil) used for extraction of 
meat, i.e., >60% PUFA (mostly 18:2) vs =15% SFA (USDA, 
1979).

Lipid oxidation
TBA values of cooked samples as related to storage time 

(days) at 4°C were compared (Fig. 1) for the high-fat meat cook
ing treatments. TBA values at day 0 to day 2 were lower for 
ON and OA samples than for BD and BR samples. However, 
upon extended storage (6 or 8 days), TBA values of ON and 
OA samples exceeded those of BD and BR samples. Soybean 
oil used for ON and OA might have contained some natural 
antioxidants (such as tocopherols), providing a lag period for 
lipid oxidation. However, with extended storage, this antioxidant 
effect apparently did not counteract the effects of higher con
centrations (in ON and OA samples) of PUFA (Table 4), the 
fatty acid group most prone to peroxidation, and nonheme iron 
(Table 3), a major catalyst of lipid oxidation in cooked meat 
(Rhee, 1988).

Sensory properties
Data from the trained panel evaluation of cooked ground beef 

samples (with no other ingredients added) indicated that, of all

so
S

Storage time at 4°C (days)

Fig. 1—TBA values of samples stored at 4°C as affected by cook
ing method and storage time.

the flavor attributes evaluated, “ cooked beef/brothy”  (CBB) 
note, a typical positive note (Johnsen and Civille, 1986), was 
the only attribute whose intensity scores differed significantly 
among high-fat meat cooking treatments. BD samples (mean 
score, 3.93) were perceived more intense in CBB than ON and 
OA samples (3.47 and 3.40, respectively); BR samples (3.60) 
were not significantly different than BD samples. ON and OA 
samples had undergone more extensive extraction/separation 
processes, i.e., extraction with hot oil followed by rinsing with 
hot water, and thus had less beefy flavor. Adding back the con
centrated meat broth to cooked meat did not restore the flavor 
lost from the extensive treatment.

When the meat products (meatloaf, spaghetti sauce, and chili) 
made with ground beef precooked by BD, BR, ON, or OA were 
evaluated by consumers (a large number of untrained panelists), 
flavor and overall acceptability scores were significantly affected 
by precooking treatment for each of the 3 products, whereas 
texture scores were not (Table 5). Meatloaves prepared with the 
meat precooked by OA were liked least in flavor; BD, BR, and 
ON precooking treatments yielded meatloaves with similar 
(p >  0.05) flavor scores. Meatloaves made with BR-precooked 
meat received higher overall acceptability scores than those 
made with OA-precooked meat. For spaghetti sauce, both flavor 
and overall acceptability scores were higher when made with 
BD or BR meat than with ON or OA meat. Similarly, BD and 
BR chili samples received higher flavor scores than ON and OA 
chili samples. Overall acceptability scores were not significantly 
different among BD, BR, and OA chili samples; ON samples 
received the lowest scores. Overall acceptability scores corre-
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Ta b le  5— C o n su m e r panel se n so ry  sco re s  for p ro d ucts m ade w ith g ro u n d  beef precooked by d ifferent m ethods

Cookingc
method

Meatloaf Spaghetti sauce Chili

Flavor Texture
Overall
accept. Flavor Texture

Overall
accept. Flavor Texture

Overall
accept.

BD 4.16a 4.14a 3.98ab 4.96a 4.72a 5.06a 5.17a 4.96a 5.04a
BR 4.68a 4.28a 4.48a 4.88a 4.64a 4.86a 5.12a 4.85a 5.00a
ON 4.26a 4.02a 4.10ab 4.32b 4.78a 4.46b 4.31b 4.63a 4.37b
OA 3.60b 3.94a 3.68b 4.08b 4.46a 4.16b 4.94b 4.90a 4.88a

a'b Means within the same column with the same superscript are not significantly different (p>0.05). 
c BD, BR, ON and OA used high-fat (26.3%) ground beef.

lated highly with flavor scores for each product (r =  0.85; p <  
0.001). When data on all three products were combined for sta
tistical analysis, both flavor and overall acceptability scores were 
higher for BD and BR samples than for ON and OA samples.

CONCLUSIONS
E x t r a c t io n  of high-fat ground beef by cooking in vegetable 
oil and rinsing with hot water resulted in lower reduction of fat 
and cholesterol than browning (with no oil added) and hot-water 
rinsing. In addition, the oil extraction method, ON or OA, has 
many disadvantages. It not only requires longer preparation time 
but also yields less palatable products. When consumers pur
chase high-fat (or “ regular” ) ground beef, rather than lean or 
extra lean ground beef, BD or BR cooking technique is rec
ommended, rather than the oil extraction method, to reduce fat 
and cholesterol.
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Beef Shank Fat Solubility in Supercritical Carbon 
Dioxide-Propane Mixtures and in Liquid Propane

G.M. ACOSTA, R.L. SMITH, JR., J.E. WALSH, and K.A. BONI

----------------------------  ABSTRACT ----------------------------
For propane, conditions were 298K and 308K at the liquid vapor pres
sure. For supercritical mixtures, conditions were 308K at pressures from
8.9 to 15.7 MPa. The solubility of fat in CO,-propane increased with 
increasing pressure, up to 0.66wt% at 15.7 MPa. The average solubility 
of the fat in propane at 298K was 16.7wt% and at 308K it was 21,4wt%. 
The extracted fat was solid with a melting range of 295-314K. There 
was no apparent degradation of collagen during extractions. Beef shank 
fat extraction with propane is feasible and advantageous over use of 
supercritical CO,-propane.

Key Words: beef shank, fat solubility, supercritical CO,, propane

INTRODUCTION
C o l l a g e n  is a fibrous polypeptide that contains a variety of 
amino acids arranged in 3 helically coiled chains. Collagen is 
the principal component of skin, connective tissues and bones. 
It is usually obtained from porkskins and to a lesser degree from 
cattle hides and bones. Collagen has many uses for food, phar
maceutical, biomedical and photographic products. Its main use 
in the food industry is in manufacture of gelatin and sausage 
casings. Gelatin is obtained from partial hydrolysis of collagen 
(Eckroth, 1984; Elvers et al„ 1989). Sausage casings are made 
by extruding an acidic defatted collagen suspension (Boni,
1993).

Collagen for manufacturing sausage casings is obtained from 
the corium layer split from bovine hides. A possible new, lower 
cost source of collagen may be a by-product from the process 
for desinewing meat from beef shank with a Baader “ desinew
ing” machine (Boni, 1993). This beef shank by-product consists 
of (by wt) =28% collagen, 21.5% fat, 50% water and 0.5% 
protein and inerts. However, the by-product contains a large 
amount of fat that must be removed before the collagen can be 
converted into sausage casings. The fat extraction process is 
limited to temperatures below 313K. to avoid collagen degra
dation.

Industrial processes for removing fat use liquid solvents such 
as n-hexane or ethyl ether. However, solvent substitutions are 
being sought because of residual solvent in some products, high 
solvent recovery costs, and government regulations concerning 
health and environmental hazards. Possible solvents for fat ex
traction include supercritical fluids or low molecular weight hy
drocarbons (Boni, 1993).

Carbon dioxide (CO,) has been the most widely used super
critical fluid solvent for removing fats and oils from different 
materials. Fattori et al. (1988), Eggers and Sievers (1989), Tilly 
et al. (1990), and Temelli (1992) reported on the extraction and 
fractionation of seed oils with supercritical C 02. Chrastil (1982), 
Bamberger et al. (1988), Brunetti et al. (1989), Gonqalves et al.
(1991), Nilsson et al. (1991), Hammam (1992), and Bharath et 
al. (1992) reported solubility and vapor-liquid equilibria of some 
pure triglycerides in supercritical CO,. Typical extraction con
ditions were temperatures 313 to 353K and pressures up to 35 
MPa. Higher temperatures, pressures and amounts of solvent
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were required to achieve notable solubilities. Even at those con
ditions, the solubility of fats or oils in supercritical CO, was 
usually < lw t% . Such conditions are far too extreme and solu
bilities too low to be practical for an industrial beef-shank fat 
removal process.

The use of entrainers or cosolvents with supercritical CO, is 
a method for increasing solubilities of fats. Ikushima et al.
(1985) studied ethyl acetate, ethanol, ether, and acetone as co
solvents, and found that ethyl acetate resulted in higher solubil
ities of solute in supercritical solvents. Brunner and Peter (1982) 
evaluated entrainers such as ethanol, acetone, hexane and chlo
roform. However, such methods use liquid cosolvents which are 
likely to partition in the solid collagen-water phase and therefore 
have some of the disadvantages of liquid solvents.

Drew and Hixson (1944) and Bogash and Hixson (1949), 
measured liquid-liquid equilibria of various triglycerides, long 
chain fatty acids, and vegetable oils in near-critical propane. 
Their results led to development of the Solexol process for frac
tionating vegetable and fish oils with commercial propane. The 
process was discontinued for more economical liquid extraction 
processes based on hexane or chlorinated solvents.

There has been renewed interest in propane primarily due to 
environmental problems with solvents. Peter et al. (1987) used 
a CO,-propane mixture for separation of lecithin from mono-, 
di- and triglycerides in soya oil. Coorens et al. (1988) measured 
phase equilibria boundaries for tripalmitin with propane. Straver 
et al. (1993) measured liquid-liquid-vapor boundaries for tripal
mitin and tristearin with propane. Hartel and Wang (1993) ex
tracted milk fat with liquid propane.

Some studies have been reported on removal of fats from 
meat matrices using supercritical C 0 2. King et al. (1989) ex
tracted fat from porcine lard, link sausage, smoked ham, and a 
low-fat ham with supercritical C 0 2 at 353K and pressures of
34.5 and 69 MPa. They extracted >96% of the fat after exten
sive grinding, homogenization and dehydration of samples. 
Chao et al. (1991), Bailey et al. (1993), and Chao et al. (1993) 
investigated extraction and fractionation of fats and cholesterol 
from ground beef meat and beef tallow at 303 to 323K and 
pressures from 10.3 to 31 MPa. Higher temperatures and pres
sures were required to obtain acceptable amounts of extracted 
fat. Bailey et al. (1993) also investigated the extraction of the 
beef tallow with C 02 entrained with ethanol.

Our objective was to examine the feasibility of extracting fat 
from the beef shank by-product using supercritical carbon di
oxide with propane as cosolvent and liquid propane. Carbon 
dioxide is low cost, nontoxic and has a minimum of health haz
ards. Its greatest limitation is the low solubility of fat at lower 
temperatures. Propane has an excellent affinity for fats. By com
bining propane with supercritical C 0 2, we expected that the fat 
solubility would greatly increase. Liquid propane, although 
flammable, is gas at atmospheric conditions. It was favored for 
this process because it was more easily recovered and recycled 
than some liquid solvents.

MATERIALS & METHODS
Propane and carbon dioxide of 99.99 mol% minimum purity were 
obtained from Sunox, Inc. (Columbia, SC) and used without further pu
rification. The CO, cylinder was supplied with an educator tube for de
livery of liquid. The beef shank material (BSM) was obtained from IBP, 
Inc. (Dakota City, NE). It had been generated with a Baader desinewing
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machine and was derived from bovine connective tissue instead of the 
corium layer of bovine hides.

The BSM consisted of (by wt) =»28% collagen, 25% fat, 45% water 
and 2% protein and inerts by hexane/diethyl ether extraction, moisture 
test and ash content tests. The crude fat had an average saponification 
value of 192.3 (AOCS method Cd 3-25, Mehlenbacher, 1970) and a 
melting point range of 295-314K.

Solvent composition analysis

Compositions of C 02-propane mixtures were determined using a Per- 
kin-Elmer 3920 gas chromatograph equipped with a thermoconductivity 
detector. A 2mm, 80/100 mesh Hayes Sep D packed column at a tem
perature of 373K, was used for separation of the gases. Relative weight 
response between solute concentration and volume were made with pure 
propane and pure C 02. Propane content in CO, mixtures could be de
termined ±  1%. Solubilities of fat in both solvent groups were deter
mined by weight difference.

Preparation of material

The BSM was ground once with a 6mm meat grinder prior to extrac
tion. The grinder consisted of a cylindrical die (10 mm thick X 50 mm 
diam) with thirty 6 mm holes, with a hand-driven screw feed. The 
ground BSM was separated into various batches of ®=400g each and 
stored at 277K until use. For extraction, each batch was weighed and 
mixed with 25mm ceramic berl saddles (Norton Chemical Process Prod
uct Corp., Akron, OH) in a 2:1 ratio (BSM/saddles) before loading into 
the extraction vessel to increase solvent-solute contact area.

Extraction apparatus

The extractor vessel and recirculating pump were contained in a water 
bath (Fig. 1) that was maintained to ±0.2K with a controller (Omega 
model CN9000) in proportional mode, and a 100 ohm platinum resis
tance thermometer. The 1000 mL extraction vessel was made of 316 SS 
and was rated to 58.6 MPa. A dip tube was machined into the vessel to 
promote contact between the circulating fluid and the beef shank product. 
The magnetic pump was a design by Drake et al. (1990) and could 
circulate liquids at a rate of 200 mL/min. All valves and fittings used in 
the equilibrium portion of the apparatus were medium pressure, coned 
and threaded (HIP, Inc., Erie, PA), rated to 68.9 MPa and made of 316 
SS.

Liquid C 02 was filtered and introduced into the extraction vessel 
through VI, where it contacted the sample. A back pressure regulator 
and a relief valve (Nupro R3A series, cracking pressure of 41.36 MPa) 
were incorporated in the apparatus for safety. Propane was introduced 
into the apparatus through V3. For the extractions with C 02-propane, a 
250 mm long, 14.3 mm O.D. high pressure nipple filled with silica gel 
was connected between V8 and a micrometering valve, V9. The system 
could be depressurized with V9. The collector was used to check for 
unabsorbed fat. Solvent gas volume could be measured with a wet test 
meter. For extractions with propane, a sampling arrangement consisting 
of a 75 mL stainless steel sampling bomb and several valves were con
nected to V5 (Fig. 1). By manipulating valves V2-V5, V8 and V9, sam
ples of the supercritical phase or of a liquid phase could be taken for 
analysis.

Temperature of the water bath was measured by a mercury thermom
eter with a certified N.I.S.T. traceable accuracy of ±0.05K. The tem
perature cycled ±0.2K slowly over a 5 hr period. Pressure of the 
extraction vessel was measured with a transducer (Ashcroft model 
ASHK1, Dresser Industries, Stratford, CT) of nominal 0.5% accuracy. 
The pressure readout (Ashcroft model 2269A) displayed pressure from 
0 to 34.5 MPa to the nearest 0.069 MPa.

Experimental procedure

Extraction with C 0 2-propane mixture. The BSM mixed with the 
berl saddles was introduced into the extraction vessel. The apparatus was 
then purged several times with gaseous C 0 2 up to 5.51 MPa at room 
temperature until only CO, was present as determined by GC. The water 
bath was then cooled to 276-278K with a submersible cooler. To load 
the propane, V2 and V7 were closed with V4 and V6 open. The loop 
between V4 and V7 was then filled several times with propane by open
ing V3. After each filling, V7 was opened to allow propane to flow into 
the system. At the end of this procedure, the pressure in the vessel was 
0.55 MPa. The vessel was then filled with liquid C 02 until the pressure 
approximately equilibrated with that of the C 0 2 cylinder. The bath was

heated to the extraction temperature and equilibrated within 2 hr. To 
saturate the solvent with the fat, the liquid phase was recirculated 
through the vessel by opening V2, V4 and V7, and the pump was started. 
The system was allowed to saturate for 45 min. The initial pressure in 
the vessel was recorded. With VS opened, the micrometering valve was 
slowly opened and gas allowed to flow through the silica gel, the water 
trap and into the wet test meter. V8 was then closed and after no more 
gas exited, the volume of gas W3S recorded and the packed nipple was 
taken off-line and reweighed. The difference in weights gave the amount 
of fat extracted. In each run, about the same volume of CO, was allowed 
to slowly flow through the silica gel. Above 11.03 MPa, the pressure 
drop was =  1.45 MPa, below 11.03 MPa, it was *=0.34 MPa. Our ob
jective was to determine the feasibility of the solvent mixture and this 
procedure was judged to be adequate.

Extractions with the C 02-propane mixtures were performed with the 
same batch of material at 308K. Most previous studies indicate that 
solubilities increased with increasing temperature. Therefore, the highest 
temperature that would cause no collagen degradation was used. Each 
run consisted of repeating the abcve procedure for a given batch of BSM.

Extraction with propane. After introducing the BSM mixed with berl 
saddles into the extraction vessel, the apparatus was purged with gaseous 
propane at 0.5 MPa. The water bath was cooled to 283-287K and pro
pane was loaded for 30 min to ensure sufficient liquid inside the vessel. 
It was then heated to extraction temperature and equilibrated within 2 
hr. The liquid solvent was recirculated through the vessel with V2, V4, 
V6 and V7 opened, V3 and V5 closed, and starting the magnetic pump. 
After 30 min, the magnetic pump was stopped. This saturation time was 
judged adequate from bench lab test results using liquid solvents.

With V6 and V7 closed, a sample of liquid was slowly taken into the 
preweighed sampling bomb throagh V5. Because the system consisted 
of a vapor-liquid mixture, the pressure and temperature could be held 
constant as a small amount (30g) of liquid was withdrawn. The bomb 
was reweighed to determine the total weight of liquid propane and ex
tract, and then connected to the micrometering valve V9. The bomb was 
depressurized by opening VC and V9 slowly. This allowed propane gas 
to flow through the micrometering valve, bubble through a water trap 
and into the wet test meter. After no more gas exited, the bomb was 
reweighed to determine the amount of extract. This depressurization re
quired between 1.5 hr at 1.04 MPa, and 2.5-3.5 hr at 1.31 MPa to 
prevent fat entrainment. The sample bomb was cleaned, weighed, and 
the sampling arrangement reconnected to the system. A second extrac
tion was made at the same conditions using the same procedure.

Six different batches of BSM were used for propane extractions. Three 
batches were extracted at 298K and three batches extracted at 308K. 
Two extractions were made with each batch which consisted of different 
samples of BSM.

RESULTS & DISCUSSION 
Material extracted

The material extracted with the C 02-propane mixture and ad
sorbed onto silica gel was yellow. This was apparent because 
the silica gel was initially white. During preliminary and final 
runs, the collector was monitored for unadsorbed fat. Only 
weight and visual analyses were made.

The material extracted with propane was collected in a sample 
bomb. Immediately after opening the bomb, the material ex
tracted was brownish and foamy, with large bubbles. After sev
eral minutes, the bubbles were much smaller. This foamy 
appearance was probably due to the mixing effect between fat, 
water and propane during depressurization. When heated to 
403K, samples were an intense yellow colored oil. After cooling 
to 295K, samples were semi-solid, a mixture of yellow liquid 
and white solid. This semi-solid appearance indicated the pres
ence of saturated and unsaturated fats. The material consisted 
of about 98.5wt% fat, which was determined by drying extracted 
material at 403K for several hours. The fat had a melting point 
range of 295-314K. No differences in melting point were found 
between fat extracted at 298K and that at 308K. Solubilities 
reported were corrected for water content.

Solubility of beef shank fat in C 02-propane mixtures
The first solvent group to be tested for feasibility to extract 

BSM fat was a C 02-propane mixture. The temperature used was
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308K and pressure ranged from 8.92 MPa to 15.72 MPa. Sol
ubility of the BSM fat in the C 02-propane mixtures was meas
ured as a function of pressure (Fig. 2). Since concentration of 
propane could not be fixed exactly at a given value, each run 
had a slightly different propane concentration. Extractions with 
7wt% and 8wt% propane were compared (Fig. 2) as well as 
solubilities of beef tallow, ground beef fat, tripalmitin, triolein 
and olive oil at similar conditions.

Solubility of the fat in supercritical C 0 2-propane did not vary 
much between propane at 7 and 8%. There was some scatter in 
data, but the solubility of fat in both extractions increased with 
increasing pressure. Solubility increased gradually (0.03%/MPa) 
as pressure was increased between 9 MPa and 14 MPa. Between 
14 MPa and 16 MPa, solubility was more dependent upon 
change in pressure (0.2wt%/MPa).

The solubility of fat in the C 0 2-propane mixture was expected 
to be close to the concentration of propane in the mixture, that 
is, 7wt%. Bogash and Hixson (1949) reported complete misci
bility of triglycerides in liquid propane above the melting point 
of the triglycerides. Therefore, the amount of propane in the 
solvent could presumably dissolve an equal amount of fat. Since 
at our conditions the fat was not above its melting point, the 
solubility of the fat would be lower than the amount of propane 
in the solvent (7wt%). However, considering that the mixture 
was at supercritical conditions (Hicks and Young, 1975), the 
solubility could be enhanced to near 7wt%. The solubility was 
<0.65wt% at pressures below 15 MPa. Part of this lower sol
ubility could be due to the presence of water in the BSM.

A comparison of BSM fat solubility data with extraction stud
ies of beef tallow, ground beef fat, tripalmitin, triolein and olive 
oil was made (Table 1). Solubilities of fats and oils in C 02- 
propane mixtures were not available. Therefore, only solubilities 
in pure C 02 or in mixtures of C 0 2 and other substances are 
shown. Furthermore, most of the data were above 313K and 
17.23 MPa which are more severe conditions than those of in
terest. The solubility of the BSM fat was expected to behave 
similarly to that of ground beef and beef tallow in pure C 02.
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Fig. 2—□  Solubility of BSM fat in CO2 +  7wt% propane at 308 
K; X  Solubility of BSM fat in CO2 +  8wt% propane at 308K; •  
Solubilities of other fats in CO2. S o u r c e s  a n d  c o n d i t i o n s  a r e  g i v e n  

in  T a b l e  1.

The solubility trend was also expected to be comparable to that 
of other fats and oils.

The presence of propane appeared to have a considerable en
hancement effect, especially considering the mild conditions. 
The solubility of ground beef at 308K and 17.2 MPa as meas
ured by Chao et al. (1991), was ~0.08wt% in pure C 02. For

Volume 60, No. 5, 1995—JOURNAL OF FOOD SCIENCE—985



BE EF SHANK FAT S O LU B IL IT Y . . .

T a b l e  1 — C o m p a r i s o n  o f  s o l u b i l i t i e s  o f  f a t  i n  s u p e r c r i t i c a l  C O 2

S u b s t a n c e S o l v e n t

T e m p e r a t u r e

(K)
P r e s s u r e

( M P a )

S o l u b i l i t y

( w t % )

B e e f  s h a n k  C O 2 +  7 w t %  p r o p a n e 3 0 8 1 5 . 7 0.66
G r o u n d  b e e f 3 -*3 C 0 2 3 0 8 1 7 . 2 0 . 0 8

G r o u n d  b e e f 3 ' 15 C 0 2 3 0 8 3 1 . 0 0 . 1 4

B e e f  t a l l o w 3 ' 3 C 0 2 3 1 3 1 3 . 8 0 . 0 8

B e e f  t a l l o w 3 ' 3  C O 2 + 5 w t %  e t h a n o l 3 1 3 1 3 . 8 0 . 3 2

B e e f  t a l l o w 3 -0 C 0 2 3 1 3 2 4 . 2 0 . 4 3

B e e f  t a l l o w 3 -0 C 0 2 3 1 3 3 4 . 5 0 . 9 0

T r i o l e i n d C 0 2 3 0 8 1 5 . 0 0 . 2 8

O l i v e  o i l d C 0 2 3 0 8 1 5 . 3 0 . 1 7

T r i p a l m i t i n e C 0 2 3 1 3 1 5 . 2 0 . 0 1 3

a Average solubility estimatec from the referenced extraction data. 
b Chao et al. (1991). 
c Bailey et al. (1993). 
d Gongalves et al. (1991). 
e Bamberger et al. (1988).

T a b l e  2 - — S o l u b i l i t y  o f  B S M  f a t  i n  l i q u i d  p r o p a n e

T e m p P r e s s u r e N o .

A v g

s o l u b i l i t y S t a n d a r d

9 5 %

C o n f i d e n c e

( K ) ( M P a ) e x t r a c t i o n s ( w t % ) d e v i a t i o n i n t e r v a l s

2 9 8 1 . 0 4 6 1 6 . 7 0 . 6 0 ( 1 5 . 1 - 1 8 . 2 )

3 0 8 1 . 3 1 6 2 1 . 4 0 . 4 3 ( 2 0 . 3 - 2 2 . 5 )

T a b l e  3 — S o l u b i l i t y  o f  B S M  f a t  i n  p r o p a n e  a n d  e x p e r i m e n t a l  d e s i g n

E x t r a c t i o n

T e m p

( K )

P r e s s u r e

( M P a )

S o l u b i l i t y

( w t % )

E x t r a c t i o n  1 E x t r a c t i o n  2

1 3 0 8 1 . 3 1 2 1 . 3 6 2 1 . 3 8

2 2 9 8 1 . 0 4 1 7 . 4 7 1 6 . 5 8

3 2 9 8 1 . 0 4 1 5 . 6 5 1 6 . 7 2

4 3 0 8 1 . 3 1 2 0 . 7 7 2 1 . 8 5

5 2 9 8 1 . 0 4 1 6 . 7 8 1 7 . 0 0

6 3 0 8 1 . 3 1 2 1 . 9 1 2 1 . 1 6

beef tallow at 313K. and 13.8 MPa, Bailey et al. (1993) also 
obtained a solubility of 0.08wt%. The solubility of the beef tal
low increased to 0.32wt% when the C02 was entrained with 
5wt% ethanol at the same conditions. The effect of propane on 
solubility enhancement appeared to be similar to that of ethanol. 
That is, the solubility of BSM fat would have been lower in 
pure C02 at the same conditions.

The solubility could be increased by increasing the pressure. 
Chao et al. (1991) and Bailey et al. (1993) investigated the ef
fects of pressure on extraction of ground beef and beef tallow, 
respectively, with pure C 02. The solubility of ground beef fat 
at 308K. and 17.2 MPa was 0.08wt%. Increasing the pressure to 
31 MPa increased the solubility to about 0.14wt% at the same 
temperature. For the beef tallow, the solubility increased from 
0.08wt% at 313K and 13.8 MPa, to 0.43wt% at 24.2 MPa, and 
up to 0.9wt% at 34.5 MPa. This corresponded to an increase of 
11% in solubility from 13.8 to 34.5 MPa. If the BSM fat fol
lowed the same trend, increasing the pressure to around 34.5 
MPa might increase the solubility to 7wt%. However, several 
oils exhibited maximum solubilities at a given pressure (Stahl 
et al., 1988). Above that pressure, solubility started to decrease. 
Pressures >15.72 MPa were not investigated. Higher tempera
tures could not be used to increase solubilities because of col
lagen degradation. Higher concentrations of the entrainer could 
lead to higher solubilities. However, the entrainer concentration 
was limited to the mixture critical point of C 02-propane at 
308.2K which is 17wt% (Hicks and Young, 1975). Above that 
propane concentration, a liquid propane phase would develop.

The solubility dependence on melting point of the triglycer
ides was discussed by Hammam (1992, 1994). Tripalmitin, a 
saturated triglyceride, solid at the conditions reported, had the 
lowest solubility. Triolein, an unsaturated triglyceride, is a liquid 
and therefore, exhibited a higher solubility than tripalmitin. Re
fined olive oil, also a liquid, is a mixture of triglycerides. Its 
major constituent is triolein but it also contains triglycerides

with fatty' acid chains of lower solubility than oleic acid. This 
probably explains its lower solubility compared to that of pure 
triolein (Gonqalves et al., 1991).

The solubility of the BSM fat in the C 02-propane mixtures 
was the same order of magnitude as the solubility of other fats 
and oils in supercritical CO,. The BSM fat, which has a melting 
point range intermediate to tripalmitin and triolein, was expected 
to have solubilities intermediate to these fats and oils in pure 
supercritical C02, as with the beef tallow and ground beef fat. 
The fact that BSM fat had higher solubilities confirmed the en
hancement effect of the propane on solubility.

Solubility of beef shank fat in liquid propane

A total of six extractions of BSM with liquid propane were 
made at two different temperatures. Three batches of BSM were 
extracted at 298K and three were extracted at 308K. Two con
secutive extractions were made with each batch. The average 
solubilities of the BSM fat in liquid propane at 298K and 308K 
(Table 2) were determined from statistical analysis of experi
mental data. Solubility increased with increasing temperature. It 
was 28% higher at 308K than at 298K and higher solubilities 
were expected at 308K. Bogash and Hixson (1949) reported 
pure liquid triglycerides were totally miscible with propane. The 
system temperature was very close to the upper melting point 
of the BSM fat, thus higher solubilities were expected.

The solubility data (Table 2) could be interpolated by using 
the standard thermodynamic equation for solid-liquid equilibria:

In W = -AH^/RT + (AH,us/RTm -  ln(y)avg)

where W is the weight % of the fat, AH’“5 is the heat of fusion, 
T is temperature in K, Tm is the melting temperature of the fat, 
and (y)avg is an average activity coefficient. For these data, Tm 
= 313.15K, AHfus/R = 2276 K, and In (-y)avg = -3.1849.

Statistical analysis results

The statistical experimental design (Table 3) and the solubil
ities of the BSM fat in propane for all extractions were com
pared. Each one represents a different sample of BSM, therefore, 
three replicates were made at each temperature. The extractions 
were randomized with temperature. An analysis of variance 
(ANOVA) was performed with two factors, temperature (298, 
308K) and extraction (1 and 2) with the Statistical Analysis 
System (SAS Institute, Inc., 1993) software package. Extractions 
1 and 2 represented the two consecutive extractions. In all anal
yses significance was established at p < 0.05.

Analysis of normality and residuals showed that the data fol
lowed a normal distribution. Analysis of the full model indicated 
that the interaction between temperature and extraction was not 
significant (p = 0.98) and therefore, this term was dropped from 
the model. Analysis of the reduced model indicated that the 
effect of the extraction was not significant (p = 0.70). This 
meant that in both consecutive extractions, the sample of pro
pane containing the solubilized fat was taken at equilibrium con
ditions. There was no evidence that consecutive solubilities were 
different. The effects of temperature were significant (p = 
0.0001) with solubility increasing with increasing temperature. 
As a result of analysis, 6 points were used to calculate average 
solubility at each temperature.

The residual fibrous material after extraction with both sol
vent groups was pleasant smelling, with no indication of ran
cidity or decomposition of collagen material. The propane 
extracted material was smooth and much leaner than the original 
material.
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Comparison of extractions between solvents

At 308K, the solubility of fat in propane was almost 33 times 
more than that in the C 02 propane mixtures. Estimate calcula
tions were made to determine the implication of such data on 
ultimate extraction, process design, and economics. Solubility 
data are time independent whereas continuous extraction data 
are time dependent. From solubility data, one may use cross
current or countercurrent leaching equations to estimate the 
number of contact stages that would be required to lower the 
fat content in the BSM to the desired level. This would be dif
ficult to estimate from continuous extraction data due to its time 
dependent nature.

The target fat content of the BSM is 5wt% of solids content. 
Assuming countercurrent extraction and constant distribution 
coefficients, the number of required stages for each solvent 
could be calculated with standard techniques (Henley and 
Seader, 1981). For propane, a minimum of four contact stages 
and solvent to feed ratio (S/F) of two would be required. For 
C02-propane, 13 stages and a S/F of 40 would be required. 
Economic calculations show that the cost with liquid propane 
for processing 2.3 million kg/year of BSM material on a 330 
day, 24 hr basis would be ~  four times lower than that if C 02- 
propane mixtures were used.
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Reversible pH Effect on Pork Paleness in a Model System

H. J. SWATLAND

-------------------------------- ABSTRACT --------------------------------
Pork was cut into small disks, perfused with phosphate buffer, and fiber
optic reflectance was measured as pH was changed under computer con
trol, After myoglobin removal, the effect of pH on paleness was revers
ible. From pH 7 to pH 5, reflectance increased as pH decreased, and 
decreased as pH increased (P <  0.005). A notable degree («=40% total 
reflectance) of light scattering from normal pork may originate from a 
reversible effect of pH on myofibrils. However, this makes only a minor 
contribution («=5% total reflectance) to the very high reflectance of se
verely pale, soft, exudative pork.

Key Words: pork, fiber optics, reflectance, pH, paleness

IN TR O D U C TIO N

T h r e e  h y p o t h e s e s  have been proposed to explain how low pH 
causes paleness in PSE (pale, soft, exudative) pork. Firstly, Hamm 
(1960) proposed that shrinkage of myofibrils at a low pH in
creased the refractive index difference relative to surrounding 
sarcoplasm, so that reflectance at the myofibrillar surface was 
increased. Supporting evidence came from scanning confocal 
light microscopy (Offer et al., 1989). Secondly, Bendali (1962) 
and Bendali and Wismer-Pedersen (1962) found by light mi
croscopy that sarcoplasmic proteins were precipitated in PSE 
pork. Porcine myoglobin is more susceptible to acid dénatura
tion than are bovine and ovine myoglobins (Satterlee and Za- 
chariah, 1972) and also there is evidence of myosin dénaturation 
in PSE pork (Stabursvik et al., 1984). Thirdly, an increased my
ofibrillar refractive index at low pH may increase the angle of 
refraction of light passing through myofibrils. Supporting evi
dence came from birefringence measurements by ellipsometry 
(Swatland, 1989), coupled with single-fiber transmittance meas
urements (Swatland, 1990).

The relative applicability of these three hypotheses (reflection, 
precipitation, and refraction) is unknown because they are dif
ficult to investigate in naturally occurring PSE and DFD (dark, 
firm, dry) pork. For example, it seems reasonable that light scat
tering from protein dénaturation and precipitation might pre
dominate in severe PSE pork and that absence of normal 
reflective and refractive scattering might account for DFD meat, 
but this has never been tested experimentally.

The objective of my study was to determine if pH-related 
paleness in pork could be reversed if pH were artificially in
creased.

MATERIALS &  METHODS

Pork samples

Samples were taken from longissimus dorsi, adductor, gluteus medius, 
or transversus abdominis muscles of typical commercial pork carcasses 
(n =  15, cross-bred barrows and gilts with hot carcass weight == 85 kg) 
at various times postmortem. The muscles were chosen to give a range 
from low (longissimus dorsi) to high (transversus abdominis) myoglobin 
concentration. Starting samples were judged visually for PSE or DFD 
using the Japanese pork color scale (Nakai et al., 1975).

The author is affiliated with the Dept, of Food Science and the 
Dept, of Animal & Poultry Science, Univ. of Guelph, Guelph, On
tario N IG  2W1, Canada.

Sample chamber

Pork samples were trimmed to a disk shape (diameter 10 mm, depth 
3 mm). The orientation of the longitudinal axes of muscle fibers either 
was parallel to the flat face of the disk, or was perpendicular to the flat 
face. Disks of pork were installed in the sample chamber beneath a 
stainless-steel screen (square weave, 0.38 mm openings, #40 mesh; Fig. 
1, S). The sample disk was packed around the supply tube (outer di
ameter = 1.5 mm) so that fluid was forced to pass through the sample 
disk as it moved from the lower to the upper chamber. Fluid (Fig. 1, F) 
was supplied to the lower surface of the sample disk from a gravity-feed 
reservoir (30 cm drop), and withdrawn from the upper surface by a 
negative pressure to give a flow rate of 5 mL min-1. The total volume 
of the sample chamber was 0.5 mL, hence, fluid was changed about 10 
times/min.

The perfusing fluid was 0.2M phosphate buffer, with the pH set by 
computer (Swatland, 1994). Myoglobin absorption spectra in phosphate 
buffer were described by Kiese and Kaeske (1942). The absorption spec
trum of metmyoglobin is particularly sensitive to pH (Bowen, 1949). 
Fluid reservoirs for buffer stock solutions and a mixing sump were lo
cated on the floor, and fluid was pumped to the gravity-feed reservoir 
where the pH electrode was located (gel-filled combination electrode, 
Fisher Scientific model 119). T ie  height of the gravity feed was used to 
regulate fluid delivery rate to the sample chamber, and a stainless steel 
mesh (square weave, 0.38 mm openings, #40 mesh) was located on the 
base of the feed tank to remove bubbles. A large diameter (inner di
ameter = 7 mm) tube from the feed tank back to the sump (by-passing 
the sample chamber) reduced pressure fluctuations in the sample chamber 
caused by the pump, as well as reducing cycling times and increasing 
fluid mixing.

The pH was regulated by computer using solenoid valves in the supply 
lines to the pump intake, so that pump stroke volume was the major 
determinant of the volume of fluid admitted per second of valve open 
time (0.16 sec mL-1)- The relative heights of reservoir valves above the 
sump fluid level («=15 cm) and tube diameters (inner diameter = 4 mm) 
were balanced so that hydrostatic pressure in the reservoir tanks had a 
minimal effect on the time:volume relationship of valves, or back-flow 
into the sump between pump cycles. Excess fluid (>100 mL) was 
drained off through an overflow.

To change the pH, a slight underestimate of the volume of stock 
solution to be replaced in the buffer was calculated from

pH = pK ^ + lo g [(H P C V  )/<H 2P0 4)]

The final pH adjustment was made by an iterative procedure, using learn
ing factors for valve opening times to accommodate changes in hydro
static pressure in the stock reservoirs. For example, if a valve opening 
time failed to achieve the expected result, the learning factor was in
creased to lengthen the opening time next time it was used.

To check that experimental effects were not caused by refractive index 
changes in the buffer, a continuous flow cell Abbe refractometer (model 
A, Carl Zeiss, Oberkochen, Germany) was placed in series with the large 
diameter tube from the feed tank to the mixing chamber. The refractive 
index of phosphate buffer was «=1.3343, changing by relatively small 
amounts (0.0002) from pH 5 to pH 7. From studies on the internal 
reflectance of the junction between optical fibers and aqueous fluids 
(Swatland, 1991), I considered that pH-related changes in reflectance 
were not attributable to such small changes in refractive index of the 
buffer. Furthermore, the apparatus was tested on a sample disk composed 
of 8 layers of Whatman #1 filter paper, and no significant effects of pH 
on reflectance were detected (P <  0.05).

Optical system

A 100W halogen light source (Fig. 2, 1) was operated at 12 v 7.825 
a from a type 6642A stabilized power supply (Hewlett-Packard, Palo 
Alto, CA) and was focussed into one branch of a bifurcated light guide 
through a solenoid-activated iris shutter (Fig. 2, 2; type 467225, Carl
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Fig. 1—Diagram of sample chamber, showing stainless-steel 
screen (S), fluid space (F), meat sample (M), and fiber-optic light 
guide (L).

Zeiss, Oberkochen, Germany). The light-guide (type WW100, Guided- 
Wave, El Dorado Hills, CA) had one branch with six optical fibers (con
nected to the light source), while the other branch (connected to the 
photometer) had one fiber. In the common trunk, the six illuminating 
fibers were arranged in a ring closely around the single recording fiber. 
The light returned to the recording fiber by reflection and scattering from 
the sample passed through a grating monochromator (Fig. 2, 3; Zeiss 
474321 with 474346 grating), through a stray light filter (Fig. 2, 4; Zeiss 
477215) to remove higher-order harmonics, and onto a side-window 
photomultiplier (Fig. 2, 5; Hamamatsu type HTV R 928, 1126 Ichino- 
Cho, Hamamatsu City, Japan) with S-20 characteristics.

There is some uncertainty relating to the appropriate name for internal 
reflectance collected directly from a tissue by optical fibers. The term 
interactance has been proposed (Conway et al., 1984) but has not been 
widely accepted. For simplicity, the light collected (sterance) from the 
sample disks in my study was called “ reflectance” , although it is not 
the same as reflectance from the sample surface in air as measured under 
CIE (International Commission on Illumination) conditions.

The system was operated through an IEEE-488 bus from a Hewlett- 
Packard 360 microcomputer programmed in BASIC using a Zeiss MPC 
controller. With the monochromator at 555 nm, the high voltage and 
gain of the photomultiplier were set to use 80% of its dynamic range. 
The shutter in front of the illuminator was used to correct for both am
bient illumination (which was very low) and the dark current of the 
photomultiplier (which was subtracted from all measurements). The re
flectance standard was a white opal glass disk under distilled water, using 
an adjustable clamp to find the point just above the glass surface that 
gave the highest return of light to the photometer. The monochromator 
was scanned from 400 to 700 nm in increments of 10 nm with a band
pass of 10 nm to find the reflectance maximum at each wavelength.

Fig. 2—Optical components, comprising halogen source (1), so
lenoid shutter (2), grating monochromator (3), stray-light filters 
(4), and photomultiplier (5).

Measurements at static pH

This preliminary study was undertaken without using the computer- 
controlled apparatus. The foremost technical problem in using a contin
uously flushed sample chamber under computer control is that reflec
tance changes caused by the progressive removal of sarcoplasmic 
chromophores such as myoglobin are superimposed on any effects that 
might be caused experimentally by changing pH. Thus, the objective of 
measurements at a static pH was to test that reflectance could be changed 
by pH change under conditions where myoglobin loss was almost con
stant (i.e., without continuous perfusion in the computer-controlled ap
paratus). Fascicular subunits of transversus abdominis were removed 
from 3 pork carcasses 45 min postmortem and cut into disks along the 
length of each fasciculus so that the same muscle fibers occurred in each 
disk. Thus, sampling error from variation in myoglobin content between 
different histochemical fiber types (Morita et al., 1969) was minimal. 
Muscle fibers were parallel to the flat face of the disk. At pH 5, 5.5, 6,
6.5 and 7, a muscle disk was placed into 10 mL phosphate buffer for 1 
hr at 24°C with slight agitation to keep the myoglobin coloration of the 
buffer uniform. Samples were measured as if they had been in the sample 
chamber, but were not placed in the apparatus or perfused.

Measurements at programmed pH changes

The objective here was to separate reflectance changes caused by pH 
from those caused by myoglobin loss in the continuous-flow cell (Fig. 
1), comparing results with those obtained statically. Muscle disks were 
obtained from the same three pork carcasses as used for static pH meas
urements, plus multiple samples from all other carcasses at various times 
postmortem.
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EXPERIMENTAL PORK PALENESS . . .

Fig. 3—Reflectance at different static pH values (5 to 7) in sepa
rate disks of transversus abdominis muscle with a relatively high 
myoglobin content. Measurements were made with the light 
guide gently touching the samples.

Fig. 5—Example of a programmed pH change from pH 6.5 to pH 
6 with respect to time (sec) from the start of a programmed pH 
change. The status of the exit (E), base (B) and acid (A) valves is 
shown by arbitrary square waves (valve open when line hich).

Wave 1e n g t h  nm

Fig. 4—The t-statistic for the separation of 10 spectra collected 
at static pH 5.0 from 10 spectra at static pH 7.0. Measurements 
made with the light guide pushed progressively farther into the 
samples.

Statistics

Two strategies were used to test the results of pH change. First, when 
comparing two pH values, a set of 10 spectra at the first pH was com
pared with a set of 10 spectra at the second pH using a t-test at each 
wavelength. Second, when evaluating the effect of a progressive change 
in pH, linear regressions and correlation coefficients were calculated with 
reflectance on the y-axis and pH on the x-axis, treating each wavelength 
separately. Software was programmed in BASIC from methods given by 
Steel and Torrie (1960).

RESULTS
Measurements at static pH

The reflectance of separate disks of transversus abdominis at 
different static pH values was compared (Fig. 3). The same gen
eral effects were observed for all three carcasses. Results from 
the first carcass are shown as an example. Results were not 
averaged for the three carcasses because my hypothesis was that 
variation between disks is a major problem, which is why con
tinuous perfusion of one disk is more sensitive to the experi
mental effect under examination.

Overall reflectance tended to be higher at low pH than at high 
pH, but there were irregularities in the spacing of intermediate 
pH values and in the shape of spectra. For example (Fig. 3), the 
spectra for samples at pH 6 and 7 deviated from the general

inverse relationship between pH and reflectance by showing 
high reflectance at 700 nm. Thus, the inverse correlation of pH 
with reflectance was confirmed in this data set from 400 to 550 
nm (r  = —0 .9 9 ,  P  <  0.005 at 550 nm), but not at 700 nm ( r  
= -0.41, P  >  0.05).

Replicate measurements (n = 10) were made at pH 5 and 7 
by progressively plunging the probe farther into the sample. This 
proved the correlation of pH with reflectance at 700 nm, as 
shown by the t-statistic (Fig. 4). However, experimental error 
occurred at lower wavelengths because of differences in myo
globin concentration at different depths within the disk, com
pounded with oxymyoglobin formation on the surface of the 
disk. The low point of the separation (P >  0.05) was at 410 nm 
in the Soret absorbance band for myoglobin, with minor low 
points at 540 and 580 nm, corresponding to the coexistence of 
both myoglobin and oxymyoglobin. The start of an oxymyoglo
bin spectrum also may be seen by the flat region between 550 
and 580 nm in the spectrum for the sample at pH 5.0 (Fig. 3). 
This is comparable to the change in surface reflectance when 
pork is exposed to the atmosphere (Millar et al., 1994). Thus, 
as the probe was plunged farther into the disk, it contacted parts 
of the disk with higher residual levels of myoglobin.

Thus, using separate disks, each exposed to a different pH, 
elevation of pH caused a decrease in reflectance. However, ex
perimental error made this an unreliable method to measure the 
effect of pH on the reflectance spectrum.

Measurements at programmed pH changes

I used a single disk exposed to a programmed sequence of 
pH changes but I recognize the importance of the dynamic na
ture of the pH change (Fig. 5). The system was controlled from 
three solenoid-operated valves. An exit valve (status shown by 
Fig. 5, E; valve open when line was high) was used to pump 
fluid from the system to be replaced by a calculated amount of 
stock buffer to reach the desired pH. The pH was changed from 
pH 6.5 to pH 6 (Fig. 5), by replacing the lost fluid with KH2P04 
solution through the acid valve (Fig. 5, A), but an overshoot 
required a small amount of Na:HP04 to be added through the 
base valve (Fig. 5, B) to reach the target pH. Presumably, in
tegration of these surges in pH took place within the sample 
chamber or in the outermost layers of the sample disk, because 
the optical properties of sample disks responded uniformly to 
changes in pH.

1 had to allow sufficient time to remove myoglobin from the 
disks (at «»1 mm hr 1 from each flat face of the disk, so the 3- 
mm disks reached equilibrium at «=1.5 hr). Thus, a reversible, 
inverse relationship between pH and reflectance was found in
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Fig. 6—Reflectance spectra from a disk of porcine transversus 
abdominis taken 1 hr postmortem, equilibrated to pH 7.5, then 
programmed to pH 6.5 and pH 5.5 with 10 replicates at each pH.
For each pH, the line is the mean value and the squares indicate 
one SD subtracted from the mean.

all 20 tests of the experimental hypothesis in a variety of disks 
from high to low myoglobin content, from pH 5 to 7, from 45 
min to 6 days postmortem, and with muscle fibers either per
pendicular to, or parallel with the face. Reflectance decreased 
when pH was increased, and reflectance increased when pH was 
decreased.

Problems arose if myoglobin was not washed out of the sam
ple disk adequately (Fig. 6). Proceeding directly to making 
measurements without first washing out the myoglobin, a disk 
of transversus abdominis (with relatively high myoglobin) taken 
1 hr postmortem was equilibrated for 10 min to pH 7.5, then 
taken to pH 6.5 and pH 5.5 with 10 replicates at each pH. The 
effect of pH was obscured in the Soret absorbance band. Thus, 
from 400 to 410 nm and from 450 to 700 nm the reflectance 
increased as pH decreased (P <  0.005), while at 430 to 440 nm 
the effect was obscured.

When the pH was increased, reflectance was decreased (P <  
0.005), but not as low as the starting level. For example, the 
same sample as represented in Fig. 6 was taken to pH 7.0 (Fig.
7), but did not re-attain the relatively low reflectance it originally 
had at pH 6.5. This was a common observation in all samples 
tested.

The pH reversibility of light scattering in severe PSE pork 
(color score <  1) was detectable as late as 6 days postmortem 
(Fig. 8). The features were typical of a sample with substantial 
removal of myoglobin: reflectance at the Soret absorbance band 
was only slightly less than at 700 nm, and spectra at different 
pH values were parallel. Except at 410 nm in the Soret absorb
ance band (Fig. 8), reflectance decreased as pH was increased 
from pH 5 to pH 7, and increased as pH was decreased back to 
pH 5 (P <  0.005). The effect was detectable with both muscle 
fiber orientations within the disk.

DISCUSSION

M e a s u r e m e n t s  of pH and paleness have proved valuable for 
investigating the epidemiology of PSE. Meat scientists in many 
countries have accumulated a broad data base (Bendall and 
Swatland, 1988). Great progress has been made in elucidating 
how genetic changes in Ca++-release channels of the sarcoplas
mic reticulum may trigger rapid glycolysis and the formation of 
PSE meat (MacLennan and Phillips, 1992). However, there are 
indications that PSE may have only a 20% heritability in some 
situations (de Vries et al., 1994). Its minimization is the respon
sibility of abattoir operators as well as pig breeders. Thus, new 
methods are needed to investigate the mechanisms by which it 
develops.
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Fig. 7—Continuation of changes shown in Fig. 6, with pH pro
grammed back to pH 7.0. For each pH, the line is the mean value 
and the squares indicate one SD subtracted from the mean.
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Fig. 8—A decrease in reflectance of naturally occurring severe 
PSE pork longissimus dorsi, when the pH was elevated in steps 
of pH 0.5 from pH 5 to 7 at 6 days postmortem.

Much work is needed to determine the extent to vdftich each 
of the possible causes of pH-related pork paleness (precipitation, 
reflection and refraction) contributes to the final product, where 
color is important and complex (Brewer and Harbers, 1991). 
However, from my results, protein precipitation (Bendall, 1962; 
Bendall and Wismer-Pedersen, 1962; Fischer et al., 1979) ap
peared to be dominant in severe PSE. The magnitude of the 
myofibrillar effect (reflectance plus refraction) from pH 5 to pH
7 seldom exceeded reflectance 0.1 at any wavelength (Fig. 3, 6,
7), but could account for about 40% of the overall reflectance 
of normal pork taken to a low pH. However, severe PSE pork 
had a much higher reflectance than normal pork (compare Fig.
8 with Fig. 6). In the severe PSE pork (Fig. 8), the reversible 
effect of pH on myofibrils amounted to a reflectance of s= 0.04. 
Thus the balance of the reflectance implicates protein precipi
tation as the dominant cause.

CONCLUSION
A d ir e c t  e f f e c t  of pH was found on light scattering from 
myofibrils in pork. The effect was at least partly reversible and 
made a notable contribution to the overall reflectance of normal 
pork. It could be detected in severe PSE pork but was probably 
not the major cause of paleness.
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Antioxidative Maillard Reaction Products from  Reducing 
Sugars and Free Am ino Acids in Cooked Ground Pork Patties

A. J. BEDINGHAUS and H. W. OCKERMAN

------------------------------------  A B S T R A C T  ------------------------------------
Fifteen preformed Maillard reaction products (MRP) were prepared by 
refluxing 0.2M of three individual reducing sugars (glucose, xylose, and 
dihydroxyacetone) with 0.2M of five free amino acids (arginine, histi
dine, leucine, lysine, and tryptophan). MRP were added (3% v/w basis) 
to fresh ground pork patties prior to cooking and cooked to internal 
temperature 68°C and stored at 4°C for 10 days. Samples were analyzed 
for TBA value on day 0. 5, and 10. MRP were effective inhibitors of 
lipid oxidation in ground pork patties. The most effective were xylose- 
lysine, xylose-tryptophan, dihydroxyacetone-histidine, and dihydroxy- 
acetone-tryptophan when compared to controls. A significant interaction 
(P <  0.001) existed between reducing sugars and amino acids.

Key Words: antioxidant, pork, TBA, Maillard

I N T R O D U C T IO N

T h e  M a il l a r d  r e a c t io n  is of great importance to food sci
ence. The reaction is responsible for the “ brown”  color devel
opment in many cooked and baked foods. It is an extensive 
source of natural flavors and aromas as well as a principal re
source for many synthetically derived aromas, flavors and col
orants. The Maillard reaction has been studied by many 
researchers since the early 1900. Researchers have examined 
antioxidant activity of formed Maillard reaction compounds 
(Namiki, 1988) trying to identify “ natural” compounds as food 
antioxidants for lipid applications in place of synthetic antioxi
dants (Kawashima et al., 1977; Dugan, 1980). The Maillard re
action is a result of interactions between amino-bearing groups, 
usually proteins or amino acids, and reducing sugars located 
(Reynold, 1965). These products are typically referred to as 
“ Maillard reaction products”  (MRP). Lipid foods have been 
relatively stable when the Maillard reaction was involved.

Hodge and Rist (1953) first reported lipid antioxidation ef
fects of MRP for preserving vegetable oils. Other researchers 
have reported antioxidant properties of MRP (Patton, 1955; 
Griffith and Johnson, 1957; Zipser and Watts, 1961; El-Zeany 
et al., 1973; Itoh et al., 1975; Kato, 1973; Maleki, 1973; Kiri- 
gaya et al., 1968; Lingnert and Ericksson, 1981). The research 
work on MRP has primarily been conducted on model systems; 
only a few studies have been carried out in food systems (Ling
nert et al., 1983).

The antioxidant effect of most formed MRP is related to the 
reducing sugar and amino compounds used as reactants (Ling
nert and Eriksson, 1980a). Meat research studies that directly  
involve MRP as antioxidants are limited. Bailey et al. (1987) 
reported that the MRP mixture of glucose and histidine was 
effective at inhibiting lipid oxidation in cooked ground beef pat
ties. Lingnert and Lundgren (1980) found rancidity development 
in frozen pork sausage was retarded with a MRP from glucose 
and histidine. The possible combinations of reducing sugars and 
amino acids that can be made into MRP are many but combi
nations studied in meat research studies are restricted. The 
browning products of MRP are generally considered safe for
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lumbus, OH 43210.

human consumption since they are made from natural products 
(Itoh et al., 1975).

Our objective was to evaluate the antioxidant effectiveness of 
several preformed Maillard reaction products (MRP) in cooked 
pork patties and to determine any effect the type of reducing 
sugar and amino acid had on lipid oxidation as measured by 
TBA values.

M A T E R IA L S  &  M E T H O D S

T h e  t h r e e  s i m p l e  m o n o s a c c h a r id e  reducing sugars included: glucose, 
xylose, and dihydroxyacetone (DHA). They were selected based on 
chemical structure (one 3-carbon, one 5-carbon, and one 6-carbon sugar) 
and their antioxidant effectiveness as evidenced by previous lipid oxi
dation studies (Lingnert and Ericksson, 1981; Itoh et al., 1975; Tomita, 
1971a, 1971b; Yamaguchi et al., 1964, 1981). The same reasons applied 
for the amino acids chosen; chemical structure diversity and their anti
oxidant effectiveness in prior lipid oxidation experiments (Lingnert and 
Ericksson, 1981; Itoh et al., 1975).

The amino acids were arginine, histidine and lysine (basic amino ac
ids), leucine an aliphatic amino acid and tryptophan, an aromatic amino 
acid. Each was reacted with each individual reducing sugar to produce 
Maillard reaction products (MRP). A total of 15 MRP plus a control 
group (no MRP added) were studied. The MRPs were added to fresh 
ground pork muscle tissue prior ta cooking.

The chemical reagents were: dextrose, monohydrate powder, (D-glu- 
cose), J.T. Baker Inc. (Phillipsburg, NJ); D-xylose, Fischer Scientific Co. 
(Fairlawn, NJ); dihydroxyacetone, L-arginine, L-histidine, L-Ieucine, L- 
lysine, L-tryptophan, 2-thiobarbituric acid, 1,1,3,3-tetramethoxypropane 
(TMP), Sigma Chemical Co. (St. Louis, MO); trichloroacetic acid (ACS, 
crystals) Jenneile Enterprises (Cincinnati, OH); meta phosphoric acid 
(AR, crystals) Mallinckrodt Inc. (Paris, KY).

Synthesis of Maillard reaction products (MRP)

The MRPs were prepared by refluxing 0.2M of each reducing sugar 
with 0.2M of each free amino acid in 100 mL double-distilled water. 
The MRP mixture was refluxed at 100°C for 20 hr in a 250 mL Pyrex™ 
flask coupled to a reflux condenser unit. Two replications were made for 
each synthesized MRP. The MRP mixtures, after refluxing, were stored 
in a cooler (2-4°C) until needed.

Ground pork muscle preparation

Whole fresh, vacuum-packaged pork loins (26-30 kg range) were pur
chased from local grocery stores. The pork loins were purchased 6-12 
hr before they were utilized in the study and were =»5-10 days post
mortem. The pork loins were deboned, fat and lean tissue separated, and 
the meat block standardized to 18-20% fat content. The fat and lean 
were ground together through a 12.7 mm breaker plate (Stimpson 
grinder, model no. 5412, Stimpson Scale Co.. Louisville, KY) and the 
coarse ground mixture was thoroughly mixed by hand. The meat-block 
was reground through a 4.8 mm sausage plate, and again manually 
mixed by hand. The fresh ground pork was prepared immediately prior 
to addition of the MRP and prior to cooking the pork patties.

Addition of MRP to Fresh Ground Pork

The fresh ground pork was divided into 180g lots for each MRP treat
ment and placed into Ziploc® 0.95 L polyethylene storage bags [177.8 
mm X 203.2 mm, 0 2 transmission rate = (420 cm3 0 2/mil thick- 
ness/645.2 cm!/24 hr/1 atm), 1.75 mils, Dow Brands Inc., Indianapolis, 
IN], The MRP solution (3% v/w basis) was added to the 180g sample
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T a b le  1— C o o k in g  y ie ld  and  T B A  v a lu e s  o f precooked  gro u n d  pork patties held d u rin g  refrigerated  sto rag e  w ith  in corporated  M R P a

Cooking 
yield, %°

Thiobarbituric acid (TBA) valuec
MRP Day 0 Day 5 Day 10 SEd

Control 63.59-fr' 0.361A-f 1.435B,e 1.600B'e 0.022
Glucose-arginine 61.O' 0.303A'9 1.177B'f'9 1 .360b4'9 0.043

-histidine 62.1i'k 0.296̂ 9 1 239B.e,f 1.466B,e'f 0.084
-leucine 63.3h'' 0.414A-e 1.307B'e'f 1.480B'e-f 0.029
-lysine 61.7kJ 0.268A,h 0.943B-h 1.124B h i i 0.039
-tryptophan 62.8'-i 0.254A|h 0.951B'h 1.127c-h-',j 0.017

Xylose-arginine 65.8e 0.274A'h 1.387B-e 1.510Bef 0.062
-histidine 65.1e 0.233A l i 0.918B'h-' 1.217B'9'h 0.070
-leucine 65.7e 0.205A'k-1 1.324B.e.f 1 486B.e.f 0.066
-lysine 66.3e 0.228A,i'k 0.809B-' 0.980B-i'k 0.167
-tryptophan 64.5f 0.166Am 0.610B-i 0.849c 'k 0.011

DHA-arginine 64.7f 0.344A,f 1.357B-e-f 1.607C'e 0.014
-histidine 64.2f'S 0.217A-j'k-' 0.620B,i 0.834B'k 0.086
-leucine 63.2hi 0.168A-m 0.744B'M 1,004B'i.i.k 0.052
-lysine 64.0f'9-h 0.264A'h,i 0.957B'h 1.192B,9*h'i 0.064
-tryptophan 

SE for values
64.6f 0.203A' 0.633B'i 0.816B'k 0.163

down the column 0.010 0.028 0.216 0.208
a Duncans multiple range test was performed on these data. 
b (Post-cook patty welght/precook patty weight) x  100. 
c Total number of observations per treatment; n = 24. 
d SE for TBA values across the row.
e'm Means with different lowercase superscripts within a column are significantly different (P<0.05).
A'B.C Means with different uppercase superscripts across the row for TBA values are significantly different (P<0.05).

and thoroughly mixed by hand. The 180g meat samples of each treat
ment were formed into two (90g) patties of uniform thickness and di
ameter (9.5 cm x  1.2 cm thickness) using a hand-held aluminum Burger 
Press”  (US Patent no. D191367, Heuck, Cincinnati, OH). The precooked 
weights were recorded after the patties were formed. The patties were 
cooked in an open-front Hotpoint broiler (Model no. 01B17, Hotpoint 
Inc., Chicago, IL) to an internal temperature of 68.3°C as determined by 
inserting a thermometer into the center of a representative sample of 
patties for each batch. A total of twelve pork patties were cooked per 
treatment batch. Immediately post-cooking, the patties were stored at 
room temperature (21°C) for 30 min before post-cook weights were re
corded. The meat patties were sampled and analyzed on days 0, 5 and 
10. The day 0 observation was analyzed immediately after the post-cook 
weight was recorded. The patties were stored in cardboard boxes in the 
meat cooler (2-4°C) in Ziploc® 0.95 L polyethylene storage bags and 
held in refrigerated (2^t°C) storage until TBA analysis of day 5 and 10 
samples.

Thiobarbituric acid test method

The TBA test was carried out using a modified method of Witte et al.
(1970). Samples (5g each) were obtained from each pork patty by cutting 
thin slices across the section width of the patty and placed in Cryovac® 
bags (12.7 cm X 30.5 cm, standard gauge, Cryovac Division, W.R. 
Grace Co., Simpsonville, SC) and homogenized in 50 mL solution of 
20% trichloroacetic acid and 1.6% phosphoric acid. Each sample was 
stomached in a Stomacher 400 Lab Blender (Seward Medical, Ltd., Lon
don, England) for 2 min. Distilled water (50 mL, 4 ±  2°C) was added 
to the slurry and blended for 30 more sec in the stomacher. The mixture 
was filtered through Whatman® No. 1 filter paper. Distilled water was 
added to bring the filtrate to 100 mL volume. Filtered aliquot (5 mL) 
was mixed with 5 mL freshly prepared 0.02M 2-thiobarbituric acid so
lution in a glass test tube. The tubes were covered with parafilm and the 
solution mixed by inverting the tubes three times. The color was allowed 
to develop overnight in the dark for 15 hr at room temperature (21°C). 
The resulting color was measured for absorbance at 530 nm using a UV- 
VIS Hitachi Perkin-Elmer, Model 139, spectrophotometer (Hitachi, Ltd., 
Tokyo, Japan). The spectrophotometer was interfaced with an accessory 
detector unit, (a Hitachi Perkin-Elmer Photomultiplier unit, Hitachi, Ltd., 
Tokyo, Japan). Duplicate measurements were recorded for each pork 
patty sample analysis replication. Concentration of malondialdehyde was 
calculated from a standard curve using solutions of 1,1,3,3-tetramethox- 
ypropane (TMP).

TBA value

The TBA value was calculated by multiplying the absorbance reading 
for the sample by the K value for extraction. The K value was calculated 
from standard curves and known dilutions as follows:

K (extraction) = (S/A)(MW)(107/SW)(100/P)

The formula was obtained from Tarladgis et al. (1960) but some values 
used are different. The first term in the formula (S/A) represents the 
slope of the standard curve. The slope of the TBA value standard curve 
was 6.195 X 10 8. The molecular weight (MW) of malondialdehyde 
(MA) is 72.03. The sample weight (SW) of sample analyzed was 5g. 
The average percent (P) recovery of enriched meat samples (5g) inocu
lated with 1500 pg, 1000 pg, and 500 pg of TMP was 71%. The cal
culated K value to be used in the TBA value calculation was 12.58 . 
TBA values were calculated by multiplying absorbance by 12.58. TBA 
value was expressed as mg malondialdehyde (MA)/kg sample.

The moisture and crude fat of raw pork samples were determined by 
the oven drying method (100°C for 18 hr) and the Soxhlet ether extract 
method of Ockerman (1985).

The statistical analysis of TBA value data was determined with Sta
tistical Analysis System (SAS Institute, Inc., 1988).

RESULTS & DISCUSSION
T h e  a v e r a g e  m o i s t u r e  of raw ground pork in all TBA anal
yses was 61.6% ±  0.82 and fat was 19.1% ± 0.97. Calculated 
percentages for the moisture and fat data were based on six 
replications. Cooking yield and TBA values for all MRP treat
ments were compared (Table 1). Differences (P <  0.05) were 
found in cooking yield and TBA values among the various MRP 
treatments. A significant interaction (P <  0.001) existed be
tween reducing sugars and amino acids. To simplify interpre
tation of data they were divided into groups. To discuss all 15 
treatments inclusively as a group would make interpretation of 
results confusing because there were so many combinations. 
With the data considered in smaller groups, interpretations of 
results are easier to follow. The data of each MRP within each 
group was compared to data of the control group which served 
as the “ standard.”

TBA values of glucose/amino acid MRP treatm ent

Cooking yields were monitored because moisture content and 
water activity (aw) are known to influence lipid oxidation (Chang 
and Watts, 1950; Fishwick and Zmarlicki, 1970). However, no 
relationship (P >  0.05) of cooking yield affected TBA values 
for the 15 MRP treatments (Table 1). The correlation coefficient 
of cooking yield vs all TBA values for day 0, 5, and 10 was r 
=  0.05 (plot not shown). Glucose-lysine and glucose-tryptophan 
were the two MRP that exhibited the least amount of lipid ox
idation among the glucose-MRP and were the two most effective 
for the glucose-reducing sugar group. The control had TBA val
ues 1.3-1.5 times greater than either the glucose-lysine or glu-
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MRPs FROM COOKED GROUND PORK. . .

cose-tryptophan treatment for all three days of TBA analyses. 
The MRP reaction combinations of glucose with lysine and tryp
tophan have been shown to be effective in other lipid food sys
tems (Lingnert and Ericksson, 1980a, b; Itoh et al., 1975; 
Tomita, 1971a, b; Yamaguchi et al„ 1964). Kirigaya et al.
(1969) reported MRP of glucose with histidine or arginine had 
strong antioxidant activity but results from our study did not 
indicate this for glucose-histidine. That MRP lowered TBA val
ues throughout storage but they were not different (P >  0.05) 
from the control for Day 5 and 10. Lingnert and Lundgren
(1980) showed MRP treatment of glucose with histidine lowered 
lipid oxidation in frozen pork sausage. Bailey et al. (1987) also 
showed glucose-histidine MRP treatment was an effective an
tioxidant in beef and pork.

TBA values of xylose/amino acid MRP treatments
The TBA values for the control group (Table 1) were greater 

than all xylose-amino acid combinations for each storage period. 
The xylose-tryptophan treatment had the lowest level of lipid 
oxidation among the xvlose-MRP group but all three MRP treat
ments of xylose-histidine, xylose-lysine and xylose-tryptophan 
had lower (P <  0.05) TBA values when compared to the con
trol. The control group TBA values were 1.9-2.0 times larger 
than TBA values from the xylose-tryptophan treatment for days 
0, 5, and 10. Yamaguchi and Fujimaki (1974b) have shown 
xylose-arginine, xylose-histidine, and xylose-lysine effectively 
inhibited lipid oxidation in a linoleic acid system. Our results 
agree with Yamaguchi and Fujimaki’s (1974a) finding except 
for the xylose-arginine treatment, which did not effectively in
hibit lipid oxidation in the precooked pork patties. Lingnert and 
Eriksson (1980a) evaluated the antioxidative effect of MRP 
added to linoleic acid emulsion systems. They reported that xy
lose, reacted with arginine, histidine or lysine, effectively inhib
ited oxidation in this free fatty acid system. Lingnert and 
Eriksson (1980a) reported the xylose-arginine MRP had the 
strongest antioxidant activity of all MRP’s tested. Elowever, our 
results with xylose-arginine did not confirm that.

TBA values of dihydroxyacetone/amino acid MRP 
treatments

Almost every DHA-amino acid MRP treatment (Table 1) had 
lower TBA values than the controls (the only exception was day 
10 for DEIA-arginine with slightly higher TBA). The data for 
the DHA-MRP compounds spread over a wider range than the 
glucose or xylose-MRP groups. The DHA-histidine, DHA-leu- 
cine, DHA-lysine, and DHA-tryptophan MRP all had lower (P 
<  0.05) TBA values than the control for days 0, 5, and 10. The 
DHA-histidine and DHA-tryptophan MRP had the least lipid 
oxidation. The control TBA values for day 0, 5, and 10 were
1.6-2.3 times larger than the TBA value for DHA-leucine, 
DHA-histidine, and DHA-tryptophan MRP. Overall the 
DHA-MRP, with exception of DHA-arginine, were effective in
hibitors of lipid oxidation in precooked pork samples. Kawash- 
ima et al. (1977) documented DHA and leucine MRP as an 
excellent MRP treatment for retarding lipid oxidation in saf
flower oil. Other DHA-MRP that Kawashima et al. (1977) tested 
were DE1A reacted with lysine, leucine, isoleucine, valine, tryp
tophan, histidine, glycine, proline, alanine, methionine and as
paragine. Itoh et al. (1975) reported DHA-leucine had superior 
antioxidant activity in preventing lipid oxidation in safflower oil 
and was more effective than the phenolic antioxidant butylated 
hydydroxyanisole (BHA).

TBA values of arginine and sugar MRP treatments
Control TBA values for day 0, 5, and 10 (Table 1) were =«1.2 

times larger than corresponding values for the glucose-arginine 
MRP. Glucose was the best reducing sugar in combination with 
arginine at reducing lipid oxidation in cooked pork patties.

TBA values of histidine and sugar MRP treatments

The DHA-histidine had the least lipid oxidation followed by 
the xylose-histidine MRP. The TBA values of control (Table 1) 
were 1.3-1.6 and 1.7-2.3 times larger than the xylose-histidine 
and DHA-histidine TBA numbers, respectively. Glucose, xy
lose, and DHA would be ranked as dihydroxyacetone >  xylose 
>  glucose in terms of decreasing antioxidant activity when re
acted with histidine. Itoh et al. (1975) reported antioxidant ac
tivity of dihydroxyacetone as the most potent of various MRP 
tested, followed by xylose and glucose.

TBA values of leucine and sugar MRP treatments

The DHA-leucine MRP had the lowest amount of lipid oxi
dation among all leucine-MRP. The DHA-leucine MRP had 
TBA values 1.6-2.3 times smaller (Table 1) than control TBA 
values for all days. DHA was more effective than the two other 
reducing sugars when MRP were synthesized from leucine. Ka
washima et al. (1977) reported DHA-leucine MRP had strong 
antioxidant activity in safflower oil.

TBA values of lysine and sugar MRP treatments

The xylose-lysine MRP had the least lipid oxidation in pre
cooked ground pork among the lysine-MRP. The control group 
had TBA values for day 0, 5, and 10 that were 1.4-1.5, 1.6-
1.8, and 1.3-1.5 times larger (Table 1) than TBA values for 
glucose-, xylose-, and DHA-lysine MRP, respectively. All three 
lysine-sugar MRP were effective at reducing lipid oxidation in 
cooked pork, however, xylose was the most effective. Lingnert 
and Eriksson (1980a) reported the MRP of xylose-lysine had 
potent antioxidant activity in linoleic acid emulsion systems.

TBA values of tryptophan and sugar MRP treatments

The control TBA values were 1.4-1.5 times larger than the 
glucose-tryptophan MRP (Table 1) for day 0, 5, and 10 TBA 
readings, and 1.8-2.4 times larger for both xylose- and DHA- 
tryptophan MRP. The xylose- and DHA-tryptophan MRP 
showed the least lipid oxidation among tryptophan-reducing 
sugar MRP for the duration of the experiment. Tomita (1971a, 
b) studied several MRP from glucose (none was made from 
xylose or dihydroxyacetone) and reported those from glucose 
and tryptophan were more effective than all others in antioxidant 
activity.

CONCLUSIONS
P r e f o r m e d  M a il l a r d  r e a c t io n  p r o d u c t s  (MRP) were ef
fective at reducing lipid oxidation in precooked pork patties held 
during refrigerated storage. Most MRP had an antioxidant effect 
according to results of the TBA test. Some MRP had greater 
antioxidant effects than others. Most lipid oxidation occurred 
during the first five days of refrigerated storage with little or 
minimal oxidation after day 5. The four MRP that retarded lipid 
oxidation best were xylose-lysine, xylose-tryptophan, DHA-his
tidine, and DHA-tryptophan. The antioxidant potential of pre
formed MRP was related to reactant type. The reducing sugars 
with strong antioxidant potential were from the pentose and tri- 
ose reducing sugars, xylose, and DHA. Amino acids with good 
antioxidant activity among the MRPs were histidine, lysine, and 
tryptophan. The antioxidant potential of MRP shows such ma
terials can be made from natural precursors which can be used 
in precooked ground meats. Further research is needed to de
termine whether Maillard reaction products affect overall quality 
and sensory characteristics of precooked meat.
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Acid/Base Status of Stress Susceptible Pigs 
Affects Cured Ham Quality

P.J. SHAND, J.A. BOLES, J.F. PATIENCE, A.R. McCURDY and A.L. SCHAEFER

------------------------------  ABSTRACT ------------------------------
Twenty-four halothane positive (HP) pigs received ammonium chloride 
(8 g/L), sodium bicarbonate (12.6 g/L) or water (HP control) ad libitum 
for 4 days and were then slaughtered. Hams from HP animals were pale, 
soft and exudative (PSE) and of inferior processing quality. Ammonium 
chloride induced a metabolic acidosis which further impaired cured ham 
quality (greater thaw purge, lower juiciness scores and less uniform slice 
appearance than comparable hams from control or bicarbonate treated 
HP hogs). Blood pH, carbonate and chloride concentration (day 3) were 
related to cured ham quality, indicating that acid-base balance may in
fluence subsequent meat quality. Use of an alkaline salt provided little 
protection against PSE.

Key Words: PSE ham, acid-base, physiology, halothane+, processing 
quality

INTRODUCTION
P a l e , s o f t  e x u d a t iv e  (PSE) p o r k  is a problem in both do
mestic and export markets, with an economic cost to the Ca
nadian pig industry in excess of $20 million annually. Incidence 
of PSE is influenced by many factors including genetics, ex
tremes in temperature, and preslaughter handling. Manipulation 
of pre-slaughter diets has not been widely used to control PSE. 
Jones et al. (1988) and Murray et al. (1989) reported that fasting 
was effective in reducing PSE but could also reduce carcass 
yields. Potential for increased dark cutting with fasting has also 
been shown (Eikelenboom et al., 1991). Carbohydrate loading 
(sucrose) increased the incidence of PSE (Briskey et al., 1959).

Research by Ahn et al. (1992) and Boles et al. (1993) sug
gested that changing the acid/base balance of an animal prior to 
slaughter may potentially influence the severity of PSE. PSE is 
associated with an abnormally rapid drop in muscle pH imme
diately following slaughter. These researchers tested the hy
pothesis that feeding an alkaline salt in the antemortem period 
might provide a degree of protection against PSE and that an 
acid salt, such as ammonium chloride, might exacerbate the con
dition. Ahn et al. (1992) observed that dietary treatment with 
sodium bicarbonate delayed postmortem pH decline. However, 
they found no effect on fresh pork color and drip due to meta
bolic acidosis or alkalosis induced by feeding ammonium chlo
ride or sodium bicarbonate. Boles et al. (1993) reported that 
fresh loin quality and sensory properties were negatively af
fected by acidosis induced by oral administration of ammonium 
chloride in halothane positive (HP) animals but sodium bicar
bonate had no effect on fresh loin quality.

It has been well documented that PSE pork is of poor proc
essing quality resulting in further processed meats with poor 
yields, poor bind and color (Wismer-Pedersen, 1960a, 1960b; 
Davis et al., 1975; Jeremiah, 1986; Honkavaara, 1988, 1990). 
Since up to 70% of pork is sold as further processed products 
(Industry, Science and Technology Canada, 1993), economic
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and quality losses in further processed items due to PSE are 
important. Initial investigations of acid/base status have consid
ered fresh meat quality, in particular, quality of the loin. How
ever, little is known regarding the effects of an oral acid or base 
load on processing characteristics of cured hams.

Our objective was to determine the effects of a preslaughter 
oral acid or base load on processing characteristics and eating 
quality of processed hams from halothane positive pigs.

MATERIALS & METHODS
Dietary and preslaughter treatment of animals

The experimental design was as previously reported (Boles et al.,
1994). Briefly, 24 HP pigs were assigned to one of three dietary treat
ments: water (HP control), ammonium chloride (anhydrous) (8 g/L) or 
sodium bicarbonate (12.6 g/L). Animals were penned individually and 
water treatment was initiated 4 days prior to slaughter. These animals 
were from an HP herd with a predisposition to produce a high incidence 
of PSE (Murray et al., 1989). Blood pH and other parameters were as
sayed from blood collected from 18 animals on days 3 and 4 of treatment 
(Boles et al., 1994).

Slaughter procedures and sample collection

Animals were moved in groups of three to the meat laboratory at the 
Agriculture Canada Research Station in Lacombe, Alberta, where they 
were electrically stunned and then slaughtered following commercial 
practices. Along with the water-treated animals, eight halothane negative 
(HN) animals were slaughtered in a similar manner. Muscle pH of the 
longissimus, determined at 45 min. 24 hr and 48 hr postmortem, and 
other meat quality attributes were reported by Boles et al. (1993). At 2“ 
hr postmortem, the ham was removed from the left side of each animal. 
Following removal of the shank at the femur/tibia joint, each ham was 
weighed, vacuum-packaged and frozen at — 20°C. Hams were trans
ported to the University of Saskatchewan and held in frozen storage 
(—20°C) for 3.5 mo prior to processing.

Ham processing

The 32 frozen hams (eight from each of four treatment groups) were 
further processed into bone-in, smoked, cured hams. Hams were thawed 
at 2°C for 96 hr. A sample of the exposed semimembranosus muscle 
(anterior end) was removed for pH determinations. After weighing, hams 
were pumped with brine to 115% green weight with two passes through 
a Pokomat pickle injector (Model P20/310. Max Hubner Ag, Berikon. 
Germany). The brine consisted of: 66.53% water, 16.67% sodium chlo
ride, 13.33% dextrose (ADM Com Processing, Clinton, IA), 3.00% so
dium tripolyphosphate (HelaPhosP, Hermann Laue Spice Co., 
Scarborough, Ontario), 0.333% sodium erythorbate (Pfizer Chem Divi
sion, Kirkland, Quebec) and 0.133% sodium nitrite and was formulated 
to deliver 2.5% salt, 2% dextrose, 0.45% phosphate, 0.05% sodium er
ythorbate and 0.02% sodium nitrite for an expected cook yield of 100% 
green weight. Hams were weighed before and after injection to deter
mine pump levels. Hams were netted with cotton stockinette, held for 3 
hr at 2°C and then tumbled under vacuum for 5 min at 16 rpm to min
imize injector needle marks. Each treatment group was tumbled sepa
rately, with additional brine added to the tumbler to achieve 115% green 
weight.

After holding overnight at 3°C, hams were reweighed, and then 
smoked and cooked in an Alkar smokehouse (Lodi, WI) according to a 
14 hr cooking sequence. Temperature probes were inserted into the cen
ter of five hams. Once an internal temperature of 67°C was reached, the 
smokehouse was opened and the internal temperature of each ham was
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T a b le  1— Effect of oral acid  and  base  lo ad in g  on p ro ce ss in g  properties of h am s from  stre ss  su sce p tib le  p ig s

Attribute
Halothane 

negative control
Ammonium

chloride

Halothane positive
Sodium

bicarbonate
Control
(water) P > F

pH (raw) 5.17 5.21 5.33 5.30 0.13
pH (cooked, cured) 6.08 6.06 6.12 6.16 0.26
Purge (thaw), % 1.1b 2.2a 1.6b 1.5b 0.04
Green weight, kg 7.2a 5.9b 6.1b 6.2b 0.001
Pump initial, % of green 114.4 114.3 114.3 114.7 0.82
Pump at 24 hr, % of green 112.6 111.2 111.3 111.5 0.08
Cook yield, % of green 99.6 96.1 96.4 97.2 0.054
a‘b Means within the same row sharing a common letter are not significantly different at P <  0.05.

checked with a hand-held temperature probe. The internal temperature 
of most hams was 66-68°C (minimum of 65°C and maximum of 71°C). 
Hams were cooled for 8 hr, weighed to determine cooking shrink and 
vacuum-packaged in 3 mil nylon-poly barrier bags (oxygen permeability 
— 53 cc/m2/24 hr). Hams were then held at 3°C until evaluation (within 
2 wks).

The day before testing, a center cut ham slice (1.26 cm thick), parallel 
and posterior to the ischium, was removed from each of four hams (one 
from each treatment). These slices were vacuum-packaged and held 
overnight at 3°C in the dark. The remaining ham was subdivided into 
individual muscle groups (semimembranosus, SM; semitendinosus, ST; 
and biceps femoris, BF) and packaged.

Sensory evaluation

Sampling procedures were standardized for sensory and objective tests 
during preliminary work. During each taste panel session, samples from 
the same relative section of each ham were presented randomly to a ten 
member trained sensory panel. In addition to evaluations of eating qual
ity, panelists scored visual properties of center cut ham steaks from each 
treatment.

Panelists were screened and selected following procedures of Cross et 
al. (1978) and the American Meat Science Association (AMSA, 1978). 
Initially, 18 panelists began the screening procedure. Training was given 
during 9 wks (17 sessions). The trained panel consisted of six females 
and four males and was heterogeneous with regard to age and socioec
onomic status. Panel sessions were held 2 to 3 days a week in an at
mospherically controlled sensory panel room equipped with 8 individual 
booths and red lights. Each panelist received two 1.3 cm cubes of ham 
from designated positions from each of four SM muscles (posterior half). 
Samples had been placed in small covered glass jars 30 min prior to 
each panel and were served at 21°C. Tap water was provided for rinsing 
between samples. Unsalted crackers also were provided.

The cubes of ham were scored for firmness (force required to com
press the sample with the molar teeth), initial juiciness (based on two 
chews), overall juiciness (impression after continued chewing), and ten
derness (based on time and effort required to masticate the sample) using
8-point descriptive scales (8 = extremely firm, juicy or tender; 1 = 
extremely soft, dry or tough). Saltiness and mealiness were scored on 6- 
point scales with 6 = not detectable and 1 = extremely salty or mealy). 
Ham flavor intensity and off-flavor intensity were scored on 8-point 
scales with 8 = extremely intense or not detectable and 1 = extremely 
bland or extremely strong.

The 10 member panel also individually viewed four vacuum-packaged 
center cut ham slices at each session. Assessments of appearance of the 
overall slice and of individual muscle groups (SM, ST, BF) were made 
under 50 footcandles of warm white fluorescent light. A diagram of a 
ham slice identifying the muscle groups was posted in the viewing booth. 
Color and color uniformity were scored on 6-point scales with 6 = very 
dark pink, and very uniform; 1 = very pale pink/not pink and very 
nonuniform.

Instrumental measures of color and texture

Prior to visual evaluations by the panel, color (L, a, b) of the vacuum- 
packaged ham slices was measured (in duplicate) using a Hunter col
orimeter. Meat samples for the instrumental measure of tenderness 
(Warner Bratzler shear) were taken from the same relative position in 
each of the hams and cut adjacent to those used for sensory evaluation. 
Eight cores, 1.3 X 1.3 X 2.6 cm, were cut parallel to the muscle fibers 
from three muscle groups in each ham (SM-posterior half, BF-anterior 
and ST- posterior). Following equilibration to ambient temperature, cores 
were sheared once, perpendicular to the fiber direction, with a Warner

Bratzler shear attachment on a Food Technology Corp. Texture Test 
System (TP1, Reston, VA).

Chemical analyses

The pH of the semimembranosus muscle of the raw meat was meas
ured prior to brine njection and of the cooked cured meat at the time 
of the sensory evaluation panels. Meat homogenates were prepared by 
blending 1 Og of meat with 90g of water. Homogenate pH was measured 
using a combination electrode and a Fisher Accumet 915 pH meter 
(Fisher Scientific, Ottawa, Ontario).

Experimental design and statistical analysis

Analyses of variance (ANOVA) were run using the General Linear 
Models procedure c f  SAS Institute, Inc. (1989). For yield data, color 
and shear values, a 1-way ANOVA was run (error mean square = 28 
df). For sensory data, a split plot design was used with animal(treatment) 
(28 df) as the valid error term for testing the main effect of dietary 
treatment. Nonsignificant treatment by panelist interactions indicated that 
panelists were evaluating treatments in a similar manner. Least-squared 
means for each pig and attribute were calculated and merged with other 
data to determine simple correlation coefficients (Pearson’s) among 
measurements.

RESULTS & DISCUSSION 

Processing properties
The pH of hams, before or after curing and cooking was not 

affected by stress susceptibility or dietary treatment (Table 1). 
Boles et al. (1993) also reported that dietary treatment with am
monium chloride or sodium bicarbonate had no effect on ulti
mate pH of loin samples from the same hogs as used in the 
present study. Hcwever, they reported that the initial pH (45 
min) in the loin of HP animals was «=5.4 while halothane neg
ative (HN) controls had an average inital pH of 6.0, indicating 
that the HP animals produced PSE carcasses while HN controls 
were of normal meat quality. The initial pH (45 min) was not 
determined for the hams in the present study. However, Warner 
et al. (1993) indicated that quality parameters determined on the 
loin were predictive of PSE conditions of ham muscles (SM, 
BF).

Water treatment and halothane sensitivity had slight effects 
on the processing properties of hams (Table 1). Hams from HP 
pigs treated with ammonium chloride had greater purge losses 
after thawing (P <  0.05) than comparable hams from HN con
trols, HP controls or HP hogs treated with sodium bicarbonate. 
Water treatment had no effect on brine retention or cook yields. 
Cured hams from the HP treatment groups weighed less (P <  
0.05) and tended to have lower retention of brine and lower 
cook yields than HN samples.

Boles et al. (1993) reported that HP hogs treated with oral 
administration of ammonium chloride showed metabolic aci
dosis which affected sensory properties of loin roasts. However, 
water-holding capacity of ground loin muscle (Ahn et al., 1992), 
purge from fresh loin chops (Boles et al., 1994) or thaw losses 
of loin roasts (Boles et al., 1993) were not influenced by dietary 
ammonium chloride or sodium bicarbonate treatment.
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ACID /BASE STATUS O F PIGS & H AM  Q U ALITY . . .

Table 2—Effect of oral acid and base loading on sensory scores of hams 
from stress susceptible pigs_________________________________________

Attribute1-2

Halo
thane
nega
tive

control

Halothane positive

Ammo- Sodium 
nium bicarbo- Control 

chloride nate (water) P >  F

Slice color0 3.8 3.2 3.5 3.4 0.09
Slice uniformity0 3.5a 2.9c 3.2b 3.2b 0.04
SM color0 3.8 3.2 3.5 3.2 0.07
SM uniformity0 4.3 3.7 3.9 3.8 0.13
ST color0 3.8 3.6 3.7 3.9 0.78
ST uniformity0 3.1 2.4 2.9 3.0 0.08
BF color1 3.6 3.0 3.1 3.0 0.08
BF uniformity0 4.0 3.8 4.1 4.2 0.75

Firmnessd 4.8 4.4 4.3 4.6 0.48
Initial juicinessd 5.2a 4.2c 4.6b 4.5b 0.05
Tendernessd 5.8 6.0 6.0 5.9 0.77
Overall juicinessd 5.4 4.5 4.9 4.9 0.08
Mealiness0 4.9 4.1 4.3 4.3 0.14
Saltiness0 2.9 3.4 3.3 3.4 0.36
Flavor intensity 5.5 5.3 5.6 5.3 0.18
Off-flavor intensity11 7.5 7.4 7.6 7.5 0.61
,_b Means within the same row sharing a common letter are not significantly different

at P <  0.05.
c Highest possible score = 6; 6 = very dark pink, very uniform, not detectable; 1 = very 

pale, very nonuniform, very mealy, very salty. 
d Highest possible score = 8; 8 =  extremely firm, juicy, tender, intense ham flavor, no 

off-flavor. 1 = extremely soft, dry, tough, weak, extremely strong off-flavor.

Several reports have indicated that PSE hams had higher 
drip/shrink losses during storage or distribution than uncured 
hams of normal quality (Kaufmann et al., 1978; Jeremiah and 
Wilson, 1987; Honkavaara, 1988). PSE meat is considered to 
have a more open texture which more easily absorbs pickle 
(Wismer-Pedersen, 1960a; Servini et ah, 1986). However, Hon
kavaara (1988) observed that raw cured PSE hams retained less 
brine following curing and tumbling. Jeremiah and Wilson
(1987) reported that PSE hams had lower brine retention, es
pecially following frozen storage. Trout (1992), using a model 
cure system, observed that cure uptake was lower and cooking 
losses were higher for small (lOOg) PSE loin samples than meat 
from loins of normal quality.

It has been well established that cured PSE ham meat gen
erally had lower smokehouse yields (Merkel, 1971; Kauffman 
et ah, 1978; Jeremiah and Wilson, 1987; Honkavaara, 1988,
1990) which could result in economical losses. De Smet et al.
(1992) reported that hams from HP animals had 2.3% lower 
technological yield than HN hams, likely due to development 
of PSE. In contrast, Boles et al. (1993) repotted that dietary 
water treatment with ammonium chloride or sodium bicarbonate 
and halothane sensitivity had no effect on cooking losses of loin 
roasts from HP animals.

Sensory properties

Visual properties of ham samples were influenced both by 
halothane classification and dietary treatment (Table 2). In gen
eral, hams from HP hogs were less pink, and less uniform in 
color than hams from HN controls. Hunter color data (not pre
sented) also indicated that cured hams from HP hogs tended to 
be less red (p = 0.052) in color than comparable HN control 
samples. Ammonium chloride samples received lower scores (P 
<  0.05) for color uniformity and tended (p = 0.09) to be less 
pink than ham slices from other HP water treatments, indicating 
that dietary ammonium chloride was detrimental to cured ham 
appearance. In contrast, Ahn et al. (1992) and Boles et al. (1993) 
found that dietary acid or base loading had no effect on color 
of raw meat from the loin.

In general, PSE hams had lighter cured color and were less 
uniform in appearance with more extensive two-toning than 
hams of normal quality (Wismer-Pedersen, 1960a, 1960b; Mer
kel, 1971). In contrast, De Smet et al. (1992) indicated that cured

hams from HN and HP phenotypes did not differ in color (Hun
ter values) and cured color stability.

Firmness, tenderness and flavor were not affected by halo
thane classification and dietary acid/base load (Tables 2). Shear 
values did not differ among treatments (data not presented). 
Such findings supported previous observations that PSE condi
tion (Merkel, 1971; Davis et al., 1975) and halothane sensitivity 
(De Smet et al., 1992) had no effect on cured ham shear values. 
In contrast, Jeremiah (1986) reported that PSE and DFD ham 
samples were scored lower for flavor acceptability and tender
ness than comparable samples from hogs of normal quality.

Initial juiciness scores were lowest for ham samples from am
monium chloride treated HP hogs and highest for HN controls 
(Table 2). Similar trends were observed for overall juiciness (p 
= 0.08) and mealiness (p = 0.14). Sensory properties of the 
hams were not affected by dietary bicarbonate. Honkavaara
(1988) observed that PSE hams were crumbly and dry. Jeremiah
(1986) reported lower juiciness scores for PSE hams.

Except for tenderness, the effect of dietary ammonium chlo
ride on ham quality was similar (but less pronounced) to results 
previously noted for loin roasts (Boles et al., 1993). Those from 
HP animals treated with ammonium chloride were scored less 
firm, juicy, and more tender and mealy (P <  0.05) than com
parable roasts from other HP or HN animals. Boles et al. (1993) 
also reported that dietary bicarbonate had no effects on p a y a 
bility of loin roasts.

Relationships among sensory, quality and blood 
parameters

Sensory properties of cured hams were significantly corre
lated with ham instrumental measurements, fresh meat quality 
and blood (Table 3). Many correlations between sensory prop
erties and ham instrumental measurements were statistically sig
nificant. Those hams, which were lighter in color, less red, with 
higher cooking losses had lower initial juiciness, overall juici
ness, less cured pork flavor and greater mealiness and more off- 
flavors. These properties were indicative of PSE meat, however, 
quality defects were increased by the ammonium chloride treat
ment. As expected, shear values were negatively related to ten
derness, but the correlation was relatively low (r = —0.44), 
likely due to the limited range of tenderness and shear values.

Eating quality (juiciness, mealiness, saltiness) of cured SM 
muscle was related to fresh loin quality parameters (pH45, color 
and texture scores, Hunter color values), but in general, these 
relationships explained only 16-30% of the variation. Warner 
et al. (1993) concluded that quality parameters of the longissi- 
mus lumborum were predictive of fresh ham muscle quality but 
did not directly correlate loin and ham quality parameters. La- 
gaert et al. (1992) reported that sensory properties of cooked 
ham from HP and HN animals showed little relationship to dif
ferences in fresh meat quality.

The palatability of cured SM was significantly correlated with 
acid/base status of the animals before slaughter as indicated by 
blood data on day 3 of the trials. These relationships are of 
particular interest for several reasons. Correlations of data from 
only a subsample of 16 HP animals were possible. Further, 
while correlations of sensory data with blood data from day 3 
of oral acid or base loading showed many significant correla
tions, correlation of blood data from day 4 (day of slaughter) 
showed little relationship to sensory properties (only three sig
nificant correlations, data not shown). It is possible that meat 
quality shows a time lag in response to blood parameters. Re
examination of relationships between loin quality parameters 
and blood data (Boles et al., 1994) from days 3 and 4 of oral 
treatment showed a similar response. Day 4 blood data signifi
cantly correlated with loin texture, Hunter a values and protein 
solubility (Boles et al., 1994), while blood data from day 3 
showed significant relationships with several meat quality par
ameters (pH45, drip loss, color scores, texture scores, Hunter a 
and b values).
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Ta b le  3— P earson  co rre lation  co e ffic ie n ts  (r) am o n g  p a latab ility  properties of cured ham  s lic e s , m eat q u a lity  and b lood m ea su rem e n ts from  stre ss
susceptible pigs

Palatability Properties

Parameter Firmness
Initial

juiciness
Overall

juiciness Tenderness Mealiness Saltiness
Flavor

intensity
Off-flavor
intensity

Cured hama
Purge (thaw) -0.12 -0.33 -0.28 0.22 -0.11 0.08 -0.18 -0.02
Cook yield 0.17 0.45** 0.48** 0.14 0.57*** -0.46** -0.45** 0.44**
Hunter L -0.26 -0.58*** -0.65*** -0.07 -0.68*** 0.43* -0.46** -0.43**
Hunter a -0.29 -0.57*** -0.53** 0.05 0.50** -0.37* 0.38* 0.19
Hunter b -0.30 -0.50** -0.59*** -0.03 -0.64*** 0.39* -0.36* -0.56***
shear 0.16 0.06 -0.09 -0.44* -0.26 0.03 -0.08 -0.25

Fresh meat qualityb
PH45 0.20 0.41* 0.38* -0.08 0.46** -0.39* 0.19 0.15
Drip -0.08 -0.35 -0.34 0.02 -0.39* 0.48** -0.18 -0.26
Color -0.09 0.50** 0.51** 0.16 0.44* -0.54** 0.18 0.19
Hunter L* -0.17 -0.43* -0.41* 0.05 -0.34 0.33 -0.21 -0.05
Hunter a* 0.04 -0.29 -0.42* -0.27 -0.51** 0.35 -0.27 -0.39*
Hunter b* -0.11 -0.49* -0.54** -0.04 -0.50** 0.46** -0.31 -0.28
Texture 0.09 0.49* 0.50** 0.01 0.49** -0.48** 0.18 0.22

Bloodc
Veinous blood pH -0.09 0.54* 0.45 0.06 0.28 -0.58* 0.46 0.00
Blood PCO2 0.09 0.37 0.43 0.06 0.60* -0.29 0.58* 0.34
Blood HCO3 - 0.01 0.57* 0.54* 0.06 0.50 -0.54* 0.64** 0.17
Blood base excess -0.08 0.12 0.25 0.28 0.39 -0.23 0.24 0.22
Blood serum chloride 0.05 -0.65** -0.64** -0.05 -0.45 0.67** -0.49 -0.37

a n = 32. Data for semimembranosus used. Standard Hunter Color values.
b n = 32. Measurements on the longissimus at time of slaughter (Boles et al., 1993). CIE Hunter color values.
c n = 16. Veinous blood parameters from day 3 of oral treatment. Blood pCC>2 -  veinous blood carbon dioxide content; HCO3 -  calculated veinous blood bicarbonate; Base excess 

-  calculated base excess of veinous blood (Boles et al., 1994).
*P <  0.05, **P <  0.01, ***P <  0.001.

Table 4— Pearson correlation coefficients (r) among visual properties of cured ham slices, meat quality and blood measurements from stress susceptible 
Pigs__________________________________________________________________________________________________________________________

Parameter

Visual Properties
Overall 

slice color
Slice

uniformity
SM

color
SM

uniformity
ST

color
ST

uniformity
BF

color
BF

uniformity

Cured ham
Purge (thaw) -0.59*** -0.50** -0.53** -0.17 -0.43* -0.22 -0.51** -0.26
Cook yield 0.52** 0.46** 0.54** 0.46** 0.28 0.47** 0.42* -0.16
Hunter L (SM) -0.67*** -0.47** -0.79*** -0.37*
Hunter a (SM) 0.62*** 0.41* 0.65*** 0.09
Hunter b (SM) -0.70*** -0.58*** -0.72*** -0.43*
Hunter L (ST) -0.46** -0.12 -0.78*** -0.33
Hunter a (ST) 0.55** 0.34 0.51** 0.35
Hunter b (ST) -0.38* -0.18 -0.55** -0.46**
Hunter L (BF) -0.63*** -0.59*** -0.78*** -0.11
Hunter a (BF) 0.72*** 0.53** 0.73*** 0.16
Hunter b (BF) -0.36 -0.29 -0.46** 0.14

Fresh meat quality*1
pH45 0.37* 0.38* 0.38* 0.47** 0.01 0.34 0.36* -0.23
Drip -0.22 -0.13 -0.26 -0.43* -0.00 -0.10 -0.19 0.21
Color 0.40* 0.29 0.41* 0.48** 0.12 0.21 0.37* -0.01
Hunter L* -0.47** -0.25 -0.50** -0.25 -0.18 -0.15 -0.48** 0.10
Hunter a* -0.26 -0.11 -0.32 -0.27 -0.22 -0.34 0.01 0.19
Hunter b* -0.45** -0.20 -0.51** -0.24 -0.26 -0.31 -0.23 0.22
Texture 0.44* 0.39* 0.45** 0.44* 0.19 0.39* 0.35 0.01

3loodc
Veinous blood pH 0.13 0.17 0.10 0.28 0.01 0.26 0.03 0.26
Blood pC02 0.09 0.14 0.24 0.32 0.20 0.41 -0.17 -0.11
Blood HC03 0.12 0.20 0.19 0.39 0.08 0.39 -0.08 0.11
Blood base excess 0.22 0.15 0.19 0.06 0.47 0.55* 0.09 0.42
Blood serum chloride -0.10 -0.33 -0.14 -0.31 -0.12 -0.34 -0.10 0.07

a n = 32. SM = semimembranosus, ST  = semitendinosus, BF = biceps femoris. Standard Hunter color values. 
b n = 32. Measurements on the longissimus at time of slaughter (Boles et al., 1993). CIE Hunter color values.
c n = 16. Veinous blood parameters from day 3 of oral treatment. Blood pCC>2 -  veinous blood carbon dioxide content; HCO3 -  calculated veinous blood bicarbonate; Base excess 

-  calculated base excess of veinous blood (Boles et al., 1994).
*P <  0.05, **P < 0.01, ***P <  0.001.

Significant correlations between ham sensory properties and 
blood data clearly show that the acid/base balance of an animal 
influenced not only fresh meat quality, but also quality of further 
processed cuts such as cured hams. These relationships ac
counted for 25 to 45% of the variation in the data. At lower 
blood pH values, ham samples were less juicy and more salty. 
As blood carbonate levels decreased and chloride levels de
creased (indicative of acidosis), juiciness scores were lower,

with less flavor and greater perceived saltiness. Any excess H+ 
in the blood is buffered by blood bicarbonate to form carbonic 
acid which ultimately becomes CO, and water (Valtin, 1983). 
The reciprocal relationship between chloride and bicarbonate 
has been previously reported (Valtin, 1983). Note that blood 
serum chloride positively correlated with perceived lack of salt
iness, indicating as serum chloride levels increased, panelists 
perceived less saltiness in the meat.
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AC ID /BASE STATUS O F PIGS & HAM  Q U ALITY . . .

Few researchers have reported the relationships between 
blood acid/base status and meat quality. Boles et al. (1993) ob
served that blood bicarbonate correlated with juiciness of loin 
roasts from HP animals treated with ammonium chloride and 
sodium bicarbonate. Tenderness and firmness from our results 
did not show any significant relationship with blood data. In 
contrast, Boles et al. (1993) found significant correlations be
tween blood serum chloride and tenderness and firmness indi
cating that as chloride levels increased, cooked loin samples 
were more tender and less firm. Berends et al. (1993) evaluated 
38 hematological and clinicochemical parameters from blood 
collected during exsanguination of 109 hogs and found no re
lationship between blood parameters (at the time of slaughter) 
and resulting meat quality.

In general, visual properties of cured hams correlated signif
icantly with ham instrumental measurements and fresh meat 
quality but not with blood measurements (Table 3). Ham slice 
color and color uniformity were significantly related to purge 
(thaw) and cook yield, indicating that hams with less purge 
(thaw) and higher cook yields were more pink in color and more 
uniform in appearance. Hunter color values for the SM and BF 
were more closely correlated with overall slice visual properties 
than the ST, indicating the importance of these two muscles to 
perceptions of ham quality. As expected, panelist perceptions of 
cured ham color intensity correlated highly with Hunter color 
data.

Quality parameters determined on the loin (pH45, color and 
texture scores, Hunter color values) (Boles et al., 1994) showed 
significant relationships to cured ham visual properties (Table
4). These relationships were generally low in magnitude (r2 of 
0.14-0.26), and indicated that properties of the loin did not fully 
predict the visual properties of cured hams from the same ani
mals. In contrast to palatability properties, blood data (day 3) 
showed few significant relationships to visual color of ham 
slices from HP animals (Table 4).

CONCLUSIONS
O r a l  l o a d in g  o f  a m m o n iu m  c h l o r id e  caused acidosis and 
had negative effects on cured ham quality. Sodium bicarbonate 
had no effect on processing parameters or sensory properties of 
cured hams from HP animals. Correlations of ham quality par
ameters with blood data suggested that acid/base balance influ
enced meat quality. However, since all HP animals became PSE, 
any subtle effects of dietary treatment (especially of bicarbonate 
treatment) could have been obscured by the PSE condition. Fur
thermore, the very strong homeostatic mechanisms involved in 
maintaining acid-base homeostatis in the live animal would tend 
to counter the effects of oral loading with an alkaline salt. This 
issue requires further related research.
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Survival of L iste ria  m o n o cy to g e n e s  and Sa lm o n ella  
typhim urium  and Quality Attributes of Cooked Pork Chops 

and Cured Ham after Irradiation

AN-HUNG FU, J.G. SEBRANEK, and E.A. MURANO

----------------------------  ABSTRACT ----------------------------
Cooked pork chops (pumped with salt/polyphosphate brine or untreated) 
and cured hams were inoculated with Listeria monocytogenes and Sal
monella typhimurium. The samples were irradiated at low (0.75 to 0.90 
kGy) or medium doses (1.8 to 2.0 kGy), and each dose was delivered 
at either a low (2.5 M/min conveyor speed) or high (5.4 M/min) dose 
rate. Low-dose irradiation reduced L. monocytogenes by more than 2 log 
and S. typhimurium by 1 to 3 log. Pathogen populations and total plate 
counts (TPC) were reduced to undetectable levels by medium doses. No 
meat quality attributes were affected, and no dose rate effect was ob
served. Nitrite reduced (P <  0.05) both pathogens and TPC during 7°C 
storage in ham, especially when combined with low-dose irradiation.

Key Words: ham, pork chops, irradiation, sterilization, pathogens

INTRODUCTION
P r e c o o k e d  m e a t  has been used widely and is very popular 
among consumers for the convenience it provides. Precooked 
meat in a vacuum package should have an extended shelf life, 
because mild cooking decreases the initial microbial populations 
and vacuum packaging inhibits spoilage microorganisms and 
minimizes lipid oxidation (Jones et al., 1987; Stites et al., 1989).

Safety of such “ microwave-ready”  products has been con
sidered. The potential Clostridium  botulinum hazards associated 
with extended shelf life, refrigerated foods were reviewed by 
Conner et al. (1989). Sodium nitrite usually is used to lessen 
this risk in cured meat. However, addition of nitrite will affect 
meat color, so it is not suitable for cooked, uncured product. 
High doses have been shown to be necessary for C. botulinum  
control by irradiation (Annellis et al., 1977).

Precooked, vacuum-packaged, refrigerated meat products may 
also provide a potential growth environment for psychrotrophic 
organisms such as Listeria m onocytogenes (Unda et al., 1991). 
This organism may survive and grow in atmospheres high in 
C 02, such as in a modified atmosphere or vacuum packaging. 
Evidence for the presence of L. m onocytogenes in cooked meat 
is less substantial because of the sensitivity of the organism to 
heat. In Australia, however, L. m onocytogenes was detected on 
93 of 175 samples (53%) of vacuum-packed processed meats 
from retail stores (Grau and Vanderlinde, 1992). Given the po
tential for growth of the organism at low temperature, the 
USDA-FSIS (USDA, 1989) has established a zero tolerance 
level for L. m onocytogenes in cooked ready-to-eat meat prod
ucts.

Salm onella spp. do not grow at >  47°C, and ideally, the or
ganisms should not be found in cooked meat products. However, 
postcooking contamination may occur during chilling and before 
packaging, thus posing a hazard. Salm onella spp. grow opti
mally at 30-45°C and can grow slowly in the range of 5-15°C, 
but evidence has also shown that this organism can proliferate 
in fresh meats as low as 2.0°C and on shell eggs at 4.0°C within 
6 and 10 days, respectively (D’Aoust, 1991). Thus, refrigeration
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ano is with the Dept, of Microbiology, Immunology, and Preven
tive Medicine, Iowa State Univ., Ames, IA 50011.

temperatures do not guarantee the safety of contaminated cooked 
meat.

Ham, a cured product, can typically be stored longer than 
fresh meat because curing and smoking/cooking provide ex
tended shelf life. Nitrite is used as a curing agent to give ham 
an attractive pink color and to suppress growth of C. botulinum. 
Salt and phosphate are also added to most cured and processed 
meat to provide flavor and texture. These compounds may in
hibit growth of some microorganisms, depending on concentra
tion in the product and on other factors such as pH and storage 
temperature (D’Aoust, 1991; McClure et al., 1991).

Irradiation provides a means to reduce use of chemical ad
ditives because it decreases the microbial load and eliminates 
some food pathogens. It also decreases the opportunity for post
processing contamination if products are packaged before being 
irradiated. More research is needed for microwave-ready pork 
cuts and cured hams to determine any specific advantages of 
irradiation and to substantiate regulatory approval of this proc
ess.

There have been questions regarding possible effects of ir
radiation dose rate on destruction of microorganisms. It has been 
hypothesized that a high dose rate may not inhibit as many 
microorganisms as a low dose rate (Hayashi, 1991). Such dif
ference may be due to recombination of radicals formed during 
irradiation at a high dose rate, rather than to reaction of the 
radicals with food components at a low dose rate. Also, high- 
dose-rate irradiation may result in an anoxic environment with 
fewer oxygen radicals. Some reports have shown no difference 
in effects on microorganisms between high dose rate and low 
dose rate, as demonstrated by comparing gamma irradiation (low 
dose rate) and electron-beam irradiation (high dose rate) (Ha
yashi, 1991). In our study, a single irradiation source (linear 
accelerator) and a fixed energy level were used to study dose 
rates. Different dose rates were achieved by changing power 
level and conveyor speeds. It is generally recognized that the 
energy level does not directly influence the antimicrobial effect 
of food irradiation. For example, Watanabe et al. (1988) re
ported that the energy (0.5-3.0 MeV) of electron beams did not 
influence the D10 value of Bacillus pum ilus spores. Little work 
has been reported on potential differences in dose-rate effects 
on pathogens in meat products.

The objectives of our study were: to evaluate the effects of 
low or medium doses of irradiation on survival of S. typhim u
rium and L. m onocytogenes in microwave-ready pork chops 
(pumped with salt'polyphosphate brine or unpumped) and cured 
boneless ham, to determine the effect of dose rate on survival 
of the organisms after irradiation processing, and to monitor 
product attribute changes such as pH, lipid oxidation, color, and 
odor in such products after irradiation and during storage.

MATERIALS & METHODS 
Sample preparation

Chops. Fresh boneless pork loins were purchased from a commercial 
source and taken directly from the processing line to the Iowa State 
University Meat Laboratory. Thirty-six kg of brine solution, containing
3.6 kg of salt and 1.45 kg of polyphosphate, was prepared. Six loins (®=
32.6 kg) were weighed and pumped with brine to 110% of initial weight
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by using a Townsend Model 1400 injector (Townsend Engineering Inc., 
Des Moines, IA) to achieve =1.0% salt and 0.4% polyphosphate con
centration in the loins. The other six loins were used as unpumped con
trols. After pumping, all loins were cooked (without smoke) at 80°C, in 
an Alkar thermal processing oven (Alkar, Lodi, WI) to internal temper
ature 67°C. Cooking end point was determined by using a thermocouple 
inserted in the geometric center of the thickest loin. Loins were chilled 
at 2—t°C for 2 hr and sliced into 2.5-cm thick chops.

Hams. Hams needed for 3 replications of irradiation treatments were 
made as the same batch. Frozen boneless pork hams were thawed at 2 - 
4°C. then weighed (=34 kg) and pumped with brine to 125% of initial 
weight by using a Townsend Model 1400 injector (Townsend Engineer
ing Inc., Des Moines, IA). The curing solution (45 kg) was composed 
of water (36.3 kg), salt (5 kg), sugar (3 kg), polyphosphate (1 kg), so
dium erythorbate (99.8g), and sodium nitrite (28.3g), with the concen
tration in the final product being 2.5%, 1.5%, 0.5%, 500 ppm, and 140 
ppm, respectively. The hams were tumbled, stuffed, smoked, and cooked 
in an Alkar thermal processing oven (Alkar, Lodi, WI) with a preset 
cooking program. After achieving a core temperature of 68°C, the hams 
were chilled at 2-4°C for 72 hr. Hams were removed from casings and 
sliced into 5 mm-thick slices.

External inoculation and packaging

Cooked chops from pumped and unpumped loins and ham slices were 
individually divided into 3 subgroups for inoculation with Listeria mono
cytogenes or Salmonella typhimurium, as well as uninoculated controls. 
Listeria monocytogenes Scott A was grown in trypticase soy broth con
taining 0.6% yeast extract (TSB+YE) at 35°C for 24 hr until the sta
tionary phase was reached. The culture was transferred to a fresh broth 
and incubated for 6 hr to the log phase (as determined by previous 
growth curve experiments). A 2-mL inoculum was transferred to a 10- 
mL TSB+YE broth and diluted in 1200-mL 0.1% peptone water, with a 
final concentration of =7 log cells/mL. By the same procedure, Salmo
nella typhimurium was grown in trypticase soy broth (TSB), and =  6 
log cells/mL was obtained.

For surface inoculation, chops or hams were dipped in the inoculum 
solution for 10 min and drained on sterilized racks for 2 min. Final cell 
concentrations were =  6 log and 5 log cells of L. monocytogenes and 
5. typhimurium, respectively, per gram of meat. A high inoculum was 
used to make enumeration of surviving organisms easier. Samples were 
placed in high-barrier flexible pouches with O, permeability of <  2.5 
cm3/645 cm2/24 hr at 23°C and 0% RH and water vapor transmission of 
<  1.0 g/645 cm2/24 hr at 38°C and 90% RH (Curlon™ 863 Saran, Cur- 
wood Inc. New London, WI). Vacuum packaging was completed by 
using a model A300 CVP machine (CVP System, Inc., Downers Grove, 
IL). After packaging, all samples were stacked in cardboard boxes and 
stored at 2-4°C for 12 hr before being irradiated.

Irradiation

Samples were irradiated at the Linear Accelerator Facility at ISU. The 
temperature of the products just prior to and immediately after irradiation 
was monitored by a thermocouple-datalogger (Li-can, Stanford, CT) and 
did not exceed 10°C. Chops and hams were placed in a single layer for 
irradiation but were irradiated separately because of differences in den
sity and thickness of the products. Each inoculated or uninoculated group 
was further divided into five subgroups and assigned to different irra
diation processing treatments. Low or high dose rates were produced by 
varying the power level (1 or 3 kW) and conveyor speed (M/min, for 
short or long exposure time) in the irradiator. For chops, samples were 
irradiated at 0.75 kGy or 2.0 kGy, each at low (3.3 or 1.3 M/min con
veyor speed) or high (7.9 or 2.7 M/min) dose rates, with nonirradiated 
samples used as controls. Absorbed doses were measured by placing 
alanine pellets on both sides of a chop. An Electron Paramagnetic Res
onance (EPR) instrument was used to determine the absorbed dose (Bru- 
ker Instruments, Inc., Billerica, MA). The instrument was calibrated with 
standard dosimeters provided by the National Institute of Standards and 
Technology (NIST).

Ham slices were irradiated at 0.90 kGy or 1.8 kGy. each at low (3.6 
or 1.7 M/min) and high (8.2 or 3.6 M/min) dose rates. A cutting board 
was placed on the top of ham samples to achieve sample thickness sim
ilar to the chops. To avoid crushing the pellets which were used for the 
chops, absorbed doses were measured by placing GAF chromic films on 
both sides of a ham slice. The films were each enclosed in a high-barrier 
paper pouch to protect them from moisture. The film was nylon based, 
with a thin layer of radiochromic film intertwined. Radiation activated 
color change was measured by using a FWT 100 reader (Farwest Tech

nologies, Inc., Goleta, CA), which was calibrated with data in the EPR 
instrument. Reported doses are averages of doses absorbed at the upper 
surface and the lower surface of the samples. Variation between mini
mum and maximum doses was ±  0.1 kGy for low doses and ±  0.2 
kGy for medium doses, and was the same for both the chops and ham 
slices.

All combinations of treatments for chops and hams were analyzed 
immediately after irradiation (day 0). Samples were also stored at 7°C 
for 7 days to simulate consumer storage, followed by temperature abuse 
at 25°C for 2 days to simulate mishandling of products after purchase. 
Preliminary studies have shown that storage of processed meats at 2- 
4°C (simulated wholesale/retail storage) increased TPC by only =  1.0 log 
CFU/g; therefore, 7°C was used to represent what might be the temper
ature of a household refrigerator. Storage conditions also served to ac
celerate the storage stability evaluation.

Physical and chemical analyses

Measurements of pH, lipid oxidation (TBA), and color were con
ducted on uninoculated samples except for products for which the total 
plate counts showed obvious spoilage (>107 CFU/g) or when obvious 
off-odor developed. Sample pH was measured by using a slurry of 10 g 
of meat with 100 mL distilled water, a pH meter (Fisher Accumet Model 
925, Fisher Scientific, Pittsburgh, PA), and a sealed combination elec
trode with silver/silver chloride reference (Omega Engineering, Inc., 
Stamford, CT). Measurement of thiobarbituri; acid (TBA) values, an 
index of lipid oxidation, was performed by the method of Tarladgis et 
al. (1960) for chops and modified as appropriate for cured hams. Dupli
cate readings were recorded for each sample for pH and TBA tests. Color 
(L. a, and b) measurements were made with a HunterLab Labscan spec
trophotometer (Hunter Associated Laboratories Inc., Reston, VA). An 
average value was obtained from 3 random locations on each sample 
surface.

Microbiological analyses

Packages from each treatment were aseptically opened on sampling 
days, and a 25-g sample was removed with a sterile scalpel. The sample 
comprised the top 0.5 cm of surface tissue. Samples were homogenized 
separately for 2 min in a sterile bag containing 225 mL of sterile 0.1 % 
peptone water in a Stomacher lab blender (Model 400: Tekmer™ Co., 
Cincinnati, OH). To determine the presence of each of the two patho
gens, direct plating onto selective media was done. A Most Probable 
Number (MPN) method was also done to enumerate each pathogen in 
samples where the number of bacteria were too few to detect by direct 
plating. Salmonella typhimurium cells were enumerated by serially di
luting the sample in 0.1% peptone buffer, plating onto Xylose Lysine 
Deoxycholate (XLD, DIFCO) plates and incubating for 48 hr at 35°C. 
Typical colonies were enumerated with a Quebec colony counter (Amer
ican Optical Co., New York), identified by growth characteristics in tri
ple sugar iron (TSI) slants, and their identity confirmed by an Enterotube 
II system (Roche Diagnostic Systems, Montclair, NJ). For samples where 
no salmonellae could be detected by direct plating, a three-tube MPN 
procedure with Selenite broth (DIFCO) was followed (Flowers et a’..,
1992). Positive tubes were streaked onto SLD plates, incubated for 48 
hr at 35°C, and typical colonies were identified as above.

Listeria monocytogenes cells were enumerated by serially diluting the 
samples in 0.1% peptone buffer, plating onto Modified Oxford Agar 
plates and incubating for 48 hr at 35°C. Typical colonies were enumer
ated, identified by Gram stain, catalase, oxicase, tumbling motility at 
25°C, and their identity confirmed by Micro-ID Listeria (Organon Tek- 
nika, Durham, SC). For samples where no listeriae were detected by 
direct plating, a 3-tube MPN procedure with University of Vermont 
Modified broth (UVM, Difco) was followed (McClain and Lee, 1989). 
Growth from positive tubes was inoculated onto Modified Oxford Agar 
plates, incubated for 48 hr at 35°C. and typical colonies were identified 
as above.

Serial dilutions were also prepared according to recommended micro
biological procedures (Vanderzant and Splittstoesser. 1992), surface- 
plated onto Plate Count Agar (PCA, DIFCO), and incubated aerobically 
at 25°C for 48 hr to enumerate total plate counts. In this case, no MPN 
procedure was used when counts were < 2 log CFU/g. Total plate counts 
were estimated as closely as possible when low counts occurred.

Sensory color and odor evaluation

Only uninoculated samples were used for color and odor evaluations, 
which were conducted at day 0. A 10-member sensory panel evaluated
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Fig. 1—Growth of L  m o n o c y t o g e n e s  in 
unpumped (A) or pumped (B) cooked 
chops, and hams (C) treated with irradi
ation, and stored at 7°C (day 0-7), then 
25°C (day 7-9). Bars represent standard 
deviation of triplicates.

Fig. 2—Growth of S .  t y p h im u r iu m  in un
pumped (A) or pumped (B) cooked 
chops, and hams (C) treated with irradi
ation, and stored at 7°C (day 0-7), then 
25°C (day 7-9). Bars represent standarc 
deviation of triplicates.

Fig. 3—Total plate counts in unpumped 
(A) or pumped (B) cooked chops, and 
hams (C) treated with irradiation, and 
stored at 7°C (day 0-7), then 25°C (day 7-
9). Bars represent standard deviation of 
triplicates.

each sample by using a 5-point descriptive scale for surface color (1 = 
dark gray; 5 = red) and odor (1 = pleasant, no off-odor; 5 = extreme 
off-odor). Panelists were selected from faculty and graduate students in 
the Animal Science department who were experienced with sensory pan
els. No training of panelists was included. Chops or hams were tempered 
at room temperature («*23°C) for 2 hr, unwrapped, and placed in Ziploc® 
(DowBrands L.P., Indianapolis, IN) pouches for immediate evaluation. 
Ten chops or five ham samples were evaluated at each session. Chops 
and hams were evaluated in separate sessions.

Statistical analyses

The experiment with cooked chops included 30 treatment combina
tions: two brine treatments, three inoculation treatments, and five irra
diation treatments ( 2 X 3 X 5  = 30). Measurements of pH, TBA, Hunter 
color L, a, b and sensory evaluation were conducted only on uninocu
lated samples; thus including 10 (2 X 1 X 5) treatment combinations. 
Microbiological, physical, and chemical analyses were conducted at day 
0, 7, and 9, and sensory evaluation was conducted at day 0. Three rep
lications were conducted. The total number of chops used was 390 [(30 
X 3 + 10 X 3 + 10 X 1) x  3],

The experiment with hams included 15 treatment combinations: three 
inoculation treatments, and five irradiation treatments ( 3 X 5  = 15). The 
same sampling design was used as for chops; therefore, the total number 
of ham slices used was 195.

Microbiological data were transformed into logarithms of the number 
of colony-forming units/g (logl0 CFU/g). Average data and standard er
rors were calculated from three replications. Different sampling times 
(day 0, 7, and 9) were analyzed separately because different temperatures 
were used for storage. Physical, chemical, microbiological, and sensory

data were analyzed ty  using the Statistical Analysis System (SAS Insti
tute Inc., 1986). The analysis of variance (ANOVA) procedure was used 
to detect significance of replications, brine pumping (chops only), dose, 
and brine by dose (chops only); dose rate and other combination effects 
were also evaluated. If no significant difference existed between low and 
high dose rates, data were combined (averaged) for analyses. Compari
sons of means were oased on Duncan’s multiple range test.

RESULTS & DISCUSSION
Dose rate effects on microorganisms and quality attributes

No dose-rate effect was observed for the range of rates used 
(data not shown). Technically, using a single radiation source 
means that the dose rate differences that can be obtained are 
relatively limited. There was more than a twofold difference 
between the low and high dose rates used, but the dose rates 
did not result in a difference in numbers of survivors. Further 
investigation on the effect of dose rate on survival of microor
ganisms might be informative if rates differed by a wider margin 
than those we used.

Because no significant difference resulted from the two dose 
rates, the data were combined and analyzed for other treatment 
effects on each pathogen.

Effects of irradiation on microorganisms
Listeria monocytogenes. Irradiation was effective in reducing

L. monocytogenes on inoculated chops or hams. For chops, ir
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radiation at 0.75 kGy reduced (P <  0.05) populations by 2 log 
CFU/g; but after storage for 7 days, the number of L. monocy
togenes colonies was not different (P >  0.05) from unirradiated 
controls. Temperature abuse allowed L. monocytogenes to pro
liferate to 8 log CFU/g (Fig. 1-A, B). Low dose (0.9 kGy) 
irradiation was more effective for reducing L. monocytogenes 
on hams than chops (Fig. 1-C). L. monocytogenes was reduced 
by 3 log CFU/g on hams (Fig. 1-C), as compared with a 2 log 
CFU/g reduction on chops (Fig. 1-A, B). This effect was main
tained after 7 days storage, with the number of cells not ex
ceeding 4 log CFU/g (Fig. 1-C). However, the organism grew 
well after temperature abuse, at 25°C, reaching the same number 
on both hams and chops of 8 log CFU/g.

Medium-dose irradiation resulted in an even greater reduction 
in number of survivors of L. monocytogenes. The organism on 
either chops or hams was reduced (Fig. 1) to virtually unde
tectable levels after irradiation with 2.0 kGy. However, this dose 
did not eliminate L. monocytogenes because some cells were 
able to recover when the temperature was elevated to 25°C. 
Even so, the final population on both products after 9 days was 
less than those on controls or on samples exposed to low-dose 
irradiation.

No brine effect was observed for chops immediately after 
irradiation, or after extended storage (Fig. 1-A, B). Concentra
tions of salt and polyphosphate in pumped chops were 1.0 and 
0.4%, respectively. This salt concentration was not high enough 
to affect growth of L. monocytogenes. This was expected be
cause this organism can survive in trypticase soy broth contain
ing 25.5% NaCl for more than 18 wk (Shahamat et al., 1980). 
Junttila et al. (1989) determined that salt content of Finnish fer
mented sausages at 3-3.5% had little effect on L. monocytoge
nes. From a study on processed meat products, Glass and Doyle
(1989) suggested that L. monocytogenes generally grew well on 
meats near or above pH 6 and poorly or not at all on products 
near or below pH 5. The pH of the chops (Table 1) was 5.7-
5.9 at day 0. The low levels of salt and polyphosphate probably 
explain why no significant difference (P >  0.05) was detected 
in growth of L. monocytogenes between unpumped and pumped 
samples. Temperature, pH, and sodium chloride can be impor
tant in the growth of L. monocytogenes at appropriate concen
trations (McClure et al., 1991).

The number of L. monocytogenes increased by only 1 log 
after incubation at 7°C, on both nonirradiated and irradiated (0.9 
kGy) hams. This suggested that this temperature contributed to 
inhibition of growth. Lower temperature usually is beneficial to 
this organism because it can survive in ground beef at 4°C for 
2 wk (Johnson et al., 1988) and at temperature as low as 1.1°C 
(Junttila et al., 1988). In a review by Radomyski et al. (1993), 
results from an experiment with artificially inoculated samples 
showed the D 10 value of Listeria spp. was between 0.4—0.6 kGy. 
From this information, the medium doses (2.0 or 1.8 kGy) we 
used should have reduced counts by 5 log CFU/g at most, but 
reduction by almost 6 log CFU/g was observed. Vacuum pack
aging and refrigeration may enhance the inhibitory effect of ir
radiation (Patterson, 1988), although other studies have reported 
no difference in survivors after irradiation of meat packaged in 
air vs. vacuum (Varabioff et al., 1992). When comparing hams 
with pumped chops, a higher salt concentration (2.5% vs 1.0%) 
and addition of nitrite to ham probably was responsible for the 
greater inhibition of L. monocytogenes, especially when low- 
dose irradiation was applied. Buchanan et al. (1989) concluded 
that nitrite could have significant bacteriostatic effects on L. 
monocytogenes, particularly if used in conjunction with low pH, 
vacuum packaging, high NaCl concentrations, and adequate re
frigeration.

Salmonella typhimurium. Irradiation was also effective in 
reducing S. typhimurium on inoculated chops and hams. Low- 
dose (0.75 or 0.90 kGy) irradiation reduced the numbers by 1 
log for chops and by 3 log for hams (Fig. 2). Unlike L. mono
cytogenes, the number of S. typhimurium survivors did not in
crease after 7 days storage at 7°C. S. typhimurium was

Table 1—Selected characteristics of irradiated unpumped (U) and pumped 
(P) cooked chops during storage at 7°C (day 0-7) and 25°C (day 7-9)

_______ Irradiation dose (kGy)________________

storage U P U P U P

pH 0 5.71a 5.813 5.93a 5.80a 5.86a 5.81a
7 5.92a 5.86a 5.84a 5.85a 5.88a 5.85a
9 5.493 5.69bc 5.57c 5.88ab 5.98a 5.91ab

TBA 0 0.57ab 0.33b 0.77a 0.34b 0.74ab 0.42ab
7 1.81a 0.43b 1.68a 0.39b 1.27ab 0.39b
9 0.42a 0.38a 0.48a 0.34a 0.45a 0.35a

L value 0 66.2a 65.1s 65.0a 63.5a 63.9a 66.1a
7 65.2a 65.1a 63.2a 65.3a 65.8a 62.4a
9 66.73 64.2a 63.9a 65.5a 63.6a 63.6a

a value 0 2.7° 2.9° 3.4bc 3.6ab 4.3a 4.3a
7 3.2b 3.0b 3.3b 3.2b 4.2a 4.3a
9 4.0ab 3.5ab 4.1a 3.2b 3.6ab 3.7ab

b value 0 11.5s 9.8bc 11.0s 9.7° 10.4b 9.2d
7 11.7a 10.4b 11.4a 10.1bc 10.9ab 9.6C
9 11.1a 9.8b 10.9a 10.2b 11.1® 10.1b

a'd Values within each row with the same superscripts are not significantly different 
(p >  0.05).

effectively inhibited by refrigeration temperature because this 
organism is a mesophile, preferring room temperature over re
frigeration. S. typhimurium has a comparable D10 value (0.4-0.7 
kGy) to L. monocytogenes (0.4—0.6 kGy) (Radomyski et al.,
1993); thus, medium doses such as those used in our study (2.0 
or 1.8 kGy) reduced populations to undetectable levels on both 
products. Combined with refrigeration at 7°C, no S. typhimurium 
was detected even after 7 days storage. Because these medium 
doses did not kill all S. typhimurium, survivors still proliferated 
when the temperature was elevated to 25°C.

There was no significant (P >  0.05) effect on S. typhimurium 
due to brine injection in the chops. Higher salt concentration 
and addition of nitrite in hams enhanced inhibition of S. typhi
murium during storage, especially when low-dose irradiation 
was used. After storage at 7°C for 7 days, low-dose irradiation 
decreased S. typhimurium on hams close to undetectable levels 
(Fig. 2-C), whereas 1-3 log CFU/g of the organism was found 
on chops after the same storage time (Fig. 2-A, B).

Uninoculated samples. No L. monocytogenes or S. typhi
murium survivors were detected on uninoculated chops or hams. 
Precooking “ microwave-ready” chops provided for good mi
crobiological quality of these products, which was evidenced by 
low (2 log CFU/g or less) initial TPC. Such low numbers were 
estimated as closely as possible, however, no additional efforts 
were made to determine the low TPC numbers more precisely. 
Low-dose (0.75 kGy) irradiation resulted in no change (P >  
0.05) in TPC compared with controls, but a reduction (P <  0.05) 
of TPC was observed during storage at 7°C (Fig. 3-A, B). No 
reduction was observed for unpumped samples after temperature 
abuse, while a 2-log reduction was observed for pumped sam
ples. This inhibition may have been due to brine injection. Thus, 
injection of salt and phosphate at low levels, used primarily for 
moisture retention and flavor, seemed to provide some assistance 
for extending shelf life, when combined with low-dose irradia
tion and refrigeration. Medium-dose irradiation at 2.0 kGy de
creased TPC to undetectable levels, which was lower (P <  0.05) 
than for controls (nonirradiated). Irradiation at this level showed 
an effect during extended storage and especially after tempera
ture abuse, with samples irradiated at 2.0 kGy showing a de
crease in total populations of 5 and 6 log CFU/g on unpumped 
and pumped chops, respectively, compared with controls.

Ham is cured with salt, phosphate, and nitrite and is alsc 
cooked; thus, a low initial TPC (2.5 log CFU/g) was expected 
(Fig. 3-C). The combined treatment of vacuum packaging and 
refrigeration temperature (7°C) can further inhibit cell growth 
When low (0.9 kGy) or medium (1.8 kGy) doses of irradiation 
were applied, all organisms were reduced to undetectable levels 
even after storage at 7°C for 7 days. However, when storage 
temperature was 25°C, some cells were still able to grow.
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Ta b le  2— Se le cte d  ch a ra cte rist ics  o f irradiated  h am s d u rin g  sto ra g e  at 7°C
(d ay 0 -7 ) and 25°C (d ay 7 -9 )

Days
of

storage

Irradiation dose (kGy)

0.0 0.90 1.8

PH 0 6.24a 6.26a 6.25a
7 6.20a 6.23a 6.22a
9 6.26a 6.34a 6.30a

TBA 0 0.15b 0.15b 0.17a
7 0.48a 0.43a 0.43a
9 0.39a 0.43a 0.35a

L value 0 56.2a 52.6b 53.9ab
7 57.0a 54.9a 56.5a
9 56.7a 55.4a 56.1a

a value 0 8.0a 7.9a 7.5a
7 7.8a 8.1a 7.9a
9 8.4a 8.7a 8.5a

b value 0 5.0a 4.0a 4.4a
7 4.4a 4.1a 4.4a
9 4.8a 4.8a 4.9a

a'b Values within each row with the same superscripts are not significantly different 
(p >  0.05).

Table 3—Sensory color and odor characteristics of irradiated unpumped 
(U) and pumped (P) cooked chops___________________________________

Irradiation dose (kGy)
0.0 0.75 2.0

U P U P U P

Color 2.4a 2.1b 2.6a 2.3ab 2.6a 2.6a
Odor 1.6d 1.7cd 2.1bc 2.6a 2.6a 2.3ab
a_d Values within each row with the same superscripts are not significantly different

(p > 0.05).

Table 4—Sensory color and odor scores for irradiated hams
Irradiation dose (kGy)

0.0 0.90 1.8

Color 4.0a 3.6a 3.9a
Odor 3.4a 3.2a 3.5a

a Values within each row with the same superscripts are not significantly different 
(p >  0.05).

Most microbial flora on vacuum packaged meat products and/ 
or irradiated samples are lactic acid bacteria (Lebepe et al.,
1990). Although these bacteria are not pathogens, a high TPC 
is still considered an index of quality deterioration. Therefore, 
refrigeration is required to achieve a long shelf life of these 
products even when irradiation is applied at low to medium 
doses.

Irradiation effects on quality attributes
Irradiation did not affect pH, TBA, instrumental color or sen

sory color, or odor attributes for chops or hams. Most pH values 
of chops and hams were about 5.7-5.9 (Table 1) and 6.2-6.3 
(Table 2) respectively, indicating that, except for phosphate ef
fects, pH was not affected by factors such as brine injection, 
curing agents, irradiation, or storage conditions.

TBA value is an index of lipid oxidation, and indicates ran
cidity for meat and meat products. Pumped chops had (P >  
0.05) TBA values similar to unpumped chops at day 0 and 7 
(Table 1). TBA values of most samples were within acceptable 
ranges (<  1.00), indicating product stability in terms of lipid 
oxidation. Unda et al. (1991) showed 5 wk of no change in lipid 
oxidation for microwave-ready beef roasts. Most TBA values at 
day 9 were lower than at day 7, suggesting that microbial deg
radation of malonaldehyde and other thiobarbituric acid reactive 
substances (TBARS) occurring in meat samples may have 
caused lower TBA values (Moerck and Ball, 1974). Nitrite can 
also retard lipid oxidation (Pearson and Tauber, 1984). This was 
observed in all TBA values for hams at day 0, with values below

0.17 (Table 2). These values were lower than those for pumped 
chops (0.32-0.47) (Table 1). TBA values for hams remained 
below 0.5 throughout storage. No dose or dose rate effect (P 
0.05) was seen in TBA values, indicating that irradiation as high 
as 1.8 kGy did not affect this chemical reaction.

Color evaluation, conducted by HunterLab and sensory panel, 
indicated no consistent difference (P >  0.05) between samples. 
Color evaluation ty  panelists did not detect differences between 
treatments except that pumped chops had the lowest value at 
day 0 (Table 3). No change occurred in color ‘L’ or ‘b ’ values. 
Surface color of hams was not changed by any level of irradi
ation. Hunter L, a, and b values (Table 2) and the color score 
from sensory panels (Table 4) showed no difference (P >  0.05) 
between any samples.

Odor evaluation of chops showed that some irradiated sam
ples emitted a detectable off-odor compared with controls, but 
this effect was not dose dependent (Table 3). The predominant 
lactic acid bacteria within such a vacuum packaging environ
ment may emit some “ sour” odors. No odor difference (P >  
0.05) in hams (Table 4) was detected by panelists.

CONCLUSIONS
Ir r a d ia t io n  was effective for reducing L. monocytogenes, S. 
typhimurium, and total plate counts on “ microwave-ready” 
chops and cured hams, especially at medium doses ( 1.8—2.0 
kGy). Accompanied by refrigeration, irradiation should ensure 
the safety of these products and should extend their shelf life. 
Dose rate had no effect on the organisms. Irradiation at appro
priate levels was also more effective in combination with the 
salt and nitrite added for bacterial control in cured ham.
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Supercritical Carbon Dioxide Extraction of Androstenone 
and Skatole from Pork Fat

D.A. ZABOLOTSKY, L.F. CHEN, J.A. PATTERSON, J.C. FORREST, H.M. LIN, and A.L. GRANT

----------------------------  ABSTRACT ----------------------------
Boar taint, an unpleasant odor observed in pork from some mature intact 
male pigs, is attributed primarily to the presence of two compounds in 
boar fat, androstenone (5a-androst-16-ene-3-one) and skatole (3-methyl 
indole). A rapid extraction method for the preparation of fat samples for 
androstenone/skatole screening assays would lead to more efficient use 
of boar carcasses for pork production. Supercritical carbon dioxide re
moved 97 ± 2% of the androstenone (extraction at 40°C; 5 min) and 
65 ±  3% of the skatole (extraction at 40°C; 20 min) from 0.5 g of boar 
backfat. Supercritical CO, provides the basis for a fairly rapid extraction 
method to remove compounds associated with boar taint.

Key Words: pork fat, supercritical-CO,, androstenone, skatole

INTRODUCTION
B o a r  t a in t , an unpleasant odor, is observed in the fat of some 
mature boars (intact male pigs) making their meat unacceptable 
for pork consumption. Several compounds have been implicated 
in the incidence of boar taint, but major contributors are C19-A16 
steroids (particularly, 5a-androst-16-ene-3-one, referred to as 
androstenone) and skatole (3-methyl indole) (Bonneau, 1993). 
These compounds accumulate in adipose tissue and their con
centration in the backfat of pork carcasses is indicative of the 
degree of boar taint. Boars are a more economical source of 
pork than barrows (castrates) because of better feed efficiencies 
(i.e., lower feed:gain ratios) and because boars produce leaner 
carcasses. However, boar taint has hindered the practice of rais
ing boars in the U.S. Five to 10% of market weight boars have 
unacceptable taint (Garcia-Regueiro and Diaz, 1989). Develop
ing a screening method to sort out tainted carcasses on-line in 
a pork processing plant would enable more efficient utilization 
of boar carcasses and more efficient production of pork.

Several techniques have been suggested for measurement of 
boar taint, such as gas chromatography (GC) and GC/mass spec
trometry (Peleran and Bories, 1985; DeBrabander and Verbeke,
1986), high-performance liquid chromatography (HPLC; Dehn- 
hard et al., 1993), radioimmunoassays (Andresen, 1975), col
orimetric tests (Mortensen and Sorensen, 1984; Squires, 1990), 
and a hot wire test (Jarmoluk et al., 1970). None of the tests 
could completely meet the requirements for time, sensitivity and 
accuracy. Berdague et al. (1993) subjected boar backfat to a 
dynamic headspace extraction method using helium. Their method 
was unsuccessful in extracting androstenone and skatole. Head- 
space volatiles did not contain any indole compounds or steroids 
that were detectable via GC/mass spectrometry. All analytical 
techniques currently used for androstenone/skatole detection 
rely on extraction with organic solvents—a laborious, tedious, 
and time-consuming procedure.

Supercritical fluid extraction (SCFE) is based on the use of 
gases at or above their critical temperature and pressure and is 
widely used for extracting various components from animal and
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lotsky's current address is Laboratorie de Chimie Bioorganique, 
CN R S URA, Universite Louis Pasteur, Strasbourg, France. A d
dress inquiries to Dr. A.L. Grant.

plant materials. Solvating power of supercritical fluids (SCF) 
can be regulated via fluid density which is dependent on tem
perature and pressure. Regulating the solvating power of SCF 
allows the separation of extracted components from the super
critical solvent (e.g., C 0 2) and is accomplished by reducing fluid 
pressure. No excessive sample heating or special evaporation 
procedures are required which is important when handling vol
atile compounds, such as skatole and androstenone. Our objec
tive was to determine if supercritical carbon dioxide (CO,) could 
be used to extract androstenone and skatole from pork fat.

MATERIALS & METHODS
Materials

Androstenone (5a-androst-16-ene-3-one), methoxyamine hydrochlo
ride, and heptane (GC-grade) were obtained from Sigma Chemical Co. 
(St. Louis, MO). Skatole was purchased from Eastman Kodak Co. 
(Rochester, NY). Stock standard solutions of androstenone and skatole 
were prepared by dissolving them in heptane. Standard solutions were 
used as external standards for GC analysis and select samples were aug
mented with standard solutions to determine recovery. Other solvents 
were obtained from Mallinckrodt Specialty Chemical Co. (Paris, KY).

Supercritical C 0 2 apparatus

The apparatus used was of the static type. The major component of 
the apparatus was a Ruska pump (Model 2200, Ruska Instrument Corp., 
Houston, TX) to inject CO, into a pressure vessel (Kuentzel Closure 
reactor with an internal volume =  6.6 mL, Series KC single-ended unit. 
Autoclave Engineers. Inc., Erie, PA) at the experimental pressure. The 
vessel was immersed in a thermostated water bath to maintain required 
temperatures. The internal temperature of the vessel was not monitored. 
A pressure gauge was installed in the C 0 2 inlet of the vessel to read 
pressure. The vessel and all other parts exposed to high pressure were 
made of stainless steel type 316.

Supercritical CO, extraction conditions

Extraction with supercritical CO, was performed using pressures of 7. 
21, and 28 MPa, temperatures of 35, 40, and 45°C, and times of 5, 10. 
15, 20, 25, and 30 min. In addition, some extractions were performec 
below the CO, critical point at 0°C. Samples of pork subcutaneous ad
ipose tissue were obtained from market weight boar carcasses at a com
mercial packing plant. Cubed samples of fat (each 0.5g with similar 
height, width, and length) were placed in extraction vessels (0.5 g/vessef 
and vessels were allowed to equilibrate in a water bath for 10 min 
Samples were subjected to supercritical CO, extraction and then removec 
from extraction vessels. The internal surface of each cylinder was 
washed with organic solvent mixture (see below) which was subse
quently combined with each residual sample and evaporated under vac
uum. Samples were then subjected to an organic solvent extraction 
procedure to determine residual androstenone and skatole content. Ar. 
identical sample which was not subjected to SCFE was also analyzed 
for initial androstenone and skatole content.

Androstenone and skatole analysis

Organic solvent extraction was accomplished using a quaternary sol
vent mixture (methanol/cyclohexane/benzene/water) as described by 
DeBrabander and Verbeke (1986). Extraction efficiencies for the organic 
extraction procedure were 95 ±  1% for androstenone (0.5 to 10 ppm 
range) and 93 ±  1% for skatole (0.2 to 1.0 ppm range). Following 
organic extraction, but prior to GC, extracts for androstenone analysis

1006—JOURNAL OF FOOD SCIENCE— Volume 60, No. 5, 1995



were derivatized with a 2 mg/mL solution of methoxyamine hydrochlo
ride in dry pyridine at 25°C (Singh, 1979). A Varian 3400 (GC) equipped 
with a thermionic specific detector (TSD) was used to quantify andros- 
tenone and skatole as described by Peleran and Bories (1985) and 
DeBrabander and Verbeke (1986). The column (1.83 m X 2 mm i.d.) 
was 3% SP-2100 on 80/100 Supelcoport (Supelco, Bellefonte. PA). Ad
ditional GC conditions were: carrier gas, nitrogen (30 mL/min); injector 
temperature, 240°C for androstenone and 160°C for skatole; detector 
temperature, 300°C for androstenone and 270°C for skatole; retention 
time, 9.5 min for androstenone and 5.0 min for skatole.

Data analysis

Residual androstenone and skatole in fat samples following supercrit
ical CO, extraction was expressed as % of initial content. Two experi
ments were conducted for examining androstenone extraction with at 
least three samples tested/extraction condition. One experiment was con
ducted for skatole extraction with 1 to 7 samples extracted for each 
extraction condition. Data were subjected to statistical analysis using the 
General Linear Models program of the Statistical Analysis System (SAS 
Institute, Inc., 1987) with extraction pressure, temperature, and time as 
factors. Means were separated using Bonferroni t-tests (SAS Institute, 
Inc., 1987).

RESULTS & DISCUSSION
T his  s tu d y  focused on developing a procedure for extracting 
androstenone and skatole from pork fat. Androstenone and skat
ole detection was performed by GC using a thermionic specific 
detector (sensitive to nitrogen- and phosphorus-containing com
pounds) which increased sensitivity, relative to the non-specific 
flame ionization detector, and virtually removed interference 
from other volatile compounds present in the extract. A simple 
derivatization procedure was required for androstenone prior to 
detection. No derivatization was required for skatole, which con
tains nitrogen.

A major goal was to demonstrate the potential for rapid and 
quantitative extraction of androstenone/skatole from boar fat. 
Experiments on extractability from fat samples demonstrated 
that, under specific extraction conditions, up to 98% of the total 
androstenone (Fig. 1) and 65% of total skatole (Fig. 2) could 
be extracted from 0.5g of fat. Pressure had no significant effect 
(P >  0.05) on residual androstenone or skatole. Means and stan
dard errors of residual androstenone (Fig. 1) and skatole (Fig. 
2) in fat subjected to different extraction temperatures and times 
were compared. Lack of significant effects of pressure on ex
traction may have been due to the type of system we used. Our 
static system may limit the amount of compound extracted under 
given conditions. A continuous system, with C 02 flowing 
through the extraction chamber may have increased extraction.

Time and temperature of extraction significantly affected ex
traction of both androstenone and skatole from fat. For andros
tenone, a time by temperature interaction existed (P <  0.07). 
Extractions of greater than 95% were obtained within 5 or 10 
min at temperatures of 40° or 45°C. Residual androstenone was 
less (P <  0.05) at 40 and 45°C than at 35°C for extraction times 
of 5 and 10 min. Increasing times to 15 min or greater resulted 
in similar (P > 0 .10 ) residual androstenone among all extraction 
temperatures. Thus, for androstenone, extraction time could be 
reduced by increasing the temperature of the extraction vessel. 
For skatole, temperature had no effect on extraction. At 35°C, 
skatole extraction was improved (P <  0.05) by increasing ex
traction time from 5 to 10 min, but extraction was not satisfac
tory at any conditions tested (>35% residual). Possibly more 
extreme conditions, such as higher temperatures, would improve 
skatole extraction. A continuous system may also improve over
all extraction of skatole under the conditions tested.

When extraction vessels were maintained at 0°C, below the 
carbon dioxide critical point, less than 10% of the androstenone 
was extracted from samples at 7, 21. and 28 MPa over a 25- 
min period (data not shown). The supercritical state is necessary 
for quantitative extraction of androstenone from pork fat. Fluids

Fig. 1—Effect of supercritical CO2 extraction temperature and 
time on residual androstenone in pork fat. (■) 35°C; (□) 40°C; (*) 
45°C. Each point at 5 and 10 min represents the mean of 2 ex
periments (n>4 samples/time). Each point at 15, 20, 25, and 30 
min represents the mean of 1 experiment (n>3 samples/time). Er
ror bars represent ± standard errors.

Fig. 2—Effect of supercritical CO2 extraction temperature and 
time on residual skatole in pork fat. (■) 35°C; (□) 40°C. Each point 
represents the mean of 1 experiment (n=7, 1, 4, and 4 for 5, 10, 
15, and 20 min, respectively). Error bars represent ±standard er
rors.

other than C 0 2 may be more effective in extracting androsten
one and skatole from pork fat.

Supercritical fluid extraction could be directly coupled with 
gas chromatographs. The use of supercritical GCs for detection 
and quantification of androstenone and skatole could reduce the 
time required for boar taint assessment in pork carcasses. From 
our results, combining SCFE with GC detection may provide a 
potential objective and rapid method of boar taint measurement. 
A more practical method, however, would be to use SCFE as a 
rapid extraction procedure prior to colorimetric assay for an
drostenone (Squires, 1990) and skatole (Mortensen and Soren
sen, 1984). Colorimetric assays are technically feasible for 
on-line applications in pork processing plants. Timely organic 
solvent extraction procedures are used in preparing pork tissue 
for colorimetric assays which may not be feasible for many meat 
processing plants.
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CONCLUSIONS
A n d r o s t e n o n e  a n d  s k a t o l e  could be extracted from pork fat 
using supercritical C 0 2. In a static SCFE system, we obtained 
extraction efficiencies of 97% for androstenone and 65% for 
skatole. Although efficiencies for skatole were less than desired, 
they were reproducible at given conditions. It may be possible 
to correlate extracted amounts of skatole and androstenone to a 
level of boar taint in pork fat. These findings may lead to de
velopment of practical new methods for detecting boar taint in 
pork carcasses. The use of a continuous SCFE system may be 
a method to improve extraction and analysis time of androsten
one and skatole in future studies.
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a-Tocopherol, (3-Carotene and Ascorbic Acid as Antioxidants
in Stored Poultry Muscle

A.J. KING, T.G. UIJTTENBOOGAART, and A.W. de VRIES

----------------------------  ABSTRACT ----------------------------
Broilers were fed a-tocopherol or ft-carotene for 3 wk or L-ascorbic acid 
for 24 hr prior to slaughter. a-Tocopherol maintained the redness of 
unheated meat stored for 8 wk (—20°C). Values for thiobarbituric acid 
reactive substances in ground, stored meat showed that L-ascorbic acid 
produced results similar to the control while a-tocopherol produced re
sults lower than the control. Panelists rated meat with added a-tocoph- 
erol as different from the control for smell and flavor. P-Carotene was 
a pro-oxidant compared to the control and other additives. Meat from 
broilers fed P-carotene had lower a-tocopherol content than the control. 
Vitamin A in livers of birds fed P-carotene was 64% higher than that of 
the control.

Key Words: antioxidant, a-tocopherol, P-carotene, L-ascorbic acid, 
stored poultry meat

INTRODUCTION
L ip id  o x id a t io n  in raw muscle tissue is initiated in the intra
cellular phospholipid fractions of membranes. Changes occur
ring from the oxidation of lipids affect the functional, sensory 
and nutritive values of meat products (German, 1990). In ad
dition, reports have shown that different by-products of lipid 
oxidation may be angiotoxic, carcinogenic, cytotoxic and/or mu
tagenic (Sevanain and Peterson, 1986; Addis and Park, 1989; 
Peng et al., 1991).

Several reports have suggested ways to retard lipid oxidation 
in poultry meat (Dawson and Gartner, 1983; Buckley and Mor
rissey, 1992). In many studies, polyphosphates and a-tocopherol 
were used as antioxidants (Ang and Hamm, 1986; King and 
Earl, 1988). Though somewhat effective as antioxidants, poly
phosphates must be added at a point in processing after some 
changes caused by lipid deterioration may have already occurred 
(King and Earl, 1988). In contrast to polyphosphates, tocopherol 
can be added as a nutritional supplement which maintains an
tioxidant activity during processing and storage of poultry meat 
(Uebersax et al., 1978; Sheldon, 1984).

Results on the effectiveness of 3-carotene and other oxycar- 
otenoids as antioxidants during processing and storage of meat 
are not as conclusive as those for a-tocopherol (Krinsky, 1979; 
Terao, 1989; Leibovitz et al., 1990). Leibovitz et al. (1990) re
ported that nutritional administration of 3-carotene at a 
maximum dose of 30 mg/kg of feed did not retard lipid per
oxidation in rat tissue slices. However, Krinsky and Deneke
(1982) used egg yolk phosphatidylcholine and synthetic DL-a- 
phosphatidylcholine and dipalmitoyl liposome models to show 
that 3-carotene and canthaxanthin inhibited lipid oxidation ini
tiated by C 0 2 and other factors.

Ascorbic acid, a natural antioxidant, has been fed to poultry 
to inhibit lipid oxidation of stored meat. Chang (1989) added 
1000 mg/L ascorbic acid to drinking water of stressed chickens 
for 32 hr prior to slaughter. Results from analysis of thiobarbi
turic acid reactive substances (TBARS) over 0 to 7 days storage

Author King is with the Dept, of Avian Sciences, Univ. of Califor
nia, Davis, CA 95616-8532. Authors Uijttenboogaart and de Vries 
are with the Spelderholt DLO Center for Poultry Research & In
formation Services, Beekbergen, The Netherlands.

at 4°C revealed that addition of the vitamin significantly reduced 
lipid oxidation.

While results of individual studies report the effectiveness of 
single antioxidants in stored poultry meat, results of a compar
ative study on the efficacy of a-tocopherol, 3-carotene and as
corbic acid as antioxidants in meat of healthy, unstressed poultry 
have not been reported. Our objective was to compare instru
mental and sensory indicators of lipid oxidation in processed 
and stored chicken meat from birds fed excess a-tocopherol, 3- 
carotene or L-ascorbic acid.

MATERIALS & METHODS
R e a g e n t s

Ethoxyquin (6-ethoxy-1,2-dihydro-2,2,4-trimethylquinoline), 2-thiob- 
arbituric acid, 1,3,3-tetraethoxypropane, trichloroacetic acid, NaOH, 
methanol and butylated hydroxytoluene were purchased from Sigma- 
Aldrich NV/SA (Bomem, Belgium). Ethylenediaminetetraacetic acid 
(EDTA) and NaCl were from E. Merck (Darmstadt, Germany) and L- 
histidine monochloride monohydrate was from Kyowa, Hakko Kogyo, 
Co., Ltd. (Tokyo, Japan). RovimixR B-Carotene (10%), RovimixR E-50 
SD (d-a-tocopherol acetate, 50%) and L-ascorbic acid were obtained 
from Roche (Mijdrecht, The Netherlands). Grade C microfiber glass fil
ters were obtained from Whatman (Hillsboro, OR) and Clg solid phase 
extraction cartridges were obtained from Waters (Milford, MA).

F e e d in g  b r o ile r s

Ross 1-day-old female chicks (360) were wing-banded and allotted to 
24 pens of 15 birds in a randomized block (three) design (Fig. 1) with 
two replicates/block for four different diets (Fig. 2). Pens had wood 
shavings and were equipped with aluminum feeders and plastic waterers. 
Galvanized steel partitions were covered to avoid consumption of iron 
rust, a pro-oxidant in lipid oxidation. The control diet (Table 1), con
taining =80 mg/kg ethoxyquin as antioxidant, was prepared 2 wk in 
advance and frozen (—20°C) until fed for the first 3 wk. For the ensuing 
3 wk prior to slaughter (at 6 wk of age), birds received either the control

Fig. 1—Flow chart for the study.
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Control a-Tocopherol (3-Carotene L-Ascorbic acid

Block

(Days of 

processing)

1 1 2 1 2 1 2 1 2

2 1 2 1 2 1 2 1 2

3 I 2 1 2 1 2 1 2

Fig. 2—Experimental design for feeding and processing of birds.

a l o n e  o r  t h e  c o n t r o l  p l u s  a n  a d d e d  a n t i o x i d a n t  a s  f o l l o w s :  a - t o c o p h e r o l  
( 1 5 0  m g / k g  o f  f e e d )  f o r  3  w k ,  ( 3 - c a r o t e n e  ( 2 5  m g / k g )  f o r  3  w k ,  o r  

a s c o r b i c  a c i d  ( 1 5 0 0  m g / L )  d i s s o l v e d  in  t a p  w a t e r  a n d  a d m i n i s t e r e d  f o r  
2 4  h r  p r i o r  to  s l a u g h t e r .  F o r  b l o c k  1, a  f r e s h  s o l u t i o n  o f  a s c o r b i c  a c i d  
w a s  m a d e  a f t e r  1 2  h r .  D i e t s  a n d  w a t e r  w e r e  a d m i n i s t e r e d  ad libitum. 
W e e k l y  w e i g h t  g a i n  a n d  f e e d  c o n s u m p t i o n  o f  e a c h  r e p l i c a t e  w e r e  r e 
c o r d e d .  T h e  m o d e l ,  Y ,,k =  u  +  b lo c k ,  +  d ie t ,  +  e,jk w a s  u s e d  to  s t a t i s 
t i c a l l y  a n a l y z e  t h e  d a t a .  W e  a s s u m e d  t h a t  i n t e r a c t i o n  b e t w e e n  b l o c k s  a n d  

d i e t s  c o u l d  b e  n e g l e c t e d .  R a n d o m  e r r o r ,  e ijk w a s  a s s u m e d  to  b e  i n d e 
p e n d e n t l y  d i s t r i b u t e d .

Blood sampling, processing of broilers and determination of color

A b o u t  4  h r  p r i o r  t o  s l a u g h t e r ,  b l o o d  w a s  d r a w n  f r o m  f o u r  b i r d s /  
r e p l i c a t e  a n d  p o o l e d .  E D T A  w a s  u s e d  t o  p r e v e n t  c o a g u l a t i o n .  S a m p l e s  
w e r e  c e n t r i f u g e d  f o r  3 0  m i n  a t  5 ,0 0 0  X g to  s e p a r a t e  s e r u m ,  w h i c h  w a s  
s t o r e d  a t  - 8 0 ° C  u n t i l  a n a l y z e d .  T h e  r e m a i n i n g  b r o i l e r s  (1 1  u n b l e d  
b i r d s / r e p l i c a t e )  w e r e  p r o c e s s e d  a t  T h e  S p e l d e r h o l t ,  D L O  C e n t e r  f o r  P o u l 
t r y  R e s e a r c h  a n d  I n f o r m a t i o n  S e r v i c e s ,  B e e k b e r g e n ,  T h e  N e t h e r l a n d s .  
B r o i l e r s  w e r e  p r o c e s s e d  b y  b l o c k  o v e r  a  3 - d a y  p e r i o d  s o  t h a t  t w o  r e p 
l i c a t e s  o f  e a c h  d i e t  w e r e  p r o c e s s e d  d a i l y  ( F ig .  2 ) .  I m m e d i a t e l y  a f t e r  

s l a u g h t e r ,  H u n t e r  L  ( l i g h t n e s s ) ,  a  ( r e d n e s s )  a n d  b  ( y e l l o w n e s s )  v a l u e s  o f  
t h e  f e m o r a l  t r a c t  f r o m  th e  r i g h t  t h i g h  o f  e a c h  b i r d  w e r e  d e t e r m i n e d  w i t h  

a  s t a n d a r d i z e d  s p e c t r o c o l o r i m e t e r  ( C o l o r m e t ,  I n s t r u m a r  L t d . ,  S t  J o h n ,  
N F ,  C a n a d a ) .  T h e  m o d e l  d e l i n e a t e d  a b o v e  w i t h  t h e  a d d i t i o n a l  p a r a m e t e r ,  
e jjkl ( v a r i a n c e  f o r  b i r d s ) ,  w a s  u s e d  to  a n a l y z e  t h e  c o l o r  o f  f e m o r a l  t r a c t .  
T h e  e r r o r s  e ljk a n d  e ijk, r e p r e s e n t e d  t h e  e r r o r s  f o r  r e p l i c a t e  k  a n d  b i r d  1 in  
r e p l i c a t e  k  in  b l o c k  i a n d  d i e t  j ,  r e s p e c t i v e l y .  M u s c l e  w i t h  a d h e r i n g  f a t  
f r o m  b o t h  t h i g h s  o f  b r o i l e r s  w a s  p l a c e d  in  a l u m i n u m  f o i l ,  f r o z e n  in  l i q u i d  
n i t r o g e n  a n d  s t o r e d  a t  — 8 0 ° C .  L i v e r s  w e r e  r e m o v e d  f r o m  f iv e  t o  s ix  
b i r d s  p e r  r e p l i c a t e ,  p o o l e d  b y  b l o c k  a n d  f r o z e n  a t  — 8 0 ° C  u n t i l  a n a l y z e d .

Processing of patties and determination of thiobarbituric acid 
reactive substances (TBARS)

M u s c l e s  w e r e  t h a w e d  f o r  =» 1 h r ,  p o o l e d  b y  b l o c k  a n d  g r o u n d  a t  0 ° C  
to  a  g r a i n  s i z e  o f  a b o u t  4 .5  m m  d i a m e t e r .  M e a t  w a s  s t o r e d  a t  - 8 0 ° C  
f o r  l a t e r  d e t e r m i n a t i o n  o f  a n t i o x i d a n t s  in  m i c r o s o m e s  i s o l a t e d  b y  m e t h 
o d s  o f  M c D o n a l d  e t  a l .  ( 1 9 7 9 )  a n d  T B A R S  in  m e a t  a f t e r  p r o c e s s i n g  a n d  
g r i n d i n g .  T h e  r e m a i n i n g  m e a t  f o r  e a c h  b l o c k  w a s  m i x e d  w i t h  o r  w i t h o u t  
N a C l  ( 2 .0 %  w / w )  a n d  m a d e  i n t o  p a t t i e s  ( 9 0  ±  0 .5 g ,  9 .0  c m  in  d i a m e t e r )  
a c c o r d i n g  to  p r o c e d u r e s  o f  K i n g  a n d  E a r l  ( 1 9 8 8 ) .  P a t t i e s  w e r e  i n d i v i d 
u a l l y  s t o r e d  in  o p a q u e  p l a s t i c  c o n t a i n e r s  f o r  4  d a y s  a t  4 ° C  a n d  a t  2 ,  4  
a n d  8 w k  a t  - 2 0 ° C .  A t  t h e  e n d  o f  t h e  s t o r a g e  p e r i o d s ,  a l l  p a t t i e s  w e r e  
t h a w e d  f o r  a b o u t  1 .5  h r  ( 2 3 ° C ) .  H a l f  o f  t h e  p a t t i e s  w i t h  a n d  w i t h o u t  
N a C l  f r o m  a l l  s t o r a g e  c o n d i t i o n s  w e r e  h e a t e d  in  a l u m i n u m  p o u c h e s  b y  
g r i l l i n g  f o r  1 .2 5  m i n  o n  e a c h  s id e  a t  2 5 0 ° C .  U n h e a t e d  m e a t  ( a f t e r  p r o c 
e s s i n g  a n d  g r i n d i n g )  a n d  a l l  u n h e a t e d  a n d  h e a t e d  p a t t i e s  w e r e  a n a l y z e d  
f o r  T B A R S  v a l u e s  b y  t h e  p r o c e d u r e  o f  R a h a r j o  e t  a l .  ( 1 9 9 2 ) .  D u p l i c a t e  
d e t e r m i n a t i o n s  w e r e  m a d e  f o r  e a c h  b l o c k  p e r  d i e t .  F e e d  s a m p l e s  ( 2 - 3 )  
w e r e  a l s o  a n a l y z e d  f o r  T B A R S  v a l u e s  ( R a h a r j o  e t  a l . ,  1 9 9 2 )  a t  t h e  b e 
g i n n i n g  a n d  e n d  o f  t h e  e x p e r i m e n t a l  f e e d i n g  p e r i o d .  F o r  d e t e r m i n i n g  
T B A R S  in  m e a t  a n d  f e e d ,  t h e  m o d e l ,  Y y =  u  +  d ie t ,  +  t i m e ,  +  e,, w a s  
u s e d .  W e  a s s u m e d  t h e r e  w e r e  n o  i n t e r a c t i o n s  b e t w e e n  d i e t  a n d  t i m e  a n d  
t h a t  t h e  r a n d o m  e r r o r  e.j w a s  i n d e p e n d e n t l y  d i s t r i b u t e d .

Distribution of antioxidants

F e e d  s a m p l e s  ( 2 - 3 )  w e r e  a n a l y z e d  f o r  c o n t e n t  o f  a n t i o x i d a n t s  ( a -  
t o c o p h e r o l  a n d  ( 3 - c a r o t e n e )  a t  t h e  b e g i n n i n g  a n d  e n d  o f  t h e  e x p e r i m e n t a l

Table 1—Composition of broiler control diet3
Feedstuffs %
Corn 10.0
Wheat 25.0
Peas 5.8
Manioc, 65% starch 20.0
Toasted full fat soybeans 10.8
Soybean meal 14.6
Meat and bone meal, high fat 5.8
Fish meal 1.0
Animal fat 5.0
DL-methionine 0.3
Mineral premix 2.0
Vitamin premix 0.5
Zinc 0.033
Ethoxyquin 80 (mg/kg)

9 Feed provided 3140 ME Kcal/kg, 20.3% protein, 9.1% crude fat and all requirements 
of the NRC (1994).

f e e d i n g  p e r i o d .  F o r  b l o c k  1, o n e  L - a s c o r b i c  a c i d  s o l u t i o n  w a s  m a d e  a t  
t h e  b e g i n n i n g  o f  t h e  f e e d i n g  p e r i o d ;  a n o t h e r  o n e  w a s  m a d e  a f t e r  12 h r .  
T h e s e  s o l u t i o n s  w e r e  a n a l y z e d  a t  t h e  b e g i n n i n g  a n d  e n d  o f  e a c h  1 2  n r  
c y c l e  w i t h i n  t h e  2 4  h r  f e e d i n g  p e r i o d  to  a s c e r t a i n  t h e  l a b i l i t y  o f  L - a s -  
c o r b i c  a c i d  o v e r  t i m e .  L - a s c o r b i c  a c i d  s o l u t i o n s  m a d e  o n l y  a t  t h e  b e g i n 
n i n g  o f  b l o c k s  2  a n d  3 ,  a n d  s a m p l e s ,  w e r e  a n a l y z e d  f o r  t h e  v i t a m i n  a t  

t h e  b e g i n n i n g  a n d  e n d  o f  t h e  e x p e r i m e n t a l  f e e d i n g  p e r i o d  o f  2 4  h r .  E t h o -  
x y q u i n  c o n t e n t  o f  f e e d  w a s  d e t e r m i n e d  a t  t h e  e n d  o f  t h e  e x p e r i m e n t  b y  
m e t h o d s  o f  A O A C  ( 1 9 8 4 ) .  o t - T o c o p h e r o l  a n d  p - c a r o t e n e  w e r e  d e t e r 
m i n e d  in  f e e d ,  s e r u m ,  m i c r o s o m e s ,  l i v e r ,  a n d  m e a t  ( a f t e r  p r o c e s s i n g  a n d  
g r i n d i n g )  b y  p r o c e d u r e s  o f  K e l l e r  ( 1 9 9 3 ) .  V i t a m i n  A  c o n t e n t  o f  l i v e r  
w a s  d e t e r m i n e d  a t  t h e  R I K I L T  I n s t i t u t e  ( W a g e n i n g e n ,  T h e  N e t h e r l a n d s ! .  
U n h e a t e d  a n d  h e a t e d  p a t t i e s ,  w i t h  a n d  w i t h o u t  N a C l ,  s t o r e d  f o r  8 w k  a t  

— 2 0 ° C  w e r e  a n a l y z e d  f o r  a - t o c o p h e r o l  b y  K e l l e r  ( 1 9 9 3 ) .  L - a s c o r b i c  a c : d  
in  s e r u m  a n d  m e a t  ( a f t e r  p r o c e s s i n g  a n d  g r i n d i n g )  w a s  d e t e r m i n e d  b y  
c o l o r i m e t r i c  m e t h o d  ( B o e h r i n g e r  M a n n h e i m ,  1 9 8 9 ) .  T o  a n a l y z e  d a t a  f o r  
a - t o c o p h e r o l  a n d  p - c a r o t e n e  in  f e e d  a n d  L - a s c o r b i c  a c i d  i n  s o l u t i o n ,  t h e  
s t a t i s t i c a l  m o d e l  f o r  e v a l u a t i o n  o f  T B A R S  v a l u e s  w a s  u s e d .  F o r  a - t o -  

c o p h e r o l ,  p - c a r o t e n e  a n d  L - a s c o r b i c  a c i d  in  b l o o d ,  l i v e r ,  m i c r o s o m e s  
a n d  m e a t  ( a f t e r  g r i n d i n g  a n d  p r o c e s s i n g ) ,  a  m o d e l  s i m i l a r  t o  t h a t  u s e d  
f o r  w e i g h t  g a i n  a n d  f e e d  c o n s u m p t i o n  w a s  u s e d  e x c e p t  t h a t  t h e  e r r o r  
t e r m  w a s  e,, b e c a u s e  r e p l i c a t e s  w e r e  p o o l e d  a c r o s s  b l o c k s  f o r  e a c h  d i e t .  

F o r  T B A R S  v a l u e s  in  p a t t i e s ,  d a t a  w e r e  a n a l y z e d  u n d e r  t h e  s p l i t  p l o t  
m o d e l  a s  Y ijklm +  b l o c k ,  +  d ie t ,  +  e , ,  +  N a C l k +  i n t e r a c t i o n  +  e ijk +  

h e a t in g ,  +  i n t e r a c t i o n s  +  e jjk, +  s t o r a g e m +  i n t e r a c t i o n s  +  e jjkim. T h e  
r a n d o m  e r r o r s  f r o m  e y to  e ijk,n, r e p r e s e n t e d  th e  e r r o r s  in  t h e  v a r i o u s  s t r a t a  
o f  t h e  d e s i g n  a n d  w e r e  a s s u m e d  to  b e  i n d e p e n d e n t l y  d i s t r i b u t e d .

L (Lightness), a (redness) and b (yellowness) of meat patties

H u n t e r  L ,  a  a n d  b  v a l u e s  w e r e  d e t e r m i n e d  f o r  t h a w e d  p a t t i e s  w i t h  a n d  
w i t h o u t  N a C l  a f t e r  p r o c e s s i n g  a n d  g r i n d i n g  a n d  a f t e r  s t o r a g e  f o r  8 w k  

a t  - 2 0 ° C .  T h e  s t a t i s t i c a l  m o d e l  f o r  T B A R S  v a l u e s  in  p a t t i e s  w a s  u s e d  
to  a n a l y z e  d a t a .

Sensory evaluation

P a t t i e s  s t o r e d  f o r  4  d a y s  a t  4 ° C  w e r e  t h a w e d  a n d  h e a t e d  a s  d e s c r i b e d .  
H e a t e d  p a t t i e s  w i t h  N a C l  w e r e  e v a l u a t e d  b y  15  t r a i n e d  p a n e l i s t s  u s i n g  
a  c o m p u t e r i z e d ,  d i f f e r e n c e  f r o m  r e f e r e n c e  t e s t  ( d e  V r i e s ,  1 9 9 3 ) .  P a n e l i s t s  
w e r e  t r a i n e d  f e m a l e  a n d  m a l e  p e r s o n n e l  a t  t h e  S p e l d e r h o l t  D L O  C e n t e r  
f o r  P o u l t r y  R e s e a r c h  a n d  I n f o r m a t i o n  S e r v i c e s  ( B e e k b e r g e n ,  T h e  N e t h 

e r l a n d s . )  T h e y  r a n g e d  in  a g e  f r o m  2 5 - 4 5 .  A l l  p a n e l i s t s  h a d  p r e v io u s ly -  
p a r t i c i p a t e d  in  s e n s o r y  e v a l u a t i o n s  t o  r a n k  c h a r a c t e r i s t i c s  f o r  c h i c k e r  
f l a v o r .  P a n e l i s t s  p a r t i c i p a t e d  in  a  t r a i n i n g  s e s s i o n  to  b e c o m e  f a m i l i a r  w i t f  
t h e  t y p e  o f  p r o d u c t  t o  b e  e v a l u a t e d .  T h e y  c o m p a r e d  s a m p l e s  f r o m  e a c f  
b l o c k / d i e t  t o  t h e  s t a n d a r d  ( c o n t r o l )  f o r  s m e l l  a n d  f l a v o r  u n d e r  r e d  i l l u 
m i n a t i o n .  T h e  r a t i n g  s c a l e  r a n g e d  f r o m  1 to  7  w i t h  1 i n d i c a t i n g  m i n im a !  
d i f f e r e n c e  b e t w e e n  s t a n d a r d  a n d  t e s t  s a m p l e ,  a n d  7  m a x i m a l  d i f f e r e n c e  
A n a l y s i s  o f  v a r i a n c e  a n d  r a n k i n g  o f  m e a n s  f o r  a l l  d a t a  w e r e  p e r f o r m e r :  
w i t h  t h e  S P S S / P C  s y s t e m  ( 1 9 8 9 )  f o r  s e n s o r y  e v a l u a t i o n .

Statistical analysis

S t a t i s t i c a l  m o d e l s  w e r e  d e v e l o p e d  b y  V e r e i j k e n  ( 1 9 9 3 ) .  S ig n i f i c a n c e  
o f  m e a n s  w a s  d e t e r m i n e d  u s i n g  D u n c a n ’s  M u l t i p l e  R a n g e  T e s t  ( P  <  
0 .0 5 ) .
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Table 2—Antioxidants0 in diets and tissues of broilers
Antioxidants (mg/kg)

Samples'1 Diet a-Tocopherol p-Carotene L-Ascorblc acid
Feed Control 26.0 ±  3.0b 0.4±0.3b 6.6±0.0a

a-Tocopherol 145.0±4.0a 0.4±0.2b 6.6±0.0a
p-Carotene 23.0±0.5b 26.0 ± 4.0a 6.6±0.0a

Blood Control 4.4±0.6b <0.005b <3.5
a-Tocopherol 25.3 ± 3.2a <0.005b <3.5
p-Carotene 2.9±0.2b 0.05± 0.003a <3.5
L-Ascorblc acid 4.2±0.2b <0.005b <3.5

Liver Control 8.5± 1.2b 0.11 ±0.14a <3.5
a-Tocopherol 105.0±9.6a — <3.5
p-Carotene 4.1 ± 1.6b 0 Lj 1 

+
p O" <3.5

Microsome Control 5.2±2.5b <0.005 <3.5
a-Tocopherol 13.2 ± 5.1a <0.005 <3.5
p-Carotene 2.3±0.4b <0.005 <3.5
L-Ascorblc acid 2.0±0.3b <0.005 <3.5

Meat after Control 3.6±0.4b <0.005 28.7 ± 1.5b
qrindinq a-Tocopherol 12.7 ± 1.3a <0.005 —

p-Carotene 2.4±0.2b <0.005 —
L-Ascorbic acid 4.0±0.3b <0.005 33.7 ± 1.2a

a'b Means (for each antioxidant/sample) within columns with different superscripts 
differ (p<0.05).

c a-Tocopherol (150 mg/kg) or (3-carotene (25 mg/kg) added to control diets of broil
ers for 3 wk prior to slaughter (at 6 wk of age); L-ascorbic acid (1500 mg/kg) in tap 
water was fed for 24 hr prior to slaughter.

d Samples were analyzed for each antioxidant. n=6 for a-tocopherol and 3-carotene; 
n=3 for L-ascorbic acid; n=6 for meat after grinding.

R E S U L T S  &  D IS C U S S IO N

T h e  m e a n  a m o u n t s  of antioxidants in feed and tissues were 
compared (Table 2). The 80 mg/kg ethoxyquin added to feed 
upon mixing decreased to 9.6 ±  0.6 mg/kg feed at the end of 
the study (data not shown). Monitoring of feed for content of 
a-tocopherol and (3-carotene showed that they did not decrease 
over time (data not shown). Ethoxyquin was probably used to 
prevent lipid oxidation of feed components and added antioxi
dants during storage. For block 1, L-ascorbic acid solutions 
mixed at the beginning of each 12 hr period had a mean of 1503 
±  47 mg/kg (n = 4); after 12 hr, they had a mean value of 
1308 ±  48 mg/kg (n = 4). Similar values were noted for 0 
time and after 24 hr for blocks 2 and 3, where L-ascorbic acid 
solutions were only mixed at the beginning of each 24 hr period. 
Thus, L-ascorbic acid solutions did not deteriorate between 12 
and 24 hr or exhibit any notable change in content from 0 to 
24 hr. Dietary variation did not affect mean TBARS values of 
feed. Similar TBARS values (ranging from 5.5 to 6.3) have been 
reported for similarly stored feed samples (Barroeta et ah, 1994).

Weight gain and feed efficiency for all diets and blocks were 
similar with overall means of 50.23 g/bird/day and 1.81, re
spectively. In addition, Hunter L, a and b values for femoral 
tract of broilers were not different. Because [3-carotene is a non- 
pigmenting carotenoid in broilers (Nelson, 1987), it did not 
cause an increase in yellowness of broiler skin. Differences in 
color of unheated patties with and without NaCl after grinding 
and after 8 wk storage (—20°C) were noted by visual observa-

Table 3—a-Tocopherol content of thigh meat from broilersd fed various 
dietse

a-tocopherol content in meat 
NaCl (2.0% w/w) No NaCl

Diets Ur heated Heated Unheated Heated
Control 1.9±0.3b 2.7 ± 0.4b 3.8±0.53b 2.0± 0.1b
a-Tocopherol 10.4±0.4a 12.7 ± 0.5a 13.3± 1.6a 14.1 ± 1.4a
p-Carotene 0.9±0.2C 1.4±0.0C 2.7 ±0.2b 0.7 ± 0.2°
L-ascorblc acid 1.4±0.3bc 1.5 ±0.5° 3.5±0.6b 1.0± 0.2C
a'c Means within each column with different superscripts differ (p<0.05). n=6. 
d Thigh meat stored in form of patties 8 wks at -20°C.
e Antioxidants added to control diets of broilers as a-tocopherol (150 mg/kg) or 3-car

otene (25 mg/kg) for 3 wk prior to slaughter at 6 wk age or L-ascorbic acid (1500 mg/ 
kg) in tap water for 24 hr prior to slaughter.

tion and instrumental measurement. Visual examination revealed 
that patties with a-tocopherol subjected to 8 wk storage main
tained more red color when compared to other additives. The 
instrumental determination revealed that only a-tocopherol pre
vented oxidation of red pigments in poultry (data not shown). 
a-Tocopherol produced a higher value for redness of 8.37 ± 
0.85 as compared to all other additives. The mean redness values 
for all other additives were not different from each other. The 
overall mean for redness of meat from the control, (3-carotene 
and L-ascorbic acid diets was 6.42 ±  1.00. Gray (1990) re
ported that a-tocopherol also maintained higher redness values 
in pork loins as compared to controls.

Amount of a-tocopherol deposited in various tissue were 
compared (Table 2). When the antioxidant was fed at »»150 
mg/kg of feed, a-tocopherol content in microsomes was « 10  
times less than that reported by Asghar et al. (1990). Differences 
in procedures used to isolate microsomes could account for the 
disparity in results. a-Tocopherol concentration in the tissue was 
in the order: Liver >  blood >  meat or microsomes (Table 2). 
The amount of a-tocopherol found in meat immediately after 
processing remained constant after storage (8 wk, —20°C) and 
heating, even in the presence of the pro-oxidant, NaCl (Table
3). The effect of a-tocopherol as an antioxidant was verified by 
redness values, TBARS values (Table 4) and sensory evaluation 
(Table 5). Effects of a-tocopherol on TBARS values and con
centration of antioxidant in tissues of poultry have been reported 
(Adams, 1984; Sheldon, 1984; Sheehy et al., 1994).

In contrast to a-tocopherol, (3-carotene was stored in meat 
and microsomes in low concentrations and was not effective as 
an antioxidant in unheated or heated meat (Tables 2, 3, 4 and
5). This finding confirmed results of Leibovitz et al. (1990) who 
fed a similar amount of (3-carotene to rats and found no effect. 
The meat we used contained only muscle and adhering fat. Max
imal deposition of oxycarotenoids occurs in the shanks, skin and 
adipose tissue of birds. Not enough (3-carotene was deposited in 
the membrane of muscle to reduce oxidation of polyunsaturated 
fatty acids of phospholipids in processed, stored meat (Ty- 
czkowski and Hamilton, 1986). Even when «8.0%  skin was 
included in the meat mixture, (3-carotene was not present in high 
enough quantities to reduce oxidation of meat mixtures contain
ing 14.4% fat (Barroeta et al., 1995).

Table 4—Changes in TBARS values of dark poultry meat from broilersf fed antioxidants as nutritional supplements
TBARS values (mg malonaldehyde/kg of meat)h -

Diets
Addition of NaCl1 Heating conditions^ Storagek Diet

no NaCl NaCl Unheated Heated 5 days 2 weeks 8 weeks

Control 0.36c 1.30a 0.67c 1.00a TOO*5 0.75c 0.76c 0.83a
a-Tocopherol 0.23c 0.52b 0.25e 0.51d 1.14e 0.45d 0.55d 0.38b
p-Carotene 0.50b 1.37a 0.78b 1.09a 1.19s 0.82c 0.79c 0.93a
L-Ascorblc acid 0.46b 1.28a 0.66c 1.08a 1.01b 0.75° 0.85c 0.8703
a e Means within columns and rows for main effects (addition of NaCl, heating condition, storage and overall effect of diet) with different superscripts are different (p<0.05). 
f Slaughtered at 6 wk of age.
9 Antioxidants added to control diet of broilers as a-tocopherol (150 mg/kg feed) or [3-carotene (25 mgAg) for 3 wks prior to slaughter or L-ascorbic acid (1500 mg/kg) in tap 

water for 24 hr prior to slaughter.
h n = 36 for main effects of addition of NaCl (2.0% w/w), heating condition; n = 24 for each storage time; n = 72 for overall effect of diet.
‘ Includes data for both heating conditions.
I Includes data for samples with NaCl and those without NaCl. 
k Includes data for addition of NaCl and heating conditions.
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Table 5— Sensory evaluation of poultry thigh meat3 with NaCI (2.0% w/w)
Evaluation0 from duo-trio test

Dietb Block Smell Flavor
a-Tocopherol 1 18 20*

2 23* 24*
3 23* 26*

ß-Carotene 1 13 16
2 13 16

L-Ascorbic acid 1 17 14
2 16 18
3 16 14

a Ground meat stored 5 days at 4°C then heated for 1.25 min on each side at 250°C. 
b Antioxidants added to control diet of broilers as a-tocopherol {150 mg/kg feed) or fi- 

carotene (25 mg/kg) for 3 wk prior to slaughter or L-ascorbic acid (1500 mg/kg) in tap 
water for 24 hr prior to slaughter.

c 29 evaluations/block/parameter. Number with * was significant at p < 0.05 and indi
cates number of evaluations where differences between diets (a-Tocopherol and Con
trol, p-Carotene and Control, L-Ascorbic acid and Control) were observed.

Unheated and heated meat with NaCI and heated meat with
out NaCI from broilers fed (S-carotene had lower quantities of 
a-tocopherol than the control (Table 3). As shown (Table 4) for 
the main effects of no heat and storage at 5 days (4°C), addition 
of (3-carotene to samples produced higher TBARS values than 
all other additives. This suggested that (1) at < 0.005 mg/kg 
(Table 2), (3-carotene was a pro-oxidant in meat under certain 
conditions and (2) a-tocopherol counteracted the effects of (3- 
carotene (Table 3). The latter finding confirmed results of Ben- 
dich (1990) who reported that a-tocopherol protected (3-carotene 
from reactions by free radicals.

Livers were analyzed to determine if elevated levels of vita
min A co-existed with elevated levels of 3-carotene. Amounts 
of vitamin A acetate in livers of broilers fed the control, or a- 
tocopherol supplemented feed were 181.63 mg/kg and 183.7 
mg/kg, respectively. Vitamin A acetate content of birds fed (3- 
carotene was 297.33 mg/kg which was 64% greater than that of 
the control. High levels of vitamin A in livers of meat animals 
may be toxic to humans (Bauemfield, 1980; Olson, 1983; Ben- 
dich and Langseth, 1989).

When fed to broilers at 1500 mg/L for 24 hr, deposition of 
L-ascorbic acid in meat increased from 28.7 mg/kg (for the con
trol) to 33.7 mg/kg (Table 2). However, this antioxidant was not 
effective in retarding oxidation of meat (Tables 4 and 5). Results 
for the efficacy of L-ascorbic acid supplementation were in con
trast to those of Chang (1989). Although there was a decrease 
from about 1500 to about 1300 mg/kg after 24 hr, there was 
ample antioxidant for test animals. We concluded that the ef
fectiveness of L-ascorbic acid was only evident in stressed birds 
as reported by Chang (1989).

Barroeta et al. (1995) used 3.6 to 3.8 mg of 3-carotene/kg 
feed and showed that the oxycarotenoid was not effective as an 
antioxidant in stored meat mixtures containing 2.2 to 14.4% fat. 
Barroeta et al. (1995) suggested that the antioxidant effect of 
larger supplemental amounts of 3 -carotene should be investi
gated. Our results indicate that 3-carotene at 25 mg/kg in feed 
was not an antioxidant in poultry meat containing 13.6% fat. 
The small amount (<0.005 mg/kg) of 3-carotene remaining in 
meat and microsomes was pro-oxidative. Under our conditions, 
L-ascorbic acid was not an effective antioxidant in poultry meat. 
a-Tocopherol at =  13 mg/kg in microsomes or meat prevented 
lipid deterioration as indicated by lower TBARS values.
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Dietary a-Linolenic Acid and Mixed Tocopherols, and 
Packaging Influences on Lipid Stability in Broiler Chicken

Breast and Leg Muscle
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--------------------------------  A B S T R A C T  --------------------------------
A d d i t i o n  o f  a - l i n o l e n i c  a c i d  a l o n e  o r  p l u s  m i x e d  t o c o p h e r o l s ,  t o  t h e  d i e t  
o f  b r o i l e r  c h i c k e n s  h a d  s i g n i f i c a n t  e f f e c t s  o n  c o m p o s i t i o n  o f  m u s c l e  f a t t y  
a c i d s .  D e g r e e  o f  u n s a t u r a t i o n  in  b o t h  n e u t r a l  l i p i d s  a n d  p h o s p h o l i p i d s  
w a s  i n c r e a s e d .  B o t h  t h e  t o c o p h e r o l s  i n  t h e  t i s s u e s  a n d  t h e  s t o r a g e  s t a 
b i l i t y  o f  t h e  m e a t  w e r e  a f f e c t e d  b y  t h e  d e g r e e  o f  p o l y u n s a t u r a t i o n  in  
f a t t y  a c i d s  a n d  d i e t a r y  t o c o p h e r o l s .  T h e  a m o u n t  o f  t o c o p h e r o l s  in  l e g  
m e a t  w a s  h i g h e r  t h a n  t h a t  o f  b r e a s t  m e a t ,  a n d  t h e  a n t i o x i d a n t  e f f e c t  o f  
d i e t a r y  t o c o p h e r o l s  w a s  s i g n i f i c a n t  i n  c o o k e d  l e g  m e a t  w i t h  h o t -  a n d  

c o l d - v a c u u m  p a c k a g i n g .  D i e t a r y  t o c o p h e r o l s  w e r e  n o t  e f f e c t i v e  i n  t h e  
c o n t r o l  o f  l i p i d  o x i d a t i o n  in  l o o s e l y  p a c k a g e d  c o o k e d  m e a t .  L i p i d  o x i 
d a t i o n  in  o i - l i n o l e n i c  a c i d - e n r i c h e d  c o o k e d  b r o i l e r  m e a t  c o u l d  b e  c o n 

t r o l l e d  b y  h o t - v a c u u m  p a c k a g i n g ,  b u t  t h e  a n t i o x i d a n t  e f f e c t  o f  h o t  
p a c k a g i n g  p l u s  d i e t a r y  t o c o p h e r o l  w a s  g r e a t e r  t h a n  h o t  p a c k a g i n g  o r  
t o c o p h e r o l  a l o n e .

K e y  W o r d s :  b r o i l e r  c h i c k e n ,  a - l i n o l e n i c  a c i d ,  l i p i d  o x i d a t i o n ,  d i e t a r y  

t o c o p h e r o l s

IN T R O D U C T IO N
C l a im s  o f  b e n e f ic ia l  h e a l t h  e f f e c t s  of dietary w-3 fatty 
acids has led to extensive research on the use of diets to enrich 
animal products and tissues with co-3 fatty acids. Sklan et al.
(1983) reported that feeding dietary fats affected the fatty acid 
composition of muscle triglycerides, but phospholipid compo
sition was influenced only slightly. Feeding diets enriched with 
w-3 fatty acids resulted in increased accumulation of o>-3 fatty 
acids in chicken tissue lipids and egg yolk (Phetteplace and Wat
kins, 1989; Olomu and Baracos, 1991; Jiang et al., 1992; Ajuyah 
et al., 1993). However, poultry meat enriched with co-3 poly
unsaturated fatty acids could be expected to be susceptible to 
lipid oxidation and flavor defects during storage (Lin et al.,
1989).

Lipid oxidation is a major factor responsible for rancid flavors 
and other sensory defects in meat products, and is closely related 
to the nature, proportion, and degree of unsaturation of fatty 
acids. The fatty acid composition of the phospholipids of the 
muscle cell membranes is especially important in determining 
oxidative stability of meat, since oxidative changes are initiated 
mainly from membrane components (Pikul et al., 1984; Buckley 
et al., 1989). Oxidized fatty acids affect other quality character
istics of meat products such as color, texture, and nutritive value, 
and might be related to cancer-causing factors (Pearson and 
Grey, 1983; Sevanian and Peterson, 1984; Halliwell and Gut- 
teridge, 1990).

To improve the oxidative stability of meat products, dietary 
supplementation of a-tocopherol (vitamin E) and its derivatives 
has been used for pork (Buckley et al., 1989; Lin et al., 1989; 
Monahan et al., 1992), turkey (Sklan et al., 1983; Sheldon,
1984) and chicken (Lin et al., 1989). Tocopherols are mainly 
located in cell membranes and protect membrane fatty acids and
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cholesterol from peroxidative damage caused by highly reactive 
free radicals such as hydroxyl, peroxyl and superoxide radicals. 
However, the antioxidant effects of dietary tocopherol in 
chicken meat varied by type of muscle, and was effective only 
a short time after cooking (Ajuyah et al., 1993). To improve 
storage stability in cooked meat, Ahn et al. (1992) implemented 
a method to reduce oxygen contact with meat after cooking. 
They vacuum-packaged turkey meat patties immediately after 
cooking (“ hot packaging” ) and demonstrated a reduction in ex
tent of lipid oxidation by 50%, as compared to conventional 
vacuum-packaging methods. Ahn et al. (1993a) reported that 
prooxidants, and total lipid and fatty acid compositions of turkey 
patties, had effects on lipid oxidation in patties only if oxygen 
was freely accessible to the patties during storage. The lipid 
oxidation levels in raw meat before cooking were very critical 
in determining the extent of lipid oxidation in cooked meat (Ahn 
et al., 1993b).

Our objective was to determine the effects of dietary a-lin- 
olenic acid and tocopherols, and hot packaging, on fatty acid 
composition and lipid oxidation in cooked broiler breast and leg 
meat.

M A T E R IA L S  & M E T H O D S
F eed in g  a n d  m ea t sa m p le  p rep a ra tio n

O n e - w e e k - o l d  m a l e  b r o i l e r  c h i c k s  ( 3 6 0  b i r d s )  w e r e  p l a c e d  in  1 2  f l o o r  

p e n s  ( 3 0  b i r d s / p e n )  a n d  f e d  w i t h  o n e  o f  t h r e e  e x p e r i m e n t a l  d i e t s  f o r  5 
w k .  F o u r  p e n s ,  u s e d  a s  r e p l i c a t i o n s ,  w e r e  a l l o c a t e d  r a n d o m l y  t o  e a c h  o f  

t h e  3  d i e t s .  T h e  3  e x p e r i m e n t a l  d i e t s  w e r e  c o r n - s o y b e a n  m e a l  c o n t r o l ,  
2 . 6 %  a - l i n o l e n i c  a c i d  ( L N A ) ,  a n d  2 . 6 %  a - L N A  p l u s  m i x e d  t o c o p h e r o l s  
( 2 0 0  m g / k g  f e e d ) ,  a n d  w e r e  i s o n i t r o g e n i c  ( 2 1 . 5 %  c r u d e  p r o t e i n )  a n d  

i s o c a l o r i c  ( 3 ,0 5 0  k c a l / k g ) .  F u l l - f a t  f l a x  s e e d  w a s  u s e d  a s  a  s o u r c e  o f  a -  
l i n o l e n i c  a c i d  i n  d i e t s .  T h e  c o n t e n t  o f  t o t a l  l i p i d s  i n  d i e t s  w a s  6% . 
T h e  m i x e d  t o c o p h e r o l  w a s  a  m i x t u r e  o f  b e t a - ,  d e l t a - ,  a n d  g a m m a - t o -  
c o p h e r o l s ,  f r o m  H e n k e l  C o r p .  ( K a n k a k e e ,  1 L ).

B r e a s t  a n d  l e g  m e a t  w a s  h a n d - d e b o n e d  f r o m  t h e  6 - w k - o l d  b r o i l e r  
c h i c k e n s  (8 b i r d s / t r e a t m e n t  w i t h  2  b i r d s / p e n )  a f t e r  s l a u g h t e r  a t  t h e  U n i 
v e r s i t y  o f  A l b e r t a  P o u l t r y  P r o c e s s i n g  P l a n t .  S k in ,  t e n d o n s  a n d  v i s i b l e  f a t  
w e r e  r e m o v e d ,  a n d  t h e  b r e a s t  o r  l e g  m u s c l e s  f r o m  t h e  s a m e  p e n  w e r e  
p o o l e d  b y  h a n d ,  g r o u n d  a n d  u s e d  a s  o n e  s a m p l e .  F r o m  t h e  g r o u n d  b r e a s t  
a n d  l e g  m e a t ,  a b o u t  5 0 g  w e r e  s e t  a s i d e  f o r  r a w  s a m p l e  a n a l y s i s ,  a n d  t h e  
r e s t  («*» 3 5 0 g  f o r  b r e a s t  a n d  3 0 0  g  f o r  l e g  p e r  e a c h  r e p l i c a t i o n )  f o r m e d  
i n t o  u n i f o r m  7 5 g  p a t t i e s  in  a  p e t r i e  d i s h ,  w r a p p e d  in  a l u m i n u m  f o i l  a n d  
c o o k e d  in  a  p r e - h e a t e d  e l e c t r i c  o v e n  ( 1 7 5 °  C )  t o  i n t e r n a l  t e m p e r a t u r e  

a b o u t  7 6 °  C .  T e m p e r a t u r e  w a s  m o n i t o r e d  u s i n g  a  p r o b e  t h e r m o m e t e r .  
I m m e d i a t e l y  a f t e r  c o o k i n g ,  t w o  p a t t i e s  w e r e  v a c u u m - p a c k a g e d  ( “ h o t  
p a c k a g i n g ” ) ,  u s i n g  a  M u l t i v a c  ( t y p e  A G  5 0 0 )  v a c u u m - p a c k a g i n g  m a 
c h i n e ,  i n  t w o  ( f o r  0  d a y  a n d  7  d a y  s t o r a g e )  C r y o v a c  N y l o n - P o l y e s t e r  
b a g s  ( U N I W E S T ,  E d m o n t o n ,  A l b e r t a ) ,  a t  7 6 °  C .  A n o t h e r  p a t t y  w a s  
c h i l l e d  i n  a  r e f r i g e r a t o r  f o r  3  h r  a t  4 °  C  a n d  t h e n  s i m i l a r l y  v a c u u m -  
p a c k a g e d  ( “ c o l d  p a c k a g i n g ” ) .  O n e  p a t t y  w a s  l o o s e l y  p a c k a g e d  in  a  
h o m e - u s e  s a n d w i c h  b a g  t o  p r o v i d e  s t o r a g e  w i t h  f r e e  o x y g e n  
a c c e s s i b i l i t y .  S a m p l e s  w e r e  s t o r e d  u p  t o  7  d a y s  i n  a  r e f r i g e r a t o r  ( 4 °  C ) .  
T o t a l  l i p i d ,  f a t t y  a c i d  c o m p o s i t i o n  a n d  t o c o p h e r o l  c o n t e n t  o f  r a w  m e a t ,  
a n d  t h i o b a r b i t u r i c  a c i d  r e a c t i v e  s u b s t a n c e s  ( T B A R S )  v a l u e s  o f  r a w  a n d  
c o o k e d  m e a t  s a m p l e s  w e r e  d e t e r m i n e d .  T h e  T B A R S  v a l u e s  o f  c o o k e d  
m e a t  w e r e  m e a s u r e d  a t  0  a n d  7  d a y s  s t o r a g e  a t  4 °  C .  F o u r  r e p l i c a t i o n s  
w e r e  m a d e  f o r  e a c h  t r e a t m e n t .  Z e r o  d a y  s a m p l e s  w e r e  a n a l y z e d  3  h r  
a f t e r  c o o k i n g  t o  e s t a b l i s h  0  t i m e  v a l u e s  f o r  t h e  h o t ,  c o l d  a n d  l o o s e  p a c k 

a g i n g .
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DIETARY a-LINO LENIC  ACID  AND LIPID STABILITY. .

Thiobarbituric acid analysis

T B A R S  v a l u e s  w e r e  m e a s u r e d  b y  t h e  e x t r a c t i o n  p r o c e d u r e  o f  S a l i h  e t  
a l .  ( 1 9 8 7 )  w i t h  s o m e  m o d i f i c a t i o n s .  M e a t  ( 2 g )  w a s  w e i g h e d  i n t o  a  t e s t  
t u b e  w i t h  1 8  m L  o f  3 .8 6 %  p e r c h l o r i c  a c i d  a n d  h o m o g e n i z e d  w i t h  a  
B r i n k m a n  P o l y t r o n  ( T y p e  P T  1 0 /3 5 ,  W e s t b u r y ,  N Y )  f o r  1 5  s e c  a t  h i g h  

s p e e d  ( s e t  a t  8 - 9 ) .  B u t y l a t e d  h y d r o x y a n i s o l e  ( B H A )  w a s  a d d e d ,  0 .2  m L  
o f  3 .7 5  m g / m L  in  9 8 %  e t h a n o l ,  p r i o r  t o  h o m o g e n i z a t i o n .  T h e  h o m o g e n 
a t e  w a s  f i l t e r e d  t h r o u g h  W h a t m a n  # 1  f i l t e r  p a p e r .  T h e  f i l t r a t e  ( 2  m L )  
w a s  m i x e d  w i t h  2  m L  o f  2 0  m M  T B A  in  d i s t i l l e d  w a t e r ,  a n d  i n c u b a t e d  

a t  r o o m  t e m p e r a t u r e  in  t h e  d a r k  f o r  1 7  h r .  T h e  a b s o r b a n c e  w a s  d e t e r 
m i n e d  a t  5 3 1  n m  a g a i n s t  a  b l a n k  c o n t a i n i n g  2  m L  d i s t i l l e d  w a t e r  a n d  2  
m L  o f  2 0  m M  T B A  s o l u t i o n .  T h e  T B A R S  n u m b e r s  w e r e  e x p r e s s e d  a s  
m i l l i g r a m s  m a l o n d i a l d e h y d e / k g  m e a t .

Total fat and fatty acid composition of lipid and lipid classes

M e a t  ( 2 —3 g )  w a s  w e i g h e d  i n t o  a  t e s t  t u b e  w i t h  2 0  m L  F o l c h  s o l u t i o n  
( c h l o r o f o r m :  m e t h a n o l  =  2 : 1 ,  F o l c h  e t  a l . ,  1 9 5 7 ) ,  a n d  h o m o g e n i z e d  w i t h  

a  P o l y t r o n  f o r  5 - 1 0  s e c  a t  h i g h  s p e e d .  B H A  ( 3 .7 5  m g / m L )  d i s s o l v e d  in  
9 8 %  e t h a n o l  w a s  a d d e d  p r i o r  t o  h o m o g e n i z a t i o n  a t  a  l e v e l  o f  3 5  g g / m g  
f a t .  T h e  h o m o g e n a t e  w a s  f i l t e r e d  t h r o u g h  a  W h a t m a n  # 1  f i l t e r  p a p e r  i n t o  
a  1 0 0 - m L  g l a s s - s t o p p e r e d  g r a d u a t e d  c y l i n d e r ,  a n d  5  m L  o f  a  0 . 8 8 %  N a C l  

s o l u t i o n  w a s  a d d e d ,  a n d  m i x e d  in t o  i t .  T h e  i n s i d e  o f  t h e  c y l i n d e r  w a s  
w a s h e d  t w i c e  w i t h  1 0  m L  o f  F o l c h  2  s o l u t i o n  ( 3 : 4 7 : 4 8 / C H C l 3: C H 3O H :  
H 20 ) .  A f t e r  p h a s e  s e p a r a t i o n ,  t h e  v o l u m e  o f  l i p i d  l a y e r  w a s  r e c o r d e d ,  
a n d  t h e  t o p  l a y e r  ( m e t h a n o l  a n d  w a t e r )  o f  t h e  s o l u t i o n  w a s  c a r e f u l l y  
s i p h o n e d  o f f .

O r g a n i c  l a y e r  ( 5  m L )  w a s  p u t  i n  a  g l a s s  s c i n t i l l a t i o n  v i a l ,  d r i e d  i n  a  
b l o c k  h e a t e r  (1  h r  a t  5 0 °  C )  u n d e r  n i t r o g e n ,  a n d  u s e d  f o r  t o t a l  f a t  a n d  
f a t t y  a c i d  c o m p o s i t i o n .  T h e  d r i e d  l i p i d s  w e r e  r e d i s s o l v e d  w i t h  a n  a p p r o 

p r i a t e  a m o u n t  o f  c h l o r o f o r m  to  p r o v i d e  a  s a m p l e  w i t h  5 0  m g  l i p i d / m L .  
L i p i d  s o l u t i o n  ( 5 0  m L )  a n d  0 .5  m L  b o r o n  t r i f l u o r i d e - m e t h a n o l  m e t h y l -  
a t i o n  s o l u t i o n  w a s  a d d e d  i n t o  a  s c r e w - c a p  t u b e ,  c a p p e d  t i g h t l y  a n d  i n 
c u b a t e d  in  a  w a t e r  b a t h  a t  9 0 °  C  f o r  1 h r .  A f t e r  c o o l i n g  t o  r o o m  
t e m p e r a t u r e ,  5  mL w a t e r  a n d  5  mL h e x a n e  w a s  a d d e d  to  t h e  t u b e ,  t h e  
c o n t e n t s  w e r e  m i x e d  w e l l ,  a n d  l e f t  o v e r n i g h t  f o r  p h a s e  s e p a r a t i o n .  T h e  

f a t t y  a c i d  m e t h y l  e s t e r s  o f  l i p i d s  w e r e  s e p a r a t e d  a n d  q u a n t i f i e d  u s i n g  a n  
a u t o m a t e d  g a s  c h r o m a t o g r a p h  e q u i p p e d  w i t h  a n  o n - c o l u m n  i n j e c t o r  
( M o d e l  3 4 0 0 ,  V a r i a n ,  S u n n y v a l e ,  C A )  a s  d e s c r i b e d  in  d e t a i l  b y  J i a n g  e t  
a l .  ( 1 9 9 2 ) .

T h e  r e s t  o f  t h e  o r g a n i c  l a y e r  f r o m  th e  F o l c h  p r e p a r a t i o n  w a s  d r i e d  
u n d e r  n i t r o g e n  f o r  2  h r  a n d  r e d i s s o l v e d  w i t h  c h l o r o f o r m  p l u s  2 - 3  d r o p s  
o f  e t h a n o l  t o  p r o v i d e  a  s o l u t i o n  w i t h  « * 1 5 0  m g  l i p i d / m L .  T h e  r e s u l t i n g  
s a m p l e  ( 2 0 0  m L )  w a s  l o a d e d  o n t o  p r e c o a t e d  s i l i c a  g e l  G  p l a t e s  ( 2 0  X  
2 0  c m )  t h a t  h a d  b e e n  p r e v i o u s l y  a c t i v a t e d  b y  h e a t i n g  a t  1 2 0 °  C  f o r  2  h r .  

T h e  p l a t e s  w e r e  d e v e l o p e d  i n  2  s o l u t i o n s .  T h e  f i r s t  s o l u t i o n  w a s  c h l o -  
r o f o r m : m e t h a n o l : w a t e r  ( 6 5 : 2 5 : 4 )  a n d  t h e  p l a t e s  w e r e  d e v e l o p e d  u n t i l  t h e  

s o l v e n t  f r o n t  w a s  1 0  c m  f r o m  t h e  o r i g i n  ( a b o u t  4 0  m i n ) .  T h e  p l a t e s  w e r e  
a i r - d r i e d  f o r  10 m i n  a n d  t h e n  d e v e l o p e d  f o r  a b o u t  20  m i n  in  a  s e c o n d  
t a n k  c o n t a i n i n g  h e x a n e  a n d  d i e t h y l  e s t e r  ( 4 : 1 )  s o l u t i o n .  T h e  p l a t e s  w e r e  
a i r - d r i e d  a n d  s p r a y e d  w i t h  0 . 1 %  ( w / v )  2 '7 '- d i c h l o r o f l u o r e s c e i n  i n  e t h a n o l .  
T r i g l y c e r i d e s  ( T G ) ,  p h o s p h a t i d y l  e t h a n o l a m i n e  ( P E )  a n d  p h o s p h a t i d y l  
c h o l i n e  ( P C )  w e r e  i d e n t i f i e d  u n d e r  U V  l i g h t ,  s c r a p e d  o f f  i n t o  s c r e w - c a p  
t u b e s ,  m e t h y l a t e d  a n d  a n a l y z e d  f o r  f a t t y  a c i d s  a s  d e s c r i b e d .

Tocopherols

H P L C  d e t e r m i n a t i o n  o f  t o c o p h e r o l s  w a s  b y  m o d i f i c a t i o n  o f  t h e  
m e t h o d  o f  Z a s p e l  a n d  C s a l l a n y  ( 1 9 8 3 ) .  T i s s u e  ( 2 - 3 g )  w a s  w e i g h e d  in t o  
a  5 0 - m L  t e s t  t u b e  w i t h  8 m L  o f  a c e t o n e ,  1 m L  o f  i n t e r n a l  s t a n d a r d  ( I S ;  
r a c - 5 , 7 - d i m e t h y l t o c o l ,  5 0  m g / m L )  a n d  5  m L  o f  B H A  (1  m g / m L ) ,  a n d  
h o m o g e n i z e d  w i t h  a  B r i n k m a n  P o l y t r o n  ( T y p e  P T  1 0 /3 5 ,  W e s t b u r y ,  N Y )  
f o r  3 0  s e c  a t  h i g h  s p e e d  ( s e t  a t  8 - 9 ) .  T h e  h o m o g e n a t e  w a s  c e n t r i f u g e d  
a t  1 2 0 0  X  g f o r  1 0  m i n  a n d  t h e  s u p e r n a t a n t  c o l l e c t e d .  T h e  r e s u l t i n g  
p e l l e t  w a s  h o m o g e n i z e d  w i t h  4  m L  a c e t o n e  a n d  t h e n  c e n t r i f u g e d .  T h e  
s u p e r n a t a n t s  w e r e  p o o l e d  a n d  d r i e d  b y  e v a p o r a t i o n  u n d e r  n i t r o g e n  a t  6 0 °
C .  T h e  d r i e d  s a m p l e  w a s  r e d i s s o l v e d  w i t h  1 m L  m e t h a n o l ,  v o r t e x e d ,  
c e n t r i f u g e d  a t  1 2 0 0  X  g f o r  1 0  m i n ,  a n d  t h e n  t h e  c l e a n  u p p e r  l a y e r  w a s  
c o l l e c t e d  f o r  H P L C  a s s a y .  A  S u p e l c o s i l  ( S u p e l c o ,  B e l l e f o n t e ,  P A )  c o l 
u m n  L C 1 8  H P L C  c o l u m n  ( 1 5 0  m m  X  4 .6  m m )  w a s  u s e d  f o r  t h e  a s s a y .  
T h e  m o b i l e  p h a s e  w a s  5 0 %  a c e t o n i t r i l e  a n d  5 0 %  m e t h a n o l ,  r u n  t i m e  w a s  
8 m i n ,  a n d  f l o w  r a t e  w a s  1 .5  m L / m i n .  A  f l u o r e s c e n c e  d e t e c t o r  ( R F - 5 3 5 ;  
e x c i t a t i o n ,  2 9 5  n m ;  e m i s s i o n ,  3 3 0  n m )  w a s  u s e d  to  m o n i t o r  c o n c e n t r a 
t i o n s  o f  t o c o p h e r o l s .  S t a n d a r d s  w e r e  p r e p a r e d  b y  d i s s o l v i n g  e a c h  
t o c o p h e r o l  s t a n d a r d  w i t h  m e t h a n o l .  C o n c e n t r a t i o n s  w e r e  c a l c u l a t e d  a s  
f o l l o w s :

R e s p o n s e  f a c t o r  ( R F )  =
( m g  t o c o p h e r o l  i s o m e r  X  a r e a  o f  I S )  

( m g  I S  X  a r e a  o f  t o c o p h e r o l  i s o m e r )

( m g  I S  X  a r e a  t o c o p h e r o l  i s o m e r )
C o n c e n t r a t i o n  ( m g / u m t  s a m p l e )  = ------------------------------------------:------------- ---------

( a r e a  I S  X  R F ) / u m t  s a m p l e

Statistics

T h e  d a t a  f r o m  b r e a s t  a n d  l e g  m e a t  w e r e  p r o c e s s e d  i n d e p e n d e n t l y  b y  

t h e  s t a t i s t i c a l  a n a l y s i s  s y s t e m  ( S A S  I n s t i t u t e ,  I n c . ,  1 9 8 6 ) .  A n a l y s e s  o f  
v a r i a n c e  w e r e  c a l c u l a t e d  f o r  d i e t a r y  t r e a t m e n t  o r  d i e t a r y  t r e a t m e n t s  a n d  
p a c k a g i n g  m e t h o d  w h e n  n e e d e d .  M e a n  v a l u e s  a m o n g  d i e t a r y  t r e a t m e n t s ,  

a n d  e f f e c t s  o f  p a c k a g i n g  m e t h o d s  w i t h i n  d i e t a r y  t r e a t m e n t s  w e r e  a l s o  
c o m p a r e d ,  w h e n  a p p l i c a b l e ,  b y  A N O V A .  S N K  ( S t u d e n t - N e w m a n - K e u l s )  

m u l t i p l e  r a n g e  t e s t  w a s  u s e d  to  c o m p a r e  d i f f e r e n c e s  a m o n g  m e a n  v a l u e s .

R E S U L T S  & D IS C U S S IO N
Fatty acid compositions of lipids, and TG, PE and PC 
fractions

The dietary a-linolenic acids increased the proportions of o j-  

3 polyunsaturated fatty acids (PUFA) and w-6 diunsaturated 
fatty acids (DUFA) in lipids of breast and leg meat (Table 1), 
replacing monounsaturated fatty acids (MUFA) and saturated 
fatty acids (SAFA). However, the increase in u>-3 PUFA was 
much larger than that of w-6 DUFA. For the co-3 PUFA, a- 
linolenic acid (C18:3cu3) had the largest increase, while C20: 
5u)3, C22:5w3 and C22:6o)3 also had increased in both breast 
and leg meat as a result of dietary supplementation of linolenic 
acid (Table 1). Gunstone (1991) reported that when the relative 
autooxidation rate of fatty acid with one double bond was 1 , the 
rates of fatty acids with 2 and 3 double bonds were 27 and 77, 
respectively. Therefore, the replacement of SAFA and MUFA 
(20% of the total lipid) by DUFA and PUFA should increase 
significantly the susceptibility of muscle fatty acids to lipid ox
idation.

Further analysis of changes in fatty ac:d compositions of lip
ids indicated that most of the dietary a-linolenic acid (C18:3w3) 
was deposited in the TG fraction and only a small portion was 
deposited in the phospholipids (PE and PC) (Tables 2, 3 and 4). 
In the TG fraction of lipids the proportion of SAFA plus MUFA 
was decreased by 23-28%, and those of DUFA and PUFA were 
increased by 6-11% and 15-17%, respectively (Table 2). In the 
PE and PC fractions of lipids, however, the changes were quite 
different from that of TG, and were smaller than that of the TG 
fraction. Only a small (1-2%) increase in linolenic acid in the 
PE fraction and even less of an increase in the PC fraction was 
observed. In PE, =  half the w-6 PUFA and some MUFA were 
replaced by w-3 PUFA, and the increases of C22;5u>3 and C22: 
5u)6 were highly significant. (Table 3).

The changes in fatty acid composition of the PC fraction were 
even smaller than those of PE. The changes in DUFA were 
significant only in leg meat. Increases in u>-3 PUFA were only 
about 5-7% (Table 4) mainly by replacing MUFA and w-6 
PUFA. Sklan et al. (1983) reported that the fatty acid compo
sition of muscle triglycerides was affected by dietary fat, but 
that of phospholipids was influenced only slightly by different 
diets. However, in our study, the degree of unsaturation in both 
PE and PC fractions was increased significantly by dietary a- 
linolenic acids. The increased polyunsaturation of fatty acids 
was a major factor in the low oxidative stability of co-3 fatty 
acid enriched meat.

Tocopherols in breast and leg meat

The amounts of a-tocopherol in raw breast meat from control 
and a-LNA+tocopherol diets were not different than that of a- 
LNA diet. Gamma- and total tocopherols were highest in a- 
LNA+tocopherol diet. The amounts of tocopherols in cooked 
breast meat were similar to those in raw meat, and the highest 
amounts were found in a-LNA+tocopherol diet and lowest in 
the a-LNA diet (Table 5).
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Table 1—Fatty acid composition (%) of total lipid from raw breast and leg muscles of chickens with two different dietary supplements, a-linolenic acid 
or ct-linolenic acid plus mixed tocopherols__________

Breast Leg
Control a-LNA LNA+tocop. SEM Control a-LNA LNA+tocop. SEM

C14:0 0.61b 0.44a 0.41a 0.02 0.37b 0.43a 0.58a 0.02
C16:0 19.46b 17.01a 16.44a 0.13 18.92° 15.02a 15.10a 0.05
C16:1w7 4.47b 2.15a 2.34a 0.12 5.88b 3.30a 3.27a 0.03
C18:0 8.32a 10.06b 9.91b 0.08 6.68a 7.13b 7.46b 0.05
C18:1u9 39.97b 26.14a 26.28a 0.22 44.17° 30.24b 28.32a 0.09
C18:2m6 17.88a 20.85b 21.42b 0.17 18.43 a 22.73b 23.43b 0.03
C18:3w3 1.2 I a 10.76b 11.94b 0.25 1.76a 16.02b 16.74° 0.06
C20:0 0.27 0.21 0.19 0.01 0.21b 0.16a 0.15a 0.00
C20:1w9 0.66b 0.32a 0.34a 0.03 0.63b 0.40a 0.38a 0.01
C20:2w6 0.74b 0.67ab 0.60a 0.02 0.31 0.29 0.32 0.01
C20:3u)6 0.92 0.96 0.86 0.03 0.28a 0.32b 0.39° 0.01
C20:4<o6 3.15b 2.88ab 2.55a 0.07 1.24b 1.12a 1.22b 0.02
C20:5w3 0.28a 1.65c 1.44b 0.03 0.09a 1.09b 0.76b 0.06
C22:4u)6 0.76 0.55 0.45 0.05 0.31b 0.15a 0.18a 0.01
C22:5w3 0.59a 2.92b 2.69b 0.05 0.23a 0.87b 1.04° 0.01
C22:6io3 0.72a 2.43b 2.18b 0.05 0.30a 0.77b 0.88° 0.01

Total SAFAd 28.67c 27.75b 26.93a 0.14 26.38° 22.70a 23.10a 0.09
Total MUFA 45.10b 28.60a 28.95a 0.29 50.67° 33.94b 31.97a 0.09
Total w6 DUFA 18.62a 21.52b 22.02b 0.16 18.74a 23.02b 23.75° 0.03
Total o)6 PUFA 4.83a 4.39ab 3.86b 0,09 1.83 1.62 1.76 0.04
Total m3 PUFA 2.80a 17.76b 18.26b 0.23 2.38a 18.72b 19.45b 0.17
co6/ot>3 ratio 8.38b 1.46a 1.42a 0.02 8.64° 1.32a 1.31a 0.03
abc Different letters within a row of same meat type are significantly different (p<0.05).
d Abbreviations: SAFA, saturated fatty acid; MUFA, monounsaturated fatty acid; DUFA, diunsaturated fatty acid; PUFA, polyunsaturated fatty acid; SEM, standard error of mean.

Table 2—Fatty acid composition (%) of the TG fraction of lipids from breast and leg muscles of chickens with two different dietary supplements,
a-linolenic acid or a-linolenic acid plus mixed tocopherols

Breast Leg
Fatty acid Control a-LNA LNA+tocop. SEM Control a-LNA LNA+tocop. SEM
C14:0 0.80b 0.00a 0.00a 0.04 1.02= 0.00a 0.59b 0.01
C16:0 21.42b 18.34a 17.82a 0.18 21.22b 17.48a 17.26a 0.14
C16:1o)7 4.93b 2.64a 2.57a 0.14 5.60b 3.09a 3.28a 0.04
C18:0 5.95a 7.12b 7.09b 0.08 5.45 6.27 5.92 0.24
C18:1o>9 46.35b 31.46a 29.63a 0.25 52.08° 31.04b 29.95a 0.20
C18:2o)6 17.15a 21.44b 22.16b 0.29 13.03a 22.71b 23.60b 0.47
C18:3o>3 1.46a 15.78b 17.91° 0.12 0.69a 16.86b 17.27b 0.20
C20:0 0.81 0.75 0.92 0.18 0.00a 0.31b 0.30b 0.04
C20:1o)9 0.72 0.32 0.34 0.18 0.44 0.41 0.41 0.02
C20:2o)6 0.41a 1.59b 1.24b 0.08 0.29 0.80 0.54 0.12
C20:5o)3 0.00a 0.88b 0.65b 0.08 0.19 0.63 0.53 0.08
C22:6o)3 0.00 0.00 0.00 0.00 0.00a 0.39b 0.34b 0.04

Total SAFAd 28.98b 26.21a 25.83a 0.28 27.6Eb 24.06a 24.07a 0.37
Total MUFA 52.00b 34.10ab 32.21a 0.27 58.12b 34.55a 33.65a 0.24
Total o)6 DUFA 17.56a 23.03b 23.40b 0.18 13.31a 23.52b 24.15b 0.29
Total o)3 PUFA 1.46a 16.66b 18.56b 0.16 0.87a 17.88b 18.13b 0.09
(o6/to3 ratio 12.03b 1.38a 1.26a 0.03 15.3C,b 1.32a 1.33a 0.01
abc Different letters within a row of same meat type are significantly different (p<0.05).
d Abbreviations: SAFA, saturated fatty acid; MUFA, monounsaturated fatty acid; DUFA, diunsaturated fatty acid; PUFA, polyunsaturated fatty acid; SEM, standard error of mean.

The amounts of a-, 7 - and total tocopherols in raw and in polyunsaturated fatty acids in the TG fraction and the smaller
cooked leg meat were highest in the a-LNA+tocopherol diet increase in the PE and PC fractions indicated that the fatty acid
followed by control and a-LNA diets as in breast meat, but compositions of neutral lipids were also very important to the
amounts of those in leg meat were: about two times higher than susceptibility of meat lipids to oxidation. Pikul et al. (1984)
in breast. Unlike raw breast meat, leg meat from a- reported that phospholipids were responsible for about 90% of
LNA+tocopherol diet had detectable amounts of 8-tocopherol lipid oxidation in meat. However, the small changes in fatty acid
in both raw and cooked meat (Table 6). Pokomy (1991) reported composition of the PE and PC fractions, and the large changes
that the antioxidant effect of tocopherol isomers was in the order in TBARS values in the meats from a-LNA and a-
8- >  7 - >  ß- >  a -tocopherol. Although tocopherols may be LNA+tocopherol diets demonstrated that the fatty acid com-
considered heat-labile (Dzrezak, 1986), most tissue tocopherols position of neutral lipids was also important in the oxidative
(70-80%, if moisture loss in the cooked meat was accounted stability of meat. The lower tocopherol contents in breast and
for) was stable under the cooking conditions we used. leg meat from a-LNA diet compared with other dietary treat

ments indicated that the oxidative stress of tissues from the a-

T B A R S  values of meat
In raw breast meat, the TBARS value of the control was lower 

than those of the a-LNA and a-LNA+tocopherol diets whch 
were not different. In raw leg meat, the TBARS value of the a- 
LNA+tocopherol diet was lower than that of the a-LNA diet 
but higher than the control diet (Tables 7 and 8). The high 
TBARS values in raw breast and leg meat from a-LNA and a- 
LNA+tocopherol diets were apparently related to increased pol
yunsaturated fatty acids in meat lipids. The very large increase

LNA diet was higher than those of other diets. The elevated 
tocopherols in raw meat from control and a-LNA+tocopherol 
diets, especially leg meat, explains the antioxidant effet of die
tary tocopherols in that tissue. Although the amount of total 
tocopherol in breast meat from the a-LNA+tocopherol diet was 
two times higher than that of a-LNA, it was not high enough 
to provide a significant antioxidant effect.

In cooked breast meat at day 0, the TBARS values of meats 
with hot packaging were almost the same as those of raw meat, 
and the meat from the control diet had lower TBARS than those
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Table 3— Fatty acid composition (%) of the PE fraction of lipids from breast and leg muscles of chickens with two different dietary supplements, 
a-linolenic acid or g-linolenic acid plus mixed tocopherols____________________________________________________________________________________

Fatty acid
Breast Leg

Control a-LNA LNA+tocop. SEM Control a-LNA LNA+tocop. SEM

C14:0 0.80 0.63 0.60 0.05 0.51 0.81 0.75 0.15
C16:0 7.61 7.30 6.89 0.25 7.96 10.18 8.47 0.52
C16:1o>7 0.58b O.OO3 0.00a 0.07 0.48b 0.003 0.00a 0.03
C18:0 19.21a 23.31b 23.86b 0.11 19.99 19.19 21.37 0.47
C18:1co9 20.06b 13.713 13.673 0.24 16.57b 13.66s 13.253 0.59
C18:2w6 14.54c 10.953 11.81b 0.15 15.61b 15.01ab 13.83s 0.24
C18:3w3 0.47a 1.63b 2.21c 0.09 0.34a 1.80b 2.75c 0.09
C20:0 0.24b 0.38b 0.00a 0.03 0.32 0.28 0.37 0.05
C20:1<o9 0.72° 0.35b 0.00a 0.02 0.76b 0.52b 0.26a 0.04
C20:2u)6 2.00b 1.083 0.963 0.07 1.39b 0.50a 1.56b 0.17
C20:3w3 0.35a 1.07b 1.15b 0.03 0.30a 0.89b 0.86b 0.01
C20:3<u6 2.27b 1.91a 1.79a 0.03 1.28b 0.77a 0.99ab 0.06
C20;4w6 17.07b 10.65a 10.00a 0.20 20.13b 11.91a 11.31s 0.30
C20:5oj3 1.28a 5.38° 4.80b 0.06 0.93s 5.41b 5.46b 0.11
C22:1cu9 0.29b 0.18ab 0.00a 0.10 0.45° 0.28b 0.00a 0.03
C22:2cu6 0.52b 0.00a 0.003 0.00 0.00 0.00 0.00 0.00
C22:3<o3 1.59b 0.36a 0.21a 0.02 1.54c 0.00a 0.56b 0.01
C22:4oj6 3.93b 1.12a 1.08s 0.05 4.73b 1.09a 1.05a 0.05
C22:5o>3 2.73a 9.54b 10.44b 0.19 3.07a 8.33b 8.12b 0.23
C22:6u>3 3.78a 10.29b 10.55b 0.18 3.66a 8.98b 9.05b 0.21
C 2 4 :W 0.00a 0.18b 0.00a 0.01 0.00a 0.00s 0.40b 0.01

Total SA FA d 27.86a 31.61b 31.34b 0.35 28.78 30.46 30.82 0.43
Total MUFA 21.64b 14.42a 13.67a 0.31 18.25b 13.91s 14.46a 0.62
Total co6 DUFA 16.53b 12.02a 12.763 0.10 17.00b 15.51s 15.393 0.16
Total co6 PUFA 23.27b 13.683 12.873 0.19 26.14b 13.77a 13.35a 0.14
Total <u3 PUFA 10.69a 28.27b 29.35b 0.31 9.84a 26.36b 25.85b 0.47
üj6/ü)3 ratio 3.72b 0.91a 0.87a 0.02 4.38b 1.11a 1.11a 0.01
abc Different letters within a row of same meat type are significantly different (p<0.05).
d Abbreviations: SAFA, saturated fatty acid; MUFA, monounsaturated fatty acid; DUFA, diunsaturated fatty acid; PUFA, polyunsaturated fatty acid; SEM, standard error of mean.

Table 4— Fatty acid composition (%) of the PC fraction of lipids from raw breast and leg muscles of chickens with two different dietary supplements, 
a-linolenic acid or a-linolenic acid plus mixed tocopherols

Breast Leg
Fatty acid Control a-LNA LNA+tocop. SEM Control a-LNA LNA+tocop. SEM
C14:0 0.48b 0.44b 0.36a 0.01 0.48b 0.003 0.53b 0.03
C16:0 26.28a 28.68c 27.67b 0.13 23.94 23.22 22.83 0.26
C16:1u>7 0.85 0.43b 0.34s 0.00 0.82c 0.00s 0.26b 0.03
C18:0 10.583 11.49b 13.09 0.05 15.99s 19.18C 18.65b 0.09
C18:1co9 26.06c 19.78b 19.19a 0.04 23.18e 16.023 16.74b 0.10
C18:2m6 19.15a 20.18b 20.69c 0.07 19.54s 23.84b 23.47b 0.10
C18:3u)3 0.19s 0.70b 0.74c 0.01 0.21s 1.18b 1.10b 0.02
C20:0 0.25b 0.19b 0.11a 0.01 0.47b 0.30s 0.39sb 0.02
C20:1m12 0.46c 0.18b 0.11s 0.08 0.38e 0.003 0.27b 0.01
C20:2to6 1.98° 1.04b 0.86a 0.02 1.64b 0.65s 1.48b 0.05
C20:3u)3 0.24a 0.91b 1.05c 0.01 0.25s 0.56b 0.63c 0.01
C20:3<i)6 2.21 1.59 1.71 0.01 1.343 1.47b 1.30s 0.02
C20:4u)6 6.21b 4.313 4.55a 0.09 5.98b 5.44b 4.23s 0.13
C20:5w3 0.42s 2.29c 1.85b 0.01 0.35s 1.69c 1.48b 0.01
C22:1<i)9 0.16b 0.003 0.00a 0.01 0.00 0.00 0.10 0.00
C22:2u)6 0.21b 0.00s 0.00a 0.01 0.00 0.00 0.00 0.00
C22:3<u3 0.47c 0.18b 0.00a 0.02 0.54b 0.00a 0.57b 0.02
C22:4«6 1.31b 0.453 0.44a 0.01 1.05c 0.52b 0.36s 0.01
C22:5ü)3 0.92a 4.15b 4.33b 0.02 0.75s 2.90c 2.50b 0.02
C22:6<i)3 1.24a 2.71b 2.70b 0.05 1.29s 2.52b 2.31b 0.05
C24:1u)7 0.35b 0.32b 0.233 0.01 1.83b 0.51s 0.81s 0.17

Total SAFAd 37.58s 40.81b 41.22b 0.09 40.883 42.70b 42.40b 0.17
Total MUFA 27.88e 20.71b 19.87a 0.04 26.21c 16.53s 18.17b 0.12
Total <u6 DUFA 21.34 21.21 21.55 0.06 21.17s 24.48b 24.96e 0.08
Total o)6 PUFA 9.73a 6.35s 6.70a 0.09 8.37c 7.43b 5.86a 0.04
Total o>3 PUFA 3.48s 10.94b 10.67b 0.07 3.38s 8.85b 8.62b 0.10
w6/(o3 ratio 8.42b 2.52a 2.65s 0.02 8.77b 3.613 3.64a 0.01
abc Different letters within a row of same meat type are significantly different (p<0.05).
d Abbreviations: SAFA, saturated fatty acid; MUFA, monounsaturated fatty acid; DUFA, diunsaturated fatty acid; PUFA, polyunsaturated fatty acid; SEM, standard error of mean.

of a-LNA enriched diets. The TBARS values of cold-packaged 
breast meat from all 3 diets were higher than those of hot-pack
aged ones. The TBARS values of cold-packaged control diet 
breast meat were lower than those of a-LNA and a- 
LNA+tocopherol diets, but no difference was observed between 
a-LNA and a-LNA+tocopherol treatments. The TBARS values 
of cold-packaged breast meat from all 3 dietary treatments were 
higher than those of hot-packaged ones, and the control meat 
had lower TBARS values than the other meats. During the 3-hr 
chilling period, the TBARS values of cold-packaged meat with 
highly polyunsaturated fatty acids increased much faster than

those of the control, and the dietary tocopherols did not have 
much effect on the oxidation of breast meat at day 0.

In cooked leg meat at day 0, antioxidant effects of tocopherols 
were also observed in all packaging methods. TBARS value of 
hot-packaged leg meat from the a-LNA+tocopherol diet was as 
low as that of control, but leg meat from both control and a- 
LNA+tocopherol diets were lower in TBARS than that of the 
a-LNA diet. The TBARS value of cold-packaged leg meat from 
the a-LNA+tocopherol diet was lower than that of the a-LNA 
diet, due to the antioxidant effect of extra tocopherols incorpo
rated in the meat, but still was higher than that of the control.
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Table 5— Effect of two dietary supplements (a-linolenic acid or a-linolenic acid plus mixed tocopherols) on the relative tocopherol content of raw and 
cooked chicken breast muscled

Tocopherols Tocopherols
treatment alpha- gamma- delta- total alpha- gamma- delta- total

Control 1.74b 0.89b 0 2.63b 1.6'a 0.84b 0 2.45b
a-LNA 0.90a 0.59a 0 1.49a 0.90c 0.62a 0 1.52a
a-LNA+tocopherol 1.95b 1.09° 0 3.04c 2.0ac 1.27c 0.07 3.38c
SEM e 0.05 0.02 0.00 0.05 0.04 0.02 0.00 0.05
abc Different letters within a column are significantly different (p<0.05). 
d 0  day samples were used for the cooked meat tocopherols. 
e Abbreviations: SEM, standard error of mean.

Table 6— Effect of two dietary supplements (a-linolenic acid or a-linolenic acid plus mixed tocopherols) on the relative tocopherol content of raw and 
cooked chicken leg mea^

Dietary
treatment

Tocopherols Tocopherols
alpha- gamma- delta- total alpha- gamma- delta- total

Control
a-LNA
a-LNA+tocopherol

2.32b
1.62a
2.82c

1.74b 0 
1.36a 0 
2.32c 0.30

4.06b
2.98a
5.44°

2.66b
1.58a
3.10b

1.84b 0 
1.32a 0 
3.01c 0.27

4.50b
2.90a
6.38°

SEM e 0.05 0.04 0.01 0.08 0.11 0.05 0.01 0.13
abc Different letters within a column are significantly different (p<0.05). 
d 0  day samples were used for the cooked meat tocopherols. 
e Abbreviations: SEM, standard error of mean.

Table 7—Effect of two dietary supplements (a-linolenic acid or a-linolenic acid plus mixed tocopherols) on TBARS values of raw and cooked chicken 
breast meat with different packaging methods during storage

Cooked meat

Dietary
treatment

0 dayd 7 day
Raw Hot pkg Cold pkg Loose pkg Hot pkg Cold pkg Loose pkg

Control
a-LNA
a-LNA+tocopherol

0.16a 
0.61b 
0.67b

0.17ax
0.73bx
0.73bx

0.50ay 0.50av 0.20ax 
1.87bV 1,87bv 0.89bx 
1.79bV 1.79bV 0.93bx

0.61aV
2.35bv
2.76bv

3.21az
6.32cz
5.60bz

SEM e 0.01 0.01 0.03 0.03 0.02 0.06 0.07
abc Different letters within a column are significantly different (p<0.05). 
d 0 day samples were analyzed 3 hr after cooking.
e Abbreviations: TBARS, 2-thiobarbituric acid reactive substances; SEM, standard error of mean. 
x*2 Different letters within a row of same storage period are significantly different (p<0.05).

Table 8— Effect of two dietary supplements (a-linolenic acid or 
meat with different packaging methods during storage

a-linolenic acid plus mixed tocopherols) on TBARS values of raw and cooked chicken leg

Cooked meat

Dietary
treatment

0 dayd 7 day
Raw Hot pkg Cold pkg Loose pkg Hot pkg Cold pkg Loose pkg

Control
a-LNA
a-LNA+tocopherol

0.19ax 
0.66cx 
0.37bV

0.21ax
0.87bx
0.23ax

0.83aV
2.58CY
1 0 ibz

-TB A R Se values (mg malondialdehyde/kg meat) 
0.83aY 0.23ax 
2.58cy 1.01bx 
1.01bz 0.52ax

1.01ay
3.08CY
1.84by

5.56az
9.32cz
8.35bz

SEM e 0.01 0.01 0.02 0.02 0.03 0.05 0.12
abc Different letters within a column are significantly different (p<0.05). 
d 0 day samples were analyzed 3 hr after cooking.
e Abbreviations: TBARS, 2-thiobarbituric acid reactive substances; SEM, standard error of mean. 
xvz Different letters within a row of same storage period are significantly different (p<0.05).

After 7 days storage in the cold room (4° C), the increase in 
TBARS of hot packaged breast meat was as low as 0.2, too low 
to indicate any oxidized rancid flavor. In cold-packaged breast 
meat, the increase of TBARS values was much larger than those 
of hot-packaged and the values were high enough to indicate an 
oxidized rancid flavor. Again, the addition of tocopherols to the 
a-LNA (a-LNA+tocopherols) diet had no antioxidant effect in 
breast meat with hot and cold packaging after 7 days storage. 
In loosely packaged breast meat, however, the dietary tocoph
erols had some antioxidant effect, and the TBARS values of 
breast meat after 7 days storage were 3-5 times higher than those 
of 0 day.

After 7 days storage, antioxidant effects of tocopherols were

found in cooked leg meat with all three packaging methods. 
However, the effects of tocopherols in loosely packaged leg 
meat was not enough to completely prevent lipid oxidation. The 
use of hot packaging with the leg meat from the a- 
LNA+tocopherol diet was much more effective than that from 
the a-LNA diet, partly due to the low initial TBARS from the 
a-LNA+ tocopherol diets which after 7 days storage were still 
low. The antioxidant effect of dietary tocopherols was stronger 
than the reported effects of tocopherols added to meat before 
processing (Ahn et al., 1993b). Many researchers have indicated 
that dietary supplementation of tocopherols could improve the 
storage stability of poultry, pork, beef and veal (Sklan et al., 
1983; Sheldon, 1984; Lin et al., 1989; Faustman et al., 1989;
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Monahan et al., 1992; Engeseth et al., 1993). Buckley et al. 
(1989) reported enhanced stability of pork muscle lipids by di
etary supplementation with a-tocopherol.

Except for the a-LNA+tocopherol treatment, where 
tocopherol was an effective antioxidant, the lipid oxidation in 
cooked leg meat was more pronounced than that in cooked 
breast meat. This was due mainly to the high fat content in leg, 
but the differences were not as great proportionally as differ
ences in total lipids (1.5% breast, 5.7% leg). This indicated that 
the amounts of total lipid as well as composition of fatty acid 
of lipids and phospholipids were both important in lipid oxi
dation of meat. The contribution of phospholipids to the oxi
dation of meat may not be as great as has been reported (Pikul 
et al., 1984).

C O N C L U S IO N

D ie t a r y  oí-l in o l e n ic  a c id  can effectively enrich broiler mus
cles with oj-3 PUFA, and dietary tocopherols increased the 
amounts of tocopherols in tissues. However, tocopherols in 
breast muscle was not high enough to control lipid oxidation. 
The lipid oxidation of w-3 PUFA-enriched broiler meat could 
be controlled effectively by hot-vacuum packaging, alone or 
with dietary tocopherol.
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Cross-reactivity and Heat Lability of Antigenic Determinants 
of Duck and Goose Lysozymes

HÉLÈNE SAUNAL, FABIENNE HEMMEN, ALAIN PARAF, and MARC H.V. VAN REGENMORTEL

--------------------------------  A B S T R A C T  --------------------------------
Two panels of monoclonal antibodies (Mabs) raised against duck (Bar
bary) egg white lysozyme or hen egg white lysozyme, were tested in 
antigen-coated plate (ACP) and double antibody sandwich (DAS) ELISA 
for cross-reaction with various avian lysozymes. The antibodies to hen 
lysozyme cross-reacted with goose lysozyme, but most antibodies to 
duck lysozyme reacted with it. One antibody to duck lysozyme reacted 
more strongly with goose lysozyme than with the homologous antigen, 
a heterospecific reaction confirmed by biosensor technology. Many ly
sozyme epitopes recognized by different antibodies showed considerable 
resistance to heat denaturation. Such Mabs may be useful for detecting 
chicken liver adulterants in “ foies gras” of goose or duck origin.

Key Words: monoclonal-antibodies, duck, goose, lysozymes, antigen

IN T R O D U C T IO N
“ F o i e  g r a s ”  is a very high value, expensive food made of 
goose or duck liver in which adulterants such as chicken or 
turkey liver or egg-whites are illegal by French regulatory au
thorities. However, for technological or economic reasons, such 
adulterants are sometimes used and techniques are needed for 
detecting and quantifying them. We have studied lysozyme as 
target protein for revealing the presence of adulterants because 
it is present in eggs, liver and blood and is easily extracted.

Chicken hen egg white lysozyme (HEWL) has been used ex
tensively as a model protein to study the molecular basis of 
enzymatic activity (Chipman and Sharon, 1969) and antigenic 
specificity (Prager and Wilson, 1971; Atassi and Lee, 1978a and 
b; Ibrahimi et al., 1980; Smith-Gill et al., 1982; Harper et al., 
1987; Lavoie et al., 1989). Primary sequences of lysozymes 
have also been compared to analyze protein evolution (Jollès 
and Jollès, 1984). There is considerable sequence homology 
among the c-type (chicken, duck) lysozymes, but almost no ho
mology between c-type and g-type (goose) lysozymes, although 
they exhibit similar enzymatic activity (Schoentgen et al., 1982). 
When antigenic relationships between these two types of lyso
zymes were analyzed by immunoprécipitation and complement 
fixation, no antigenic cross-reaction between them was detected 
(Amheim and Steller, 1970; Prager and Wilson, 1974; Jollès and 
Jollès, 1984).

In contrast, ELISA tests with polyclonal antibodies showed 
that c-type and g-type lysozymes cross-reacted antigenically 
(Hemmen et al„ 1992). It seemed likely that, by using specific 
Mabs to differentiate between proteins of different species, it 
should be possible to detect adulterants in goose and duck “ foie 
gras” .

In a previous study (Hemmen et ah, 1993), the ability of Mabs 
raised against HEWL or DEWL to react with pure duck and 
goose “ foie gras,” duck and goose “ foie gras” mixed with 
fresh chicken liver, fresh turkey liver or chicken egg white was 
determined. Some anti-HEWL Mabs reacted with lysozyme 
present in duck and goose livers. No anti-duck egg white ly
sozyme (DEWL) Mabs reacted with pure duck “ foie gras”
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whereas some of them cross-reacted with HEWL. We concluded 
that duck and goose lysozymes present in liver were different 
from those present in duck or goose egg white. Anti-DEWL 
Mabs should be useful reagents to detect egg whites or chicken 
liver in “ foie gras” since they exhibited no reaction with pure 
“ foie gras” of goose or duck origin. These unexpected results 
emphasized the need to examine the cross-reactive potential of 
anti-DEWL and anti-HEWL Mabs to some lysozymes. In ad
dition, when “ foie gras”  was heated at 80°C, a few anti-HEWL 
Mabs exhibited a positive reaction when used for detecting the 
antigen in 5 mg/mL of liver proteins. To develop a suitable 
method for detecting various lysozymes in food, it was neces
sary to analyze the cross-reactive potential of different anti-ly- 
sozyme Mabs. Different immunoassays were tested in order to 
select the most sensitive ones and the thermosensitivity of the 
relevant epitopes was determined.

M A T E R IA L S  & M E T H O D S
Lysozymes

HEWL was purchased from Sigma Chemical Co. (St. Louis, MO). 
GEWL (Embden goose) was generously provided by Dr. P. Jolles (Dian- 
oux and Jolles, 1967). DEWL-Cm (Carina m oschata , also called Bar
bary duck) was purified as previously described (Hemmen et ah, 1992). 
DEWL-Ap (Anas plctyrhynchos) belongs to the Kaki DEWL type (Jolles 
and Jolles, 1984) whose sequence exhibits important homology with hen 
lysozyme. In order to study their thermal denaturation, lysozymes (100 
pg/mL) were heated at either 60°C or 85°C in a water bath or at 100°C 
for 30 min in an autoclave.

Antibody preparation

Polyclonal sera. Six-month-old female White New Zealand rabbits 
were given an intradermal injection of 100 pg of either HEWL, DEWL- 
Cm, DEWL-Ap or GEWL in complete Freund’s adjuvant and sera were 
harvested 15 days later. The rabbits received four intradermal boosts, 
each of 100 pg of antigen, in incomplete Freund’s adjuvant at monthly 
intervals and sera were collected 5, 10, and 15 days after each boost. 
Pooled sera were stored at 4°C after addition of 0.02% sodium azide. 
For each antigen, two rabbits were used.

Monoclonal antibodies (Mabs). The anti-HEWL Mabs have been 
described previously (Smith-Gill et ah, 1982) and were kindly provided 
by Dr. S. Smith-Gill (Bethesda, Maryland). Mabs were produced against 
DEWL-Cm only. One 6 wk-old female BALB/c mouse was immunized 
following the same protocol used for production of polyclonal sera but 
only 10 pg of DEWL was injected each time. Spleen cells were har
vested on day 4 after the third booster injection. Anti-DEWL hybridomas 
were obtained by fusing spleen cells of the immunized BALB/c mouse 
to azaguanine-resistant X63 cells (Keamey et al., 1979) with a protocol 
slightly modified from that described by Kohler and Milstein (1975). 
After 10 to 15 days, the supernatants of wells containing cells were 
tested for anti-lysozyme (DEWL, HEWL and GEWL) antibodies by 
ACP-ELISA tests. Positive clones were recloned at least twice. Seven 
Mabs were obtained. Anti-DEWL Mabs were concentrated by ammo
nium sulfate precipitation from ascites and stored at -20°C.

Enzyme-linked immunosorbent assay (ELISA)

Antigen-coated plate (ACP) ELISA. The method described by Dore 
et al. (1987) was used. Plates were coated with lysozyme at 1 pg/mL in 
carbonate buffer, pH 9.6. After rinsing, the plates were incubated for 1 
hr with 5% fat-free milk solution in carbonate buffer. After washing, 
dilutions of Mabs in phosphate-buffered saline, pH 7.4, containing 
0.05% Tween 20 (PBST) were added for 2 hr. After further washing, 
anti-mouse sheep immunoglobulins conjugated with alkaline phospha
tase diluted 1/3000 in PBST were added for 2 hr. After rinsing, the 
substrate p-nitrophenyl phosphate (1 mg/mL in 0.1M diethanolamine
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Table 1— Reactivity of anti-DEWL-Cm Mabs with different lysozymes in 
ELISA  and with BIAcore3

Mabs anti _______________ Anti9ens
DEWL-Cm Test DEWL-Cm DEWL-Ap GEWL HEWL
B1H1 ACP ELISA 2.8 0.1 2.2 0.1

DAS ELISA 1.4 0.1 0.4 ndb
RU (BIAcore) 97 35 55 10

D5D6 ACP ELISA 2.4 0.4 2.0 0.05
DAS ELISA 1.0 0.2 0.3 nd
RU (BIAcore) 130 41 62 6

A1C1 ACP ELISA 1.1 2.9 0.05 0.1
DAS ELISA 0.8 2.4 0.5 nd
RU (BIAcore) 254 302 106 143

D4E2 ACP ELISA 0.1 0.1 0.5 0.1
DAS ELISA 0.1 0.1 0.3 nd
RU (BIAcore) 27 23 107 14

3  ELISA values correspond to an average of OD values read in six wells with a standard 
deviation comprised between 0.045 and 0.095. Each BIAcore experiments was per
formed three times, the RU responses obtained in the three runs were very similar 
(the standard deviation was 15 RU). 

b nd = not determined.

buffer, pH 9.8) was added for 40 min and the absorbance read at 405 
nm.

Double-antibody sandwich (DAS) ELISA. Two formats of this assay 
were used. In one format (Table 2), plates were coated with either anti- 
HEWL or anti-DEWL Mabs (1 and 5 pg/mL, respectively) in carbonate 
buffer for 2 hr at 37°C or overnight at 4°C. After washing and blocking 
by a 5% fat-free milk solution in carbonate buffer, different lysozyme 
concentrations diluted in PBST were added overnight at 4°C or 2 hr at 
37°C. Homologous rabbit sera diluted 1/3000 in PBST were then added 
for 2 hr. The plates were washed again and incubated with goat anti
rabbit IgG coupled to horseradish peroxidase (1/3000 in PBST, 
BIORAD) for 1 hr at 37°C. The final reaction was visualized by addition 
of 3, 3', 5, 5'-tetramethyl-benzidine in the presence of H20 2 for 15 min 
at 37°C. The reaction was stopped by addition of HC1 (final concentra
tion 0.25 M) and absorbance read at 450 nm. In the second DAS-ELISA 
format, homologous rabbit antibodies (1/3000 dilution) were adsorbed 
on the plates by the usual coating procedure. The blocking step and 
lysozyme incubation were performed as in the first DAS ELISA format. 
Mabs were added followed by sheep anti-mouse globulin conjugate la
belled with alkaline phosphatase and its substrate as described.

Biosensor measurements

An automated optical biosensor instrument (BIAcore™ Pharmacia 
Biosensor AB, Uppsala, Sweden) was used to measure antibody reactiv
ity (Malmqvist, 1993). The BIAcore instrument allows a quantitative 
analysis of molecular interactions in real time. This instrument uses sur
face plasmon resonance, a quantum mechanical factor that enables the 
detection of changes in optical properties at the surface of a thin gold 
film placed on a glass support (sensor chip). As a result a sharp dip in 
intensity of reflected light is produced at a specific angle. The position 
of the resonance angle depends on the refractive index which is directly 
correlated to the concentration of material in the medium. The system 
can then detect the binding between a ligand immobilized on the sensor 
chip and an analyte introduced in a flow passing over the surface. The 
resonance angle is monitored continuously, so that association or dis-

sociation of molecules from the sensor surface can be followed in real 
time. Changes in the concentration of molecules are expressed in reso
nance units (RU). A carboxylated dextran layer is attached to the gold 
surface, so that interactions occur in this hydrophilic matrix. The car
boxyl groups are activated to N-hydroxysuccinimide esters, allowing im
mobilization of most proteins through primary amines. The stable 
binding enables regeneration of the sensor surface with acidic or basic 
solutions. The BIAcore™ system also includes a miniaturized cartridge 
which controls delivery of samples and reagents to the sensor chip, an 
autoinjector and software for system control and evaluation of results. 
Mabs were immobilized on sensor chips via covalently bound rabbit 
anti-mouse globulins (Fagerstam et al., 1990). A volume of 10 gL of 
Mab (ascitic fluid diluted in Hepes buffer) was injected. Then the surface 
was washed with HBS pH 7.4 (10 mM Hepes, 150 mM NaCl, 3.4 mM 
EDTA, 0.05% Surfactant P20) for 10 min to remove free Mab. Ten pL 
of lysozyme was injected. The threshold for significant binding was 10 
resonance units (RU). The biosensor technique has been described in 
detail (Fagerstam and Karlsson, 1994).

R E S U L T S
M o s t  M a b s  t o  DEWL reacted with the homologous antigen 
more strongly in ACP than in DAS-ELISA, while in the case 
of anti-HEWL Mabs the reverse pattern was observed. Unex
pectedly the anti-DEWL antibodies differentiated between 
DEWL-Ap and DEWL-Cm (Table 1). Some antibodies reacted 
more strongly with the homologous DEWL-Cm (Mabs B1H1 
and D5D6) while one (A1C1) reacted more strongly with 
DEWL-Ap.

The ability of four of the Mabs to DEWL-Cm to cross-react 
with other lysozymes in the two ELISA formats and in the BIA
core was analyzed (Table 1). These antibodies cross-reacted to 
various degrees with GEWL, and in one case (Mab D4E2) the 
reaction with GEWL was stronger than with either of the two 
DEWL. The heterospecific nature of Mab D4E2 was revealed 
in both ELISA formats and was confirmed with the BIAcore. 
The reactivity of this antibody with the two DEWLs in ELISA 
was at the limit of detectability.

In ACP and DAS-ELISA the anti-HEWL Mabs reacted with 
DEWL but not with GEWL (results not shown). Thus, while 
immunization with DEWL induced antibodies that usually cross- 
reacted strongly with GEWL and sometimes weakly with 
HEWL. Immunization with HEWL induced antibodies that 
cross-reacted with DEWL but not with GEWL.

The thermal sensitivity of lysozymes was studied by compar
ing concentrations of heat-denatured soluble antigens and native 
soluble antigens required to reach the same optical density in 
DAS-ELISA. The anti-HEWL Mabs (Table 2) recognized ther
mosensitive epitopes of HEWL that were denatured either at 
60°C (Mabs HyHEL-9, 15, 501) or at 85°C (Mabs HyHEL-7, 
8, 10). One Mab (HyHEL-5) was specific for a thermorésistant 
epitope that was denatured only at 100°C. The epitopes of 
DEWL recognized by these Mabs appeared to be more heat-

Table 2—Heat resistance of lysozyme epitopes measured by DAS ELISA 
______________________________________ Antigens___________________

HEWL______________  _____________ DEWL-Ap_____________  GEWL
Mabs Native 60°C 85°C 100°C Native 60°C 85°C 100°C Native 60°C 85°C 100°C

anti-HEWL
HyHEL-5 1a 1 1 100 70 70 70 600 _b
HyHEL-7 1 1 60 300 100 100 100 1000 __ _ _ __
HyHEL-8 1 2 10 700 1 1 1 60 _ _ _ __
HyHEL-9 3 10 600 600 1 1 1 10 _ _ _ _
HyHEL-10 1 1 20 300 60 60 60 300 _ _ _ _
HyHEL-15 5 10 10 300 10 10 10 100 __ _ _ __
HyHEL-501 5 20 60 300 200 200 200 600 _ __
anti-DEWL-Cm
4A1C1 _ 30 100 200 600
10D5D6 — — — — — — — _ 3 3 3 60
11B1H1 — — — — - — — — 2 2 2 70
3  Values represent antigen concentrations (ng/mL) required to give an OD405  — 0.5 in DAS ELISA. The Mabs were used as capture antibodies. The trapped antigens were 

detected with homologous rabbit antisera followed by incubation with goat anti-rabbit IgG coupled to horseradish peroxidase and its substrate. 
b (—) Negative.
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resistant than those of HEWL, and three antibodies (HyHEL-8, 
9, and 15) reacted strongly with DEWL heated at 100°C.

D IS C U S S IO N

M o s t  M a b s  t o  DEWL reacted more strongly with the various 
lysozymes in ACP-EL1SA than in DAS-ELISA. This difference 
was not due to a general low reactivity of antibodies used in 
DAS-ELISA since the level of response did not increase when 
less diluted antiserum was used in the DAS assay (results not 
shown). Apparently these Mabs found preferentially to epitopes 
that has been altered when the lysozymes were adsorbed to the 
microtiter wells. In contrast, the anti-HEWL antibodies reacted 
more strongly in DAS-ELISA than in ACP-ELISA, indicating 
that they preferentially recognized epitopes on the native lyso
zyme that were no longer present on the molecules after ad
sorption to plastic. Alterations in antigenic properties of proteins 
following adsorption to plastic in ELISA have been well doc
umented for many antigens (Butler, 1991; Darst et al., 1988; 
Friguet et al., 1984; Smith and Wilson, 1986).

Most anti-DEWL Mabs reacted strongly with GEWL while 
the anti-HEWL Mabs did not. Several common epitopes (de
tected by mabs B1H1, D5D6, A1C1) are present in duck lyso
zyme (c-type) and goose lysozyme (g-type), although it has been 
generally proposed that c-type lysozymes do not cross-react with 
g-type lysozymes. This probably resulted from the fact that 
cross-reactions between chicken and goose lysozymes were con
sidered but not those between duck and goose lysozymes. We 
found one Mab (A1C1) that could bind duck, goose and chicken 
lysozymes.

In our study, the specificity of the antibodies was verified with 
a biosensor technology which avoids the type of denaturation 
which may be encountered when protein antigens are adsorbed 
to plastic in ELISA. In the BIAcore, Mabs are trapped on a 
carboxylated dextran matrix by a first layer of rabbit anti-mouse 
globulins and are tested for their ability to recognize and capture 
the free lysozyme. In such assay, both Mabs and antigen are not 
adsorbed on a solid phase and are therefore likely to keep their 
native conformation. Moreover, the BIAcore makes it possible 
to visualize each successive binding step which is not the case 
in ELISA, and complications arising from nonspecific binding 
to the solid phase can be eliminated. Mab A1C1 found to GEWL 
and HEWL in the BIAcore, although it was not active in ACP 
ELISA nor in DAS ELISA when this Mab was used as capture 
antibody. The adsorption of either Mab A1C1, HEWL or GEWL 
to the plastic surface would clearly lessen their reactivity.

The heat resistance of different lysozymes was examined to 
determine any relationships between lysozyme sequence and 
heat lability (Malcolm et al., 1990). The study of heat-resistant 
epitopes is of particular interest in food analysis. Reagents spe
cific for such epitopes could be used for detecting fraudulent 
additives in processed foods (Haydn, 1981; Kang’ethe and 
Lindqvist, 1987).

In contrast to the results of Kenett et al. (1990), we observed 
that by heating c-type lysozyme for 30 min at different temper
atures (60°C, 85°C and 100°C) we could detect a few thermo- 
resistant epitopes in HEWL, although most epitopes were 
thermosensitive with antigenic changes occurring between 60°C 
and 85°C (Table 2). DEWL was more heat-resistant than HEWL 
since in most cases structural changes occurred only between 
85°C and 100°C. Differences in heat lability of different epitopes 
could not be detected by ACP ELISA (data not shown) and were 
only revealed by a sandwich ELISA in which Mabs were used 
to capture the antigen.

By using Mabs to chicken or duck lysozymes as described, it 
should be possible to detect additives such as egg whites or fresh 
livers from different species (chicken, duck and goose) in var
ious foods and to detect chicken liver adulterants in goose and 
duck “ foie gras,” as shown previously (Hemmen et al., 1993).
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Poultry Processing Line Speeds as Related to Bactériologie
Profile of Broiler Carcasses
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--------------------------------  A B S T R A C T  --------------------------------
Aerobic plate counts, Enterobacteriaceae, E. coli counts; and Salmonella 
prevalence were determined on broiler carcasses obtained in a commer
cial slaughter establishment in Puerto Rico. Samples were obtained from 
three sites in the production process. Each site represented an end-point 
of a discrete segment of the slaughter process. Whole bird carcass rinses 
(300) were randomly collected over 4 days of production for several 
linespeeds. Samples were collected for birds processed at 70 birds/min 
(BPM), 80 BPM, 90 BPM, and three replications of samples at 100 BPM 
(June 1990 to May 1991). A total of 1,800 carcass rinses were analyzed. 
Mean bacterial counts and Salmonella prevalence did not change signif
icantly with processing line speeds.

Key Words: poultry, line speed, microbiology, salmonella, broiler car
casses.

IN T R O D U C T IO N

U.S. d ie t s  have greatly increased in amounts of poultry con
sumed. During 1990 per capita consumption of young chicken 
exceeded beef. By 1994 the retail weight, per capita consump
tion was young chicken 69.8, turkey 18.0, beef 67.5, veal 1.0 
pounds, lamb/mutton 1.2, and pork 53.1, (Witucki, 1995).

Poultry production has expanded sharply to meet growing 
markets. The number of federally-inspected broilers increased 
from 1.7 billion in 1961 (Agriculture Statistics, 1962), to 6.6 
billion in 1993 (Statistical Summary, 1994). Processing plants 
gradually reduced their work force and added automated ma
chinery, leading to automatic venting and evisceration equip
ment. Genetic poultry improvements reduced growing time, 
eliminated sex size differences and increased disease resistance. 
The number of broilers condemned in U.S. inspected establish
ments dropped from 6% in 1961 to slightly less than 1% in 
1993 (Agricultural Statistics, 1962; Statistical Summary 1994). 
Infectious diseases were minimized by more effective vaccines.

The industry was required to increase slaughter production 
rates to meet market demands. Slaughter line speeds in the 
1970’s were 23 birds per minute (BPM) per inspector. Usual 
slaughter line configurations with two Food Safety and Inspec
tion Service (FSIS) inspectors permitted production of 46 BPM.

FSIS developed a modified traditional inspection (MTI) sys
tem for broilers in the late 1970s. The standard MTI processing 
line had three FSIS inspectors. The first inspector examined the 
outside, the line split and the next two evaluated viscera, the 
birds interiors, and made final carcass disposition. This system 
allowed processing at 70 BPM. By the early 1980s, increasing 
production increases in demand for poultry products, declining 
evidence of pathology and improved processing equipment led 
to investigations of increasing line speeds.

The New Line Speed System (NELS) was implemented in 
1984 to allow inspection at increased line speeds. NELS allows 
slaughter line speeds of 91 BPM with three FSIS inspectors.

Authors Brewer, James, Prucha, Johnston, Kelly, and Bergeron 
are affiliated with the Food Safety & Inspection Service, Science 
& Technology, U.S. Dept, of Agriculture, Washington, DC 20250. 
Author Alvarez is with Empresas PICU, Coamo, Puerto Rico, 
00769.

FSIS inspection is in conjunction with a plant-developed partial 
quality control (PQC) program. Such programs require plants to 
establish process control of their operations, set standards for 
critical procedures, and monitor the operations to ensure they 
meet standards. This system allows inspectors to concentrate on 
conditions affecting final disposition of the birds and makes pro
cessors’ responsible for quality defects such as breast blisters, 
bruises, and fractures. There has been concern that such proc
essing innovations may be responsible for increased incidence 
of human enteric disease as a result of inspections at faster line 
speeds. If line speeds were reduced, it has been claimed the 
incidence of human enteric disease may be sharply reduced or 
eliminated (Bronstein, 1991; Bruce, 1990; Holson, 1992; Inger- 
soll, 1990). No reports have been published evaluating any cor
relation, between processing line speeds and microbiological 
contamination levels on ready-to-cook broilers.

Our objective was to determine of there was any correlation 
between increased line speeds and bacterial contamination of 
broilers. A commercial USDA inspected poultry plant in Puerto 
Rico was used as a source of data to quantify bacterial loads on 
broiler carcasses at various line speeds. The plant had been used 
for previous studies providing microbiological baseline data of 
processing operations (James et al., 1992a).

Poultry husbandry, hatching egg sources, hatchery, grower 
management, feed production, and all aspects of processing 
were similar to previous studies at this plant (James et al. 1992a, 
b, c).

M A T E R IA L S  & M E T H O D S

C a r c a s s  r i n s e  s a m p l e s  from young chickens, <7 wk old were col
lected during 1990 and 1991. Whole-carcass rinse samples were obtained 
from three sites in the production process, each representing an end
point of a discrete segment of the slaughter process.

Site 1—Preevisceration. Chicken carcasses had been processed 
through hanging, stunning, bleeding, scalding, defeathering, singeing, 
rinsing, and feet removal.

Site 2— Prechill. Carcasses had been vented, eviscerated, and USDA 
inspected. Necks, lungs, and viscera had been removed, and carcasses 
were trimmed as required and rinsed twice with 20ppm chlorinated water 
before arriving at this location. One rinse was done by an inside/outside 
body washer.

Site 3— Postchill. Chicken carcasses were chilled to at least 4.5°C 
after =  1 hr in an immersion chiller, then exited onto a belt. The chiller 
was counter-current with 25-30 ppm chlorine added to intake water. This 
ensured 3-5 ppm chlorine in the exit overflow water. USDA regulations 
require =  2L of chilled water added to the chiller for each bird.

Sampling plan

Specimens were collected by a random time sampling plan. The daily 
schedule of operations was ~  8 hr. The postchill site was sampled 1 hr 
later than preevisceration and prechill sites, because the required time 
for product to enter this site lagged about an hr after that for the first 
two sites. Days were divided into four 2-hr blocks. Each 2-hr block was 
divided into four 30-min segments. A 30-min segment was chosen ran
domly for specimen collection during each 2-hr block. Three or four 
specimens were chosen at sites 1 and 2 during the selected 30-min seg
ment. Specimens were taken alternately from each line at sites where 
there were two distinct lines (preevisceration and prechill). Twelve or
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Table 1— M eans of log-ip aerob ic p late co u n ts

S la u g h te r  line speed  (B ird s  per m inute)3

Linear
Site n 70 80 90 100AC 100BC 100CC trendb

1 50d 3.79 3.62 3.63 3.79 3.55a 3.62 .00
2 50 3.02 3.11 3.21 3.40* 3.07 3.21 .13*
3 200e 2.61 2.62 2.73 2.82* 2.60 2.27* .07

3 Standard errors for calculation of planned comparisons of paired means were esti
mated by pooling across day and within week with 18 degrees of freedom. 

b Linear trend (regression coefficient) shows expected change In mean counts for 
every 10 bird/mln increase in line speed — calculated using first 4 wk of data with 2 
degrees of freedom. Linear trends is significantly different (*) from zero at P<.01. 

c 100A, 100B, 100C were collected at different times 
100A: Aug. 6-9, 1990; 100B: Feb. 18-21, 1991; 100C: May 13-16, 1991 

d Sample size (n) at line speed 70 -  49. One sample broken In transit. 
e Sample size (n) at line speed 90 = 195; at 100C line speed = 198. Some samples 

were broken In transit for 90 and 100C trials.

Table 2— Means of logip Enterobacteriaceae counts 
Slaughter line speed (Birds per minute)3

Linear
Site n 70 80 90 100AC 100BC 100CC trendb

1 50d 2.94 2.83 2.87 3.16 2.86 2.92 0.06
2 50 2.14 2.43 2.41 2.55 2.45 2.38 0.12
3 200d 1.69 1.69 1.84 2.01* 1.84 1.25* 0.11

3 Standard errors for calculation of planned comparisons of paired means were esti
mated by pooling across day and within week with 18 degrees of freedom. 

b Linear trend (regression coefficient) shows expected change in mean counts for 
every 10 birds/min increase in line speed — calculated using first 4 wk of data with 
2 degrees of freedom. Linear trend Is significantly different (*) from zero at P<.01. 

c 100A, 100B, 100C were collected at different times 100A: Aug. 6-9, 1990; 100B: Feb. 
18-21, 1991; 100C: May 13-16, 1991

d Sample size (n) at line speed 70 -  49. One sample broken in transit. 
e Sample size (n) at line speed 90 -  195; at 100C line speed -  198. Some samples 

broken in transit for 90 and 100C trials.

13 specimens were selected alternately from each side of the system at 
postchill during each selected 30-min segment. Sample numbers were 
determined by taking an equal number of required samples for each time 
segment, each day to reach the required number of samples. To generate 
significant data USDA statisticians recommended 50 carcass rinse sam
ples at each line speed for sites 1 and 2. Carcasses at site 3 were ready- 
to-cook, therefore, their microbiological quality was of the highest 
importance. Samples (200) were collected at postchill for each line-speed 
trial to increase sensitivity, especially for salmonellae.

Carcass rinse specimens (50) were collected at preevisceration and 50 
at prechill. Two hundred specimens were collected at postchill. A total 
of 300 carcass rinse specimens were collected, over 4 days for each line 
speed. Total specimens were 300 at 70 BPM, 300 at 80 BPM, 300 at 
90 BPM, and 300 rinses for each replication of 100 BPM. Specimens 
for 70 BPM were collected June 14, 15, 18, and 19, 1990. Specimens 
for 80 BPM were collected June 27, 28, and July 9, 10, 1990. Specimens 
for 90 BPM were collected July 11, 12, 13, and 16, 1990. Three repli
cations of specimens were collected for 100 BPM, (A) August 6-9, 1990, 
(B) February 18-21, 1991, and (C) May 13-16, 1991. Thus a total of 
1,800 carcass rinse specimens were collected and analyzed for this study.

Sample preparation

A whole carcass rinse technique was used on each carcass selected at 
the appropriate time and site (Surkiewicz et ah, 1969). Each carcass was 
grasped by an operator (wearing a new pair of plastic gloves) and excess 
water was allowed to drip from the carcass. The carcass was then placed 
in a new plastic bag, 200 mL of sterile phosphate buffer solution was 
poured on and/or into the cavity of the carcass, and the carcass was 
shaken by hand for 1 min. The rinse was drained aseptically into a sterile 
250-mL plastic bottle. Rinse specimens were labeled with an identifi
cation number, frozen immediately, and shipped air express under dry 
ice in insulated shipping containers to the FS1S Eastern Laboratory in 
Athens, GA. The laboratory was not advised of the site or time of spec
imen collections.

Laboratory procedures

Aerobic plate counts. Decimal dilutions (10 mL of rinsings plus 90 
mL of phosphate buffer solution) were prepared. Duplicate pour plates 
(Difco plate count agar, Difco Laboratories, Detroit, MI) from each di

Table 3— Means of log-io E coli counts 
Slaughter line speed (Birds per minute)3

Linear
Site n 70 80 90 100AC 100BC 100CC trendb

1 50d 2.33 2.29 2.34 2.42 2.47 2.42 0.02
2 50 1.66 1.99 1.95 1.89 2.05 1.93 0.07
3 200e 1.12 1.22 1.36 1.46 1.36 0.69* 0.09*

3 Standard errors for ca culation of planned comparisons of paired means were esti
mated by pooling across day and within week with 18 degrees of freedom. 

b Linear trend (regression coefficient) shows expected change in mean counts for 
every 10 birds/min increase In line speed — calculated using first 4 wk of data with 
2 degrees of freedom. Linear trend is significantly different ( * ) from zero at P<.01. 

c 100A, 100B, 100C were collected at different times 100A: Aug. 6-9, 1990; 100B; Feb. 
18-21, 1991; 100C: Mav 13-16, 1991

d Sample size (n) at line speed 70 -  49. One sample was broken In transit. 
e Sample size (n) at line speed 90 = 195; at 100C line speed = 198. Some samples 

were broken In transit for 90 and 100C trials.

lution were prepared, incubated at 35°C for 48 hr, and then counted. 
Colony-forming uni's were calculated and reported as counts/mL of rinse 
solution (M icrobiolog)’ Laboratory Guide Book, 1974).

Enterobacteriaceae count. Prepared dilutions were spread-plated on 
peptone Tergitol glucuronide agar plates and incubated at 35°C for 24 
hr, and all colonies were counted. Counts were recorded as Enterobac
teriaceae colonies/rr.L of rinse solution (Damare et al., 1985).

E scherichia co li count. The same peptone Tergitol glucuronide agar 
plates were examined under UV light. Flourescent colonies were enu
merated and reported as E. coli/m L  of rinse solution (Damare et al..
1985).

Salmonellae. The remaining rinse volume was added to sterile lactose 
broth containing 0.6% Tergitol. Each specimen was incubated at 35°C 
and, after 24 hr, 0.5 mL of the solution was transferred to a 10-mL tube 
of tetrathionate broth and incubated for 18 hr at 43°C. Brilliant green 
sulfa agar plates and modified lysine iron agar plates were streaked and 
incubated at 35°C for 24 and 48 hr, respectively. Typical colonies then 
were picked to lysine iron agar slants and triple sugar iron agar slants. 
Colonies with typical lysine iron and triple sugar iron slant reactions 
were subjected to further biochemical and serologic identification testing 
(M icrobiology Laboratory Guide Book, 1974). Salmonellae was reported 
as present or absent.

Data analysis. Log,„ of bacterial plate counts were used in all statis
tical analyses. Salmonella prevalence was transformed to a 0/1 variable, 
with 0 indicating a negative finding, and 1 indicating a positive finding.

The possible relationship between processing line speeds measured as 
BPM and bacterial counts in whole bird rinses was investigated. The 
mean logl0 bacterial counts of samples collected at 80, 90, and 100 BPM 
were compared to mean counts of samples collected at 70 BPM using a 
“t” test. Salmonella were not enumerated, consequently a percent of 
Salmonella positive rinses was used as the basis for comparison of Sal
monella from whole bird rinses. Calculations were performed by SAS 
procedures (SAS Institute, Inc., 1990).

R E S U L T S
M ea n  coltnts for APC, Enterobacteriaceae, E. coli, and Sal
monella at 80, 90, and 100 BPM were compared with mean 
counts at 70 BPM (Tables 1-4). For APC, Enterobacteriaceae, 
and E. coli means of counts from site 1, 2, and 3 generally 
maintained the same relationship to each other (Tables 1-3). 
Notable exceptions were the means at site 3 for line speed 100C 
that dropped sharply compared to means at sites 1 and 2. This 
may have resulted from an increase in water used in the inside- 
outside bird washer. A correction was made to methodology for 
line speed 100C. It was determined that water used in this equip
ment was not increased during trials 100A and 100B in propor
tion to previous increases in line speeds. The water flow was 
corrected proportionally during trial 100C to equal that per bird 
used during 70, 80, and 90 BPM.

There were two significant increases and one significant de
crease for APC counts from the base mean of 70 BPM at the 
three sites (Table 1). Enterobacteriaceae counts showed one sig
nificant increase and one significant decrease (Table 2). E. coli 
counts showed no significant increase and one significant de
crease (Table 3). Salmonella prevalence showed one significant 
increase and no significant decrease (Table 4).
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T a b le  4— P e rce ntage s o f r in se s w ith Sa lm o n e lla

S la u g h te r  line  spe e d  (B ird s  per m inute)3
Linear

Site n 70 80 90 100AC 100BC 100C3 trendb
1 50d 36.00 20.41 46.00 44.00 50.00 24.00 4.95
2 50 34.00 28.00 20.00 30.00 62.00* 14.00 1.79
3 200e 22.50 22.50 34.87 29.00 62.31 8.08 3.19

a Standards errors for calculation of planned comparisons of paired means were esti
mated by pooling across day and within week with 18 degrees of freedom. 

b Linear trend (regression coefficient) shows expected change in mean counts for 
every 10 birds/min increase in line speed — calculated using first 4 wk of data with 
2 degrees of freedom. Linear trend is significantly different (*) from zero at P<.01. 

c 100A, 100B, 100C were collected at different times 100A: Aug. 6-9, 1990; 100B: Feb. 
18-21, 1991; 100C: May 13-16, 1991

d Sample size (n) at line speed 70 = 49. One sample was broken in transit. 
e Sample size (n) at line speed 90 = 195; at 100C line speed = 198. Some samples 

were broken in transit for 90 and 100C trials.

Mean bacterial counts at sites 1, 2, and 3 within each line 
speed repetition were significantly different for APC, Entero- 
bacteriaceae, and E. coli with one exception. The difference be
tween mean E. coli counts at site 1 and site 2 (2.29 and 1.99) 
at line-speed 80 were not different. The Salmonella prevalences 
were not significantly different between sites within any line 
speed, except at line speed 100C in which the prevalence at site 
3 (8%) was significantly less than at site 1 or 2 (24.0% and 
14.0%).

D IS C U S S IO N

T h e r e  w e r e  n o  s ig n if ic a n t  differences in bacterial contami
nation at site 1 for any line speed compared to 70 BPM. This 
absence of change indicates the scalding and picking processes 
were unaffected by line speed, as long as proportionate changes 
in scalder water were made.

At site 2, a positive linear trend occurred for linespeed and 
APC. No trend was demonstrated for Enterobacteriaceae, E. 
coli, or Salmonella. The trend for APC could be attributed pri
marily to the significant increase during trial 100A (Table 1).

At site 3, a positive linear trend occurred between line speed, 
and E. coli. A similar correlation was not demonstrated for APC 
or Enterobacteriaceace, or Salmonella. Reductions in bacterial 
counts from site 2 to site 3 were significant and differences in 
means of bacterial counts between sites 2 and 3 for all line speed 
trials were similar in magnitude. This is indicates the chilling 
process was unaffected by changes in line speed as long as 
proportionate changes in chlorinated chiller water were made 
concurrently. Regulations require ~  2L of chilled water per car
cass.

Carcasses were cleaner at each successive site in the process 
at all line speeds for all three bacterial counts (Tables 1-3). All

reductions were significant except from site 1 to site 2 for E. 
coli for linespeed trial 80. These results were consistent with 
previous reports (James, 1992a, b; Lillard, 1990).

None of the trials demonstrated a significant change in the 
proportion of carcasses with Salmonella at successive sites for 
any line speed.

Our results indicate that changes in processing line speed did 
not result in changes of bacterial contamination of ready-to-cook 
broilers. Mean bacterial counts on broiler carcasses did not in
crease significantly with increases in slaughter line speeds. No 
changes were made in the slaughter process except for amounts 
of water used in scalders, inside/outside bird washers, and chiller 
proportionate to changes in line speed Significant reductions 
compared to 70 BPM were found during trial 100C at site 3 for 
APC, Enterobacteriaceae, and Salmonella.
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Foaming Properties of Selected Plant and Animal Proteins

BOLNEDI VANI and J.F. ZAYAS

------------------------------------  A B S T R A C T  ------------------------------------
T h e  f o a m i n g  p r o p e r t i e s  o f  p r o t e i n s  a r e  i m p o r t a n t  in  p r e d i c t i n g  t h e i r  f u n c 
t i o n a l i t y  in  a e r a t e d  f o o d s .  In  m o d e l  a q u e o u s  s y s t e m s ,  f o a m  e x p a n s i o n  
( F E )  a n d  f o a m  s t a b i l i t y  ( F S )  o f  c o m m e r c i a l  p l a n t  p r o t e i n s ,  w h e a t  g e r m  
p r o t e i n  f l o u r  ( W G P F ) ,  c o m  g e r m  p r o t e i n  f l o u r  ( C G P F ) ,  a n d  s o y  f l o u r  

( S F ) ,  w e r e  c o m p a r e d  w i t h  t h o s e  o f  n o n f a t  d r i e d  m i l k  ( N F D M )  a n d  e g g  
w h i t e  p o w d e r  ( E W P )  a t  1 , 2 ,  4 ,  6 ,  a n d  8%  u s i n g  o n e -  a n d  t w o - w a y  
a n a l y s e s  o f  v a r i a n c e .  T h e  e f f e c t s  o f  p H  4 ,  5 ,  6 , 7 ,  a n d  8 o n  F E  a n d  F S  
o f  W G P F  w e r e  a l s o  m e a s u r e d .  T h e  h i g h e s t  o v e r a l l  F E  a n d  F S  w e r e  
o b t a i n e d  f o r  E W P .  A m o n g  p l a n t  p r o t e i n s ,  F E  a n d  F S  w e r e  m a x i m u m  

f o r  C G P F  a n d  S F ,  r e s p e c t i v e l y .  F S  w a s  l o w e s t  f o r  N F D M .  E x c e p t  f o r  
S F ,  F E  a n d  F S  i n c r e a s e d  w i t h  i n c r e a s i n g  p r o t e i n  c o n c e n t r a t i o n .  T h e  F E  
a n d  F S  o f  W G P F  w e r e  h i g h e s t  a t  p H  8 , l o w e s t  a t  p H  7 , a n d  i n t e r m e d i a t e  
a t  p H  4 — 6 .

K e y  W o r d s :  w h e a t  g e r m ,  f o a m  e x p a n s i o n ,  f o a m  s t a b i l i t y ,  p l a n t  p r o t e i n ,  
c o m  g e r m

IN T R O D U C T IO N

P r o t e i n  s o u r c e s  that can replace egg whites are in great de
mand because of the cost of egg products (To et al., 1985). 
Novel proteins with flexible functional properties facilitate the 
fabrication of protein-enriched products for consumers and for 
a wide range of markets (Kinsella, 1976). Proteins of plant and 
animal origin differ in their ability to stabilize foams, reflecting 
differences in composition, conformation, molecular flexibility, 
and physicochemical properties (Elizalde et al., 1991). Amino 
acid sequence and disposition; molecular size, shape, confor
mation, and flexibility; surface polarity; charge; and hydropho- 
bicity all influence foaming behavior of food proteins. These, in 
turn, are affected by processing history and the physical and 
chemical conditions under which the protein is used. Under
standing the molecular properties accounting for optimum foam
ing characteristics enables food scientists to select appropriate 
proteins and to predict surfactant properties of food proteins 
(Kinsella, 1981). Protein foams are important in many processes 
in the beverage and food industries, and this has stimulated in
terest in their formation and stability. Foams are used to improve 
texture, consistency, and appearance of food. Foams in food 
systems are found commonly in baked, confectionery, and other 
goods (Kitabatake and Doi, 1982).

The objective of our study was to investigate the foaming 
properties of selected plant and animal protein preparations in a 
model system. Specific objectives were to: (1) compare foaming 
properties of plant proteins—wheat germ protein flour (WGPF), 
com germ protein flour (CGPF), and soy flour (SF) with those 
of animal proteins—nonfat dried milk (NFDM) and egg white 
powder (EWP); (2) study the effect of concentration of protein 
preparations (1, 2, 4, 6, and 8%) on foam expansion (FE) (30 
sec) and foam stability (FS) (30 min, 1, 1.5, and 2 hr); and (3) 
study the effects of pH (4, 5, 6, 7, and 8) on foaming properties 
of WGPF at fixed (1%) concentration.

M A T E R IA L S  &  M E T H O D S
Raw materials

C o m m e r c i a l  s a m p l e s  o f  d e f a t t e d  W G P F  ( V i t a m i n s  I n c o r p o r a t i o n ,  C h i 

c a g o ,  1 L ); C G P F  ( D r y  C o m  M i l l i n g  I n d u s t r y ) ;  S F  ( C e n t r a l  S o y a  C o m -

Authors Vani and Zayas are affiliated with the Dept, of Foods & 
Nutrition, Kansas State Univ., Manhattan, KS 66506-2602.

p a n y ,  F o r t  W a y n e ,  I N ) ;  N F D M  ( C a r n a t i o n ,  N e s t l e  F o o d  C o . ,  G l e n d a l e ,  
C A ) ;  a n d  E W P  ( M  l t o n  G .  W a l d b a u m ,  N E )  w e r e  u s e d .

Proximate analysis, specific gravity and color

A O A C  ( 1 9 8 4 )  m e t h o d s  w e r e  u s e d  t o  d e t e r m i n e  p r o t e i n  ( 2 .0 5 7 ,  
1 4 .0 2 6 ) .  f a t  ( F o s s l e t  a p p a r a t u s ,  F o s s  F o o d  T e c h n o l o g y ,  M N ) ,  m o i s t u r e
( 1 4 . 0 0 4 ) ,  a n d  a s h  ( 1 4 . 0 0 6 )  o f  W G P F .  P r o t e i n  c o n t e n t  o f  W G P F ,  C G P F ,  
S F ,  N F D M ,  a n d  E W P  w a s  d e t e r m i n e d  b y  t h e  B u c h i  s e m i - m a c r o - K j e l -  
d a h l  m e t h o d  ( A O A C ,  1 9 8 4 ) .  C o r r e c t i o n  f a c t o r s  o f  5 .7 0  a n d  6 .2 5  w e r e  
r e s p e c t i v e l y  u s e d  f o r  p l a n t  a n d  a n i m a l  p r o t e i n s .  C o l o r  w a s  d e t e r m i n e d  
w i t h  a  D - 5 4  s p e c t r o p h o t o m e t e r  u s i n g  t h e  p r o c e d u r e  u s e d  b y  G n a n a s a m -  
b a n d a m  a n d  Z a y a s  ( 1 9 9 2 ) .  S p e c i f i c  g r a v i t y  o f  W G P F  w a s  o b t a i n e d  b y  
d i v i d i n g  t h e  m a s s  o f  W G P F  b y  t h e  v o l u m e  o f  d i s t i l l e d  w a t e r  c o n t a i n e d  
in  a  F i s h e r  p y c n o m e t e r .

Foaming capacity and stability

F o a m i n g  p r o p e r t i e s  o f  t h e  t h r e e  p l a n t  p r o t e i n s ,  W G P F ,  C G P F  a n d  S F ,  
w e r e  c o m p a r e d  w i t h  t h o s e  o f  a n i m a l  p r o t e i n s ,  N F D M  a n d  E W P ,  a t  1 , 2 ,  
4 ,  6 , a n d  8%  l e v e l s .  F o a m i n g  p r o p e r t i e s  o f  p r o t e i n s  w e r e  d e t e r m i n e d  b y  
th e  m e t h o d  o f  W a n g  a n d  K i n s e l l a  ( 1 9 7 6 ) .  P r o t e i n s  a t  f i x e d  c o n c e n t r a t i o n  
( 1 — 8% )  w e r e  d i s p e r s e d  in  5 0  m L  d i s t i l l e d  w a t e r  a n d  b l e n d e d  in  a n  
O s t e r i z e r  G a l a x i e  b l e n d e r  f o r  3 0  s e c .  T h e  v o l u m e  o f  f o a m  in  m L  m e a s 
u r e d  a t  3 0  s e c  w a s  r e p o r t e d  a s  F E .  T h e  v o l u m e  o f  f o a m  a f t e r  i n c u b a t i o n  

f o r  3 0  m i n ,  1, 1 .5 ,  a n d  2  h r  w a s  e x p r e s s e d  a s  F S .  T h e  F E  a n d  F S  o f  
W G P F  a t  1 %  l e v e l  w a s  d e t e r m i n e d  b y  a d j u s t i n g  p H  t o  4 ,  5 ,  6 , 7 ,  o r  8 .

Statistical analysis

O n e -  a n d  2 - w a y  a n a l y s e s  o f  v a r i a n c e  w e r e  c a r r i e d  o u t  u s i n g  a n  S A S  
I n s t i t u t e ,  I n c .  ( 1 9 8 5 )  c o m p u t e r  p a c k a g e .  F i s h e r ’s  l e a s t  s i g n i f i c a n t  d i f f e r 
e n c e  ( L S D )  w a s  u s e d  t o  a n a l y z e  d i f f e r e n c e s  ( P  <  0 .0 5 ) .  T e s t s  w e r e  r e p 

l i c a t e d  t h r e e  t i m e s .

R E S U L T S  &  D IS C U S S IO N

P ro x im a te  co m p o sitio n , sp ecific  g ra v ity , and  co lo r  o f  
W G P F

The proximate composition of defatted WGPF was deter
mined (Table 1). WGPF is a low cost and concentrated source 
of proteins and minerals. Low fat and moisture contents of 
WGPF indicate its potential for high storage stability. The car
bohydrate content of germ varies widely (19.2— -53.0%) de
pending on amount of inclusion of endosperm and bran portions 
and therefore is the best index of germ purity (Grewe and 
LeClerc, 1943). The high carbohydrate content arises from the 
high starch, crude fiber and sugars. Sucrose (57.6%), raffinose 
(37.6%), fructose (4.8%) and traces of glucose formed the major 
components of L ie  germ while endosperm was high in starch 
and the bran was high in cellulose and hemicellulose (Dubois 
et al., 1960). Specific gravity is influenced by the content of 
bran (cellulose and hemicellulose) and starch from endosperm

Table 1— Proximate composition, specific gravity, and color of wheat germ 
protein flour______________________________________________________________
Parameter Value Parameter Value
Moisture, % 4.36 ±  0.05 Specific gravity 0.835
Fat, % 0.53 ±  0.11 L 74.45
Protein, % 29.8 ±0. 1 8 a 1.91
Ash, % 4.59 ±  0.12 b 13.96
Carbohydrates, % 60.72 ±  0.34 Saturation index 

Hue angle
14.09
82.20
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Table 2— F o a m  expansion (mt/30 sec) of wheat germ protein flour (WGPF), 
corn germ protein flour (CGPF), soy flour (SF), nonfat dry milk (NFDM) and 
egg white powder (EWP) in aqueous systems
Cone
(%) W G P F C G P F SF N F D M E W P
1 15.Oî 14.1k 18.1* 25.0f 6.01
2 14.3k 17.3’l 19.6hl 26.6f 30.0e
4 19.5bi 24.0f9 14.6ik 30.6de 33.3d
6 25.0f 25.5f 14.0k 32.3de 50.3b
8 21.39h 26.3f 13.3k 37.0e 75.0a

a ‘! M e a n s  w i th  d i f f e r e n t  s u p e r s c r ip t  s ig n i f ic a n t ly  d i f f e r e n t  (p  <  0.05).

Table 3— F o a m  stability (ml_/30 min) of wheat germ protein flour (WGPF), 
corn germ protein flour (CGPF), soy flour (SF), nonfat dry milk (NFDM) and 
egg white powder (EWP) in aqueous systems
Cone
(%) W G P F C G P F SF N F D M E W P
1 5.6kl 5.8k 15.0gh 2.8lm 4.8kl
2 5.8k 9.0) i7.ofg 0.5m 25.6d
4 9.01 16.39 12.5hl 19.3ef 17.6ef9
6 12.6hi 20.Ie 12.6hl 24.6d 37.6b
8 15.19h 20.3e 11.6'i 28.6C 44.1a

a ‘m M e a n s  w i th  d i f f e r e n t  s u p e r s c r ip t  s ig n i f ic a n t ly  d if f e r e n t  (p  <  0.05).

Table 4— M e a n s  for foam expansion, FE and foam stability, FS (ml_) of 
wheat germ protein flour (WGPF), corn germ protein flour (CGPF), soy flour 
(SF), nonfat dry milk (NFDM) and egg white powder (EWP) in aqueous 
systems
Source FE, 30 sec FS, 0.5 hr FS, 1 hr FS, 1.5 hr FS, 2 hr
W G P F 19.0d 9.6d 7.3d 6.5d 5.9d
C G P F 21.4C 14.3bc 11.7e 10.4C 9.7e
SF 15.9e 13.7e 12.9b 12.5b 11.8b
N F D M 30.3b 15.2b 5.8e 5.2e 4.9d
E W P 38.9a 26.0a 23.3a 21.0a 18.8a
a e  V a lu e s  a r e  o v e ra l l  m e a n s  f o r  p r o te i n s  a t  1, 2 , 4, 6 , a n d  8 %  le v e ls .  M e a n s  in t h e  s a m e  

c o lu m n  w i th  d i f f e r e n t  s u p e r s c r ip t  s ig n i f ic a n t ly  d i f f e r e n t  (p  < 0.05).

admixed with wheat germ protein. The color of WGPF is im
portant when evaluating its potential applications in foods. The 
high L value (74.4) and pale yellow color (hue angle = 82.2, 
saturation index = 14.1) of WGPF indicate that its use in food 
should not pose notable color problems.

P rote in  con ten t

The protein contents of defatted WGPF, CGPF, SF, NFDM, 
and EWP were 29.8% ±  0.1, 18.9% ± 0.3, 48.7% ±  0.3, 
32.2% ±  0.1, and 80.0% ±  0.5, respectively. Of these, EWP 
had the highest protein content. Among plant proteins, SF had 
the highest protein content and WGPF was second.

E ffec t o f  p rotein  con cen tra tio n  on foam  exp an sion

The effects of source of proteins and concentration on FE 
were compared (Table 2). FE increased with increasing concen
trations of CGPF, NFDM, and EWP, whereas it peaked at the 
6% level for WGPF and decreased at > 4% level for SF. Overall, 
the highest FE was obtained for EWP at 8% and the lowest at 
1%. In comparison to other protein sources, increasing concen
trations of EWP caused a greater increase in FE. Catalytic and 
functional properties of polymers are determined not only by 
their composition and structure but also by their dynamic prop
erties (Frauenfelder and Ormos, 1988). Proteins of different or
igins varied greatly in foaming properties, reflecting differences 
in amino acid sequence and disposition; molecular size, shape, 
conformation and flexibility; surface polarity; charge; and hy- 
drophobicity (Table 2).

A notable part of the effect of concentration could be related 
to changes in viscosity of the continuous phase. The increase in 
viscosity with increasing concentrations of proteins was visually 
obvious. Sometimes high viscosity can completely prevent in
corporation of air into liquid (Peter and Bell, 1930). FE had

S ource  o f p ro te in
Fig. 1—Effect of protein concentration on foam stability of pro
teins after 1 hr incubation.

been reported to increase with increasing concentration up to a 
limit, and then decrease (Richert, 1979; Cherry and McWatters, 
1981). High viscosity may have been responsible for the decline 
in overrun of WGPF and SF at higher protein concentrations. 
The FE of SF increased with concentration up to a limit of 2%, 
above which it decreased. At low concentrations and low surface 
pressures, ample area is available for each molecule to extend 
and spread on the interface (Graham and Phillips, 1979a). As 
surface concentration and pressure are increased, folding and 
looping of protein become pronounced. Adsorption is rapid at 
high protein concentration or in stirred systems (Kinsella, 1981). 
Formation of multilayers above a given protein concentration, 
can be regarded as gelled protein layers whose rheological prop
erties depend upon the degree of crosslinking (disulfide link
ages) and intermolecular interactions (Kinsella, 1981). There 
appeared to be optimum concentrations of 6% and 2%, respec
tively for maximum FE of WGPF and SF. But for the other 
proteins (CGPF, NFDM, and EWP) the optimum concentration 
was probably not reached at the tested levels (Table 2).

E ffect o f  p rotein  con cen tra tion  on foam  stab ility

The FS of WGPF, CGPF, NFDM and EWP after 30 min 
incubation was improved at higher levels (1— 8%) (Table 3) 
SF had the highest FS at the 2% level, and thereafter its stability 
decreased. Thicker and more rigid interfacial films at higher 
protein concentrations of WGPF, CGPF, NFDM, and EWP may 
have improved foam stability by reducing the serum flow within 
the lamella structure (Kinsella, 1981; Phillips, 1981). Drainage 
may be influenced directly by bulk density and viscosity of la
mellar fluid. Drainage of lamellar fluid with incubation of foam 
for 30 min, 1, 1.5, and 2 hr was lowest at 8% concentration for 
all proteins, except SF. Surface concentration might have af
fected the surface pressure (Graham and Phillips, 1979b), the 
magnitude of which might vary considerably with different pro
teins because of different molecular compositions and proper
ties. According to Richert (1979) and Hailing (1981) increasing 
protein concentration resulted in decreased drainage.

Proteins varied in foam stabilization properties (Table 4, Fig. 
1, 2 and 3). The effect of protein concentration on serum drain
age was dependent on type of protein used to stabilize the foam. 
WGPF, CGPF, and EWP showed high FS (1, 1.5, and 2 hr
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S ource  o f pro te in
Fig. 2—Effect of protein concentration on foam stability of pro
teins after 1.5 hr incubation.

S ource  o f p ro te in
Fig. 3—Effect of protein concentration on foam stability of pro
teins after 2 hr incubation.

incubations) at higher levels, but a slight decrease occurred in 
FS of SF at higher levels (4-— 8%) (Fig. 1, 2, and 3). FS was 
dependent on the ability of the protein to form a strong, flexible, 
cohesive film to reduce gas permeability and inhibit bubble co
alescence. Proteins with good foamability do not necessarily 
give good foam stability and vice versa. Foam prepared with 
NFDM retained its stability only at the 8% level (Fig. 1, 2, and
3) with 1, 1.5, and 2 hr incubations. Two-way ANOVA (Table
4) showed that FE and FS (up to 2 hr) were highest for EWP. 
Among plant proteins, CGPF had the highest FE and SF had 
the highest FS (up to 2 hr). Of all proteins, the FS of NFDM 
after 1 hr was the least. Studies of foaming behavior of proteins 
are complicated by interactions of mixtures rather than individ
ual proteins and by molecular changes resulting from processing 
treatments. In homogeneous protein systems, the predominant 
attractive forces between proteins are short-range hydrogen 
bonds, hydrophobic, electrostatic, and Van der Waals interac
tions (Kinsella, 1984; Poole et al., 1984). However, in hetero
geneous systems, factors such as isoelectric point and molecular 
charges arising from commercial processing of proteins and 
other components (such as fats) can cause variations.

E ffec t o f  pH  on foam  ex p a n sio n  and  foam  stab ility

Chemical modification may improve FS by changing the net 
charge on a protein (Whitehead, 1988; Phillips et al., 1989). An 
attempt was made to improve the FE and FS of WGPF by al
tering pH. The pH of the unadjusted WGPF at the 1% level was
6.5 ± 0.1. The highest FE and FS were obtained at pH 8, and 
the lowest was at pH 7 (Table 5). The pH of the dispersing 
medium markedly affected foaming of WGPF by its direct effect 
on net charge and conformation of proteins. Several types of 
chemical and physical forces together can influence size, shape, 
and solubilities of proteins. Physical forces (electrostatic attrac
tion and hydrogen or hydrophobic bonding) but not covalent 
bonds can be broken by specific solvents, changing pH, raising 
temperature or altering salt content. Both pH and temperature 
caused changes in conformation and structure of whey proteins 
(Mohan Reddy et al., 1988). The pH probably influenced active 
SH groups (Lee et al., 1990) and protein solubility of WGPF 
(Vani and Zayas, 1995). The viscosity of WGPF may have in
creased at slightly alkaline pH 8, as was observed with increase

Table 5— F o a m  expansion, FE and foam stability, FS (ml_) of wheat germ 
protein flour (1%'concentration) at various pHs
pH FE, 30 sec FS, 0.5 hr FS, 1 hr FS, 1.5 hr FS,2 hr
4 9.5C 5.5b 4.6bc 4.5bc 4.0bc
5 10.8b 6.5b 6.0b 5.5b 4.8b
6 10.3bc 5.6b 4.3bc 4.0bc 4.0bc
7 8.0d 4.3b 3.6° 3.1° 3.1c
8 17.3a 11.8a 9.5a 8.3a 7.3a

a ' d M e a n s  in  t h e  s a m e  c o lu m n  w i th  d i f f e r e n t  s u p e r s c r ip t  s ig n i f ic a n t ly  d i f f e r e n t  (p  <
0.05).

in temperature (6, 18, 30, and 42°C) and pH (5— -10) of egg 
white solutions (Pitsilis et al., 1975). Li-Chan et al. (1984) re
ported that hydrophobicity was influenced by a small change of 
pH. Mita et al. (1977) showed that surface tensions of wheat 
proteins were lowest in the range of pis (pH 6.5— -7.5). The FE 
and FS at pH 4 was slightly higher than at pH 7, but lower than 
those at pH 5 or 6. The protein solubility of WGPF was maxi
mum at pH 8 and minimum at pH 4 (Vani and Zayas, 1995). 
Similar results were reported by others. Increases in protein sol
ubility of high linseed mucilage concentrates on the acidic side 
of the pi were related to interactions between proteins and acidic 
pentosans (Morr and Foegeding, 1990). Studies of the surface 
rheology of protein films at the air-water interface indicated a 
maximum rigidity near the pi (MacRitchie, 1980). However, 
Meste et al. (1990) observed that near the isoelectric point pro
teins had higher flexibility and improved surface properties. 
Thus, both protein solubility and hydrophobicity can affect 
foaming properties. However, mixed systems such as WGPF are 
much more complex than pure protein systems because of the 
extra intermolecular interactions and competitive adsorption be
tween components. Heat treatment may affect foaming via ef
fects on protein structure and viscosity of the aqueous phase. 
The rate of foaming after heating may be higher for flexible 
randomly structured proteins than for those with tightly held 
tertiary structures. Studying the effect of heat denaturation on 
the foaming properties of WGPF has potential to improve them.

C O N C L U S IO N

H i g h e s t  f o a m  e x p a n s i o n  and foam stability during 2 hr of 
incubation were found for egg white powder. Among plant pro
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teins, CGPF showed highest foam expansion and maximum FS 
for up to 30 min incubation and SF displayed maximum FS after 
1 hr incubation. Foam stability was lowest for nonfat dried milk 
after 1 hr of incubation. Overall, foam expansion and foam sta
bility increased with increases in protein concentration ( 1—  
8%). Adjusting pH of WGPF altered its foaming properties. 
Foam expansion and foam stability (up to 2 hr) for WGPF were 
highest at pH 8, lowest at pH 7, and intermediate at pH 4— 6.
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Lipoxygenase in Sweet Corn Germ: Isolation and 
Physicochemical Properties

CHOCKCHAI THEERAKULKAIT and DIANE M. BARRETT

------------------------------------  A B S T R A C T  ------------------------------------
O f f - f l a v o r  a n d  o f f - a r o m a  d e v e l o p m e n t ,  w h i c h  m a y  b e  c a t a l y z e d  b y  l i 
p o x y g e n a s e  ( L P O ) ,  a r e  c o m m o n  in  f r o z e n  s t o r e d  s w e e t  c o m .  L i p o x y 
g e n a s e  a c t i v i t y  in  t h e  g e r m  f r a c t i o n  o f  s w e e t  c o m  (Zea mays L .  c v .  

J u b i l e e )  w a s  d e t e r m i n e d  a n d  c o m p a r e d  w i t h  t h a t  in  t h e  d e g e r m e d  f r a c 
t i o n .  L i p o x y g e n a s e  a c t i v i t y / g  g e r m  w a s  a b o u t  t h r e e  t i m e s  g r e a t e r  th a n  
t h a t  o f  t h e  d e g e r m e d  f r a c t i o n .  O p t i m i z e d  p r o c e d u r e s  f o r  i s o l a t i o n  o f  l i 
p o x y g e n a s e  f r o m  th e  g e r m  f r a c t i o n  w e r e  d e v e l o p e d .  L i p o x y g e n a s e  w a s  
i s o l a t e d  b y  p r e p a r a t i o n  a s  a n  a c e t o n e  p o w d e r ,  e x t r a c t i o n  w i t h  0 .2 M  T r i s -  
H C 1 , p H  8 .0  ( 4 ° C ) ,  f r a c t i o n a t i o n  w i t h  4 0 - 6 0 %  s a t u r a t e d  a m m o n i u m  s u l 

f a t e  a n d  d i a l y s i s .  O p t i m u m  p H  w a s  6 - 7  a n d  t e m p e r a t u r e  5 0 ° C  f o r  
a c t i v i t y  o f  p a r t i a l l y  p u r i f i e d  l i p o x y g e n a s e .  T h e  e n z y m e  a p p e a r e d  s t a b l e  
a t  p H  5 - 8  a n d  * » 9 0 %  o f  o r i g i n a l  a c t i v i t y  w a s  i n a c t i v a t e d  a f t e r  h e a t i n g  
in  p H  7  b u f f e r  a t  7 0 ° C  f o r  3  m i n .

K e y  W o r d s :  l i p o x y g e n a s e ,  s w e e t  c o m ,  g e r m ,  i s o l a t i o n ,  e x t r a c t i o n

IN T R O D U C T IO N

L i p o x y g e n a s e  (Linoleate: oxygen oxidoreductase, EC
1.13.11.12; previously known as lipoxidase), LPO, is an impor
tant endogenous enzyme which may be the cause of off-flavor 
development in unblanched or underblanched frozen vegetables 
including sweet com (Wagenknecht, 1959; Lee, 1981; Williams 
et al., 1986; Ganthavom and Powers, 1989; Velasco et al., 1989; 
Sheu and Chen, 1991). Off-flavor and off-aroma development 
are considered primary causes of rapid quality deterioration in 
harvested sweet com (Smittle et al., 1972). Because lipoxygen
ase is important in quality deterioration, it may be a more ap
propriate indicator than peroxidase in determination of effective 
heat treatments (Williams et al., 1986).

According to Wagenknecht (1959) and Lee (1981), lipoxy
genase induced off-flavors in germ fractions of unblanched 
sweet com. Previous work on com germ lipoxygenase has fo
cused on mature field com seeds (Gardner, 1970; Egmond et 
al., 1972; Veldink et al., 1972; Gardner and Weisleder, 1970; 
Gardner et al., 1975). Some sweet com lipoxygenase studies 
have not emphasized the germ fraction (Wagenknecht, 1959; 
Lee, 1981; Velasco et al., 1989); nor have previous investigators 
evaluated lipoxygenase from sweet com (Zea mays L. cv. Ju
bilee) germ at the stage of maturity appropriate for the freezing 
industry.

Our objectives were: to determine lipoxygenase activity in 
germ and degermed fractions of sweet com; to develop proce
dures for rapid isolation of com germ; to optimize procedures 
and conditions for extraction and isolation of lipoxygenase and 
investigate its physicochemical properties.

M A T E R IA L S  &  M E T H O D S

Materials
S w e e t  c o m  (Zea mays L . c v .  J u b i l e e )  w a s  h a r v e s t e d  a t  a p p r o p r i a t e  

m a t u r i t y  a n d  o b t a i n e d  f r o m  a  c o m m e r c i a l  p r o c e s s o r  i n  W o o d b u m ,  O R .  
T h e  c o m  w a s  i m m e d i a t e l y  t r a n s p o r t e d  o n  i c e  t o  t h e  P i l o t  P l a n t  o f  t h e  
D e p t ,  o f  F o o d  S c i e n c e  &  T e c h n o l o g y ,  O r e g o n  S t a t e  U n i v . ,  C o r v a l l i s ,

Author Theerakulkait is with the Faculty of Agro-Industry, Kaset- 
sart Univ., Bangkok 10900, Thailand, Author Barrett is with the 
Dept, of Food Science & Technology, Univ. of California, Davis, 
CA 95616-8598. Direct inquiries to Dr. D.M. Barrett.

O R .  F r e s h  s w e e t  c c m  w a s  t e m p o r a r i l y  s t o r e d  a t  4 ° C  p r i o r  t o  g e r m  s e p 
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- 8 0 ° C  u n t i l  d e t e r m i n a t i o n  o f  l i p o x y g e n a s e  a c t i v i t y  i n  t h e  g e r m  a n d  d e 
g e r m e d  f r a c t i o n s .

L i n o l e i c  a c i d ,  T w e e n - 2 0 ,  T r i t o n  X - 1 0 0 ,  a m m o n i u m  s u l f a t e ,  a n d  b o 
v i n e  s e m m  a l b u m i n  w e r e  p u r c h a s e d  f r o m  S i g m a  C h e m i c a l  C o . ,  S t. 

L o u i s ,  M O .  A l l  o t h e r  c h e m i c a l s  w e r e  r e a g e n t  g r a d e .  D e i o n i z e d  d i s t i l l e d  
w a t e r  w a s  u s e d  in  a l l  e x p e r i m e n t s .

Lipoxygenase activity of sweet corn germ and degermed fractions

S w e e t  c o m  e a r s  w e r e  f r o z e n  in  l i q u i d  n i t r o g e n  a n d  i n t a c t  k e r n e l s  w e r e  
r e m o v e d  f r o m  c o b s .  W h i l e  f r o z e n ,  c o m  k e r n e l s  w e r e  s e p a r a t e d  i n t o  g e r m  
a n d  d e g e r m e d  f r a c t i o n s  a n d  w e i g h e d .  E a c h  f r a c t i o n  w a s  b l e n d e d  in  l i q u i d  
n i t r o g e n .  T h e  l i q u i d  n i t r o g e n  p o w d e r  o f  e a c h  f r a c t i o n  w a s  h o m o g e n i z e d  
in  0 .2 M  T r i s - H C l ,  p H  8 .0  ( 4 ° C )  a t  a  r a t i o  o f  1 :1 0  ( w / v )  u s i n g  a  T i s s u m -  
i z e r  ( T e k m a r  C o . ,  C i n c i n n a t i ,  O H ) ,  a n d  a  p o w e r s t a t  s e t t i n g  o f  5 0  f o r  3 
m i n .  T h e  e x t r a c t  w a s  c e n t r i f u g e d  a t  1 7 ,0 0 0  X  g ( 4 ° C )  f o r  1 h r .  T h e  

l i p o x y g e n a s e  a c t i v i t y  in  e a c h  s u p e r n a t a n t  w a s  d e t e r m i n e d  s p e c t r o p h o -  
t o m e t r i c a l l y  b y  m o n i t o r i n g  th e  f o r m a t i o n  o f  c o n j u g a t e d  d i e n e s  a t  2 3 4  
n m .

Lipoxygenase activity and protein assays

L i p o x y g e n a s e  a c t i v i t y  w a s  d e t e r m i n e d  s p e c t r o p h o t o m e t r i c a l l y  a t  2 3 4  
n m  b y  a  m o d i f i c a t i o n  o f  t h e  p r o c e d u r e  d e s c r i b e d  b y  C h e n  a n d  W h i t a k e r
( 1 9 8 6 ) .  T h e  s u b s t r a t e  s o l u t i o n  w a s  p r e p a r e d  b y  m i x i n g  1 5 7 .2  p L  o f  p u r e  
l i n o l e i c  a c i d ,  1 5 7 .2  p L  o f  T w e e n - 2 0  a n d  1 0  m L  o f  d e i o n i z e d  d i s t i l l e d  
w a t e r .  T h e  s o l u t i o n  w a s  c l a r i f i e d  b y  a d d i n g  1 m L  o f  L O N  s o d i u m  h y 
d r o x i d e  a n d  d i l u t i n g  to  2 0 0  m L  w i t h  0 .2 M  s o d i u m  p h o s p h a t e  b u f f e r ,  p H  
7 .0 ;  g i v i n g  a  2 .5  m M  f in a l  c o n c e n t r a t i o n  o f  l i n o l e i c  a c i d .  T h e  s u b s t r a t e  
s o l u t i o n  w a s  f l u s h e d  w i t h  o x y g e n  g a s  2 m i n  o r  l o n g e r  t o  g i v e  a n  i n i t i a l  
a b s o r b a n c e  a t  2 3 4  n m  o f  0 . 3 - 0 . 4 ,  a n d  a l l o w e d  t o  e q u i l i b r a t e  i n  a  w a t e r  
b a t h  a t  2 5 ° C  b e f o r e  a c t i v i t y  a s s a y .  T h e  t o t a l  r e a c t i o n  v o l u m e  w a s  3  m L ,  
w h i c h  c o n t a i n e d  2 .7  m L  o f  s u b s t r a t e  s o l u t i o n  a n d  0 .3  m L  o f  e n z y m e  
s o l u t i o n .  T h e  in i t i a i  r a t e  o f  c o n j u g a t e d  d i e n e  f o r m a t i o n  w a s  r e a d  o v e r  
t h e  l i n e a r  c h a n g e  ir . a b s o r b a n c e  a t  2 3 4  n m .

O n e  u n i t  o f  e n z y m e  a c t i v i t y  w a s  d e f i n e d  a s  a n  i n c r e a s e  in  a b s o r b a n c e  
o f  0 .0 0 1  a t  2 3 4  n r r / m i n  u n d e r  a s s a y  c o n d i t i o n s .  T h e  e x t i n c t i o n  c o e f f i 

c i e n t  ( £ „ )  f o r  t h e  c o n j u g a t e d  d i e n e  o f  l i n o l e i c  a c i d  w a s  2 3 , 0 0 0  M _ l c m -1 
( G i b i a n  a n d  V a n d e r .b e r g ,  1 9 8 7 ) .  A  d o u b l e  b e a m  s p e c t r o p h o t o m e t e r  ( S h i -  
m a d z u ,  L T V -1 6 0 ,  S h i m a d z u  C o r p o r a t i o n ,  K y o t o ,  J a p a n )  a n d  1 c m  p a t h  

l e n g t h  c u v e t t e  w e r e  u s e d .
P r o t e i n  w a s  d e t e r m i n e d  b y  t h e  b i c i n c h o n i n i c  a c i d  ( B C A )  m e t h o d  

( S m i t h  e t  a l . ,  1 9 8 5 1 u s i n g  c r y s t a l l i n e  b o v i n e  s e r u m  a l b u m i n  a s  a  s t a n 

d a r d .

Rapid isolation of sweet corn germ

R a p i d  i s o l a t i o n  o f  t h e  g e r m  f r a c t i o n  f r o m  s w e e t  c o m  o n  t h e  c o b  w a s  
a c h i e v e d  u s i n g  a  m o d i f i c a t i o n  o f  t h e  m e t h o d  o f  F o n g  a n d  S m i t h  ( 1 9 8 5 ) .  
T h e  p r e c o o l e d  f r e s h  s w e e t  c o m  w a s  h u s k e d ,  i n s p e c t e d ,  a n d  c u t  u s i n g  a  
T U C  ( T h e  U n i t e d  C o m p a n y ,  W e s t m i n s t e r ,  M D )  c o m  c u t t e r  t o  r e m o v e  
th e  t o p  p o r t i o n  o f  t h e  k e r n e l s  ( a b o v e  th e  g e r m  t i s s u e ) .  T h e  c u t t e r  w a s  
c a r e f u l l y  a d j u s t e d  t o  c u t  k e r n e l s  a g a i n  a t  t h e  b a s e  w h e r e  t h e y  a t t a c h  to  
t h e  c o b .  T h e  p r e c c o l e d ,  c u t  c o r n  k e r n e l s  w e r e  g e n t l y  c r u s h e d  w i t h  a  
r o l l i n g  p i n  t o  r e l e a s e  t h e  i n t a c t  g e r m  a n d  t h e n  s i e v e d .  T h r e e  s t a i n l e s s  
s t e e l  s i e v e s  ( U .S .  s t a n d a r d  s i e v e  s e r i e s ,  t h e  W .S .  T y l e r  C o . ,  C l e v e l a n d ,  
O H )  w i t h  m e s h  n u m b e r s  1 /4  ( 6 .3  m m  o p e n i n g ) ,  8 ( 2 .3 6  m m ) ,  a n d  2 0  
( 0 .8 3  m m )  w e r e  s t a c k e d  w i t h  t h e  l a r g e s t  p o r e  s i z e  o n  t o p .  T h e  c r u s h e d  
k e r n e l s  w e r e  s p r e a d  o n  to p  o f  t h e  s i e v e  s t a c k  a n d  s h a k e n  in  c o l d  5 0  m M  
s o d i u m  p h o s p h a t e  o u f f e r ,  p H  7 . T h e  e n r i c h e d  f r a c t i o n  o f  w h o l e  g e r m  
w a s  t r a p p e d  o n  s i e v e  n u m b e r  8 . T h e  c r u s h e d  k e r n e l s  c o n t a i n i n g  g e r m
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t h a t  r e m a i n e d  o n  s i e v e  n u m b e r  1 /4  w e r e  c r u s h e d  a g a i n  w i t h  a  r o l l i n g  

p i n  a n d  s i e v e d  in  c o l d  b u f f e r  a s  b e f o r e .  T h e  e n r i c h e d  f r a c t i o n s  o f  g e r m  
w e r e  c o m b i n e d  a n d  c a r e f u l l y  s p r e a d  o n  a  s c r e e n  w i t h  o p e n i n g  3 .1 7  m m ,  
a n d  g e n t l y  s p r a y e d  w i t h  c o l d  b u f f e r  t o  a l l o w  t h e  g e r m  to  p a s s  t h r o u g h  

t h e  s i e v e .
T h e  e n r i c h e d  g e r m  f r a c t i o n  w a s  f u r t h e r  i s o l a t e d  b y  s u s p e n d i n g  i t  in  

= » 3 5 %  ( w / v )  s u c r o s e  i n  a  5 0  r a M  s o d i u m  p h o s p h a t e  b u f f e r  p H  7 ,  w h e r e  
m o s t  o f  t h e  g e r m  a n d  s o m e  o t h e r  t i s s u e  d e b r i s  f l o a t e d .  A l l  f l o a t i n g  t i s s u e s  
w e r e  c o l l e c t e d  a n d  c e n t r i f u g e d  in  * * 3 0 %  ( w / v )  s u c r o s e  in  5 0  m M  s o d i u m  
p h o s p h a t e  b u f f e r  p H  7  a t  2 ,0 0 0  X  g ( 4 ° C )  f o r  5  m i n  t o  s e p a r a t e  th e  
g e r m  f r o m  d e b r i s .  T h e  i s o l a t e d  g e r m  f r a c t i o n  w a s  i n s p e c t e d  a n d  s o r t e d  
f r o m  t h e  d e b r i s  o f  n o n - e m b r y o n i c  t i s s u e s  b e f o r e  f r e e z i n g  in  l i q u i d  n i t r o 
g e n .  F r o z e n  i s o l a t e d  g e r m  w e r e  s t o r e d  a t  — 8 0 ° C .

Optimization of lipoxygenase isolation

Preparation of acetone powder. F r o z e n  c o m  g e r m  w e r e  b l e n d e d  in  
l i q u i d  n i t r o g e n  u s i n g  a  s t a i n l e s s  s t e e l  W a r i n g  B l e n d o r .  T h e  l i q u i d  n i t r o 
g e n  p o w d e r  w a s  t h e n  h o m o g e n i z e d  in  c o l d  a c e t o n e  ( — 2 3 ° C )  in  a  r a t i o  
o f  1 :2 0  ( w / v )  u s i n g  a  T i s s u m i z e r  ( p o w e r s t a t  s e t t i n g  a t  1 0 0 )  f o r  2  m i n  in  
a  c o l d  r o o m  ( 4 ° C ) .  T h e  s l u r r y  w a s  f i l t e r e d  t h r o u g h  a  B u c h n e r  f u n n e l  
w i t h  W h a t m a n  f i l t e r  p a p e r  # 1 .  T h e  r e s i d u e  w a s  r e h o m o g e n i z e d  w i t h  10  
v o l u m e s  o f  c o l d  a c e t o n e  f o r  1 m i n  a n d  f i l t e r e d ;  a n d  t h i s  s t e p  w a s  r e 
p e a t e d .  T h e  f in a l  r e s i d u e  w a s  w a s h e d  w i t h  5  v o l u m e s  o f  c o l d  a c e t o n e ,  
v a c u u m  d r i e d  a t  r o o m  t e m p e r a t u r e ,  g r o u n d  a n d  s t o r e d  a t  — 2 3 .3 ° C  u n t i l  

u s e d .
Optimization of extraction. T h e  f o l l o w i n g  o p t i m i z e d  p r o c e d u r e  f o r  

e x t r a c t i o n  o f  l i p o x y g e n a s e  f r o m  s w e e t  c o m  g e n u  a c e t o n e  p o w d e r  w a s  

d e v e l o p e d :  a c e t o n e  p o w d e r  ( 2 g )  w a s  h o m o g e n i z e d  w i t h  0 .2 M  T r i s - H C l ,  
p H  8 .0  ( 4 ° C )  i n  a  r a t i o  o f  1 :1 0  ( w / v )  f o r  3  m i n  u s i n g  a  T i s s u m i z e r  
( p o w e r s t a t  s e t t i n g  5 0 ) .  T h e  e n z y m e  e x t r a c t  w a s  c e n t r i f u g e d  a t  1 7 ,0 0 0  X  
g f o r  1 h r  ( 4 ° C ) .

T o  d e t e r m i n e  o p t i m u m  c o n d i t i o n s  f o r  e x t r a c t i o n ,  v a r i o u s  f a c t o r s  a f 
f e c t i n g  e x t r a c t i o n  e f f i c i e n c y  o f  l i p o x y g e n a s e  f r o m  a c e t o n e  p o w d e r  w e r e  
i n v e s t i g a t e d  ( T a b l e  1 ). E x p e r i m e n t s  w e r e  p e r f o r m e d  a s  d e s c r i b e d ,  e x c e p t  
c o n d i t i o n s  o f  e x t r a c t i o n  b u f f e r s  w e r e  c h a n g e d  a s  i n d i c a t e d .  A l l  e x p e r i 
m e n t s  w e r e  a t  4 ° C  w i t h  a t  l e a s t  t w o  r e p l i c a t i o n s .

Ammonium sulfate fractionation and dialysis. T h e  e n z y m e  e x t r a c t  
w a s  4 0 %  s a t u r a t e d  w i t h  a m m o n i u m  s u l f a t e  w i t h  c o n t i n u o u s  s t i r r i n g  a t  
4 ° C  f o r  1 h r .  A f t e r  c e n t r i f u g a t i o n  a t  1 7 ,0 0 0  X  g  a t  4 ° C  f o r  3 0  m i n ,  t h e  
s u p e r n a t a n t  w a s  6 0 %  s a t u r a t e d  w i t h  a m m o n i u m  s u l f a t e  w i t h  c o n t i n u o u s  

s t i r r i n g  a t  4 ° C  f o r  1 h r .  T h e  r e s u l t i n g  p r e c i p i t a t e  a f t e r  c e n t r i f u g a t i o n  w a s  
d i s s o l v e d  in  a  m i n i m u m  v o l u m e  o f  5 0  m M  T r i s - H C l  b u f f e r ,  p H  8 .0  ( 4 ° C )  
a n d  d i a l y z e d  u s i n g  a  S p e c t r a / P o r  m e m b r a n e  ( m o l e c u l a r  w e i g h t  c u t o f f
1 0 ,0 0 0  d a l t o n s )  a g a i n s t  2  L  o f  t h e  s a m e  b u f f e r  o v e r n i g h t  a t  4 ° C  w i th  
o n e  c h a n g e  o f  b u f f e r .  T h e  d i a l y z e d  s o l u t i o n  w a s  c e n t r i f u g e d  a t  1 7 ,0 0 0  
X  g (4°C) f o r  1 h r .  T h e  s u p e r n a t a n t  o f  i s o l a t e d  l i p o x y g e n a s e  w a s  s to r e d  
a t  — 2 3 .3 ° C .  T h e  a c t i v i t y  o f  l i p o x y g e n a s e  a n d  p r o t e i n  c o n t e n t  w e r e  d e 
t e r m i n e d  a t  e a c h  s t e p  o f  i s o l a t i o n .

pH optimum for activity and pH stability

T o  d e t e r m i n e  t h e  p H  o p t i m u m  t h e  a c t i v i t y  o f  i s o l a t e d  s w e e t  c o m  g e r m  
l i p o x y g e n a s e  w a s  d e t e r m i n e d  s p e c t r o p h o t o m e t r i c a l l y  i n  t h e  r a n g e  p H  3 .0  
t o  9 .0 .  T h e  b u f f e r  s y s t e m s  w e r e  0 .2 M  c i t r a t e  p h o s p h a t e  b u f f e r ,  p H  3 .0  
t o  5 .0 ;  0 .2 M  s o d i u m  p h o s p h a t e  b u f f e r ,  p H  6 .0  t o  7 .0 ;  a n d  0 .2 M  T r i s -  
H C l ,  p H  8 .0  t o  9 .0 .

I n  t h e  p H  s t a b i l i t y  s t u d y ,  t h e  e n z y m e  w a s  d i l u t e d  1 :1 0  ( v / v )  w i t h  
b u f f e r s  f r o m  p H  3 .0  t o  1 0 .0  a n d  i n c u b a t e d  in  13 X  1 0 0  m m  c a p p e d  t e s t  
t u b e s  in  a  w a t e r  b a t h  ( 2 5 ° C )  f o r  3 0  m i n ,  t h e n  a s s a y e d  f o r  l i p o x y g e n a s e  
a c t i v i t y .  T h e  b u f f e r  s y s t e m s  u s e d  f o r  p H  3 .0  t o  9 .0  w e r e  t h o s e  f o r  t h e  
p H  a c t i v i t y  s t u d y .  T h e  b u f f e r  f o r  p H  1 0 .0  w a s  0 .2  M  T r i s - H C l  b u f f e r .

Temperature optimum for activity and stability

E l u c i d a t i o n  o f  t h e  o p t i m u m  t e m p e r a t u r e  f o r  a c t i v i t y  i n v o l v e d  s p e c t r o -  
p h o t o m e t r i c  d e t e r m i n a t i o n  o f  l i p o x y g e n a s e  a c t i v i t y  i n  0 .2 M  s o d i u m  
p h o s p h a t e  b u f f e r ,  p H  7 .0  a t  1 0 ,  2 0 ,  2 5 ,  3 0 ,  3 5 ,  4 0 ,  5 0 ,  6 0 ,  a n d  7 0 ° C .

F o r  t h e  t e m p e r a t u r e  s t a b i l i t y  s t u d y ,  t h e  e n z y m e  s o l u t i o n  w a s  d i l u t e d  
1 :1 0  ( v / v )  w i t h  0 .2 M  s o d i u m  p h o s p h a t e  b u f f e r ,  p H  7 .0  A l i q u o t s  o f  d i 
l u t e d  e n z y m e  s a m p l e  w e r e  p l a c e d  i n  13 X  1 0 0  m m  c a p p e d  t e s t  t u b e s  
a n d  i n c u b a t e d  in  a  w a t e r  b a t h  a t  6 0 ° C  a n d  7 0 ° C  f o r  v a r i o u s  t i m e s  u p  to  
3 0  m i n .  E a c h  t u b e  w a s  r e m o v e d  a t  a  s p e c i f i c  t i m e ,  i m m e d i a t e l y  c o o l e d  
in  i c e  w a t e r  a n d  a s s a y e d  f o r  l i p o x y g e n a s e  a c t i v i t y .

Table 1— Factors evaluated for optimization of extraction conditions for li
poxygenase______________________________________________________________
Factors Conditions
Buffer pH 
(0.1 M)

4.5 (Sodium acetate)
7.0 (Sodium phosphate)
8.0 (Tris-HCl)
9.0 (Borate)

Buffer types 
(0.1 M, pH 8.0)

Sodium phosphate
Tris-HCl
Borate

Buffer concentrations 0.05, 0.1, and 0.2 M
Surfactant Triton X-100

(0, 0.01, 0.05, 0.1, 0.5, 1.0 and 2.0% v/v)
Metal chelator E D T A  (5 m M )
Protease inhibitor P M S F  (5 m M )
Reducing agent D T T  (5 m M )
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L ip o x y g en a se  a ctiv ity  o f  sw eet corn  g erm  and d egerm ed  
fraction s

Lipoxygenase activity/g tissue (wet weight) in the germ frac
tion was «  three times greater than the degermed fraction (data 
not shown). Lipoxygenase activities were 22,520 and 7,780 
units/g tissue in germ and degermed fractions, respectively. Pre
vious work on distribution of lipoxygenase in sweet corn on the 
cob also reported lipoxygenase activity was highest in the germ 
(Wagenknecht, 1959; Lee, 1981; Lee et ah, 1989). In inbred 
yellow dent com, the activity of lipoxygenase was generally 
higher in genn (embryo) than in endosperm tissues throughout 
kernel development (Belefant and Fong, 1991). Gardner (1970) 
reported that lipoxygenase was localized primarily in the seed 
germ tissue of mature hybrid com. Lipoxygenase activity was 
found primarily in the germ tissue of cereal seeds such as wheat 
(Auerman et al., 1971; Von Ceumern and Hartfiel, 1984), barley 
(Lulai and Baker, 1976; Lulai et ah, 1981), and rice (Yamamoto 
et ah, 1980); however, the subcellular location of lipoxygenase 
in genu tissue has not been reported (Gardner, 1988).

Since lipoxygenase activity was higher per unit weight in the 
germ of sweet com (cv. Jubilee) this may be the major site for 
enzymatic oxidation of polyunsaturated fatty acids. Off-flavor 
and off-aroma may ultimately develop in that region since pol
yunsaturated fatty acids have also been reported to be higher in 
the germ of com kernels (Wagenknecht, 1959; Gardner and In- 
glett, 1971; Flora and Wiley, 1972; Pascual and Wiley, 1974; 
Puangnak, 1976; Weber, 1978a, 1978b).

R ap id  iso la tion  o f  sw eet corn  germ

Large quantities of sweet com germ were required and be
cause of seasonal availability and the tedious and time consum
ing nature of manual isolation, a rapid method of isolation was 
developed. The yield of isolated germ was about 2-3% wet 
weight of the cut kernels. Sucrose that was used during germ 
separation was tested for its effect on lipoxygenase activity and 
had no inhibitory effects on the enzyme (data not shown).

O p tim iza tio n  o f  lip o x y g en a se  iso lation

The preparation of an acetone powder of com getm from 
liquid nitrogen powder was a means of concentrating enzyme 
as well as removing lipids, carotenoid pigments and other im
purities. Some undesirable impurities that might act as inhibitors 
of lipoxygenase, (e.g., natural antioxidants), may also have been 
removed. This technique had also been used to solubilize mem
brane associated enzymes (Penefsky and Tzagoloff, 1971). Pre
vious attempts at lipoxygenase isolation from whole kernel 
sweet corn (Velasco et ah, 1989), mature seed com (Poca et al.,
1990), wheat getm (Nicholas et al., 1982), and most lipid con
taining plants such as sunflower seed (Leoni et al., 1985), Eng
lish pea (Chen and Whitaker, 1986), flaxseeds (Rabinovitch-

1030—JOURNAL OF FOOD SCIENCE— Volume 60, No. 5, 1995



Chable et al., 1992) also noted the benefits of making acetone 
powders prior to extraction.

O p tim iza tio n  o f  ex traction . Factors which may affect the 
efficiency of lipoxygenase extraction from sweet com germ ac
etone powder were investigated. Conditions for extraction of 
lipoxygenase were selected based on preliminary observations: 
(1) use of a Tissumizer for extraction was more efficient than a 
magnetic stirrer or Waring blender; (2) three min was sufficient 
for effective extraction of lipoxygenase using the Tissumizer 
with powerstat at 50 and acetone powder to buffer 1:10 (w/v) 
(4°C).

Extraction at pH 8.0, yielded both the highest total lipoxy
genase activity and the highest specific activity compared with 
other buffers (Fig. 1). Tris-HCl buffer was most efficient at ex
traction of lipoxygenase and sodium phosphate. Borate buffers 
yielded «=92% and 86% lipoxygenase activity relative to Tris- 
HCl buffer. Lipoxygenase activity was highest using Tris-HCl 
(pH 8.0) at 0.2 M. Buffers at 0.1 M and 0.05M yielded 92% and 
91% activity relative to the 0.2M buffer. Therefore, 0.2M Tris- 
HCl was selected for extraction of lipoxygenase from acetone 
powders.

The effect of surfactant (Triton X-100), a metal chelator 
(EDTA), a reducing agent (DTT), and a protease inhibitor 
(PMSF) on lipoxygenase extraction were also examined. Pre
vious work by Grossman et al. (1969), Pinsky et al. (1971) and 
Boyes et al. (1992) showed that using Triton X-100 in the ex
traction buffer increased the yield of lipoxygenase activity. Con
centrations up to 2.0% (v/v) of Triton X-100 were added to the 
0.2 M Tris-HCl buffer. Triton X-100 addition decreased lipox
ygenase activity in the sweet com gemt extract. Triton X-100 
at 0.05%, 1.0% and 2.0% decreased lipoxygenase activity to 
about 64%, 32% and 5% of that in the control extract without 
Triton. Pinsky et al. (1971) also reported that in soybean, pea, 
spinach and cauliflower, addition of Triton X-100 decreased li
poxygenase activity.

Such decreased activity may be due to dénaturation of the 
enzyme by detergent. This may result from replacement of nat
ural lipids by detergent which could cause loss of enzymic ac
tivity. However, adding Triton X-100 increased the yield of 
lipoxygenase in extracts of some plants. Such increases may be 
due to the action of the detergent in solubilizing membrane- 
bound enzyme.

EDTA, a metal chelating agent, may be added to extraction 
buffers to bind metal ions and divalent cations that could inhibit 
enzymes during extraction. Lipoxygenases in cowpeas (Den and 
Mendoza, 1982), and chickpeas (Sanz et ah, 1992) have been 
reported to be inhibited by metal ions. However, extraction buf
fers to which we added 5 mM EDTA showed about an 8% 
decrease in lipoxygenase activity.

EDTA has been reported to be an inhibitor of lipoxygenase 
in some plants e.g. broad beans (Al-Obaidy and Siddiqi, 1981) 
and soybeans (Chan, 1973). Lipoxygenase activity in sunflower 
seeds (Leoni et ah, 1985) and barley (Lulai and Baker, 1976), 
however, was not affected by EDTA. Decreased activity as a 
result of EDTA addition may be due to the presence of a non
heme iron atom at the active site as in soybean lipoxygenase 
(Chan, 1973; Roza and Francke, 1973; Pistorius and Axelrod, 
1974; Navaratnam et ah, 1988; Nelson, 1988; Draheim et al„
1989). EDTA might form a complex with the iron in lipoxy
genase and result in a decrease in activity.

The addition of a reducing agent (DTT) at 5 mM in the ex
traction buffer decreased the yield of lipoxygenase to about 54% 
of that in the extract without DTT. This indicated that a reducing 
environment was not required for stabilization of lipoxygenase 
activity during extraction. The reducing conditions may change 
or keep lipoxygenase molecules in the inactive form. Moreover, 
addition of 5 mM PMSF as a serine protease inhibitor did not 
increase extraction of lipoxygenase from sweet com germ.

A m m on iu m  su lfa te  fra ctio n a tio n  and  d ialysis. The optimal 
ammonium sulfate saturation for fractionation of lipoxygenase 
was determined by increasing the saturation in 10% increments

Fig. 1—Lipoxygenase and specific activity in extracts prepared 
with different pH buffers. Data are means ±SD.

from 20-100% saturation. Highest lipoxygenase activity recov
ery and specific activity were found between 40-60% ammo
nium sulfate (Table 2). This range had been used to isolate 
lipoxygenase from green beans (Adams and Ongley, 1989), cow 
peas (Den and Mendoza, 1982), and soybeans (Mitsuda et ah, 
1967; Steven et al., 1970).

Other ammonium sulfate saturation levels have been reported 
for isolation of lipoxygenase from com, however. Belefant and 
Fong (1991) used 20-50% for com embryos, Gardner and Weis- 
leder (1970) used 42-53% for mature com germ, Velasco et al.
(1989) used 10-50% for sweet com kernels and Poca et al. 
( 1990) used 40-80% for mature seed of corn. The recovery was 
62.1% and purification was 3-fold for isolated lipoxygenase 
from sweet com genn after fractionation and dialysis (Table 2).

O p tim u m  pH  for a ctiv ity  and  stab ility

The optimum pH for activity of lipoxygenase was «=6.0-7.0 
(Fig. 2). Very little activity was observed below pH 4.0 or above 
pH 8.0. This was similar to the pH optimum reported by Gard
ner (1988) for a lipoxygenase isozyme of mature maize germ 
which had a broad pH optimum between pH 6.0 and 7.2 and 
essentially no activity above pH 8.2. Belefant and Fong (1991) 
also reported that lipoxygenase in the embryos of inbred yellow 
dent com had an optimum pH of 6.8-7.0. However, Poca et al.
(1990) reported that the pH optimum for two lipoxygenase iso
zymes of mature maize seeds had a broad pH optimum, from 
pH 6.0 to 8.2 for isozyme-1 and from pH 7.0 to 9.0 for isozyme-
2.

The optimum pH of lipoxygenase in the germ tissue of cereal 
grains has been reported to be 6.0-6.5 for wheat germ (Nicholas 
et ah, 1982), 6.5-7.0 for rice germ (Yamamoto et ah, 1980), 
and 6.5 for germinated barley germ (Doderer et a l, 1992). Li
poxygenase activities of many other plants, e.g. broad beans (Al- 
Obaidy and Siddiqi, 1981), eggplant (Grossman et al., 1972), 
navy beans (Koch et ah, 1971), soybean lipoxygenase-2 (Diel 
and Stan, 1978; Dreesen et ah, 1982), pea isozyme-1 (Chen and 
Whitaker, 1986) and kiwifruit (Boyes et ah, 1992) have also 
been found to have pH optima ranging from 6.0-7.5. However, 
lipoxygenase activity of soybean lipoxygenase- 1 was optimum 
of pH 8.0-9.5 (Diel and Stan, 1978) and Reynolds and Klein 
( 1982) found that dry English pea seeds (cv. Little Marvel) con
tained a small amount of type-1 lipoxygenase with optimum pH
9.0-10.0.

Sweet com germ lipoxygenase seemed to be most stable in 
the range pH 5.0-8.0; however, the activity was almost entirely 
lost at pH 10.0 (F.g. 3). This result was similar to that reported 
for pea lipoxygenase isozyme-1 which was stable at pH 4.5-8.0
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LIPO XYG ENASE IN  SW EET CORN G E R M . . .

Table 2—Summary of partial purification of lipoxygenase from sweet corn 
germ___________________________ __________________________________

Step

Total 
activity 

(units/g AP)

Specific
activity

(units/mg
protein)

Degree of 
purification

%
Recovery3

Acetone
extract 137,250 2,338 1.0

100.0
powder (AP)

40%
Ammonium
sulfate
supernatant 105,044 2,809 1.2 76.5

40-60%
Ammonium
sulfate
precipitate 102,375 5,543 2.4 74.6

After dialysis 95,297 7,021 3.0 62.1
a Relative to lipoxygenase activity in AP extract.

Fig. 2—pH activity profile for partially purified lipoxygenase from 
sweet corn germ. Data are means ±SD.

at 25°C for 30 min (Chen and Whitaker, 1986). Ganthavom and 
Powers (1989) reported that asparagus lipoxygenase was also 
stable at pH 4.5-8.0 at 2°C for 3 days. Al-Obaidy and Siddiqi
(1981) found that broad bean lipoxygenase was stable between 
pH 4.0 and 8.0, however, the time and temperature were not 
reported.

Optimum temperature for activity and stability

The optimum temperature for lipoxygenase activity was 
=50°C (Fig. 4). This was similar to the optimum reported for 
three major lipoxygenase isozymes of wheat germ which was 
S»45°C. They had only trace activities at 65°C (Shiiba et al.,
1991), and barley lipoxygenase had an optimum of 47°C (Lulai 
and Baker, 1976). However, this was higher than the optimum 
temperature found for sunflower seeds (Leoni et al., 1985) 
which was S=35°C; soybeans, broad beans and cowpeas with 
maximum activity «=30°C (Tappel et al., 1953; Al-Obaidy and 
Siddiqi, 1981; Den and Mendoza, 1982).

About 90% of the original activity of isolated lipoxygenase 
from sweet com germ was inactivated (Fig. 5) after heating at 
70°C for 3 min. Lipoxygenase was almost completely inacti
vated after 20 min at 70°C. About 50 and 90% of original li
poxygenase activity was inactivated after heating at 60°C for 3 
and 20 min, respectively.

After heating 10 min, residual lipoxygenase activities were 
about 25% at 60°C and 5% at 70°C. Lipoxygenase in sweet com 
germ seemed to be less heat stable than that in English green 
pea homogenate where residual activities after heating at 60°C 
for 10 min were about 30% (Williams et al., 1986). Poca et al.

Fig. 3—pH stability curve for partially purified lipoxygenase from 
sweet corn germ. Data are means ±SD.

Fig. 4—Temperature activity profile for partially purified lipoxy
genase from sweet corn germ. Data are means ±SD.

(1990) reported that isolated lipoxygenase isozyme activities 
from mature maize seeds remained at about 50% after heating 
for 5 min at ~45°C for isozyme-1 and at 65°C for isoenzyme-
2. Results for thermal inactivation of lipoxygenase enzymes re
ported in other studies may not be directly comparable because 
of various factors, e.g. com cultivar, technique for heating and 
assaying enzymes, criteria for inactivation, enzyme concentra
tions, amounts and types of impurities, substrates of enzymes, 
and reaction products (McConnell, 1956; Svensson and Eriks
son, 1972; Alsoe and Alder-Nissen, 1988; Ganthavom and Pow
ers, 1989).

A pH 7 buffer was used for study of the heat stability of the 
enzyme since that is the approximate physiological pH of com 
germ. However, lipoxygenase naturally present in germ may be 
more heat stable than that of the isolated enzyme in a buffer. A 
protective environment may be imparted by the kernel structure 
and other compounds may act as stabilizers.

C O N C L U S IO N S
L i p o x y g e n a s e  c o n c e n t r a t i o n  was higher in the germ as 
compared to the degermed fraction of sweet com, suggesting 
that industry should pay careful attention to the germ fraction. 
The germ may be an important site for enzyme-catalyzed off- 
flavor and off-aroma formation in unblanched sweet com. Con
ditions for extraction and isolation of lipoxygenase from germ
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Fig. 5—Temperature stability curves for partially purified lipoxy
genase from sweet corn germ. Data are means ±SD.

of sweet com were optimized for the first time. Elucidation of 
physicochemical properties, such as pH and temperature opti
mum for activity, and pH and temperature stability provide a 
better understanding of lipoxygenase in germ. Continued re
search will lead to an understanding of the influence of lipox
ygenase on sweet com quality. Lipoxygenase may be more 
appropriate than peroxidase for use as an index for blanching in 
the frozen sweet com industry.
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Sweet Corn Germ Enzymes Affect Odor Formation
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---------------------------  ABSTRACT ---------------------------
D e s c r i p t i v e  s e n s o r y  a n a l y s i s  o f  a  h o m o g e n a t e  o f  f r o z e n  s t o r e d  u n b l a n 
c h e d  s w e e t  c o m  i n d i c a t e d  t h a t  m e a n  o v e r a l l  i n t e n s i t y  a n d  m o s t  d e s c r i p 
t o r s  d e s c r i b i n g  u n d e s i r a b l e  c h a r a c t e r i s t i c s  w e r e  h i g h e r  t h a n  t h o s e  f r o m  
b l a n c h e d  c o m .  T o  i n v e s t i g a t e  t h e  i n v o l v e m e n t  o f  c o m  g e r m  e n z y m e s  in  
o f f - o d o r  f o r m a t i o n ,  c r u d e  e n z y m e  a n d  p u r i f i e d  l i p o x y g e n a s e  ( L P O )  a n d  
p e r o x i d a s e  ( P O D )  e x t r a c t s  w e r e  p r e p a r e d  a n d  a d d e d  to  h o m o g e n a t e s  o f  
b l a n c h e d  c o m .  A d d i t i o n  o f  t h e  L P O  e x t r a c t  i n c r e a s e d  “ p a i n t y ”  a n d  
“ s t a l e / o x i d i z e d ”  o f f - o d o r  d e s c r i p t o r s  a n d  l o w e r e d  “ s w e e t ”  a n d  “ c o m ”  
d e s c r i p t o r s .  E v i d e n c e  s u g g e s t e d  t h a t  s w e e t  c o m  g e r m  p e r o x i d a s e  is  n o t  
i m p o r t a n t  i n  o f f - o d o r  f o r m a t i o n ,  in  w h i c h  c a s e  l i p o x y g e n a s e  m a y  b e  

m o r e  a p p r o p r i a t e  a s  a  b l a n c h i n g  i n d i c a t o r .

K e y  W o r d s :  s w e e t  c o m ,  c o m  g e r m ,  l i p o x y g e n a s e ,  p e r o x i d a s e ,  o f f - o d o r s

INTRODUCTION
S w e e t  c o r n  o f f - f l a v o r  and off-odor formation, which occur 
after harvesting and during frozen storage, result in quality de
terioration (Smittle et al., 1972; Wagenknecht, 1959; Lee, 1981; 
Velasco et al., 1989). Off-odor formation in frozen stored raw 
or underblanched vegetables, including sweet com, is hypothe
sized to be the result of enzymatic action (Joslyn, 1949; Wag
enknecht, 1959; Lee, 1981; Williams et al., 1986; Ganthavom 
and Powers, 1989; Velasco et al., 1989; Sheu and Chen, 1991).

Lipoxygenase (LPO) has most often been suggested as the 
cause of off-flavor development (Wagenknecht, 1959; Lee, 
1981; Velasco et al., 1989), and its activity is particularly high 
in the fraction containing the germ (Wagenknecht, 1959; Lee, 
1981). In contrast, there is no evidence that peroxidase (POD), 
long used as a blanching index for sweet com and other vege
tables prior to freezing, is directly associated with off-flavor or 
other quality deterioration (Morris, 1958; Burnette, 1977; Wil
liams, et al., 1986; Lim et al., 1989; Sheu and Chen, 1991).

Velasco et al. (1989) separated POD, LPO and catalase from 
sweet com kernels and evaluated catalysis of off-odor formation 
by those enzymes. They could not clarify which enzyme(s) was 
responsible. The involvement of LPO and other enzymes iso
lated specifically from sweet com germ tissue has never been 
reported.

Our objectives were to investigate the effects of sweet com 
germ enzymes, in particular LPO, on off-odor formation using 
descriptive sensory analysis. The odor profiles of homogenates 
prepared from blanched and unblanched frozen stored com were 
studied and compared to those of homogenates to which enzyme 
extracts had been added.

MATERIALS & METHODS
Materials

F r e s h l y  h a r v e s t e d  s w e e t  c o m  (Zea mays L .  v a r .  J u b i l e e )  w a s  o b t a i n e d  
f r o m  th e  N a t i o n a l  F r o z e n  F o o d  C o .  ( A l b a n y ,  O R )  a n d  w a s  i m m e d i a t e l y  
t r a n s p o r t e d  t o  t h e  p i l o t  p l a n t  o f  t h e  D e p t ,  o f  F o o d  S c i e n c e  a n d  T e c h 
n o l o g y ,  O r e g o n  S t a t e  U n i v .  ( C o r v a l l i s ,  O R ) .  T h e  f r e s h  s w e e t  c o m  w a s  
d e h u s k e d  b y  h a n d ,  a n d  r a n d o m l y  s e p a r a t e d  a n d  p r o c e s s e d  i n t o  f o u r  lo t s :
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( 1) u n b l a n c h e d  i n t a c t  k e r n e l s :  c o m  w a s  f r o z e n  i m m e d i a t e l y  i n  l i q u i d  
n i t r o g e n  a n d  i n t a c t  k e r n e l s  w e r e  r e m o v e d  f r o m  t h e  c o b  b y  h a n d  a n d  
s t o r e d  a t  — 3 5 ° C ;  ( 2 )  b l a n c h e d  i n t a c t  k e r n e l s :  c o m  o n  t h e  c o b  w a s  w a t e r  

b l a n c h e d  a t  9 8 ° C  f o r  3 0  m i n  to  e n s u r e  i n a c t i v a t i o n  o f  e n z y m e s ,  c o o l e d  
in  w a t e r  a n d  f r o z e n  i m m e d i a t e l y  in  l i q u i d  n i t r o g e n .  I n t a c t  k e r n e l s  w e r e  
t h e n  r e m o v e d  f r o m  t h e  c o b  b y  h a n d  a n d  s t o r e d  a t  - 3 5 ° C  u n t i l  u t i l i z e d ;
( 3 )  u n b l a n c h e d  c o m  o n  t h e  c o b  f r o z e n  i m m e d i a t e l y  i n  l i q u i d  n i t r o g e n  
a n d  s t o r e d  a t  - 2 3 . 3 ° C  f o r  u p  to  1 .7 5  y e a r s  f o r  i n v e s t i g a t i o n  o f  o f f - o d o - ; 
a n d  ( 4 )  r e m a i n d e r  o f  t h e  f r e s h  c o m  t e m p o r a r i l y  s t o r e d  a t  4 ° C  p r i o r  to  

g e r m  s e p a r a t i o n ,  w h i c h  w a s  c a r r i e d  o u t  o v e r  a  p e r i o d  o f  3  d a y s .
L i n o l e i c  a c i d ,  a m m o n i u m  s u l f a t e ,  T w e e n - 2 0  ( p o l y o x o e t h y l e n e - s o r b i -  

t a n  m o n o l a u r e a t e ) ,  a n d  g e l  f i l t r a t i o n  m e d i a  ( S e p h a c r y l  S - 3 0 0  F IR )  w e r e  

p u r c h a s e d  f r o m  S i g m a  C h e m i c a l  C o .  ( S t .  L o u i s ,  M O ) .  A l l  o t h e r  c h e m 
ic a l s  w e r e  r e a g e n t  g r a d e .  D e i o n i z e d  d i s t i l l e d  w a t e r  w a s  u s e d  in  a l l  p u 
r i f i c a t i o n  e x p e r i m e n t s .  A  p r e p a c k e d  F a s t  P r o t e i n  L i q u i d  C h r o m a t o g r a p h y  
( F P L C )  c o l u m n  o f  M o n o  Q  H R  5 /5  ( 5  X  0 .5  c m  i . d . ) ,  a n d  a  p r e p a c k e d  

d i s p o s a b l e  P D - 1 0  ( S e p h a d e x  G - 2 5  M )  c o l u m n  w e r e  o b t a i n e d  f r o m  P h a r -  
m a c i a - L K B  ( U p p s a l a ,  S w e d e n ) .  T h e  F P L C  s y s t e m  ( P h a r m a c i a )  w a s  p r e 
v i o u s l y  d e s c r i b e d  b y  T h e e r a k u l k a i t  a n d  B a r r e t t  ( 1 9 9 5 a ) .

R e f e r e n c e  s t a n d a r d s  f o r  o d o r  d e s c r i p t o r s  w e r e  l i n s e e d  o i l  ( G r u m -  
b a c h e r ,  A r t i s t s  O i l  M e d i u m  b y  M . G r u m b a c h e r ,  I n c . ,  N e w  Y o r k ,  N Y ) ,  
c o m  t o r t i l l a  m i x  ( Q u a k e r  M a s a  H a r i n a  D e  M a i z ,  m a n u f a c t u r e d  b y  th e  
Q u a k e r  O a t s  C o . ,  C h i c a g o ,  I L ) ,  c a n n e d  w h o l e  k e r n e l  c o m  ( G o l d e n  s w e e t ,  

f a m i l y  s t y l e ,  D e l  M o n t e  b r a n d ,  D e l  M o n t e  C o . ,  S a n  F r a n c i s c o ,  C A ) ,  
d r i e d  s t r a w  a n d  h a y  ( D e p t ,  o f  A n i m a l  S c i e n c e ,  O r e g o n  S t a t e  U n i v e r s i t y ,  

C o r v a l l i s ,  O R ) ,  a n d  f r e s h  s w e e t  c o m  a n d  c a b b a g e  ( p u r c h a s e d  a t  l o c a l  
m a r k e t s ,  C o r v a l l i s ,  O R ) .  R e f e r e n c e  s t a n d a r d s  f o r  o d o r  i n t e n s i t y  w e r e  
s a f f l o w e r  o i l  ( S a f f o l a  Q u a l i t y  F o o d s  I n c . ,  L o s  A n g e l e s ,  C A ) ,  o r a n g e  

d r i n k  ( H i - C ,  C o c a  C o l a  F o o d s ,  H o u s t o n ,  T X ) ,  g r a p e  j u i c e  ( W e l c h ’s , 
C o n c o r d ,  M A ) ,  a n d  c i n n a m o n  b u b b l e  g u m  ( P l e n  T - P a k  B i g  R e d ,  W M .  
W r i g l e y  J r .  C o . ,  C h i c a g o ,  I L ) .

Enzyme preparation and purification

Rapid isolation of s w e e t  corn germ. R a p i d  i s o l a t i o n  o f  t h e  g e r m  
f r a c t i o n  f r o m  s w e e t  c o m  o n  t h e  c o b  w a s  c a r r i e d  o u t  u s i n g  a  m o d i f i c a t i o n  

o f  t h e  m e t h o d  o f  F o n g  a n d  S m i t h  ( 1 9 8 5 ) .  T h e  p r e c o o l e d  f r e s h  s w e e t  
c o m  w a s  h u s k e d ,  i n s p e c t e d ,  a n d  c u t  a t  t h e  t o p  a n d  b a s e  o f  t h e  k e r n e l s  
u s i n g  a  T U C  c u t t e r  ( T h e  U n i t e d  C o m p a n y .  W e s t m i n s t e r ,  M D ) .  T h e  k e r 
n e l s  w e r e  g e n t l y  c r u s h e d  b y  h a n d  u s i n g  a  r o l l i n g  p i n  t o  r e l e a s e  t h e  i n t a c t  
g e r m  a n d  t h e n  s i e v e d  t h r o u g h  th r e e  s t a c k e d  s c r e e n s  w i t h  6 .3 ,  2 .3 6 ,  a r .d  

0 .8 3  m m  o p e n i n g s .  T h e  e n r i c h e d  g e r m  f r a c t i o n  w a s  c o l l e c t e d  a n d  f u r t h e r  
i s o l a t e d  b y  s u s p e n d i n g  i t  i n  « = 3 5 %  ( w / v )  s u c r o s e  in  a  5 0  m M  s o d i u m  
p h o s p h a t e  b u f f e r  p H  7 .  A l l  f l o a t i n g  t i s s u e s  w e r e  c o l l e c t e d  a n d  c e n t r i 
f u g e d  in  « = 3 0 %  ( w / v )  s u c r o s e  in  5 0  m M  s o d i u m  p h o s p h a t e  b u f f e r  p H  7  
a t  2 ,0 0 0  X  g ( 4 ° C )  f o r  5  m i n  to  s e p a r a t e  g e r m  f r o m  t h e  d e b r i s .  T h e  
i s o l a t e d  g e r m  f r a c t i o n  w a s  v i s u a l l y  i n s p e c t e d  a n d  s o r t e d  b y  h a n d  f r o m  
n o n - e m b r y o n i c  t i s s u e s  b e f o r e  f r e e z i n g  in  l i q u i d  n i t r o g e n .  T h e  f r o z e n  i s o 
l a t e d  g e r m  w a s  s t o r e d  a t  — 8 0 ° C  u n t i l  u s e d .

Preparation of crude enzyme extract. I s o l a t e d  s w e e t  c o m  g e r m  w a s  

p r e p a r e d  a s  a n  a c e t o n e  p o w d e r  a n d  e x t r a c t e d  w i t h  0 .2  M  T r i s - H C l ,  p H
8 .0  ( 4 ° C )  a s  d e s c r i b e d  b y  T h e e r a k u l k a i t  a n d  B a r r e t t  ( 1 9 9 5 b ) .  T h e  s u 
p e r n a t a n t  o f  t h e  c r u d e  e x t r a c t  w a s  l y o p h i l i z e d  a n d  s t o r e d  a t  - 2 3 . 3 ° C  
u n t i l  n e e d e d ,  a t  w h i c h  t i m e  i t  w a s  d i s s o l v e d  in  0 .2  M  s o d i u m  p h o s p h a t e  
b u f f e r ,  p H  7 .0 ,  a n d  c e n t r i f u g e d  a t  1 7 ,0 0 0  X  g f o r  3 0  m i n  ( 4 ° C ) .  T h e  
s u p e r n a t a n t  w a s  b u f f e r  e x c h a n g e d  w i t h  5 0  m M  p h o s p h a t e  b u f f e r ,  p H
7 .0 ,  u s i n g  a  p r e p a c k e d  P D - 1 0  g e l  f i l t r a t i o n  c o l u m n .  T h e  e x t r a c t  w a s  
f r o z e n  in  l i q u i d  n i t r o g e n  a n d  s t o r e d  a t  - 2 3 . 3 ° C .

Purification of sweet corn germ LPO and POD. L P O  in  s w e e t  c o m  
g e r m  w a s  p u r i f i e d  a s  d e s c r i b e d  b y  T h e e r a k u l k a i t  a n d  B a r r e t t  ( 1 9 9 5 b ) .  
T h e  g e r m  w a s  p r e p a r e d  a s  a n  a c e t o n e  p o w d e r ,  e x t r a c t e d  w i t h  0 .2 M  T r i s -  

H C l ,  p H  8 .0  ( 4 ° C ) ,  f r a c t i o n a t e d  b y  4 0 - 6 0 %  a m m o n i u m  s u l f a t e  s a t u r a 
t i o n ,  a n d  p u r i f i e d  b y  c o n v e n t i o n a l  c o l u m n  c h r o m a t o g r a p h y  o n  S e p h a c r y l  

S - 3 0 0  H R  a n d  t h e  F P L C  o n  a  M o n o  Q  c o l u m n .  T h e  p o o l e d  a c t i v e  L P O  
f r a c t i o n  w a s  d e s a l t e d  a n d  b u f f e r  e x c h a n g e d  w i t h  d e i o n i z e d  d i s t i l l e d  w a 
t e r  u s i n g  a  p r e p a c k e d  P D - 1 0  c o l u m n ,  l y o p h i l i z e d ,  a n d  s t o r e d  in  a  d e s 
i c c a t o r  a t  — 2 3 .3 ° C .
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Table 1—Odor descriptors, definitions, reference standards and their preparation and amount used for serving3 for descriptive sensory evaluation of 
sweet corn homogenate samples
Descriptors Reference standards and preparations Definitions

Overall odor — The overall odor impact (intensity) of all compounds per
ceived by nose.

Painty Linseed oil:
Used 15 mL linseed oil (Grumbacher Artists Oil Medium)

Odor quality associated with the deterioration of the oil frac
tion. It may be described as linseed oil, paint thinner, shoe 
polish.

Stale/oxidized Wet masa harina:
Prepared by mixing 1 cup corn tortilla mix (Quaker Masa 
Harina de Maiz) with 1/2 cup of hot water

Cardboard, old corn flour or the dusty/musty odor that does 
not include painty.

Cooked cabbage Sliced cooked cabbage:
Prepared by cooking 250 g sliced cabbage with 500 mL of 
spring water on gas stove at high (10) for 4 min and at low 
(2) for 30 min; used 10 mL liquid portion and 15 g cooked 
cabbage

All characteristic notes associated with odor of cooked cab
bage, e.g., sour, cabbage, fermented

Straw/hay Chopped straw and hay:
Prepared by chopping the dried straw and hay in a length 
about 1 to 2 cm; used 3 g chopped straw and 3 g chopped 
hay

All characteristic notes associated with straw and hay

Corn Cooked fresh cut sweet corn:
Prepared by cooking 75 g fresh cut sweet corn with 5 mL 
spring water using microwave at full power for 1.5 min; 
used 30 g cooked cut corn

The characteristic note of "corn" associated with cooked 
sweet corn

Sweet Liquid of canned whole kernel corn:
Used 30 mL of liquid portion of canned whole corn kernels 
(Del Monte brand Golden Sweet, Family Style)

The characteristic note of "sweet" associated with canned 
sweet corn

Cobby/husky Diced fresh corn cob and fresh corn husk:
Prepared by dicing fresh corn husk (thickness about 0.5 cm) 
and fresh corn cob (thickness about 0.1 cm; used 15 g for 
diced cob and 8 g for diced husk

The characteristic note associated with diced fresh corn cob 
and husk

a Served in 250 mL clear wine glasses covered with tight fitting aluminum lids.

Fig. 1—Descriptive sensory profile for unblanched sweet corn 
homogenate samples compared with the control; the distance 
from the center is the mean value for that odor descriptor. Means 
designated with are significantly different from the control at 
p < 0.05.

P O D  a c t i v e  f r a c t i o n s  e l u t i n g  f r o m  b o t h  t h e  S e p h a c r y l  S - 3 0 0  H R  a n d  
t h e  M o n o  Q  c o l u m n s  w e r e  c o l l e c t e d  a n d  t h o s e  c o n t a i n i n g  a t  l e a s t  3 0 %  
o f  t h e  P O D  a c t i v i t y  in  t h e  m o s t  a c t i v e  f r a c t i o n s  f r o m  t h e  c o l u m n s  w e r e  
p o o l e d .  T h e  p o o l e d  P O D  f r a c t i o n  w a s  t h e n  s u b j e c t e d  to  f u r t h e r  p u r i f i 
c a t i o n  b y  F P L C  o n  a  M o n o  Q  c o l u m n  e l u t e d  w i t h  a  l i n e a r  N a C l  g r a d i e n t .  
T h e  c o l l e c t e d  f r a c t i o n s  w e r e  l y o p h i l i z e d  a n d  s t o r e d  in  t h e  d e s i c c a t o r  a t  
- 2 3 . 3 ° C  u n t i l  u s e d .  T o  p r e p a r e  t h e  P O D  f o r  u s e ,  i t  w a s  d i s s o l v e d  in  5 0  
m M  s o d i u m  p h o s p h a t e  b u f f e r ,  p H  7 .0 ,  a n d  b u f f e r  e x c h a n g e d  w i t h  p h o s 
p h a t e  b u f f e r ,  p H  7 .0 ,  u s i n g  a  p r e p a c k e d  P D - 1 0  c o l u m n .

Enzyme activity assays. L P O  a c t i v i t y  w a s  d e t e r m i n e d  s p e c t r o p h o t o -  
m e t r i c a l l y  b y  m o n i t o r i n g  t h e  f o r m a t i o n  o f  c o n j u g a t e d  d i e n e s  a t  2 5 ° C  
( T h e e r a k u l k a i t  a n d  B a r r e t t ,  1 9 9 5 a ) .  O n e  u n i t  o f  e n z y m e  a c t i v i t y  i s  d e 
f in e d  a s  a n  i n c r e a s e  in  a b s o r b a n c e  o f  0 .0 0 1  a t  2 3 4  n m / m i n  u n d e r  a s s a y  
c o n d i t i o n s .

P O D  a c t i v i t y  w a s  d e t e r m i n e d  s p e c t r o p h o t o m e t r i c a l l y  a t  4 7 0  n m  ( 2 5 ° C )  
b y  a  m o d i f i c a t i o n  o f  t h e  p r o c e d u r e  o f  F l u r k e y  a n d  J e n  ( 1 9 7 8 ) .  T h e  s u b 
s t r a t e  s o l u t i o n  w a s  p r e p a r e d  b y  m i x i n g  0 . 9 0  m L  o f  g u a i a c o l  w i t h  « > 1 8 0  
m L  o f  0 .2  M  s o d i u m  p h o s p h a t e  b u f f e r ,  p H  6 .0 ,  f o r  a b o u t  2 0  m i n ,  a d d i n g  
0 .0 2  m L  o f  3 0 %  h y d r o g e n  p e r o x i d e ,  a n d  m i x i n g  t h o r o u g h l y .  T h e  s o l u 
t i o n  w a s  t h e n  a d j u s t e d  t o  2 0 0  m L  w i t h  0 .2  M  s o d i u m  p h o s p h a t e  b u f f e r ,  
p H  6 .0 .  O n e  u n i t  o f  e n z y m e  a c t i v i t y  w a s  d e f i n e d  a s  a n  i n c r e a s e  in  a b 
s o r b a n c e  o f  0 .0 0 1  a t  4 7 0  n m / m i n u t e  u n d e r  a s s a y  c o n d i t i o n s .

Protein determination. T h e  p r o t e i n  e l u t i o n  p r o f i l e  w a s  m o n i t o r e d  f o r  
b o t h  c o n v e n t i o n a l  c o l u m n  c h r o m a t o g r a p h y  a n d  F P L C  a n d  p r o t e i n  in  

p o o l e d  a c t i v e  f r a c t i o n s  w a s  e s t i m a t e d  b y  m e a s u r i n g  a b s o r b a n c e  a t  2 8 0  
n m .  O n e  u n i t  o f  p r o t e i n  w a s  d e f i n e d  a s  a b s o r b a n c e  o f  1 .0  a t  2 8 0  n m .

Sweet corn germ enzymes in off-odor formation

Panel selection and training. A  s e v e n - m e m b e r  p a n e l  ( s i x  f e m a l e s  
a n d  o n e  m a l e )  w a s  s e l e c t e d  b a s e d  o n  i n t e r e s t ,  c o m p l e t i o n  o f  t r a i n i n g  
s e s s i o n s ,  a v a i l a b i l i t y  a n d  c o n s i s t e n t  p e r f o r m a n c e .  P a n e l  t r a i n i n g  i n c l u d e d  
o r i e n t a t i o n  a n d  d e v e l o p m e n t  o f  i n d i v i d u a l  d e s c r i p t o r s  f o r  t h e  o d o r  o f  
s w e e t  c o m  h o m o g e n a t e  s a m p l e s .  R e f e r e n c e  m a t e r i a l s  w e r e  p r o v i d e d  to  
a s s i s t  w i t h  t e r m i n o l o g y  a n d  s t a n d a r d i z a t i o n .  R e f e r e n c e  s t a n d a r d s  w e r e  
a n c h o r e d  a t  p o i n t  3  ,30 m L  o f  s a f f l o w e r  o i l ) ,  p o i n t  7  ( 2 0  m L  o f  o r a n g e  
d r i n k ) ,  p o i n t  11 ( 2 0  m L  o f  g r a p e  j u i c e ) ,  a n d  p o i n t  1 3 ( 1  s t i c k  o f  c i n 
n a m o n  b u b b l e  g u m )  a n d  w e r e  p r e s e n t e d  in  c o v e r e d  s t e m  g l a s s e s .  A f t e r  
s u f f i c i e n t  t r a i n i n g  a r .d  d i s c u s s i o n ,  t h e  p a n e l  a g r e e d  o n  s e l e c t i o n  o f  s p e 
c i f i c  o d o r  d e s c r i p t o r s .  T r a i n i n g  w a s  c o n t i n u e d  u n t i l  r e s u l t s  f r o m  t h e  p a n e l  
a n d  i n d i v i d u a l  p a n e l i s t s  w e r e  c o n s i s t e n t .  F i n a l  o d o r  d e s c r i p t o r s  a n d  d e f 
in i t i o n s  a g r e e d  o n  b y  p a n e l i s t s ,  a n d  r e f e r e n c e  s t a n d a r d s  u s e d  f o r  e a c h  
o d o r  d e s c r i p t o r  a r e  l i s t e d  ( T a b l e  1 ).

Odor profile of homogenate of blanched and unblanched frozen stored 
corn: Sample preparation. U n b l a n c h e d  f r o z e n  c o m  o n  t h e  c o b  s t o r e d  a t  
- 2 3 . 3 ° C  f o r  1 .7 5  y e a r s  a n d  b l a n c h e d  ( 9 8 ° C ,  3 0  m i n )  f r o z e n  i n t a c t  c o m  
k e r n e l s  s t o r e d  a t  - 3 5 ° C  f o r  1 .7 5  y e a r s  w e r e  u s e d .  S a m p l e s  w e r e  p r e 
p a r e d  b y  a  m o d i f i c a t i o n  o f  t h e  p r o c e d u r e  d e s c r i b e d  b y  V e l a s c o  e t  a l .
( 1 9 8 9 ) .  I n t a c t  k e r n e l s  w e r e  r e m o v e d  f r o m  u n b l a n c h e d ,  f r o z e n  c o b s  a n d  
h o m o g e n i z e d  in  l i q u i d  n i t r o g e n  u s i n g  a  s t a i n l e s s  s t e e l  W a r i n g  B l e n d o r  
w i t h  t h e  p o w e r s t a t  s e t t i n g  a t  1 0 0 .  T h e  l i q u i d  n i t r o g e n  p o w d e r  ( 7 5 g )  w a s  
w e i g h e d  i n t o  a  4 5 0  m L  w i d e  m o u t h  f r e e z e r  j a r  a n d  a l l o w e d  t o  s t a n d  a t  
r o o m  t e m p e r a t u r e  f o r  a b o u t  3 0  m i n ,  a f t e r  w h i c h  15  m L  o f  5 0  m M  s o -
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SW EET CORN GERM  ENZYM ES IN  ODOR FO R M A T IO N . . .
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Fig. 2—(a) Loading of odor descriptors used for descriptive anal
ysis, and (b) principal component analysis plot of odor intensity 
rating of odor descriptors for the samples of sweet corn homo
genate (1-control, 2=unblanched, 3=added crude enzyme ex
tract and 4=added LPO; each contains three replications) on PC1 
vs PC2.
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d i u m  p h o s p h a t e  b u f f e r ,  p H  7 .0 ,  w e r e  a d d e d .  T h e  c o n t r o l  s a m p l e  w a s  
p r e p a r e d  in  t h e  s a m e  m a n n e r ,  e x c e p t  t h e  h o m o g e n a t e  o f  b l a n c h e d  f r o z e n  
c o m  k e r n e l  w a s  u s e d .  E a c h  s a m p l e  w a s  m i x e d  t h o r o u g h l y ,  c o v e r e d  w i t h  
a  w a t c h  g l a s s ,  a n d  h e a t e d  a t  9 3 ° C  in  a  w a t e r  b a t h  f o r  3 0  m i n ,  s t i r r i n g  
e v e r y  1 0  m i n .  E a c h  s a m p l e  ( 8g )  w a s  w e i g h e d  i n t o  2 5 0  m L  b l a c k ,  t u l i p 
s h a p e d  s t e m  g l a s s e s  c o d e d  w i t h  t h r e e  d i g i t  r a n d o m  n u m b e r s ,  c a p p e d  w i t h  
a l u m i n u m  l i d s  a n d  s e a l e d  w i t h  p a r a f i lm .

Sample testing. S a m p l e s  w e r e  c o o l e d  b y  l e a v i n g  t h e m  a t  r o o m  t e m 
p e r a t u r e  ( 2 2 ° C )  f o r  a t  l e a s t  3 0  m i n .  A  s e t  o f  t w o  s a m p l e s  w a s  p r e s e n t e d  
in  r a n d o m  o r d e r  t o  e a c h  p a n e l i s t  in  i n d i v i d u a l  b o o t h s .  P a n e l i s t s  w e r e  
a s k e d  to  r e m o v e  t h e  c o v e r ,  s n i f f  t h e  h e a d  s p a c e  o d o r  a n d  r a t e  t h e  i n t e n 
s i t y  o f  e a c h  o d o r  d e s c r i p t o r .  P a n e l i s t s  s n i f f e d  w a t e r  a f t e r  e a c h  s a m p l e  t o  
a v o i d  m i n i m i z e  c r o s s - o v e r  e f f e c t s .

E a c h  o d o r  d e s c r i p t o r  i n t e n s i t y  w a s  r a t e d  u s i n g  a  1 6 - p o in t  i n t e n s i t y  
s c a l e ,  ( 0 = n o n e ,  1 = j u s t  d e t e c t a b l e ,  3  =  s l i g h t ,  5 = s l i g h t  t o  m o d e r a t e ,  
7  =  m o d e r a t e ,  9 = m o d e r a t e  t o  l a r g e ,  l l = l a r g e ,  1 3  =  l a r g e  t o  e x t r e m e ,  a n d  
1 5 = e x t r e m e ) .  R e f e r e n c e  s t a n d a r d s  f o r  e a c h  o d o r  d e s c r i p t o r  a n d  f o r  o d o r  
i n t e n s i t y  w e r e  a v a i l a b l e  f o r  p a n e l i s t s  t o  r e v i e w  in  e v e r y  s e s s i o n .  T h e  
t e s t i n g  w a s  p e r f o r m e d  in  3  i n d i v i d u a l  s e s s i o n s  (3  r e p l i c a t i o n s ) .

Fig. 3—Descriptive sensory profile for sweet corn homogenate 
samples (A=unblanched, B = added crude enzyme extract, and 
Chadded LPO; respectively) compared with the control; the dis
tance from the center is the mean value for that odor descriptor.
Means designated with are significantly different from the 
control at p < 0.05.

Sensory profile with addition o f  purified LPO. U n b l a n c h e d  a n d  
b l a n c h e d  f r o z e n  i n t a c t  s w e e t  c o m  k e r n e l s  s t o r e d  a t  — 3 5 ° C  f o r  1 .7 5  y e a r s  
w e r e  u s e d .  S a m p l e s  i n c l u d e d :  ( 1 )  b l a n c h e d  c o m  h o m o g e n a t e  w i t h  a d d e d  

b u f f e r  ( c o n t r o l ) ,  ( 2 )  h o m o g e n a t e  t o  w h i c h  p u r i f i e d  L P O  w a s  a d d e d ,  (3 )  
h o m o g e n a t e  t o  w h i c h  c r u d e  e n z y m e  e x t r a c t  w a s  a d d e d ,  a n d  ( 4 )  u n b l a n 
c h e d  c o m  h o m o g e n a t e  w i t h  b u f f e r  a d d e d .  E a c h  o f  t h e  f i r s t  t h r e e  s a m p l e s  
w e r e  p r e p a r e d  b y  a d d i n g  e i t h e r  5 0  m M  s o d i u m  p h o s p h a t e  b u f f e r ,  p H
7 .0 ,  p u r i f i e d  L P O  s o l u t i o n ,  o r  c r u d e  e n z y m e  e x t r a c t  in  t h e  s a m e  p h o s 

p h a t e  b u f f e r ,  r e s p e c t i v e l y ,  t o  t h e  b l a n c h e d  c o m  l i q u i d  n i t r o g e n  p o w d e r  
in  a  1 t o  5  ( v / w )  r a t i o .  T h e  u n b l a n c h e d  s a m p l e  w a s  p r e p a r e d  in  t h e  s a m e  
m a n n e r  a s  t h e  c o n t r o l .  T o t a l  L P O  a c t i v i t y  in  t h e  u n b l a n c h e d  s a m p l e  a n d  
in  t h e  p u r i f i e d  L P O  a n d  c r u d e  e x t r a c t  a d d i t i o n  s a m p l e s  w a s  a b o u t  t h e  

s a m e  l e v e l  ( 6 7 5 , 0 0 0  u n i t s ) ,  w h i l e  t h a t  in  t h e  c o n t r o l  w a s  i n s i g n i f i c a n t .
E a c h  s a m p l e  w a s  m i x e d  t h o r o u g h l y  a n d  i n c u b a t e d  in  a  s l o w  s p e e d  

s h a k i n g  w a t e r  b a t h  ( 3 0 ° C )  f o r  3  h r  a n d  s t i r r e d  e v e r y  3 0  m i n .  S a m p l e s  
w e r e  h e a t e d  a t  9 3 ° C  in  a  w a t e r  b a t h  f o r  3 0  m i n  a n d  t h e n  a n a l y z e d  in  
t h e  s a m e  w a y ,  e x c e p t  a  s e t  o f  f o u r  ( i n s t e a d  o f  t w o )  s a m p l e s  w e r e  u s e d

Sensory profile with addition o f  purified POD. I n v e s t i g a t i o n  o f  th e  
i n v o l v e m e n t  o f  P O D  in  o f f - o d o r  f o r m a t i o n  w a s  c a r r i e d  o u t  i n  a  s i m i l a r  

m a n n e r  t o  t h e  L P O  s tu d y ,  e x c e p t  t h a t  p u r i f i e d  P O D  w a s  a d d e d .  T o t a i  
P O D  a c t i v i t y  in  t h e  p u r i f i e d  P O D  a n d  c r u d e  e n z y m e  s a m p l e s  w a s  
= » 6 5 0 ,0 0 0  u n i t s .

Statistical analysis. A  r a n d o m i z e d  c o m p l e t e  b l o c k  d e s i g n  w a s  u s e d  
in  a l l  e x p e r i m e n t s .  T h e  b l o c k  c o r r e s p o n d e d  t o  e a c h  o f  t h e  s e v e n  p a n e l i s t s  
i n  e a c h  r e p l i c a t i o n .  A l l  e x p e r i m e n t s  p r o v i d e d  t h r e e  r e p l i c a t i o n s  o v e r  th e  
t r e a t m e n t s  u s i n g  t h e  s a m e  p a n e l i s t s .  A s s e s s m e n t s  b y  p a n e l i s t s  w e r e  a n 
a l y z e d  p e r  o d o r  d e s c r i p t o r  t h r o u g h  t h r e e - w a y  A N O V A s  w i t h  p a n e l i s t  
( P ) ,  r e p l i c a t i o n  ( R )  a n d  t r e a t m e n t  ( T )  a s  f a c t o r s .  T h e  i n t e r a c t i o n s  f o r  e a c h  
d e s c r i p t o r  w e r e  a l s o  t e s t e d  f o r  s i g n i f i c a n c e .  S A S  v e r s i o n  6 ( S A S  I n s t i 
t u t e ,  I n c . ,  1 9 8 7 )  w a s  u s e d  f o r  s t a t i s t i c a l  a n a l y s i s .  A  m i x e d  e f f e c t  l i n e a r  
m o d e l  w a s  u s e d  w i t h  p a n e l i s t  a n d  r e p l i c a t i o n  a s  r a n d o m  e f f e c t s  ( L u n d a h l  
a n d  M c D a n i e l ,  1 9 8 8 ) ,  w h i l e  t r e a t m e n t  w a s  c o n s i d e r e d  a  f i x e d  e f f e c t .  F o r  
t h e  m o d e l  c o n t a i n i n g  a l l  2 -  a n d  3 - f a c t o r  i n t e r a c t i o n s ,  t h e  F - s t a t i s t i c  f o r  
t e s t i n g  t r e a t m e n t s  ( F t)  w a s  c a l c u l a t e d  a c c o r d i n g  to  S t e e l e  a n d  T o r r i e
( 1 9 8 0 )  b y  t h e  f o l l o w i n g  f o r m u l a :

F , =  M S ( T )  +  M S ( P 'R 'T )

M S ( R 'T )  +  M S ( P 'T )

H o w e v e r ,  s i n c e  t h e  r e p l i c a t i o n - b y - t r e a t m e n t  i n t e r a c t i o n s  ( R 'T )  f o r  a l l
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Ta b le  2— M ean ra tin g s2, stand ard  d e v ia tio n s (S D ), and L S D  v a lu e s  fo r o d o r d e scrip to rs  a m o n g  the treatm ents for LP O  stu d y

Descriptors
Treatments LSD

(p < 0.05) Slg.Control Unblanched Crude extract LPO

Overall intensity 9.09b 9.81b 10.71a 9.71b 0.84 **
(1.22) (1.29) (1.35) (1.68)

Painty 2.38b 4.62a 6.10a 4.71a 2.02 **
(1.99) (3.54) (2.81) (3.20)

Stale/Oxidized 4.24b 5.14ab 5.38a 5.62a 1.06 p = .06
(1.81) (1.35) (1.60) (1.53)

Cooked cabbage 1.19° 2.67b 4.86a 1.71bc 1.41 ***
(1.97) (2.39) (2.95) (1.95)

Straw/Hay 1.10b 1.86ab 2.05a 1.67ab 0.79 p = .09
(1.67) (1.82) (2.40) (1.83)

Corn 6.24a 5.14b 4.62b 4.33b 0.95 **
(1.22) (1.32) (1.80) (1.35)

Sweet 4.86a 3.95ab 3.86ab 3.10b 1.15 *
(1.88) (1.75) (1.77) (1.48)

Cobby/Husky 2.10b 2.86a 2.81ab 2 .U ab 0.79 p = .08
(1.61) (1.49) (1.94) (1.56)

z Sixteen point intensity scale {0 = none, 15 -  extreme).
a'c Means with the same letter, in the same row, are not significantly different at the 0.05 significance level by LSD

d e s c r i p t o r s  in  a l l  e x p e r i m e n t s  w e r e  n o t  s t a t i s t i c a l l y  s i g n i f i c a n t ,  t h e  a p 
p r o p r i a t e  F - s t a t i s t i c  w a s  s i m p l i f i e d  to :

F , =  M S ( T )

M S ( P ’T )

T h e  m e a n  s q u a r e  f o r  p a n e l i s t - b y - t r e a t m e n t  i n t e r a c t i o n  ( P ‘T )  w a s  u s e d  
a s  t h e  e r r o r  t e r m  f o r  t h e  t e s t  f o r  t r e a t m e n t  e f f e c t .  C o m p a r i s o n s  o f  t r e a t 

m e n t  m e a n s  o f  e a c h  o d o r  d e s c r i p t o r  w e r e  c o n d u c t e d  u s i n g  F i s h e r ’s  l e a s t  
s i g n i f i c a n t  d i f f e r e n c e  t e s t  ( p  <  0 .0 5 ) .

D a t a  w e r e  a l s o  a n a l y z e d  b y  p r i n c i p a l  c o m p o n e n t  a n a l y s i s  ( P C A )  u s i n g  
S A S  ( S A S  I n s t i t u t e ,  I n c . ,  1 9 8 7 ) .  T h e  P C A  s c o r e s  f o r  e a c h  a x i s  w e r e  
a n a l y z e d  b y  A N O V A  a n d  b y  F i s h e r ’s  l e a s t  s i g n i f i c a n t  d i f f e r e n c e  t e s t  ( p  
<  0 .0 5 ) .

R E S U L T S  & D IS C U S S IO N  
Purification of sweet corn germ L P O  and PO D

In order to study involvement of sweet com germ enzymes 
in off-odor formation, a crude enzyme extract and purified LPO 
and POD extracts were prepared. The purification of LPO was 
188 fold with 26.3% recovery. The majority of the POD eluted 
from the column later than LPO, indicating that the molecular 
size of the major POD isozymes in sweet com germ was smaller 
than that of LPO. On the FPLC Mono Q column, the majority 
of POD eluted from the column before starting the NaCl gra
dient both during purification of LPO and POD, indicating that 
the majority of POD was in the basic form. The purification and 
recovery of POD in pooled fraction was 58 fold and 27.6%, 
respectively. The purification scheme for both enzymes was 
taken to this point because both POD and LPO were free of 
activity of the other enzyme.

Sweet corn germ enzymes in off-odor formation

Odor profile of homogenate of blanched and unblanched 
frozen stored corn. Prior to investigating the involvement of 
sweet com germ enzymes in off-odor formation, the profile of 
a homogenate of blanched frozen intact com (control) was eval
uated. The odor profile of the control was described as slight to 
moderate “ sweet” and “ com,”  just detectable to slight 
“ cobby/husky,” “ painty” , and “ stale/oxidized” , and just de
tectable “ straw/hay” , and “ cooked cabbage” with moderate to 
large “ overall odor intensity” (Fig. 1). The overall odor char
acteristics were relatively high in the “ desirable”  odors of sweet 
com including “ sweet”  and “ com” , and relatively low in “ un
desirable” or “ off-odor”  characteristics, including “ stale/ 
oxidized,” “ painty,” “ cobby/husky,”  “ cooked cabbage” and 
“ straw/hay” descriptors.

The odor profile of homogenate prepared from frozen stored 
raw (unblanched) com on the cob was compared with the con
trol using a typical descriptive sensory profile (Stone et al., 
1974, Fig. 1). Univariate ANOVA on each descriptor showed 
significant treatment differences between unblanched and con
trol samples for most of the off-odor descriptors except for 
“ straw/hay” and “ desirable” odor descriptors “ sweet” and 
“ com.”  This implied that differences between samples were 
significantly detectable by the trained panel for most descriptors 
of off-odor characteristics. Replication effects were not signifi
cant for any descriptors except “ painty,” indicating good re
producibility of replicates.

When both treatment and panelist by treatment interactions 
are significant, it is important to examine whether panelist by 
treatment interaction influences conclusions regarding treat
ments. This was done by comparing the line graph plot between 
each panelist’s ratings for each treatment to search for system
atic inconsistencies among the panelists contributing to varia
tion. For example, in the case of “ stale/oxidized”  there was a 
significant effect of both treatment and panelist-by-treatment in
teraction. It was found that most of the panelists responded sim
ilarly, suggesting that main treatment effect differences were 
important.

The mean odor intensity of the homogenate of unblanched 
sample was higher than the control in “ overall intensity” and 
in most off-odor descriptors, while the mean intensity of “ de
sirable” odor descriptors not different from the control. Un
blanched com on the cob developed off-odor during frozen 
storage as indicated by the off-odor characteristics of its hom
ogenate. The development of off-flavor and off-odor in frozen 
raw (unblanched) or underblanched sweet com stored in freezers 
for extended times has also been reported for cooked com on 
the cob (Wagenknecht, 1959; Lee, 1981) or cooked whole ker
nels (McDaniel et al., 1988).

Sensory profile with addition of purified LP O . The effects 
of addition of cmde enzyme extract and purified sweet com 
germ LPO on off-odor formation were studied. Only the first 
two principal components (PC) were significant (Fig. 2) with 
64.99 and 18.81% of total variation explained by PCI and PC2, 
respectively. The loading of odor descriptors for PCI and PC2 
indicated that PCI could be defined as a “ desirable” vs. “ un
desirable” (off-odor) descriptor axis (Fig. 2a). The overall in
tensity and off-odor descriptors, especially “ painty,” negatively 
correlated with “ desirable”  odor descriptors, especially 
“ com.” PC2 might be defined as “ stale/oxidized” vs “ sweet” 
and “ cooked cabbage.”

ANOVA tests indicated that there were significant differences 
between the mean PCI and PC2 scores among samples, with
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Fig. 4— (a) Loading of odor descriptors used for descriptive anal
ysis, and (b) Principal component analysis plot of odor intensity 
rating of odor descriptors for the samples of sweet corn homo
genate decontrol, 2=unblanched, 3=added crude enzyme ex
tract and 4=added POD; each contains three replications) on PCI 
vs PC2.

n o n -sign ifican t effects o f  rep licatio ns indicati: ¿  good reproduc
ib ility . T h is  w as also  observed from  the gro u p in g  o f  3 rep lica 
tions fo r each sam ple (F ig .  2b). T h e  P C A  plot o f  odor intensity  
ratings indicated that the sam ples co u ld  be classifie d  into 3 
groups (F ig .  2b): (1) control, unblanched and added crude e x 
tract (2 and 3 ), and added purified  L P O  (4). T h e  m ean P C I  
score o f  the control w as d ifferent from  that o f  unblanched, 
added crude extract, and added purified L P O  sam ples, w h ich  
w ere not d ifferent from  each other. T h e  control w as best de
scrib ed  b y  “ d esirab le ”  odor descriptors w h ile  the other sam ples 
w ere described  b y  o ff-o d o r descriptors (F ig .  2a and b). H o w 
ever, the m ean P C 2  score o f  the sam ple w ith added purified  
L P O  w as different from  those o f  unblanched and added crude  
extract. T h e  sam ple w ith  added purified  L P O  seem ed to be best 
d escribed  b y  “ sta le/o xid ized ”  and “ p a in ty”  com pared to the 
other sam ples (F ig .  2a and b).

T h e  results o f  univariate  A N O V A  on each descriptor show ed  
treatm ent d ifferences am ong sam ples fo r “ co o ked  cab b age,”  
“ o vera ll in ten sity,”  “ p a in ty ,”  “ c o m ,”  and “ sw eet.”  A  pan

elist effect w as sign ifican t for a ll odor descriptors; how ever, this 
w as not unusual and reflects som e p an elists’ usage o f  different 
portions o f  the intensity scale  (Pow er, 1988). T h e  replication  
effect w as not sign ifican t for any odor descriptors, in d icatin g  
go o d  rep ro d u cib ility . Panelist b y  treatm ent interaction effects  
w ere sign ifican t for “ p a in ty ,”  “ sw eet,”  “ c o m ”  and  
“ co b b y/h u sky;”  how ever, m ost o f  panelists responded s im i
larly.

T h e  m ean values o f  odor intensity o f  m ost o ff-o d o r d e scrip 
tors in c lu d in g  “ p ain ty ,”  “ cooked cab b age,”  and “ cobby/  
h u s k y ”  o f  the unblanched sam ple w ere h igher, w hile  the de
scrip to r “ c o m ”  w as low er than that o f  the control. T h e  odor 
profile  o f  the unblanched sam ple incubated at 3 0 °C  for 3 hr 
seem ed to be s im ila r  to that o f  the unblanched sam ple frozen  
stored at - 2 3 . 3 ° C  for 1.75 years (F ig .  1 and F ig . 3).

T h e  crude enzym e extract sam ple w as h igh er in  intensity o f  
m ost o ff-o d o r descriptors in c lu d in g  “ p a in ty ,”  “ sta le/o xid ized ,”  
“ cooked cab b age,”  “ straw /hay”  than that o f  the control, bu: 
the “ c o m ”  odor w as low er (F ig .  3). T h is  sam ple, lik e  the u n 
b lanched one, show ed a h igher m ean intensity o f  o ff-o d o r de
scriptors, and a low er intensity o f  “ d esirab le”  odor descriptors  
than the control. H o w ever, the m ean intensity o f  descriptors  
“ o vera ll in ten sity”  and “ cooked cab b age ”  o f  the crude extract 
w as also h igh er than that o f  the unblanched and added L P O  
sam ples (T a b le  2).

A d d itio n  o f  purified  L P O  to the hom ogenate resulted in an 
increase in  o ff-o d o r descriptors “ p a in ty ”  and “ sta le/o xid ized ,”  
and a decrease in “ d esirab le”  odor descriptors “ sw eet”  and 
“ c o m ”  (F ig .  3). T h e  decrease in “ sw eet”  and “ c o m ”  odors  
m ay be due to m ask in g  b y  the increase in intensity o f  those o ff-  
odor descriptors. T h e  form ation o f  typ ica l cooked “ c o m ”  odor 
is gen era lly  hypothesized  to be heat activated, w h ile  raw  sweet 
co m  has v e ry  little odor. D im e th y l sulfide ( D M S )  is one o f  the 
p rin cip le  lo w -b o ilin g  vo latile  com pounds that contributes to 
cooked “ c o m ”  odor ( B il ls  and Keenan , 1968; W illia m s  and 
N e lso n , 1973; F lo ra  and W ile y , 1974; D ign a n  and W ile y , 1976; 
W ile y , 1985; A z a n z a  et al., 1994).

A z a n z a  et al (1 9 9 4 ) found no association between D M S  co n 
centration and raw  sweet c o m  odor, but found that g rassy  odor 
and flavo r scores correlated w ith D M S  concentration. T h e y  
found that sweet co m  sam ples w ith h igh  D M S  concentrations  
also had h igh  concentrations o f  other vo latiles w h ich  m ay co n 
tribute to grassy  odor and flavor. L P O  a ctiv ity  w as not analyzed, 
therefore they co u ld  not determ ine w hether e nzym e-cata lyzed  
production o f  hexanal and other short chain  a lco h o ls  w as re
sponsible  for g rassy  odor or flavor.

T h e  observed increases in the o ff-o d cr descriptors “ p a in ty”  
and “ stale/oxid ized”  in the added purified L P O  and crude e x
tract sam ples m ay be caused b y  L P O -c a ta ly z e d  h y d ro xyp ero x-  
idation o f  polyunsaturated fatty acid s and esters co n ta in in g a 
c is , c is -l,4 -p e n ta d ie n e  system . T h is  reaction in it ia lly  y ie ld s  h y
droperoxides w h ich  subsequently degrade to form  a variety  o f  
secondary products, in c lu d in g  aldehydes, a lco h o ls, and ketones, 
w h ich  m ay result in  o ff-o d o r form ation (E s k in  et al., 1977; 
M a c Le o d  and A m e s, 1988). W agen kn ech t (1 9 5 9 ) and Le e
(1 9 8 1 ) suggested that enzym es, p articu larly  L P O , induced o ff-  
flavors in unblanched sweet com .

P revio us studies indicated that L P O  w as im portant in o ff-  
flavo r and o ff-o d o r form ation. M cD a n ie l et al. (1 9 8 8 ) reported  
that m ean intensity o f  the descriptor “ sta le/o xid ized ”  w as  
h igh er in underblanched frozen  stored co m  than in co m m e rcia lly  
blanched frozen stored co m . K a lb re n e r et al. (1 9 7 4 ) reported a 
“ m usty/stale”  odor w as a predom inant descriptor o f  the lin o le ic  
hydroperoxide produced b y  soy L P O  oxid atio n  o f  lin o le ic  acid. 
O ther investigators (A s h ra f  and Synder, 1981; Johnsen et al., 
1988; C iv i l le  and D u s, 1992; M istry  and M in , 1992) have re
ported “ p a in ty”  and “ stale/oxid ized”  o ff-o d o rs in soy m ilk , 
peanut and vegetable o il, and other products in w h ich  L P O  is 
present. M oreover, L P O  w as the key  enzym e in v o lv e d  in o ff-  
odor form ation in  E n g lis h  green peas and green beans (W illia m s  
et al., 1986).
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T a b le  3— M ean ra tin g s2, stand ard  d e v ia tio n s (S D ), L S D  v a lu e s  for o do r d escrip to rs  am o n g  the treatm ents for PO D  stud y

Treatments
Descriptors Control Unblanched Crude extract POD (p < 0.05) Sig.
Overall intensity 8.67c 9.76ab 10.57a 8.9Ebc 0.90 **

(0.97) (1.55) (1.40) (1.32)
Painty i.57c 4.43ab 5.57a 2.57bc 1.96 **

(1.96) (3.44) (2.34) (2.50
Stale/Oxidized 3.33a 4.33a 4.29a 4.2Sa 1.58 ns

(2.08) (1.96) (2.55) (2.35)
Cooked cabbage 1.05° 2.90b 4.86a 1.48bc 1.69 *■ **

(1.66) (2.66) (2.65) (1.94)
Straw/Hay 1.05b 2.00a 1.52ab 1.2Sb 0.48 **

(1.32) (1.76) (1.81) (1.55)
Corn 6.19a 4.90b 3.90bc 5.29ab 1.16 **

(1.36) (1.64) (1.95) (1.38)
Sweet 4.71a 3.48a 4.05a 4.38a 1.43 ns

(2.39) (1.63) (2.80) (2.18)
Cobby/Husky 2.33a 3.05a 2.62a 2.29a 1.04 ns

(2.11) (1.63) (1.91) (1.90)
2 Sixteen point intensity scale (0 -  none, 15 = extreme).
a'c Means with the same letter, in the same row, are not significantly different at the 0.05 significance level.
* ** *** refers to significance at p < 0.05, 0.01 and 0.001, respectively by ANOVA F-test. ns = not-significant at p < 0.05.

Although lipoxygenase appears to be a primary cause, other 
sweet com germ enzymes may be involved in formation of other 
off-odor descriptors, particularly “ cooked cabbage,” which was 
higher in the sample with added crude extract than that with 
added purified LPO. Gardner (1970) reported that linoleate hy
droperoxide isomerase was present in the germ of mature com 
and that it catalyzed the production of hydroperoxide products 
in addition to LPO. Velasco et al. (1989) also hypothesized that 
LPO was important in off-odor development in sweet com, how
ever; they suggested that other enzymes, such as hydroperoxide 
isomerase and hydroperoxide lyase, may be important.

Sensory profile with addition of purified POD. In terms of 
POD involvement in off-odor formation, the first two PC ex
plained most of the total variation, with 78.53 and 13.58% for 
PCI and PC2, respectively. As with the LPO experiment, PCI 
may be defined as a “ desirable”  and “ off-odor” descriptor axis 
(Fig. 4a). However, mean PC scores among the samples were 
different only for PC 1. The replication effect was not significant 
in either case indicating good repeatability.

Based on the LSD test of means in PCI, the samples could 
be classified into two groups: control and added purified POD 
samples, and unblanched and added crude extract samples. The 
mean PCI score of the added purified POD sample was not 
different from that of the control, but was different from those 
of unblanched and added crude extract samples. However, the 
unblanched and added crude extract samples were not different 
from each other. The control and added purified POD samples 
were similar in odor profile and could be best described by 
“ desirable” odor descriptors “ sweet” and “ com” , while the 
added crude extract and unblanched samples were best described 
by off-odor descriptors (Fig. 4a, b).

The results of univariate ANOVA on each descriptor showed 
treatment differences among samples for “ cooked cabbage,” 
“ overall intensity,” “ painty,” “ straw and hay,”  and “ com.” 
The experiment showed good reproducibility as indicated by the 
non-significant replication effect. The panelist by treatment in
teraction was significant for most descriptors except 
“ straw/hay” and most of the panelists responded similarly. 
Mean intensity of most off-odor descriptors for the unblanched 
sample, including “ painty,” “ cooked cabbage,” and “ straw/ 
hay,” were higher than the control, but “ com” odor was lower 
than that of the control (Table 3). This result was similar to that 
observed for the unblanched sample from the LPO study.

The mean values of intensity for the added crude enzyme 
extract sample were higher than the control in “ overall inten
sity” and the off-odor descriptors “ painty” and “ cooked cab
bage.” The “ com” odor was lower than that of the control (Fig.

Fig. 5—Descriptive sensory profile for sweet corn homogenate 
samples (A=unblanched, B=added crude enzyme extract, and 
C=added POD; respectively) compared with the control; the dis
tance from the center is the mean value for that odor descriptor.
Means designated with are significantly different from the 
control at p < 0.05.

5). The odor profile of the sample with added crude enzyme 
extract was similar to that of unblanched sample. The mean 
intensity of descriptors describing off-odor was higher than the 
control while that of descriptors describing “ desirable” odor 
was lower than that of the control. However, the mean intensity 
of descriptor “ cooked cabbage” was higher than that of the 
unblanched sample (Table 3).

The mean values for intensity of all odor descriptors for the 
added POD sample were not different from that of the control. 
However, adding crude extract, which contained the same total 
POD activity, resulted in increases in mean intensity of off-odor

Volume 60, No. 5, 1995—JOURNAL OF FOOD SCIENCE— 1039



SW EET CORN GERM  ENZYM ES IN  ODOR FORMATION  . . .

descriptors “ painty”  and “ cooked cabbage”  and a decrease in 
mean intensity of desirable-odor descriptor “ com.” These re
sults suggests that POD presence in sweet com germ was not 
an important factor in off-odor formation, especially in the for
mation of “ painty”  and “ cooked cabbage” odors. Other inves
tigators (Williams et al., 1986; Lim et al., 1989; Velasco et al.,
1989) have suggested that POD was not important in off-odor 
formation in plant tissues.

CONCLUSIONS
LPO in  s w e e t  c o r n  g e r m  is important in off-odor formation, 
particularly in production of odors described as “ painty”  and 
“ stale/oxidized.” POD presence in sweet com germ does not 
appear to affect off-odor. Other enzymes in the germ may also 
be involved in off-odor formation, especially the “ cooked cab
bage” odor. Results suggest that analysis of LPO activity, rather 
than POD, may be a more appropriate index of blanching ade
quacy.
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Peroxidase and Lipoxygenase Influence on Stability of 
Polyunsaturated Fatty Acids in Sweet Corn (Zea m a y s  L.)

during Frozen Storage

L.E. RODRIGUEZ-SAONA, D.M. BARRETT, and D.P. SELIVONCHICK

--------------------------------  A B S T R A C T  --------------------------------
T h e  e f f e c t  o f  b l a n c h i n g  t r e a t m e n t s  a n d  p a c k a g i n g  m a t e r i a l s  o n  l i p o x y 

g e n a s e  ( L O X )  a n d  p e r o x i d a s e  ( P O D )  a c t i v i t y  a n d  f a t t y  a c i d  s t a b i l i t y  o f  
t w o  c u l t i v a r s  o f  s w e e t  c o m  ( J u b i l e e  a n d  G H - 2 6 8 4 )  w e r e  e v a l u a t e d  d u r i n g  

9  m o  s t o r a g e  a t  - 2 0 ° C .  C o m p l e t e  i n a c t i v a t i o n  o f  L O X  a n d  P O D  w a s  
o b t a i n e d  w i t h  9  a n d  15  m i n  o f  s t e a m  b l a n c h i n g ,  r e s p e c t i v e l y .  R e l a t i v e  
f a t t y  a c i d  c o n t e n t  r e v e a l e d  n o  c h a n g e  in  f a t t y  a c i d  c o m p o s i t i o n  d u r i n g  
s t o r a g e .  C o n t r o l  o f  d e g r a d a t i o n  o f  p o l y u n s a t u r a t e d  f a t t y  a c i d s  ( P U F A )  
d i d  n o t  d e p e n d  o n  o x y g e n  p e r m e a b i l i t y  o f  d i f f e r e n t  p a c k a g i n g  m a t e r i a l s .  
B l a n c h i n g  h a d  l i t t l e  e f f e c t  o n  P U F A  d e g r a d a t i o n  a f t e r  9  m o  s t o r a g e .

K e y  W o r d s :  s w e e t  c o m ,  p e r o x i d a s e ,  l i p o x y g e n a s e ,  p o l y u n s a t u r a t e d ,  f a t t y  

a c i d s

IN T R O D U C T IO N
L ip id  o x i d a t i o n  is a major cause of food spoilage because it 
leads to development of off-flavors and odors in edible oils and 
fat-containing foods (Nawar, 1985). The oxidative deterioration 
of food lipids involves primarily autoxidation by free radical 
chain reaction, photo-oxidation (Frankel, 1980; Nawar, 1985) 
and enzymatic oxidation catalyzed by lipoxygenases (Siedow, 
1991; Galliard and Chan, 1980; Hildebrand, 1989). The primary 
initial products of lipid oxidation are hydroperoxides which de
compose into a wide range of carbonyl compounds, hydrocar
bons, aldehydes, ketones and other materials causing rancidity 
(Frankel, 1991).

Freezing is used to maintain product quality over long storage 
and results in a slower rate of most deteriorative reactions such 
as senescence, enzymatic decay, chemical decay and microbial 
growth (Labuza, 1982). However, freezing does not prevent off- 
flavor development, color and texture deterioration in frozen 
vegetables because enzyme systems may remain active even at 
sub-zero temperatures. Blanching, before freezing, is used to 
inactivate enzymes, reduce microorganisms and increase digest
ibility of some products. It also improves color and flavor of 
vegetables as a result of removal of gases. Adverse effects of 
blanching are permanent modification of cellular structure, sol
ubilization and/or destruction of some nutrients and vitamins, 
and conversion of green chlorophylls to yellow green pheophy- 
tins (Bald, 1991; Katsaboxakis, 1984).

To minimize thermally induced textural changes or nutrient 
leaching, it has been suggested that blanching be optimized for 
each product. This requires determining the heat treatment 
needed to inactivate enzymes responsible for deleterious 
changes during freezing and frozen storage (Reid, 1990; Wil
liams et al., 1986).

POD is widely used to indicate adequate blanching because 
it is highly resistant to heat inactivation, is present in most veg
etables and fruits. It is detected by a sensitive and simple col
orimetric test (Richardson and Hyslop, 1985). Correlations have 
been reported between off-flavor development and POD activity
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in frozen sweet com on the cob (Lee and Hammes, 1979). POD, 
like most heme proteins, catalyzes the nonenzymatic, peroxi- 
dative degradation of unsaturated fatty acids yielding volatile 
and flavorful carbonyl compounds that may contribute to oxi
dized flavor (Richardson and Hyslop, 1985). However, some 
studies have shown that POD is not directly involved in quality 
deterioration of frozen unblanched vegetables and its complete 
inactivation may result in overblanching (Williams et al., 1986). 
The measure of LOX activity has been suggested as an indicator 
of adequacy of blanching for several vegetables (Axelrod et al., 
1981; Sheu and Chen, 1991; Chen and Hwang, 1988; Williams 
et al., 1986; Chen and Whitaker, 1986; Wagenknecht and Lee,
1958) including sv/eet com (Garrote et al., 1985; Wagenknecht,
1959) . It is closely related to destruction of essential fatty acids, 
off-flavor development and pigment degradation.

Our objective was to evaluate the relationship between LOX 
and POD activities with polyunsaturated fatty acid stability in 
two cultivars of sweet com on the cob (Jubilee and GH 2684). 
They were subjected to different blanching treatments and stored 
using different packaging materials for 9 mo at — 20°C.

M A T E R IA L S  &  M E T H O D S
Plant material

F r e s h  s w e e t  c o m  ( Z e a  mays L . )  o f  J u b i l e e  a n d  G H - 2 6 8 4  ( R o g e r s  N K  
s e e d  C o ,  R e s e a r c h  C e n t e r )  c u l t i v a r s  w e r e  o b t a i n e d  f r o m  t h e  O r e g o n  S ta t e  
U n i v e r s i t y  V e g e t a b l e  E x p e r i m e n t a l  S t a t i o n .  B o t h  w e r e  h a r v e s t e d  o n  th e  
s a m e  d a y ,  u s i n g  t h e  p e r c e n t  m o i s t u r e  c o n t e n t  o f  k e r n e l s  a s  a n  i n d e x  o f  
m a t u r i t y .

Processing of samples

S w e e t  c o m  ( « = 1 0 0 0  e a r s )  o f  e a c h  v a r i e t y  w e r e  h a r v e s t e d  a n d  i m m e 
d i a t e l y  t r a n s p o r t e d  t o  t h e  O r e g o n  S t a t e  U n i v e r s i t y  F o o d  S c i e n c e  &  T e c h 

n o l o g y  P i l o t  P l a n t  w h e r e  t h e y  w e r e  r a n d o m l y  d i v i d e d  i n t o  t h r e e  l o t s  
( r e p l i c a t e s ) .  E a c h  l o t  w a s  h u s k e d ,  r a n d o m l y  d i v i d e d  in t o  t h r e e  g r o u p s  o f  
3 9  e a r s  e a c h  a n d  p r o c e s s e d  in  t w o  b a t c h e s .  O n e  g r o u p  s e r v e d  a s  c o n t r o l  

a n d  t h e  o t h e r  t w o  w e r e  s t e a m  b l a n c h e d  a t  1 0 0 ° C  f o r  9  a n d  1 5  m i n ,  
r e s p e c t i v e l y .  A f t e r  b l a n c h i n g ,  t h e  s w e e t  c o m  e a r s  w e r e  c o o l e d  i m m e d i 
a t e l y  i n  w a t e r  ( 8 ° C )  f o r  2 5  m i n ,  d r a i n e d  a n d  f r o z e n  o n  t r a y s  i n  a  b l a s t  
f r e e z e r  a t  — 3 5 ° C  f o r  2  h r .  T h e  f r o z e n  e a r s  f r o m  e a c h  t r e a t m e n t  g r o u p  
w e r e  c u t  a t  e a c h  e n d  t o  p r o v i d e  e a r s  o f  =  1 4  c m  l e n g t h .  T h r e e  e a r s  w e r e  
u s e d  f o r  z e r o  t i m e  a n a l y s i s  a n d  t h e  r e m a i n i n g  e a r s  w e r e  d i v i d e d  in t o  
f o u r  s u b g r o u p s  o f  n i n e  e a r s  e a c h  a n d  p a c k e d  u s i n g  p o l y e t h y l e n e ,  
C r y o v a c  E - B a g  ( E  b a g s ) ,  C r y o v a c  B a r r i e r  B a g  ( B  b a g s )  ( C r y o v a c  D i 
v i s i o n ,  W .R .  G r a c e  &  C o . ,  D u n c a n ,  S C )  o r  n o  p a c k i n g  m a t e r i a l  ( c o n t r o l ) .  
C r y o v a c  E  a n d  C r y o v a c  B  b a g s  h a v e  m o i s t u r e  p e r m e a b i l i t i e s  o f  0 .1  g /  
1 0 0  c m 2/ 2 4  h r  a t  1 0 0 %  r e l a t i v e  h u m i d i t y  a n d  3 8 ° C .  T h e y  d i f f e r e d  in  
o x y g e n  p e r m e a b i l i t y  ( 4 0  m L / 1 0 0  c m 2/ 2 4  h r  a t  2 3 ° C  a n d  1 a t m  f o r  E -  
b a g s  a n d  0 . 3 - 0 . 4  m L / 1 0 0  c m 2/ 2 4  h r  a t  2 3 ° C  a n d  1 a t m  f o r  B - b a g s ,  D e a k  
e t  a l . ,  1 9 8 7 ) .  E a r s  w e r e  p l a c e d  t h r e e  t o  a  p a c k  f o r  e a c h  p a c k i n g  m a t e r i a l .  
T h e  p o l y e t h y l e n e  b a g s  w e r e  h a n d  s e a l e d  a n d  t h e  C r y o v a c  B  a n d  E  b a g s  
w e r e  h e a t  s e a l e d  u s i n g  a  V e r w a c h t i n g  v a c u u m  s e a l e r .  T h e  e a r s  w e r e  
s t o r e d  f o r  9  m o  a n d  a n a l y s e s  w e r e  p e r f o r m e d  a t  0 ,  3 ,  6  a n d  9  m o .

Moisture analysis

T h e  m o i s t u r e  c o n : e n t  w a s  d e t e r m i n e d  u s i n g  t h e  m i c r o w a v e  m e t h o d  o f  
B e c k w a r  e t  a l .  ( 1 9 7 7 ) .  A n a l y s e s  w e r e  p e r f o r m e d  b e f o r e  p r o c e s s i n g  a n d  

a f t e r  9  m o  f r o z e n  s t o r a g e  a t  — 2 0 ° C .
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The moisture content on fresh com was determined from samples 
composed of kernels pooled from six separate ears of com. A total of 
18 ears were used for analysis (triplicate analysis). Moisture analyses 
were done at 9 mo on samples prepared from kernels pooled from three 
separate ears of com packed under specific packaging materials. Nine 
ears of com were used to prepare three samples, with two of the samples 
being analyzed.

Sample preparation

Whole kernels of sweet com (100 g) were frozen in liquid nitrogen 
and blended using a Waring Blendor at 100 rpm for 1 min. In order to 
keep the sample frozen for efficient blending, liquid nitrogen was added 
every 15 sec. A fine powder was obtained which was stored in a cold 
container at — 20°C until analyzed.

Enzyme assays

Enzyme extraction. The powdered com (2 g) was placed in a cen
trifuge tube and 20 mL of 0 .1M Tris-HCl buffer pH 8.0 were added. 
The mixture was homogenized using a tissuemizer at 50 rpm for 3 min. 
After homogenization, the probe was rinsed with 1 mL of 0.1M Tris- 
HCl buffer pH 8.0. The homogenate was centrifuged using a Sorval RC5 
superspeed refrigerated centrifuge in an SS 34 rotor at 12,000 rpm 
(17210 X g)  for 1 hr at 4°C. The supernatant was removed, avoiding 
the floating top layer, and used for activity measurements.

Lipoxygenase activity. Lipoxygenase (linoleate:oxygen oxidoreduc- 
tase, EC 1.13.11.12) was assayed by the method of Chen and Whitaker
(1986), based on absorption at 234 nm of the conjugated dienes formed 
when linoleic acid (used as substrate) was oxidized in the presence of 
LOX. The substrate solution was prepared by mixing 157.2 pL linoleic 
acid, 157.2 pL Tween 20 and 10 mL distilled water, clarified by adding 
1 mL of 1.0N NaOH and diluted with 0.1M sodium phosphate buffer 
pH 7.0 to a final volume of 200 mL. Prior to assay, the substrate solution 
was transferred to an amber container, aerated with oxygen for 10 min 
and allowed to stand in a shaking water bath (American YB-521) at 
25°C for 10 min.

For the assay, 150 pL of enzyme extract was added to 2.85 mL of 
linoleic acid substrate solution in a quartz cuvette and mixed. The LOX 
activity was measured from the change in absorbance at 234 nm over 
time using a Shimadzu 160U UV-VIS spectrophotometer and the tem
perature was controlled at 25°C. One unit of enzyme activity was defined 
as that amount of protein that produced a change of 1 unit in absorbance/ 
min.

Peroxidase activity. Peroxidase was assayed by the method of Sheu 
and Chen (1991), based on the increase in absorbance at 420 nm re
sulting from oxidation of guaiacol in the presence of hydrogen peroxide. 
The substrate solution was prepared by mixing 558 pL guaiacol and 
194.4 pL of 30% hydrogen peroxide; the solution was then diluted to 
100 mL with 0.2M sodium phosphate buffer pH 6.0 to give a concen
tration of 0.05M guaiacol and 0.2M hydrogen peroxide. POD activity 
was measured from initial increase in absorbance at 420 nm over time 
with a Shimadzu 160U UV-VIS recording spectrophotometer and the 
temperature was controlled at 25°C. One unit of enzyme activity was 
defined as that amount of protein that produced a change of one unit in 
absorbance/min.

Protein

Protein was assayed using the method of Lowry et al. (1951) by meas
uring absorbance at 700 nm. Bovine serum albumin was used as stan
dard.

Fatty acids analysis

Com lipids were extracted following the procedures proposed by 
Bligh and Dyer (1958). Fatty acids were analyzed by the fatty acyl 
methyl esters (FAME) method (Selivonchick, 1977). The lipid extracted 
was transesterified by heating in 4% methanolic H2S 04 solution at 80- 
90°C for 90 min. A partition of hexane and water was used to extract 
the methyl esters. The hexane phase was collected and evaporated under 
nitrogen and the dried sample was taken up into 0.5 mL iso-octane, 
flushed with nitrogen and stored at -80°C until analyzed by gas chro
matography.

Analysis of methyl esters was performed on a Hewlet Packard 5890 
Gas Chromatograph equipped with FID, 3393A Integrator and 9122 
Dual Disc Drive. A 30m X 0.25 mm i.d. fused silica Supelco 2330 
capillary column was used for analysis of all nitrogen powdered com

fatty acid methyl esters. Conditions were: injection port and detector 
220°C, the column was run isothermally at 175°C for 10 min and in
creased to 210°C at 5°C/min with a final hold time of 10 min. The carrier 
gas was helium at 1 mL/min. Fatty acid methyl esters were identified by 
comparing to authentic standards Nu Check 20A (Nu Check Prep) and 
com oil fatty acids.

Determination of peroxide value

The peroxide value was determined using the method of Schmedes 
and Holmer (1989). The method is based on the oxidation of Fe(II) to 
Fe(III) by peroxides; Fe(III) forms a violet complex with thiocyanate 
and this complex is quantitated spectrophotometrically. For calculation 
of peroxide value, the absorbance of the sample and lipid blank were 
converted to mg Fe(III)/5 mL solution using standard curve values and 
the net value in terms of mg of Fe(III)/5 mL of solvent was calculated 
by the difference between values obtained for the sample and blank.

The peroxide value was expressed in terms of meq oxygen/kg lipid 
(Stine et al., 1954).

Statistical analysis

The experiment was conducted using a split-plot design. The split 
occurred at the blanching stage, with variety and blanching as whole 
plot and packaging material and storage time as sub-plot. The data were 
evaluated using Statistical Analysis System (SAS Institute, Inc. soft
ware). Data were further evaluated by a regression analysis using the 
stepwise procedure (Ramsey and Schafer, 1992). The regression analyses 
were performed using the Statistical Graphics System (Stat-Graphics 
software).

RESULTS & DISCUSSION 
Lipoxygenase activity

There was substantial evidence that the initial level of LOX 
activity in the unblanched whole kernels varied between the 
cultivars (2-sided p-value <  0.0001, step backward regression 
analysis). The Jubilee showed an initial mean LOX activity of 
0.143 ±  0.032 units/mg protein, 32.4% higher than the mean 
LOX activity of the GH-2684 with a level of 0.108 ±  0.017 
units/mg protein. It has been reported that LOX activity varied 
among cultivars, different organs within the same plant (Garrote 
et al., 1985; Vick and Zimmerman, 1976), and development 
stages (Kermasha and Metche, 1987). The regression analysis 
indicated that LOX activity decreased during the 9 mo of frozen 
storage in both unblanched sweet com cultivars, even after ac
counting for the effects of different cultivars (2 sided p-value 
<  0.0001). Steam blanching at 100°C for 9 min completely 
inactivated LOX activity in both cultivars. Blanching for 15 min 
had no further effect on LOX activity (Table 1).

Peroxidase activity
No significant difference in initial POD activities were found 

in kernels of any unblanched sweet com (Table 1). An average 
activity of 1.082 ±  0.039 and 1.075 ±  0.051 units/mg protein 
was determined for Jubilee and GH 2684 respectively. Regres
sion analysis indicated (2 sided p-value <  0.0001) that the POD 
activity of unblanched samples decreased as a quadratic function 
of frozen storage time. The POD activity decreased sharply in 
the first 3 mo with a tendency to stabilize during later frozen 
storage. Both cultivars showed similar changes during 9 mos 
frozen storage (Table 1).

After 9 min of blanching some residual POD activity' was 
present. A regression analysis for the 9 min blanched samples 
over storage time showed that the POD activity had a tendency 
to decrease faster in the GH 2684 than in the Jubilee (2 sided 
p-value <  0.0001), suggesting the presence of POD isozymes 
that were more stable to low temperatures in the Jubilee. Com
plete inactivation of POD activity was obtained when the com 
was blanched for 15 min.

The data showed a decrease in activity of LOX and POD 
during frozen storage. According to Richardson and Hyslop
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T a b le  1— L ip o x y g e n a se  (L O X ) and P e ro xid ase  (PO D ) activ ity  in w h ole  kernels o f Ju b ile e  and G H -2684 corn  d u rin g  9 m o sto ra g e  at - 2 0 ° C a

B la n c h in g
tim e
(m in )

L O X  a c tiv ity
(c h a n g e  in O .D . at 2 3 4  n m /m in /m g  p ro te in )

P O D  a c tiv ity
(c h a n g e  in O .D . at 4 2 0  n m /m in /m g  p ro te in )

0
S t o r a g e  t im e  (m o n th s)  

3 6 9 0
S t o r a g e  t im e  

3
(m o n th s)

6 9

J u b ile e
0 0 .14 3 0 .10 5 0 .10 8 0 .087 1.082 0 .45 0 0 .57 5 0 .47 6

(0 .016) (0.016) (0.017) (0 .016) (0 .019) (0 .0 2 4 ) (0.034) (0.039)
9 N .A .b N .A . N .A . N .A . 0 .04 8 0 .032 0 .04 8 0 .030

15 N .A .b N .A . N .A . N .A .
(0 .015)

N .A .
(0.016)

N .A .
(0.017)

N .A .
(0.010)

N .A .
G H -2 6 8 4

0 0 .108 0 .102 0 .0 9 4 0 .062 1.075 0 .493 0.541 0 .453
(0 .017) (0 .0 1 4 ) (0 .016) (0 .010) (0.025) (0.015) (0 .061) (0.030)

9 N .A . N .A . N .A . N .A . 0.081 0 .033 0 .03 6 0 .02 5

15 N .A . N .A . N .A . N .A .
(0 .027)

N .A .
(0.013)

N .A .
(0 .015)

N .A .
(0.009)

N .A .

aAverages over packaging materials; no significant differences observed among them (2-sided p-value >  0.05). ( ): 
b N.A.: no activity detected.

Standard deviation.

Table 2 - -R e la t iv e  p e rc e n t lin o le ic  a n d  lin o le n ic  a c id  in w h o le  k e rn e ls  o f th e  J u b ile e  a n d  G H -2 6 8 4  c o rn  d u r in g  9 m o  s to ra g e  at - 2 0 ° C a

R e la tiv e  p e rc e n t  lin o le ic  a c id  co n te n t (% ) R e la tiv e  p e rc e n t  lin o le n ic  a c id  c o n te n t  (% )

B la n c h in g  
t im e  (m in ) 0

S t o r a g e  t im e  (m o n th s)  
3 6 9 0

S t o r a g e  t i n e  (m o n th s )  
3 6 9

J u b ile e
0 4 4 .73 4 6 .97 4 3 .48 43.42 1.82 2.01 1.79 1.50

(2.57) (1.70) (3.81) (2.55) (0.43) (0.19) (0.32) (0.26)
9 49.29 4 6 .6 4 4 5 .29 44.37 2.07 2.06 1.90 1.62

(2 .15) (2.36) (1 .47) (4.11) (0.13) (0.21) (0 .27) (0.44)
15 45.65 4 6 .50 44.27 44.67 1.97 1.88 1.84 1.64

(0.33) (0.93) (4.22) (1.92) (0.25) (0 .08) (0.42) (0 .19)
G H -2 6 3 4

0 4 8 .82 4 5 .7 6 4 3 .7 8 44.01 1.91 1.75 1.33 1.03
(1.44) (1 .74) (4.32) (1.01) (0.25) (0 .23) (0.39) (0.14)

9 4 5 .50 45.91 4 5 .29 4 4 .70 1.82 1.57 1.68 1.28
(6.03) (2 .52) (2.50) (1.44) (0 .09) (0 .18) (0 .25) (0 .18)

15 4 7 .23 4 6 .83 43.94 4 5 .16 1.77 1.58 1.40 1.17
(0.73) (1 .28) (3.27) (0.94) (0 .04) (0 .14) (0.29) (0.08)

aAverages over different packaging materials; no statistical differences observed among them (2-sided p-value >  0.05). ( ): Standard deviation.

sto rage tim e (m onths)

Control Polyethylene C y o v a c  B C ry o v a c  E

0 9 15 0 9 15 0 9  15 0  9  15
B lan ch in g  time (minutest

Fig. 1—Change in peroxide value, (meq 02/kg lipid), in whole 
kernels of Jubilee and GH-2684 corn during sixth and ninth 
months of storage at -20°C. Averages over different packaging 
materials; no statistical differences observed among them (2- 
sided p-value > 0.05).

(1985) the decrease in enzyme activity during freezing and/or 
frozen storage may be due to a change in stability of enzyme 
conformers, increased intra-enzymic hydrogen bonding or de
creased accessibility of enzyme to substrate. It could also be due 
to increased hydrogen bonding between water and either sub
strate or enzyme active site, formation of enzyme polymers, 
changes in mechanism, shifts in pH or increases in viscosity.

Fig. 2—Average moisture content of sweet corn kernels of Ju
bilee and GH-2684 after 9 mo storage at -20°C. Packaging ma
terials significantlv different at p < 0.05.

Fatty acid composition
Although the com evaluated had different gentoypes, no sig

nificant difference in initial fatty acid content was observed. The 
major fatty acids were palmitic (14.93 ± 1.94%), stearic (2.79 
±  1.00%), oleic (31.54 ±  2.82%), linoleic (46.87 ±  5.88%), 
and linolenic (1.89 ± 0.36%) acids. There was no statistical 
difference in relative percent linoleic acid between the cultivars. 
Different blanching treatments had no effect on relative percent 
linoleic acid content, suggesting that enzymatic oxidation of lin-
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oleic acid did not occur during frozen storage. There was sta
tistical evidence (2-sided p-value <  0.001) that the percent 
linoleic acid content changed during storage. After 3 mo frozen 
storage a small decrease was observed in relative percent of 
linoleic acid, which tended to stabilize later (Table 2). This sug
gested possible autoxidation of the fatty acid due to a self-cat
alytic free radical mechanism.

There was significant evidence that the mean percent linolenic 
acid content varied during frozen storage (2-sided p-value <  
0.0001). The relative percent linolenic acid content in the whole 
kernels decreased during frozen storage (Table 2). Regression 
analysis indicated that the mean % linolenic acid content was 
dependent on blanching treatment (2-sided p-value <  0.0001). 
Unblanched samples decreased at a faster rate than blanched 
samples in both cultivars, suggesting enzymatic oxidation of lin
olenic acid during storage. Poca et al. (1990) characterized a 
com lipoxygenase isozyme (LI) with high affinity for a-lino- 
lenic acid leading to the formation of 13-hydroperoxides. In ad
dition, autoxidation by free radical mechanisms was suggested 
by the decrease in relative percent linolenic acid of blanched 
samples during frozen storage, especially at 15 min where both 
enzymes were inactivated.

Peroxide value
The peroxide value was related to cultivar (2-sided p-value 

<  0.01) and blanching treatment (2-sided p-value <  0.01). 
Changes in peroxide value during storage were different in the 
two cultivars (2-sided p-value <  0.02). The peroxide value of 
unblanched Jubilee increased (Fig. 1) an average of 50% from 
the sixth to the ninth month of storage. The Jubilee, 9 min 
blanched, sample showed some increase in peroxide value but 
no increases were observed in the Jubilee, 15 min blanched, 
sample nor any GH 2684 samples.

The highest peroxide value obtained was 0.5 meq 0 2/kg lipid 
in the unblanched Jubilee sample after 9 mo storage. The per
oxide value is a good guide for quality of a lipid; freshly refined 
fats should have peroxide values <  1 meq 0 2/kg (Rossell,
1989). All peroxide values we found were much less than that.

Packaging materials showed no effect on control of polyun
saturated fatty acid degradation. The low rates of lipid degra
dation in all samples during 9 mo frozen storage suggested that 
degradation was not related to oxygen concentration around the 
com.

Moisture
The initial moisture content in the sweet com was, on aver

age, 72.5%. After 9 mo frozen storage, the different packaging 
materials used were related to the control of moisture loss from 
com kernels (2-sided p-value <  0.01 )(Fig. 2). Ears stored in 
Cryovac B and E bags showed the best moisture retention 
(72.2% final moisture), followed by polyethylene bags (71.4%). 
Those stored without packaging materials showed severe de
hydration (70.1%).

SUMMARY
P a c k a g in g  m a t e r ia l s  had no effect on controlling PUFA deg
radation or enzymatic activity; however, they had an important 
effect on preventing moisture loss. Blanching of ears of com 
reduced LOX and POD activities but had little effect on PUFA 
degradation during 9 mo storage at —20°C.
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Nitrogen-to-Protein Conversion Factors for Some Common
Edible Mushrooms

SHINOBU FUJIHARA, ATSUKO KASUGA, YASUO AOYAGI, and TATSUYUKI SUGAHARA

----------------------------  ABSTRACT ----------------------------
Mushrooms (13) common to Japan were analyzed for total nitrogen 
(TN), amino acid nitrogen (AAN), amide-N and nonprotein nitrogen. 
The distribution of protein nitrogen averaged 67% to TN. Averaged ni- 
trogen-to-protein conversion (N:P) factor was 5.99. Application of the 
factor for estimation of protein content resulted in a considerable differ
ence from amino acid residue (AAres) levels, due to the high level of 
nonprotein nitrogen. A net N:P factor, defined as the proportion of AAN 
to TN, was proposed. The averaged value of 3.99 was derived from 
analytical TN and AAN data of mushrooms. Calculated protein values 
using this factor were in good agreement with AAres.

Key Words: mushrooms, protein, nitrogen, amides, nonprotein nitrogen

INTRODUCTION
T h e  a m o u n t  o f  t o t a l  p r o t e in  in foods is usually calculated 
by multiplying its Kjeldahl nitrogen content by the nitrogen to 
protein conversion factor (N:P factor). Although special factors 
for conversion of nitrogen to protein are used for some foods 
(Jones, 1941), the value of 6.25 is applied for most plant and 
animal proteins, assumed to contain 16% nitrogen. However, 
this assumption is invalid for foods that contain other nitroge
nous compounds such as nucleic acids, ammonium and nitrog
enous glycosides. Use of the common factor 6.25 for such foods 
may result in overestimation of protein content. Therefore, a 
more practical N:P factor, designed to allow for the effects of 
nonprotein nitrogen is needed.

Fruiting bodies of mushrooms contain notable nonprotein ni
trogen compounds, such as nucleic acids and chitin. The former, 
responsible for the umami taste of mushrooms, contain =  15- 
16% nitrogen (Benedict, 1987). Chitin, a polymer of N-acetyl- 
glucosamine, exists in the cell wall of mushrooms. The nucleic 
acid nitrogen and chitin nitrogen contents should affect the N: 
P factor for mushrooms. Mushrooms were selected as model 
foods to explore the method of determining N:P factors. Al
though amino acid compositions and N:P factors of common 
cultivated mushrooms have been reported by Ogawa et al.
(1987), amide-N were not estimated. Furthermore, they made 
reference to only glucosamine as nonprotein nitrogen.

Our objectives were to determine a more accurate N:P factor 
for mushrooms based on amino acid composition including am
ide-N and the distribution of nitrogen in protein or other nitrog
enous components, and to propose a reliable procedure for 
routinely converting total nitrogen data to protein content.

MATERIALS & METHODS
Materials

Freshly harvested fruiting bodies of cultivated mushrooms, Flammu- 
lina velutipes (Enokitake), Grifóla frondosa  (Maitake), Lentinus edodes 
(Shiitake), Pholiota nameko (Nameko), Pleurotus ostreatus (Hiratake) 
and Tricholoma giganteum  (Nioushimeji) were kindly supplied by some 
producers. A rm illariella mellea (Naratake), H ygrophorus russula (Sak- 
urashimeji), Lyophyllum shim eji (Honshimeji), Panellus serotinus (Mu-

Authors Fujihara, Kasuga, and Aoyagi are affiliated with Kagawa 
Nutrition Junior College, Komagome 3-24-3, Toshima-ku, Tokyo 
7 70, Japan. Author Sugahara is affiliated with Kagawa Nutrition 
University, Chiyoda 3-3-21, Sakado-shi, Saitama 350-02, Japan.

kitake), Ramaria botrytis (Houkitake), Sarcodon aspratus (Koutake) and 
Suillus grevillei (Hanaiguchi) were collected. The fresh fruiting bodies 
were washed with distilled water, then freeze-dried. The freeze-dried 
samples were ground in a mill to pass through a 0.3mm sieve.

Analyses

Amino acids composition. Amino acids analyses of each mushroom 
were carried out using an amino acid analyzer (HITACHI 835) after 6N 
HC1 hydrolysis at 110°C for 24 hr under vacuum. Cysteine and cystine 
were measured as cysteic acids (reported as Cys/2), and methionine was 
measured as methionine sulfone after perfomic acid oxidation and 6N 
HC1 hydrolysis at 150°C for 20 hr according to the method of Moore 
(1963). The tryptophan analysis was done on a Ba(OH)2 hydrolysate as 
described by Tkachuk and Irvine (1969). The amide-N content was de
termined by titration of the NHS liberated by 2N HC1 hydrolysis of the 
sample protein (Bailey, 1937) using a Conway vessel. As a blank, NH3 
in the 70% ethanol extract of the samples was also measured (designated 
NHj-N). The moles of amide-N were assigned on a proportional basis 
to the moles of aspartic acid and glutamic acid in the samples to deter
mine the asparagine and glutamine values (Sosulski and Imafidon, 1990). 
Free amino acids were determined by automatic amino acid analysis 
according to a method described previously (Sato et al., 1985).

Chitin nitrogen determination. Chitin fraction was isolated as in
soluble residue after alkali-acid treatment according to the method em
ployed by Yanase (1975) and quantitatively estimated by Boas’s method 
(1953). The method of isolation (Yanase, 1975) is based on the glucos
amine liberation from chitin fraction by 6N HC1 hydrolysis at 1 l4°C for 
6 hr. Nitrogen content in chitin (Chitin-N) was calculated from the 
amount of glucosamine.

Nucleic acid nitrogen determination. Four purine and three pyrim
idine bases in mushrooms were quantitatively analyzed using HPLC. The 
samples (100 mg) were extracted with 25 mL of 5% perchloric acid 
(PCA) under reflux at 100°C for 20 min. The extract was concentrated 
and subsequently hydrolyzed by concentrated PCA at 100°C for 1 hr 
(Marshak and Vogel, 1951). The hydrolysate was neutralized with 33% 
potassium hydroxide and applied to the cation exchange resin column 
(Yanaco SCX-1001. 5X230 mm). Elution of bases from the column was 
made with 0.05M dibasic ammonium phosphate, containing 2% ethanol 
at 45°C (flow rate 3.5mL/min.; sample size O.lmL). The effluent was 
continuously monitored for ultraviolet absorption at 254nm (Shinoda et 
al., 1981). Each purine and pyrimidine base content was evaluated from 
the proportion of the peak area to that of standard material. Nucleic acid 
nitrogen (NAN) of each mushroom was calculated by multiplying con
centration of each base by the theoretical percentage nitrogen.

RESULTS & DISCUSSION
T o t a l  a m in o  a c id s  (Total AA), free amino acids (Free AA), 
contents of asparagine and glutamine (Asn+ Gin), amino acid 
residue (AAres) and total nitrogen contents in amino acids 
(AAN) in mushrooms were compared (Table 1). In addition, 
N:P factor of each mushroom based on quantitative amino acid 
composition data, including estimation of the amide-N were also 
compared. Total AA value is the sum of the weight of each 
amino acid, including Asn and Gin calculated from Amide-N 
and part of Asp and Glu. On average, the sum of Asn and Gin 
was 1.71 ±0.80 mg (mean± SD)/100g of dry matter. The av
erage value of free A A was 3.40±2.03g/100g of dry matter. 
The AAres value, defined as total AA minus the element of 
water, represents a true weight of protein in the sample. These 
values ranged from 12.02g in A. mellea to 28.33g in P. ostrea
tus/ 1 OOg of dry matter. The AAN value is the corresponding
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NITROGEN-TO-PROTEIN CONVERSION FACTORS . . .

Table 1— C a lc u la t io n  o f  N :P  fa c to r  o f c o m m o n  e d ib le  m u s h ro o m s

T o ta l A A a F re e  A A A s n + G ln b A A r e s c A A N d N :P  fa c to r

(g/1 OOg o f fru it in g  b o d ie s , d ry  b a s is ) (A A re s / A A N )

Cultivated
F. velutipes* 2 0 .9 4 7 .26 1.81 17.94 3 .00 5.98
G. frondosa* 2 1 .20 1.27 1.61 18.15 3.00 6 .05
L  edodes** 2 1 .72 4.71 2.02 18.62 3.30 5 .64
P nameko* 2 0 .7 5 2.89 1.38 17.74 2.88 6 .16
P. ostreatus** 3 2 .9 5 7 .83 3.97 2 8 .33 4.80 5.90
T. giganteum 15.44 2 .94 1.15 13.23 2.21 5.99

Native
A. met lea 14.10 0 .93 0.74 12.02 1.94 6.20
H. russula 2 0 .56 2.42 2.30 17.53 2.92 6 .00
L. sh im eji 19.71 4.35 1.84 16.76 2.77 6.05
P. serotinus 15.71 2.11 0.58 13.43 2.18 6 .16
R. botrytis 17.25 2.09 1.37 14.71 2.58 5.70
S. aspratus 23.21 2 .96 1.75 19.87 3 .28 6 .06
S. grevillei 2 0 .76 2.45 1.67 17.76 3.00 5.92

a v g 2 0 .3 3 3 .40 1.71 17.39 2.91 5.99
S.D . ±  4.515 ±  2 .032 ±  0 .80 0 ±  3 .90 2 ±  0 .6 7 8 ±  0 .15 9

3 Total amino acids including free amino acids and Asn+GIn.
b Calculated from amide-N.
c Total AA minus the element of water.
d Nitrogen content in Total AA. 
* mean of two samples 
** mean of three samples

Table 2— D is tr ib u t io n  o f N c o m p o n e n ts  in m u s h ro o m s  a n d  net N :P  fa c to rs

T o ta l N A A N a C h it in -N b N A N C N H 3-N d To ta l net N :P  fa c to r

(%  o f D M ) (m g /g  o f  T o ta l N) (A A r e s e/Tota l N)

Cultivated
F. velutipes* 3.94 7 5 9 .8 9 9 2 .1 8 7 7 .0 0 15.83 9 4 4 .9 0 4.55
G. frondosa* 4.19 7 1 6 .2 0 6 3 .39 8 1 .0 4 15.90 8 7 6 .5 3 4.33
L. edodes** 4.11 8 0 0 .8 4 95.71 7 5 .19 14.49 98 6 .5 2 4.53
P. nameko* 4.00 7 1 5 .6 6 7 8 .29 9 2 .8 5 2 2 .49 90 9 .2 9 4.44
P. ostreatus** 6.82 7 0 6 .2 3 5 1 .63 7 9 .9 3 6 .04 8 4 3 .8 3 4.15
T. giganteum 3.99 55 2 .6 3 8 0 .5 3 4 3 .99 2 7 .05 7 0 4 .2 0 3.32

Native
A. mellea 2.83 68 7 .8 5 162.75 6 5 .19 3 4 .23 95 0 .0 2 4.25
H. russula 4.89 5 9 6 .9 5 82.71 2 6 .8 6 12.12 7 1 8 .6 4 3 .58
L. sh im eji 7 .04 39 3 .8 2 5 6 .75 41.43 9 .54 5 0 1 .5 4 2.38
P. serotinus 4.99 43 6 .3 8 44.81 4 3 .27 2 1 .32 54 5 .7 8 2.69
R. botrytis 3.71 6 9 6 .8 0 137.90 52.61 13.92 9 0 1 .2 3 3 .96
S. aspratus 3.87 8 4 7 .9 4 7 4 .7 4 61.01 2 7 .19 1010.88 5.13
S. grevillei 3.95 7 5 8 .3 2 9 6 .2 0 8 3 .77 13.46 9 5 1 .7 5 4.50

a v g 4.49 6 6 6 .8 9 8 5 .97 6 3 .4 0 17.99 8 3 4 .2 4 3.99
S .D . ±  1.157 ±  1 3 0 .405 ±  3 1 .9 7 6 ±  19.446 ±  7 .7 6 8 ±  159.331 ±  0 .75 8

a Nitrogen content in Total AA. 
b Nitrogen content in chitin. 
c Nucleic acid nitrogen. 
d NH3 nitrogen. 
e see Table 1.
* mean of two samples 
** mean of three samples

weight of nitrogen in these AAres. The value of AAN ranged 
from 1.94g in A. mellea to 4.80g in P. ostreatusllOOg dry matter. 
Protein content, that is, AAres value, as defined, includes all 
free and bound amino acids as forming part of the total protein 
content. Therefore, the elements of water were subtracted from 
not only the bound amino acids but also from free amino acids. 
The N:P factor was then determined from the ratio of AAres to 
AAN in each mushroom. Resulting values varied from 5.64 for
L. edodes to 6.20 for A. mellea. The average N:P factor for 13 
mushrooms was 5.99 ±0.16 (mean±SD). This average differed 
slightly from 5.61 reported by Sosulski and Imafidon (1990).

By use of Chitin-N, NAN and NH3-N data we obtained, it 
was possible to structure a general table of nitrogen components 
in mushrooms (Table 2). Total nitrogen (total N) values deter
mined by Kjeldahl method of each mushroom were also in
cluded. AAN occurring in either free or bound forms accounted 
for 393.82 mg in L. shimeji to 847.94 mg in S. aspratus (666.89 
mg on the average)/g total N. Recovery of only 67% of the total 
N in the form of AAN indicates that 33% of the total N may 
be due to the presence of other nitrogenous sources.

Chitin-N ranged between 44.81 mg in P. serotinus and 162.75 
mg in A. mellea/g of total N. The value of NAN ranged from

41.43 mg in L. shimeji to 92.85 mg in P. nameko! g of total N. 
The average level ofNH3-N was 17.99 mg/g total N. On average, 
the sum of these nitrogen contents was 834.24 ±  159.33 mg 
(mean±SD)/g of total N. Variability exists among species, in 
particular the values of L. shimeji and P. serotinus were very low 
(501.54 mg and 545.78 mg/g total N, respectively). These figures 
might reflect the existence of other nitrogenous compounds in 
these mushrooms, but further investigations were not made.

The averaged N:P factor for mushrooms calculated from AA
res and AAN was 5.99. However, application of the factor 
would result in overestimation of protein owing to the presence 
of high nonprotein nitrogen (NPN) contents. As mentioned 
above, NPN in mushrooms accounted for 33% of the total N. 
Since the Kjeldahl method cannot distinguish between NPN and 
protein the NPN should be excluded from total N to determine 
protein content more accurately by using the N:P factor. It is 
very difficult to analyze various kinds of NPN of all samples. 
A net N:P factor was proposed for conversion of total N to 
protein content by consideration of NPN. That is, the net N:P 
factor was defined as the ratio of AAres to Total N. As shown 
(Table 2) the net N:P factors of mushrooms ranged from 2.38 
(L. shimeji) to 5.13 (S. aspratus), average 3.99 ±  0.76.
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T a b le  3— C o m p a riso n  o f ca lcu late d  protein contents (g/100g o f fru itin g  bod ies, d ry  basis)

C a lc u la te d  p ro te in  co n te n t

A A r e s
T o ta l N 

x  N :P  fa c to r3
(P ro te in  N b) 

x  N :P  fa c to r3
T o ta l N 
X  3 .9 9 °

T o ta l N 
x  6 .25

C u lt iv a te d
F. ve lutipes* 17.9 2 3 .6 19.2 15.7 2 4 .6
G. frondosa* 18.2 25.3 21.3 16.7 26.2
L. edodes** 18.6 23.2 18.9 16.4 25.7
P. nam eko* 17.7 2 4 .6 19.9 16.0 25.0
P. ostreatus** 28.3 40.2 34.7 2 7 .2 42.6
T. g ig a n te u m 13.2 23.9 2 0 .3 15.9 2 4 .9

N a t iv e
A . m ellea 12.0 17.5 12.9 11.3 17.7
H. ru ssu la 17.5 29.3 25.8 19.5 3 0 .6
L. sh im e ji 16.8 42.6 38.0 28.1 44.0
P. se ro tin u s 13.4 30.7 2 7 .4 19.9 31.2
R. b o trytis 14.7 21.1 16.8 14.8 23.2
S . a sp ra tu s 19.9 2 3 .5 19.6 15.4 24.2
S . g re v ille i 17.8 2 3 .4 18.9 15.8 24.7

a v g 17.4 26.9 22.0 17.9 2 8 .0
S .D . ±  3 .90 ±  6.97 ±  6.24 ±  4.62 ±  7 .23

a The specific N:P factor (see Table 1).
b Total N minus nonprotein nitrogen (chitin-N + NAN + NH3-N). 
c Averaged net N:P factor (see Table 2).
* mean of 2 samples 
** mean of 3 samples

Five methods to calculate protein content of mushrooms were 
compared (Table 3).

(1) summation of AAres content of each mushroom.
(2) multiplication of total N by the N:P factor specific for 

each mushroom (see Table 1).
(3) multiplication of residual N after subtracting NPN from 

total N, by specific N:P factor.
(4) multiplication of total N by net N:P factor (3.99).
(5) multiplication of total N by 6.25, commonly applied factor 

for foods.
The best estimation of protein content was the summation of 

AAres. When these calculated values were compared, consid
erable differences were found between AAres and the protein 
content calculated by the traditional factor, 6.25. Similar differ
ences were observed between AAres and results by total N X 
the specific N:P factor for each mushroom. However, good 
agreement was found between AAres value and the protein con
tent calculated by total N minus NPN X the specific N:P factor, 
except for a few mushrooms. Also, protein contents calculated 
by using the net N:P factor were in good agreement with AAres.

These results indicated that the net N:P factor was a reliable 
and practical conversion factor for estimation of protein contents 
of mushrooms. Furthermore, this method would be applicable 
to many other foods. In particular, for foods that contain a high 
level of NPN, a net N:P factor could give a more accurate pro
tein value.
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Stability of Spray-Dried Encapsulated Carrot Carotenes

LORI A. WAGNER and JOSEPH J. WARTHESEN

----------------------------  ABSTRACT ----------------------------
Encapsulation with various dextrose equivalent (DE) hydrolyzed starches 
affected stability of a -  and (3-carotene in spray-dried carrot powders. 
Degradation of a -  and (3-carotene during storage of the powders at tem
peratures ranging from 37 to 65°C followed first-order kinetics and both 
degraded at the same rate. Hydrolyzed starch of 36.5DE was superior to 
4, 15, and 25DE in improving retention of the carotenes. Carotenes en
capsulated with 36.5DE hydrolyzed starch had a predicted half-life of 
450 days at 21°C compared to 2 days for carrot juice spray dried alone. 
Increasing the proportion of carrier decreased the carotene degradation 
rate and similarly decreased surface carotene. Air was critical in carotene 
stability, but exposure of encapsulated carrot powders to light did not 
accelerate degradation.

Key Words: carrots, beta-carotene, starch, thermal degradation, encap
sulation

INTRODUCTION
C a r o t e n o id s  are responsible for many natural yellow to red 
coloring hues in foods. Epidemiological studies of fruits and 
vegetables with above average carotenoids have been associated 
with 30-50% lower incidence of several types of cancer includ
ing, lung, stomach and skin (Mayne et ah, 1994; Menkes et ah, 
1986; Zeigler, 1989). Murakoshi et al. (1992) reported that a- 
carotene, but not (3-carotene, reduced lung tumors, and also de
creased spontaneous liver carcinogenesis and suppressed skin 
carcinogenesis. Carrots are one source of carotenoids that con
tain a high level of a-carotene (Bureau and Bushway, 1986). 
However, carrots usually are not dried as a source of carotene 
because drying frees oxidative enzymes, exposes the carotenes 
to heat and lowers water activity. This leads to losses in vitamin 
A activity, carotene degradation, color deterioration and poten
tial off-flavor due to production of oxidation products. Such ox
idation products have little or no pigmentation, provitamin A 
(Quakenbush and Smallidge, 1986) or oxygen quenching activ
ity. Many studies (Baloch et al, 1977 a-c; MacKinney et ah, 
1958; DellaMonica and McDowell, 1965; Schadle et ah, 1983) 
on losses of carotenoids in dehydrated carrots have been done 
prior to development of analytical techniques (such as high per
formance liquid chromatography, HPLC), that enable the sta
bility of a- and (3-carotene to be assessed independently.

An increasing trend in food and pharmaceutical industries is 
toward replacing synthetic additives with natural products. How
ever, creating suitable water dispersible forms of carotenoids is 
difficult because of the limited solubility of pure carotene crys
tals. Encapsulation is a potential approach to transform liquids 
into stable and free flowing powders which are easy to handle 
and incorporate into dry food systems. Among encapsulation 
methods, spray drying is one of the best known and most eco
nomical. Hydrolyzed starches have the advantage of being very 
cost effective encapsulating agents which have been shown to 
protect against oxidative deterioration of orange oil (Anandar- 
aman and Reineccius, 1986). Beatus et al. (1985) spray-dried 
paprika oleoresin encapsulated with 15DE maltodextrin, gum 
arabic, gelatin and sodium caseinate and found the maltodextrin 
was the best agent to protect against oxidation of carotenoids
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dress inquiries to Dr. J .J . Warthesen.

during storage. However, no investigations have been reported 
on the relation of dextrose equivalent (DE) to stability of spray 
dried encapsulated carotenoids.

Our objectives were to evaluate hydrolyzed starches of vari
ous DEs as encapsulating agents for spray drying of carrot juice 
and to determine the effects of light exposure, temperature, and 
carrier level on the stability of spray dried carrot carotenes.

METHODS & MATERIALS
Materials

HPLC grade methanol and OmniSolv® grade water, acetonitrile and 
hexane were obtained from EM Science (Gibbstown, NJ). Certified grade 
stabilized tetrahydrofuran (THF) containing 250 ppm butylated hydrox- 
ytoluene (BHT) was purchased from Fischer Scientific (Fair Lawn, NJ) 
Hydrolyzed starch samples (4DE, 15DE, 25DE, and 36.5DE) were ob
tained from Grain Processing Corporation (Muscatine, IA) and concen
trated carrot coagulum was obtained from Humanetics Corp. (Chaska.
MN). The carrot coagulum was processed under the following procedure 
prior to receiving. Imperator-type carrots (Daucus carota) were cleaned, 
sanitized with 200 ppm chlorine, rinsed, disintegrated with a Comitrol 
disintegrator (Urschel Laboratories Inc., Model 3610, Valparaiso, IN) 
and pressed in a Bepex S type screw press (Bepex Corp., Minneapolis,
MN). CaCl2 was added as a 15% slurry to the concentrated carrot juice 
to obtain a final CaCL concentration of 0.1% on a w/w basis. The mix
ture was then pasteurized at 80°C for 60 sec with a scraped surface heat 
exchanger (APV, Lake Mills, Wl), cooled to 50°C, concentrated to 
13.5% total solids by ultrafiltration (Komline-Sanderson Membrane Sys
tems cross flow membrane, Pea Pack, NJ). The concentrated carrot co
agulum samples (ca 300g) were quiescently frozen in polyethylene bags 
at —20°C until further experiments.

Encapsulation of carrot coagulum

The frozen carrot coagulum was allowed to thaw at refrigerated con
ditions (ca. 4°C) for 2 to 3 days and homogenized with a high shear lab 
homogenizer (Gifford-Wood Model 11.81, Greerco Corp., Hudson, NH) 
(ca. 3 min). Dry hydrolyzed starch (4DE, 15DE, 25DE or 36.5DE) was 
combined with the carrot coagulum and homogenized. The feed com
position was 3.97 kg carrot coagulum and 1.03 kg dry hydrolyzed starch 
except in*the experiment where carrier level was varied. For comparing 
the four hydrolyzed starches of various DEs, the feed composition was 
20% dry starch to carrot coagulum on a wet weight basis. The dispersion 
was then heated in a water bath (38°C) to dissolve the hydrolyzed starch, 
followed by high shear mixing for 5 min to ensure feed homogeneity 
prior to spray drying. This solution was fed to a Niro Utility Model 
spray drier (Niro Atomizers, Ltd., Copenhagen, Denmark) equipped with 
a centrifugal wheel atomizer. The spray drier was operated at an inlet 
temperature of 200 ± 5°C and 100 ±  5°C outlet temperature. Carrot 
coagulum alone was spray-dried as a control. The powders were allowed 
to cool to room temperature, stored in covered glass jars wrapped with 
aluminum foil to exclude light and kept at —29°C prior to analysis.

Extraction of carotenoids from encapsulated carrot powder

Spray dried powder (0.2 g) was accurately weighed into a 50-mL 
centrifuge tube, reconstituted by the addition of 3 mL of water and vor- 
texed. To extract the carotenes, methanol (5 mL) was added to the slurry, 
vortexed and kept for 3 min at room temperature followed by addition 
of 10 mL of stabilized THF. The mixture was centrifuged at 2200 X g 
(Beckman Instruments, Inc., Model J2-21, Palo Alto, CA) for 5 min at 
4°C to remove precipitated encapsulating material and carrot coagulum. 
The extract was removed by decantation. A second extraction was done 
on the residue using 5 mL of methanol. The sample was centrifuged as 
described. A third extraction with 5 mL THF followed by centrifugation
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was performed as described when needed, to produce a gray/white pre
cipitate without any remaining orange color. The pooled extracts were 
filtered (0.45 |i) and analyzed by HPLC. Samples were stored in amber 
vials at 4-6°C for a maximum of 5 hr until analysis. Two replicate 
extractions of each spray dried sample were analyzed. Initial a -  and p- 
carotene was determined prior to storage. No loss was observed in the 
a -  and P-carotene content of the frozen samples over the duration of the 
study.

Standard solutions

all-trans-a-Carotene and all-trans-P-carotene were purchased from 
Sigma Chemical Co. (St. Louis, MO). Stock solutions were prepared in 
hexane monthly and stored in the dark at -20°C. Concentrations of 
standards were spectrophotometrically determined daily by measuring 
the absorbance at 453 nm (El% = 2592) for p-carotene and 446 nm (El% 
= 2725) for a-carotene (De Ritter and Purcell, 1981; National Research 
Council, 1972) Two concentrations of each carotene standard in the 
range 0.73-3.9 g/mL were injected daily for quantification by peak area 
to determine carotene content. Standards of 9-cis-, 13-cz.s- and 15-cw-p- 
carotene were obtained from Hoffmann-La Roche, Inc. (Basel, Switzer
land) and prepared in hexane. Sample carotenes were identified by 
comparing peak retention times and spectral scans with standards.

Chromatographic procedure

HPLC analysis of carotenoids was carried out with a Vydac 201TP54 
column (C l8, 5 11 particle size, 4.6 mm i.d. X  25 cm, Vydac, Hesperia, 
CA). A mobile phase of methanol: acetonitrile: water (88:9:3 v/v/v) was 
used at a flow rate of 1 mL/min maintained by a Waters pump model 
M-6000A (Waters Associates. Inc., Milford, MA). Prior to HPLC anal
ysis, mobile phase was degassed by sonication and filtered through a 
0.45 p nylon filter. The mobile phase and column were similar to those 
reported by Bryant et al. (1992). A model 7125 Rheodyne fixed-volume 
loop injector with a 10-pL loop was used with fixed wavelength detec
tion or a 50-pL loop was used for diode array analysis. The column 
temperature and mobile phase were maintained at 38°C with a column 
water jacket (Alltech, Deerfield, IL) and controlled temperature circulator 
(Fischer Scientific, model 950, Pittsburgh, PA).

Two detection systems were used to monitor column eluant at 436 
nm. System I used a Spectroflow 757 Kratos analytical absorbance de
tector (Ramsey, NJ) and a Waters QA-1 integrator (Marlborough, MA). 
System II was a Hewlett Packard 1040A diode array detector controlled 
by a Hewlett Packard Chem Station (St. Paul, MN) and determined the 
spectrum of the eluant (250-600 nm). Both systems allowed baseline 
separation of a- and (3-carotene and could separate 9-cis-, 13-cis-, and 
15-cz.v-isomers of P-carotene from its all-trans form.

Moisture determination-Karl Fischer titration

Duplicate samples (6g) of powders encapsulated with 20% 4DE, 
15DE, 25DE or 36.5DE hydrolyzed starch were accurately weighed into 
Erlenmeyer flasks and covered with 50 mL anhydrous methanol. The 
flasks were stoppered and agitated on an incubator shaker (New Bruns
wick Scientific, model G24, New Brunswick, NJ) at 200 rpm for 16 hr 
at 4°C to extract moisture. The methanol extracts (100 mL) were injected 
into an automatic Karl Fischer titration apparatus (automatic moisture 
analyzer, Aquatest-IV, Photovolt Corporation, New York, NY). A blank 
was determined simultaneously to account for any moisture in the an
hydrous methanol.

Water activity determination

Water activity o f the spray-dried samples encapsulated with 20% 4DE, 
15DE, 25DE or 36.5DE hydrolyzed starch was determined by an 
AquaLab water activity analyzer (Decagon Devices, Inc., Model CX-2, 
Pullman, WA). Samples were analyzed in duplicate.

Storage stability tests

Effect of light. Spray-dried carrot powders encapsulated with 4DE 
and 36.5DE hydrolyzed starch were used to determine effects of light 
exposure. Samples of 1.75 g were put in 55 x  10 mm Petri dishes and 
placed in a 50 X  25 X  30-cm black coated light box constantly exposed 
to 2150 lux of light. Constant light intensity was provided by three 
standard 15 watt, cool-white, fluorescent lights (General Electric) =«25 
cm from the samples. Samples were placed 5 cm from the bottom of the

box on a translucent plate. Unexposed samples were placed in plastic 
Petri dishes protected with aluminum foil and placed in the light box. 
The box was placed in an incubator room and maintained at 45°C inside 
the box. Duplicate unexposed and exposed samples were taken weekly 
for HPLC analysis. Degradation of a- and |3-carotene was followed over 
8 wks storage.

Effect of hydrolyzed starch DE and storage temperature. Samples 
(=0.75g each) of spray-dried carrot coagulum powder with 4DE, 15DE, 
25DE or 36.5DE starch as an encapsulating agent were hermetically- 
sealed in 202 X  214 steel tinplate cans to maintain constant moisture 
without any attempt to remove oxygen. Eight canned samples were then 
placed in controlled temperature rooms (37°C and 45°C) or in an incu
bation oven (65°C). Duplicate samples were removed from 37°C incu
bation bi-weekly, 453C weekly and 65°C daily at eight intervals. HPLC 
analyses for carotene were conducted at each interval and degradation 
occurred past 70% loss by the eighth sampling. Controls of spray dried 
carrot coagulum alone without encapsulating agent were incubated in 
cans at 21°C and analyzed daily because of rapid degradation.

Effects of atmosphere. Samples (1.0 g) of dried powders prepared 
with hydrolyzed starch of each DE were weighed into plastic Petri plates 
(55 X 10 mm) and placed in desiccators containing saturated LiCl so
lution (aw = 0.112) protected from light with aluminum foil. For aerobic 
conditions, seven samples of each DE treatment were stored in a des
iccator closed in air. Duplicate samples were stored under an anaerobic 
hood in a desiccator flushed with a mixture of 5% carbon dioxide, 10% 
hydrogen and 85% nitrogen. The anaerobic hood was constructed such 
that only the sample being removed was exposed to air. Duplicate spray- 
dried samples were analyzed weekly from anaerobic and aerobic con
ditions for carotene degradation over 7 wk storage.

Effects of carrier level. Samples were spray-dried with varied in-feed 
composition. Powders were prepared by combining carrot coagulum with 
10, 15, 20 or 25% 15DE dry hydrolyzed starch on a wet basis resulting 
in in-feed total solids levels of 22, 26, 31 and 39% respectively in 5-kg 
batches. Samples (eight, 1 g each) of each carrier level were hermeti
cally-sealed in 202 X  214 steel tinplate cans without any attempts to 
remove oxygen and placed in a 50°C incubator oven. HPLC analysis of 
carotenes was conducted on duplicate powders at 8 intervals over 9 days 
incubation.

Surface carotene

To determine the amount of surface carotene on encapsulated pow
ders, duplicate samples (0.1 g) of the carrot powders were accurately 
weighed into 50-mL centrifuge tubes and extracted with 10 mL hexane. 
The mixture was centrifuged at 2200 x  g  for 5 min at 4°C, decanted 
and the precipitate extracted with additional 10 mL hexane. Extracts 
were combined and analyzed for a -  and p-carotene by HPLC to deter
mine the fraction of carotene not encapsulated but retained on powder 
surfaces. Similar procedures have been used for surface oil determination 
in flavor encapsulation analysis using hexane as the surface extracting 
solvent (Subramaniam, 1984).

Data analysis

The reaction order, rate constants, activation energies and 95% con
fidence limits for the degradation rates of a -  and P-carotene were deter
mined with the aid of the Macintosh program Water A nalyzer Series— 
Reaction K inetics Program  Version 2 .09  (Labuza et al., 1991). This pro
gram is based on equations from kinetic rate determinations using the 
integral method (Labuza, 1984). Linear regression on the data over time 
is applied for a large change in concentration and the 95% confidence 
limits of the slope are calculated by the equation:

95% Cl = x ±  t ~^=
Vn,

where: x = mean of samples, a  = sample standard error, n, = number 
of data points, and t = Student distribution for the number of degrees 
of freedom (n-2). Statistical differences between rate constants were de
termined by the method of Labuza (1984).

RESULTS & DISCUSSION 
Storage stability evaluation

Stabilities of major carrot carotenes in spray-dried encapsu
lated powders were evaluated under various conditions of light, 
temperature and atmosphere. The kinetics of degradation of a-
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and P-carotene were monitored over the incubation period and 
reaction orders, rate constants, and half-life values of reactions 
were determined. Based on r2 as the criterion for reaction order 
we determined that a first-order reaction (over zero, second, or 
third order) best described the degradation of both a- and P- 
carotene under these conditions. Previous researchers investi
gating carotene degradation kinetics have also concluded that 
degradation due to heat, oxidation and light followed first-order 
or pseudo-first-order behavior. Pesek and Warthesen (1987) in
vestigated carotene degradation in a vegetable juice system and 
found a- and p-carotene followed first-order degradation kinet
ics. A similar conclusion was also arrived by Chou and Breene
(1972) and Stevanovich and Karel (1982) in P-carotene degra
dations in model dry systems.

Although HPLC analysis could separate cis isomers, the 
change from all-trans to cis-trans isomers was not observed dur
ing processing or storage of powders. Cis isomers of a- and P- 
carotene elute within 2 min of the all-trans forms. No detectable 
cis isomer peaks were found (Fig. 1, 2) in the degraded samples. 
Degradation appeared to involve direct oxidation rather than 
isomerization of the carotenes. Farhangi and Valadon (1981) 
also observed degradation of carotenoids without isomerization 
during acid processing and storage of mung bean sprouts.

All hydrolyzed starch encapsulated carrot products prepared 
with 20% carrier retained about their initial (>90%) a- and p- 
carotene when stored under anaerobic conditions at 37°C for 7 
wk. This suggested that the mechanism of degradation was 
likely direct oxidation of the carotenes without destabilization 
through isomerization. Oxygen was a critical factor in P-caro
tene degradation (Chou and Breene, 1972; Goldman et al.,
1983). Simpson (1985) also found oxidation was the major 
cause of P-carotene destruction. Exclusion of oxygen during 
storage of powders would extend their shelf-life.

Effect of light
To evaluate the effects of light on a- and p-carotene stability 

in encapsulated carrot powders, 4DE and 36.5DE hydrolyzed 
starch encapsulated carrot powders were selected for storage 
studies. Typical chromatograms of the extract of 4DE and 
36.5DE encapsulated carrot powder initially and after 56 days 
of light exposure were compared (Fig. 1 and 2). The chromat
ograms showed the presence of typical a - and P-carotene found 
in carrots. Initial a-carotene content was 605 and 611 g/g for 
the 4DE and 36.5DE encapsulated product, respectively, and 
1514 and 1580 g/g for p-carotene. The ratio of a-carotene to 
P-carotene agreed with that reported previously by Bushway
(1986) and Tee and Lim (1991) for raw carrots.

The HPLC chromatographic conditions used for the separa
tion were similar to those reported by Bryant et al. (1992). How
ever, conditions were slightly modified to control column 
temperature at 38°C to improve reproducibility and separation 
of all-trans-a-carotene from all-trans-p-carotene and the pos
sible 9-cis-, 13-cA-, and 15-ci.v-p-carotenc.

The retention of the carotenes, in either powder was about 
the same under light and dark conditions. In general, autooxi
dation of carotene is catalyzed by a variety of factors such as 
light, metal ions, and photosensitizers. However, after 8 wk in
cubation of the carrot powders in either light or dark conditions 
at 45°C, total degradation was 90% for both a- and P-carotene 
in the 4DE encapsulating powder compared to 70% loss of both 
a- and p-carotene in the 36.5DE powder (Fig. 3 and 4). This 
indicated that exposure to light did not accelerate degradation 
of the carotenes. Kearsley and Rodriguez (1981) found con
versely that light accelerated degradation when investigating p- 
carotene dispersed in water. They reported that after light 
exposure for 144 hrs at 25°C, 75% of the p-carotene was de
stroyed compared to 33% loss in dark conditions. Pesek and 
Warthesen (1987) also reported that degradation of a- and p- 
carotene in a vegetable juice system was accelerated by expo
sure to light at 4°C.

Fig. 1—Representative chromatograms of the extract of spray- 
dried carrot powders encapsulated with 4DE hydrolyzed starch 
initially and after storage at 45°C unexposed or exposed to 2150 
lux of light.

Fig. 2—Representative chromatograms of the extract of spray- 
dried carrot powders encapsulated with 36.5DE hydrolyzed 
starch initially and after storage at 45°C unexposed or exposed 
to 2150 lux of light.

We hypothesize that degradation of a- and P-carotene occurs 
without trans-cis isomerization by the mechanism of direct ox
idation in either light or dark conditions. The resulting oxidation 
products have no coloring properties and thus do not absorb at 
436 nm. Possibly under the dry conditions evaluated, trans-cis 
isomerization of the carotenes was physically inhibited and may 
require solubility for molecular movement. Light may not have 
accelerated degradation of the carotene due to lack of mobilizec 
metal catalysts.

The degradation rates and half-life values of the major carrot 
carotenes were compared (Fig. 5) at 45°C in unexposed and 
exposed carrot powders prepared with 20% (wb) 4DE or 
36.5DE hydrolyzed starch. Degradation of a- and p-carotene 
occurred at the same rate (p <  0.05). This is the first report that 
has compared a- to p-carotene degradation in a dried carrot 
system. Pesek and Warthesen (1987) found that a - and P-car
otene degraded at the same rate in a vegetable juice system also 
there were 2X greater a- and P-carotene degradation rates for 
the 36.5DE compared with 4DE encapsulated carrot powder, 
indicating 36.5DE hydrolyzed starch was a preferable encap
sulating agent.

Effect of hydrolyzed starch DE and storage temperature
An increase in storage temperature led to an increase in rate 

constant (k) for both a- and p-carotene in all four hydrolyzed 
starch encapsulated carrot products. For the four powders with 
varying DEs of hydrolyzed starch as encapsulating agents, rate 
constants at 21°C were predicted with use of Arrhenius equa-
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Fig. 3—First-order degradation plots for a-carotene in spray-dried 
carrot powders encapsulated with 4DE or 36.5DE hydrolyzed 
starch unexposed or exposed to 2150 lux of light. Each point rep
resents an average of duplicate analyses. □ 4DE exposed, 0 4DE 
unexposed, g  36.5DE exposed, ♦ 36.5DE unexposed.

tions. Corresponding half-life values were then determined (Ta
ble l). The Arrhenius equation is

k = k e~(Ea/R)/r

where Ea/R is the slope, and In k0 is the intercept of the rela
tionship between the natural log of k and l/T in Kelvin. The 
Arrhenius equations determined, along with the respective r2 for 
each hydrolyzed starch evaluated, are also presented. For a first- 
order reaction, the half-life is determined at a specific temper
ature by the equation

t1/2 = 0.693/k.

where k is the rate constant at a specific temperature and tl/2 is 
the half-life. The degradation rate for the control of carrot co- 
agulum spray dried alone was experimentally determined only 
at 21°C because of the rapid loss of carotenes. Rate constants 
for the control were 1.34 X 10~2 hr 1 for a-carotene and 1.22 
X 10 2 hr 1 for (3-carotene. The control product degraded to a 
brown/gray color in only 4 days at 21°C.

All hydrolyzed starches increased half-lives of both a- and 
P-carotene at 21°C compared to the control. The shelf life of 
carrot powder was extended by encapsulating with any of the 
hydrolyzed starches evaluated. Encapsulation of carrot carotenes 
with hydrolyzed starches increased the half-life 70 to 220 times 
over the control depending on the hydrolyzed starch used. The 
beneficial effect of encapsulation as a means to prevent degra
dation of spray dried carotenes during storage is believed to be 
due to the physical barrier provided to oxidation.

At all temperatures, hydrolyzed starch of 36.5DE provided 
the best protection from both a- and P-carotene degradation 
followed by 15DE, 25DE and 4DE. The less effective encap
sulating properties of 4DE hydrolyzed starch were in agreement 
with results reported by O’Boyle et al. (1992) and Anandaraman 
and Reineccius (1986). Hydrolyzed starch of 4DE may provide 
low carotene stability because it contains a large proportion of 
long chain saccharides that cause the barrier to be inflexible and 
more permeable to oxygen. A nonlinear relationship between 
hydrolyzed starch DE and stability characteristics may be ex-

time (days)

Fig. 4—First-order degradation plots for (3-carotene in spray-dried 
carrot powder encapsulated with 4DE or 36.5DE hydrolyzed 
starch unexposed or exposed to 2150 lux of light. Each point rep
resents an average of duplicate analyses. □ 4DE exposed, 0 4DE 
unexposed, g  36.5DE exposed, ♦ 36.5DE unexposed.

DE of encapsulating material-treatment

Fig. 5—Comparison of first-order rate constants (k) for 4DE and 
36.5DE spray-dried encapsulated carrot carotenes unexposed or 
exposed to 2150 lux of light at 45°C. Bars indicate 95% confidence 
intervals.

plained by the ways in which starches of varying DE were hy
drolyzed. Hydrolyzed starch of 25DE was produced by acid 
hydrolysis exclusively while the remaining were hydrolyzed by 
a combination of enzymes and acid. This difference could cause 
inclusion complexes with aliphatic linear compounds (Wyler 
and Solms, 1982). During the manufacture of hydrolyzed starch, 
small quantities cf lipids or fatty acids can become occluded in 
the starch, and may not be removed by further purification. If 
occluded lipids have become oxidized, free radicals in the ma
trix would be generated during storage. Thus differences in deg
radation rates of carotenes in the encapsulated carrot powders 
may have been due to differences in the proportion of occluded 
lipids.
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Table 1—A r r h e n i u s  e q u a t i o n s  a n d  h a l f - l i f e  v a l u e s  f o r  m a j o r  c a r r o t  c a r o t e n e s  e n c a p s u l a t e d  w i t h  v a r i o u s  D E s  o f  h y d r o l y z e d  s t a r c h 3

D E a - c a r o t e n e  d e g r a d a t i o n  

( h r - 1 )

p - c a r o t e n e  d e g r a d a t i o n  

( h r 1 )

a - c a r o t e n e  h a l f - l i f e  

a t  2 1 ° C  ( d a y s )

p - c a r o t e n e  h a l f - l i f e  

a t  2 1 ° C  ( d a y s )

4 k = 8 . 3 9 x 1 0 s  • e - 9 -2 3 ' 1 0 3 ^ k = 5 . 3 5 x 1 0 s  ■ e - 9  0 9 x 1 0 3 7 7 1 4 9 1 4 5

r 2 = 0 . 9 9 2  , r 2 = 0 . 9 8 9  ,

1 5 k = 1 . 0 1 x 1 0 s  • e  8 7 7 7 x 1 0  7 7 k = 3 . 9 3 x 1 0 ®  • e " 8 -* 7 " 1 0  7 7 2 5 8 2 3 7

r 2  =  0 . 9 8 6 r 2 = 0 . 9 6 3  ,

2 5 k = 4 . 4 1 x 1 0 1 0  • e  9 -8 2 ” 1 0  7 7 k = 4 . 0 3 x 1 0 1 0  • e - 9 J 9 x 1 0  7 7 210 2 0 9

r 2 = 0 . 9 7 4  , r 2 = 0 . 9 6 6

3 6 . 5 k = 2 . 1 8 X 1 0 "  ■ e  1 0 5 x 1 0  7 7 k = 1 . 1 8 x 1 0 "  • e - 1 0 3 x 1 °  77 4 5 8 4 3 1

r 2 = 0 . 9 8 3 r 2 = 0 . 9 6 6

c o n t r o l N . D . b N . D . 2.2 2 . 4

3 T  is in degrees Kelvin 
b N.D. =  Not determined

T h e  s p r a y - d r ie d  c a r r o t  p o w d e r  c o n t a i n e d  s o m e  c a r o t e n e  m a 
t e r ia l  o n  t h e  o u t e r  s u r f a c e s .  S u r f a c e  c a r o t e n e  s h o u l d  b e  m i n i 
m i z e d  s i n c e  i t  i s  l e s s  p r o t e c t e d  f r o m  o x i d a t i o n  th a n  e n c a p s u l a t e d  
c a r o t e n e .  A n a l y s i s  o f  s u r f a c e  c a r o t e n e  ( p e r c e n t  o f  t o t a l  a -  o r  3 -  
c a r o t e n e )  i n d ic a t e d  th a t  d i f f e r e n c e s  in  s t a b i l i t y  o f  e n c a p s u l a t e d  

c a r o t e n e s  w e r e  n o t  d u e  t o  d i f f e r e n c e s  in  c a r o t e n e  r e t a in e d  o n  

t h e  s u r f a c e .  S u r f a c e  c a r o t e n e s  f o r  4 D E ,  1 5 D E ,  2 5 D E  a n d  
3 6 . 5 D E  e n c a p s u l a t e d  c a r r o t  p o w d e r s  w e r e  1 1 ,  2 3 ,  2 9  a n d  1 4 %  
a - c a r o t e n e  a n d  1 3 ,  2 6 ,  3 2  a n d  1 6 %  ( 3 - c a r o t e n e ,  r e s p e c t i v e l y .  
A l t h o u g h  1 5 D E  h y d r o l y z e d  s ta r c h  p r o v i d e d  g r e a t e r  s t a b i l i t y  a s  

i n d i c a t e d  b y  t h e  l o w e r  d e g r a d a t io n  r a te s  o f  t h e  m a j o r  c a r r o t  
c a r o t e n e s ,  it  h a d  a  h ig h e r  p r o p o r t io n  o f  s u r f a c e  c a r o t e n e  th a n  
4 D E .  T h e  r e a s o n  f o r  v a r i e d  a m o u n t s  o f  s u r f a c e  c a r o t e n e  i s  n o t  

k n o w n .  M o i s t u r e  c o n t e n t  r a n g e d  f r o m  2 . 7 4  t o  3 .4 2 %  ( w b )  a n d  

w a t e r  a c t i v i t i e s  r a n g e d  f r o m  0 . 1 5 4  t o  0 . 1 7 8  in  t h e  f o u r  c a r r o t  
p o w d e r s .  T h e s e  s m a l l  d i f f e r e n c e s  a r e  n o t  e n o u g h  to  e x p l a i n  d i f 
f e r e n c e s  in  s t a b i l i t y .

Effect of carrier level

H y d r o l y z e d  s ta r c h  o f  1 5 D E  w a s  s e l e c t e d  f o r  fu r t h e r  e v a l u a 
t i o n  o f  e f f e c t s  o f  c a r r ie r  l e v e l  d u e  t o  i t s  b e t t e r  p r o t e c t i o n  o f  
c a r o t e n e s  o v e r  4 D E  a n d  2 5 D E  in  p r e l im in a r y  e x p e r i m e n t s .  T h e  

p o w d e r  e n c a p s u l a t e d  w i t h  1 5 D E  h y d r o l y z e d  s ta r c h  w a s  s e l e c t e d  
o v e r  3 6 . 5 D E  b e c a u s e  i t s  l o w e r  h y g r o s c o p i c i t y  w o u l d  r e s u l t  in  

h i g h e r  s p r a y  d r ie r  y i e l d s .  T h e  c r i t i c a l  m o i s t u r e  p o in t  f o r  c a k i n g  
w a s  d e c r e a s e d  b y  u s i n g  1 5 D E  h y d r o l y z e d  s ta r c h .  T h i s  i n c r e a s e s  
t h e  r a n g e  o f  r e l a t iv e  h u m i d i t i e s  a t  w h i c h  t h e  c a r r o t  p o w d e r  o r  
i t s  p r o d u c t  a p p l i c a t i o n  c o u l d  b e  s t o r e d  w i t h o u t  c a k i n g  ( S u b r a -  
m a n ia m ,  1 9 8 4 ;  L l o y d  a n d  N e l s o n ,  1 9 8 4 ) .

T h e  e f f e c t s  o f  e n c a p s u l a t i n g  w i t h  d i f f e r e n t  l e v e l s  o f  1 5 D E  

c a r r ie r  o n  a -  a n d  3 - c a r o t e n e  s t a b i l i t y  w e r e  c o m p a r e d  ( F ig .  6 ) .  
T h e  d e g r a d a t io n  r a te  d e c r e a s e d  b y  — 7 5 %  w h e n  t h e  i n - f e e d  l e v e l  

o f  1 5 D E  h y d r o l y z e d  s t a r c h  w a s  i n c r e a s e d  f r o m  1 0  t o  2 5 % . T h e  

r e c o m m e n d e d  to t a l  s o l i d s  l e v e l  f o r  s p r a y  d r y in g  i s  4 0 %  ( M i l l e r ,
1 9 9 3 ) .  T h e r e f o r e ,  w i t h  1 3 .5 %  s o l i d s  c a r r o t  c o a g u l u m  2 5 %  h y 
d r o l y z e d  s ta r c h  w a s  t h e  m a x i m u m  p r a c t i c a l  u s a g e  l e v e l .  R e 
s e a r c h  h a s  a l s o  s h o w n  th a t  t h e  h i g h e s t  p o s s i b l e  c a r r ie r  l e v e l  
s h o u l d  b e  u s e d  to  o b t a in  t h e  g r e a t e s t  f l a v o r  r e t e n t io n  d u r in g  
s p r a y  d r y in g  ( R e i n e c c i u s  a n d  C o u l t e r ,  1 9 6 9 ;  Z i l b e r b o i m  e t  a l . ,  
1 9 8 6 ) .

T h e  f a v o r a b l e  e f f e c t  o f  d e c r e a s e d  d e g r a d a t io n  r a te  w i t h  in 
c r e a s e d  p r o p o r t io n  o f  c a r r ie r  m a y  b e  d u e  t o  a  c o r r e s p o n d in g  

d e c r e a s e  in  s u r f a c e  c a r o t e n e .  E v a lu a t i o n  o f  t h e  a m o u n t  o f  s u r 
f a c e  c a r o t e n e  in d ic a t e d  th a t  a s  t h e  p r o p o r t io n  o f  1 5 D E  h y d r o 
l y z e d  s t a r c h  i n c r e a s e d ,  t h e  a m o u n t  o f  s u r f a c e  a -  a n d  3 - c a r o t e n e  
d e c r e a s e d  ( T a b le  2 ) .  S u r f a c e  c a r o t e n e  d i f f e r e n c e s  d id  n o t  e x 
p la i n  d i f f e r e n c e s  in  s t a b i l i t y  o f  p o w d e r s  w h e n  e n c a p s u l a t e d  w i t h  
v a r i o u s  D E .  T h e  p r o p o r t io n  o f  s u r f a c e  c a r o t e n e  a p p e a r s  t o  b e  a  
f a c t o r  in  c a r o t e n e  s t a b i l i t y  w h e n  t h e  s a m e  D E  i s  u s e d  a t  d i f f e r e n t  
l e v e l s .  S i m i l a r  f i n d i n g s  w e r e  r e p o r t e d  b y  B h a n d a r i  e t  a l .  ( 1 9 9 2 )  
w h e n  i n v e s t i g a t i n g  e n c a p s u l a t e d  c i t r a l  a n d  l i n a l y l  a c e t a t e  f la 
v o r i n g s .  T h e y  r e p o r t e d  th a t  d e c r e a s e d  s u r f a c e  v o l a t i l e s  w e r e  a s 
s o c i a t e d  w i t h  i n c r e a s i n g  t h e  s o l i d s  c o n t e n t  o f  t h e  i n - f e e d  

e m u l s i o n .  T h e y  a l s o  f o u n d  th a t  a t  h i g h e r  i n - f e e d  s o l i d s ,  t h e  p a r 
t i c l e  s i z e  i n c r e a s e d ,  t h e r e b y  g i v i n g  l e s s  w a s h a b l e  v o l a t i l e  p r o d -

Fig. 6—Comparison of first-order rate constants (k) of a -  and (J- 
carotene at 50°C in spray-dried carrot powder when encapsu
lated with various levels of 15DE hydrolyzed starch. Bars indicate 
95% confidence intervals.

u c t s .  H i g h  s o l i d s  c o n t e n t  in  t h e  i n - f e e d  m a t e r ia l  a d d i t i o n a l l y  
w o u l d  im p r o v e  d r y in g  r a te ,  t h e r e f o r e  r e d u c in g  t h e  p r o d u c t io n  
c o s t .

CONCLUSION

H y d r o l y z e d  s t a r c h  o f  3 6 . 5 D E  w a s  s u p e r io r  t o  4 ,  1 5 ,  a n c  
2 5 D E  in  im p r o v i n g  t h e  r e t e n t io n  o f  a -  a n d  3 - c a r o t e n e  in  s p r a y  

d r ie d  e n c a p s u l a t e d  c a r r o t  p o w d e r  d u r in g  s t o r a g e .  A l l  f o u r  

s t a r c h e s  im p r o v e d  th e  s h e l f  l i f e  7 0 - 2 2 0  t i m e s  c o m p a r e d  t o  c a r r o t  
j u i c e  s p r a y - d r ie d  a lo n e .  C a r o t e n e  r e t e n t io n  c o u l d  b e  i n c r e a s e d  

b y  in c r e a s i n g  t h e  c a r r ie r  l e v e l ,  d e c r e a s i n g  s t o r a g e  t e m p e r a t u r e  
a n d  p a c k a g i n g  in  a n  in e r t  a t m o s p h e r e .  T h e  d e g r a d a t io n  o f  a -  

a n d  3 - c a r o t e n e  f o l l o w e d  f ir s t - o r d e r  r e a c t i o n  k i n e t i c s  a n d  a n  A r 
r h e n iu s  r e l a t io n s h ip .  L ig h t  e x p o s u r e  d id  n o t  a c c e l e r a t e  c a r o t e n e  
d e g r a d a t io n .  A u t o o x i d a t i o n  a p p e a r e d  t o  b e  t h e  p r im a r y  m o d e  o f  
d e g r a d a t io n  o f  t h e  c a r o t e n e s  in  e n c a p s u l a t e d  c a r r o t  p o w d e r s .  
T h is  i s  t h e  f ir s t  r e p o r t e d  s t u d y  o n  t h e  s t a b i l i t y  o f  e n c a p s u l a t e d  
a- a n d  3 - c a r o t e n e s  f r o m  c a r r o t s .  E n c a p s u l a t i n g  c o n c e n t r a t e d  

c a r r o t  s o l i d s  w i t h  h y d r o l y z e d  s t a r c h e s  p r o v i d e d  in c r e a s e d  s t o r 
a g e  s t a b i l i t y  o f  a -  a n d  3 - c a r o t e n e .
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Ta b le  2— First-order degradation rate constants (k) with corresponding 95% confidence intervals and surface carotene determinations for a- and pi-
carotene in encapsulated carrot powder encapsulated with various levels of 15DE hydrolyzed starch
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Texturization of Sweetpotato Puree with Alginate: Effects of 
Tetrasodium Pyrophosphate and Calcium Sulfate

V.D. TRUONG. W.M. WALTER. JR., and F.G. GIESBRECHT

-------------------------------- ABSTRACT --------------------------------
The effects and optimum levels of tetrasodium pyrophosphate (TSPP), 
alginate and calcium sulfate (CaS04) on physical and sensory character
istics of texturized sweetpotato puree were studied using response sur
face methodology. Samples were subjected to instrumental texture 
profile analysis (TPA) and sensory evaluation. Prediction models to de
scribe the effects of ingredients on TPA parameters were used to gen
erate contour plots for optimization using TPA values of baked roots as 
the limits. The optimum formulations having textural characteristics of 
the baked roots were within the following identified regions: (a) at 0.12% 
TSPP, alginate, 0.20-0.25%, and CaS04, 0.40-0.70%; (b) at 0.18% 
TSPP. alginate, 0.20-0.55%, and CaS04, 0.22-0.42%. A taste panel 
scored representative formulations of the optimum regions similar to the 
baked roots for color, flavor, texture, and overall acceptability.

Key Words; restructured products, texture profile, response surface

IN TR O D U C TIO N
M a n y  r e p o r t s  o n  v a r io u s  a s p e c t s  in  p r o d u c t io n  o f  s w e e t p o t a t o  
p u r e e  h a v e  b e e n  p u b l i s h e d  ( C o l l i n s  a n d  W a lt e r ,  1 9 9 2 ) .  H o w 
e v e r ,  t h e r e  a r e  f e w  a c c o u n t s  o f  r e s t r u c tu r e d  s w e e t p o t a t o  p r o d u c t s  
( W a l t e r  a n d  H o o v e r .  1 9 8 4 ;  H o o v e r  e t  a l . ,  1 9 8 3 ;  P a k ,  1 9 8 2 ) .  W e  

h a v e  r e c e n t l y  p u b l i s h e d  a  r e p o r t  o n  s w e e t p o t a t o  p u r e e  r e s t r u c 
tu r e d  w i t h  c e l l u l o s e  d e r i v a t i v e s  ( T r u o n g  a n d  W a lt e r .  1 9 9 4 ) .  T h i s  
c e l l u l o s e  g u m - t e x t u r i z e d  p r o d u c t  r e q u ir e s  m in i m u m  h o m e  p r e p 
a r a t io n  t i m e  a n d  h a s  s e n s o r y  c h a r a c t e r i s t i c s  o f  t r a d i t io n a l ly  
b a k e d  s w e e t p o t a t o e s .  H o w e v e r ,  d u e  t o  t h e r m a l l y  i n d u c e d  g e l l i n g  
p r o p e r t i e s  o f  c e l l u l o s e  g u m s ,  th e  p r o d u c t  r e t a in s  i t s  t e x t u r e  o n l y  

a t e l e v a t e d  t e m p e r a t u r e  ( > 5 0 ° C ) .  T h e r e f o r e ,  i t  h a s  t o  b e  c o n 
s u m e d  h o t ,  a n d  t h i s  m a y  b e  a  l im i t a t io n  o f  t h e  d e v e l o p e d  t e c h 
n o l o g y .

A l g i n a t e  i s  d i f f e r e n t  f r o m  c e l l u l o s e  g u m s  in  th a t  i t  f o r m s  
c h e m i c a l l y ,  r a th e r  th a n  t h e r m a l l y ,  i n d u c e d  g e l s .  T h e  g e l  n e t w o r k  

i s  f o r m e d  b y  i n t e r - m o le c u la r  a s s o c i a t i o n  o f  p o l y v a l e n t  c a t io n s  
s u c h  a s  c a l c i u m  w i t h  t h e  p o ly g u lu r o n a t e  s i t e s  o f  a l g i n a t e  m o l 
e c u l e  ( S i m e ,  1 9 8 4 ) .  U n d e r  s u i t a b le  c o n d i t i o n s ,  a l g i n a t e  g e l a t i o n  
c a n  ta k e  p l a c e  a t  r o o m  te m p e r a t u r e ,  r e s u l t in g  in  m e c h a n i c a l l y  
a n d  t h e r m a l l y  s t a b le  g e l s .  T h e  a l g i n a t e / c a l c i u m  b i n d i n g  t e c h 
n o l o g y  h a s  p r o v e n  u s e f u l  f o r  p r o d u c t io n  o f  r e s t r u c tu r e d  p r o d u c t s  
f r o m  f r u it s  a n d  m u s c l e  f o o d s  ( L u h  e t  a l . ,  1 9 7 6 ;  H a n n ig a n ,  1 9 8 3 ;  

M a n d i g o ,  1 9 8 6 ;  S c h m i d t  a n d  M e a n s ,  1 9 8 6 ;  P e l a e z  a n d  K a r e l ,  
1 9 8 1 ) .  H o w e v e r ,  t h e r e  i s  l i m i t e d  in f o r m a t io n  o n  i t s  a p p l i c a b i l i t y  
in  f o o d  s y s t e m s  w i t h  h ig h  s ta r c h  c o n t e n t  s u c h  a s  s w e e t p o t a t o  
p u r e e .

S e v e r a l  f a c t o r s  i n c l u d i n g  p H ,  t e m p e r a t u r e ,  t y p e ,  a n d  c o n c e n 
t r a t io n  o f  a l g in a t e s ;  c a l c i u m  s a lt s ;  a n d  s e q u e s t r a n t s  u s e d  t o  b in d  
t h e  a m o u n t  o f  a v a i l a b l e  c a l c i u m  a f f e c t  t h e  g e l l i n g  r e a c t i o n  ( I m e -  
s o n ,  1 9 9 0 ) .  I n t e r a c t io n s  b e t w e e n  s o d iu m  a l g in a t e ,  c a l c i u m  c a r 
b o n a t e ,  a n d  o r g a n ic  a c i d s  a f f e c t i n g  t e x t u r a l  p r o p e r t ie s  o f  t h e  
p r o d u c t s  h a v e  b e e n  s t u d i e d  in  r e s t r u c t u r e d  m e a t  s y s t e m s  ( J o h n 
s o n  e t  a l . ,  1 9 9 0 ;  M e a n s  e t  a l . ,  1 9 8 7 ;  S h a n d  e t  a l . ,  1 9 9 3 ;  T r o u t  
e t  a l . ,  1 9 9 0 )  a n d  f a b r ic a t e d  f r u it s  ( K a l e t u n c  e t  a l . ,  1 9 9 0 ;  N u s -

Author Truong is with the Dept, of Food Science, N.C. State Univ., 
Raleigh, NC 27695-7624; author Giesbrecht is with the Depart
ment of Statistics, North Carolina State University, Raleigh, NC  
27695-8205. Author Walter is with the USDA-ARS and North 
Carolina Agricultural Research Service, Dept, of Food Science, 
North Carolina State Univ., Raleigh, NC 27695-7624.

s i n o v i t c h  a n d  P e l e g ,  1 9 9 0 ) .  E f f e c t s  o f  e n d o g e n o u s  a v a i l a b l e  c a l 
c i u m  o n  a l g i n a t e  g e l a t i o n  w e r e  n o t  s t u d i e d .  F u r t h e r m o r e ,  
i n v e s t i g a t i o n  o n  o p t i m i z a t i o n  o f  t h e s e  p a r a m e t e r s  u s i n g  r e s p o n s e  
s u r f a c e  m e t h o d o l o g y  ( R S M )  h a s  b e e n  l i m i t e d .  U s i n g  R S M ,  
M o u q u e t  e t  a l .  ( 1 9 9 2 )  o b t a in e d  t h e  o p t i m u m  in g r e d ie n t  c o n c e n 
t r a t io n s  a n d  p r o c e s s i n g  t r e a t m e n t s  f o r  m e c h a n i c a l  a n d  t h e r m a l  
s t a b i l i t y  o f  a l g i n a t e  t e x t u r i z e d  m a n g o  p u lp .  H o w e v e r ,  s e n s o r y  

c h a r a c t e r i s t i c s  o f  t h e  p r o d u c t  w e r e  n o t  d e t e r m in e d .
O u r  o b j e c t i v e s  w e r e  t o  ( 1 )  e x p l o r e  t h e  f e a s i b i l i t y  o f  a lg in a t e  

t e x t u r i z a t i o n  o f  s w e e t p o t a t o  p u r e e  in t o  r e s t r u c t u r e d  p r o d u c t s ,  ( 2 )  

d e t e r m in e  t h e  e f f e c t s  a n d  o p t im u m  l e v e l s  o f  c a l c i u m  s e q u e s t r a r  t, 
a lg in a t e  a n d  c a l c i u m  s a l t  o n  t e x t u r a l  p r o p e r t i e s  u s i n g  R S M  ar.d
( 3 )  e v a l u a t e  s e n s o r y  c h a r a c t e r i s t i c s  o f  c o m b i n a t i o n s  w h i c h  f e l l  
in  t h e  o p t i m u m  r e g i o n s  o f  c o n t o u r  p l o t s ,  a s  c o m p a r e d  w i t h  tr a 
d i t i o n a l l y  b a k e d  s w e e t p o t a t o e s .

MATERIALS & METHODS 
Experimental design

Based on preliminary experiments, independent variables affecting 
texture of restructured sweetpotatoes were tetrasodium pyrophospha:e 
(TSPP) (XI), alginate (X2) and calcium sulfate (X3). A rotatable desigr. 
with three independent variables (Cochran and Cox, 1957; Mullen ar.d 
Ennis, 1979) was adopted. Each independent variable had five levels 
with a central value, and intervals between levels were selected accord
ing to preliminary studies: XI = 0, 0.06, 0.12, 0.18, and 0.24% of the 
formulation; X2 = 0.20, 0.40, 0.60, 0.80, and 1.00%; and X3 = 0.15. 
0.30, 0.45, 0.60, and 0.75%. The experimental design required 15 treat
ment combinations, with the center point replicated five times (T-15 to 
T-19). Coded variables and actual percentages of ingredients used in the 
formulations are shown in Table 1. The experiment was performed with 
two replications. Dependent variables were the parameters of the instru
mental texture profile analysis (TPA) which included fracturability, hard
ness, cohesiveness, adhesiveness, springiness, and gumminess.

Preparation of puree

Jewel cultivar sweetpotatoes were utilized. The roots were cured and 
stored at 13-16°C and 80-90% relative humidity (RH) for 5 mo prior

Table 1— C o d e d  a n d  u n c o d e d  v a r i a b l e s  i n  t h e  t r e a t m e n t  f o r m u l a t i o n s  o f  

s w e e t p o t a t o  p u r e e  t e x t u r i z e d  w i t h  a l g i n a t e / c a l c i u m

c o m b i n a t i o n X 1 X 2 X 3 T S S P A L G C a S 04
1 -1 -1 -1 0 . 0 6 0 . 4 0 . 3

2 -1 -1 1 0 . 0 6 0 . 4 0.6
3 -1 1 -1 0 . 0 6 0.8 0 . 3

4 -1 1 1 0 . 0 6 0.8 0.6
5 1 -1 -1 0 . 1 8 0 . 4 0 . 3

6 1 -1 1 0 . 1 8 0 . 4 0.6
7 1 1 -1 0 . 1 8 0.8 0 . 3

8 1 1 1 0 . 1 8 0.8 0.6
9 1 . 6 8 2 0 0 0 . 2 4 0.6 0 . 4 5

10 - 1 . 6 8 2 0 0 0 0.6 0 . 4 5

11 0 1 . 6 8 2 0 0.12 1 0 . 4 5

12 0 - 1 . 6 8 2 0 0.12 0.2 0 . 4 5

1 3 0 0 1 . 6 8 2 0.12 0.6 0 . 7 5

1 4 0 0 - 1 . 6 8 2 0.12 0.6 0 . 1 5

1 5 0 0 0 0.12 0.6 0 . 4 5

1 6 0 0 0 0.12 0.6 0 . 4 5

1 7 0 0 0 0.12 0.6 0 . 4 5

1 8 0 0 0 0.12 0.6 0 . 4 5

1 9 0 0 0 0.12 0.6 0 . 4 5
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TSPP concentration (%)
Fig. 1—Effect of TSPP and CaS04 concentration on gel hardness 
of restructured sweetpotato texturized with 0.5% alginate. (□)
0 .1 5 %  C a S 0 4 , (■) 0 .4 5 %  C a S 0 4 .

to use. The puree was prepared as previously described (Truong and 
Walter, 1994) and had the following composition (fwb): dry matter, 
21.92%; alcohol-insoluble solids, 9.40%; starch, 4.14%; fructose, 1.56%; 
glucose, 1.62%; sucrose, 7.17%; and maltose, 6.45%.

Preparation of restructured sweetpotatoes

Texturization of sweetpotato puree was carried out by mixing the 
sweetpotato puree with other ingredients in an electronic chopper (Model 
UMC5, Stephan Co., West Germany) at 1800 rpm for 3 min with interval 
interruptions. Each formulation (1 kg) contained, in addition to sweet
potato puree, 60g sucrose and amounts of TSPP (Rhone-Poulenc, Shel
ton, CT), alginate (type Manugel-DMB, Kelco, Rahway, NJ) and 
calcium sulphate dihydrate (Merck and Co., Inc., Rahway, NJ) equiva
lent to levels indicated (Table 1). The 6% sucrose added to the formu
lation was intended to raise the sugar level of puree to attain sweetness 
usually preferred for baked sweetpotato (Truong and Walter, 1994). In
gredients were mixed with the puree according to the following se
quence: first, TSPP pre-mixed in 20g sucrose, followed by
alginate-sucrose mix, and calcium sulfate suspended in 20 mL of water. 
Mixing time was 60 sec after adding each ingredient mix. The blended 
mixture was immediately extruded into 5.5 cm diameter sausage casings 
and clipped to form rolls of about 10 cm in length, and the ends fastened. 
The rolls were aged for 24 hr at 4°C, frozen, and stored at —20°C.

Sensory evaluation

Before baking, sausage casings of frozen restructured sweetpotatoes 
were removed. Unthawed samples were baked in a conventional oven 
at 204°C for 15 min, immediately cut into 2.5 cm thick slices perpen
dicular to the long axis, each slice placed in «=120 mL glass jars and 
kept at 70°C until served (Truong and Walter, 1994). The elapsed time 
between sample preparation and evaluation was about 1-2 hr. The prod
uct texture was stable under these conditions. The temperature of sam
ples was 55-65°C when evaluated by panelists. For baked sweetpotato 
roots, stored roots of fairly uniform shape and size (ca. 6.5-7.5 cm in 
diameter) were selected, carefully washed, air dried, wrapped in alumi
num foil, and baked at 204°C for 90 min. Middle portions of baked roots 
were cut into slices similar to those of restructured sweetpotatoes.

Samples of selected formulations and baked roots were subjected to 
an acceptability test by a 30-member, untrained panel consisting of fac
ulty, staff, and graduate students from the Department of Food Science 
at North Carolina State Univ. At each testing, panelists were asked to 
evaluate four samples in a random order for color, flavor, texture and 
overall acceptability on a 9-point hedonic scale (9 = like extremely, 1 
= dislike extremely). All panel sessions were conducted in sensory panel 
booths under fluorescent light.

Physical measurements

Instrumental texture profile parameters were determined at 25°C fol
lowing the TPA procedure. Fracturability, hardness, adhesiveness, co-

Table 2— M e a n  v a lu e s  o f in stru m e n ta l te x tu re  p ro file  p a ra m e te rs  o f tre a t
m e n t fo rm u la t io n s  a n d  b a k e d  sw e e tp o ta to  ro o ts  (c o n tro l) m e a s u re d  at 2 5 °C

F ra ctu r-  
T re a tm e n t  a b ility  

c o m b in a t io n  (N )

H a rd 
n e s s
(N )

C o h e s iv e 
n e s s
(% )

A d h e s iv e 
n e s s
(m J)

S p r in g i 
n e s s
(% )

G u m m i
n e s s
(N )

1 1.13 3 .00 4 9 .43 10.91 9 6 .3 9 1.49
2 1.53 3 .85 3 2 .5 3 6 .55 44.31 1.23
3 2.19 4.62 3 2 .2 3 9.59 5 3 .20 1.49
4 2 .60 5.53 2 4 .0 9 7 .16 3 2 .4 9 1.32
5 4.27 6.47 14.52 4.10 2 7 .42 0.94
6 9 .26 10.80 10.20 1.27 2 6 .9 3 1.10
7 8 .4 ¿ 9.71 15.97 5.02 4 0 .9 8 1.55
8 19.73 19.86 11.31 0.23 3 0 .9 4 2.25
9 10.58 10.75 11.01 1.51 3 0 .8 2 1.17

10 0.37 3.04 67.99 12.82 117.76 2.06
11 2 1 .1 8 19.72 9 .16 0 .18 3 1 .1 2 1.79
12 3 .86 6.41 13.21 2.85 2 3 .6 8 0.82
13 9 .2 ' 12.51 11.24 0 .84 2 9 .4 9 1.35
14 2.09 3.92 4 4 .8 6 15.77 119.67 1.76
15 13.54 13.64 10.51 0.93 26.61 1.43
16 8 .34 12.49 11.82 1.14 2 8 .4 5 1.45
17 11.47 13.76 11.55 0.92 2 9 .4 5 1.54
18 13.93 13.16 10.19 0.77 3 1 .50 1.34
19 10.90 14.27 10.82 0.99 2 9 .32 1.53

B a k e d  ro o ts  4.10 8 .70 7 .80 1.23 13.52 0.68

T a b le  3— A n a ly s is  o f v a r ia n c e  o f o v e ra ll m a in  e ffe c ts  o f in g r e d ie n t  c o n c e n 
tra tio n , c o e ff ic ie n ts  o f d e te rm in a tio n  (R 2) a n d  s ig n if ic a n c e  o f th e  fu ll re
g re s s io n  m o d e ls  fo r  T P A  v a lu e s

F -ra tlo

In d e p e n d e n t F ra c tu ra - H a rd - C o h e s iv e -  A d h e s iv e -  S p r in g i-  G u m m l-
v a r ia b le b ility n e s s n e s s n e s s n e s s n e s s

T S P P 18.97** 22.10** 1 4 9 .2 2 * * 50.8 6 * * 2 7 .2 7 * * 2.80
A L G 16.76** 19.24** 3.61 0.90 0.18 18.13**
C a S 0 4 6.23* 12.05** 3 8 .1 5 * * 46.6 8 * * 2 5 .2 5 * * 0.19
R2 0.87 0.90 0.97 0 .94 0.91 0.80
F -ra tio  fo r

to ta l r e g r e s s io n 6 .71 * * 8 .73 * * 3 2 .2 9 * * 16.37** 9 .9 5 * * 3.96 *

* Significant at P <  = C.05; ** !Significant at P <  =  0.01.

hesiveness, and gumminess were determined as described by Bourne 
(1978). Springiness was calculated as a proportion of the compression 
distance recovered between the first and second compression (Montejano 
et al„ 1985). Cohesiveness and springiness were expressed in percentage. 
Baked samples were cooled at room temperature for several hours and 
cut into 2 cm cubes (about 8-9g). Cubes of restructured and baked root 
samples were weighed and then subjected to 75% double compression 
and relaxation using an Instron Universal Testing Machine (Model 1122, 
Instron Inc., Canton, MA) fitted with a 50 kg-load cell which was at
tached with a plunger having a 5.7 cm diameter compression anvil. The 
measurements were performed with a crosshead speed of 10 cm/min and 
a chart speed of 20 cm/min. At least four measurements were taken for 
each sample of the formulated sweetpotatoes. Baked roots of similar size 
and shape were used, and samples were taken at the middle part of each 
root. Data were expressed in unit of texture profile parameters per 10-g 
sample.

Flunter color values (L, a, b) were determined from reflectance meas
urements using a Spectrogard color system (Pacific Scientific, Silver 
Spring, MD) with daylight illuminant.

Calcium determination

Calcium content was determined following the spectrophotometric 
procedure (Gindler and King, 1972).

Statistical analysis

All analyses were performed using the Statistical Analysis System 
(SAS Institute, Inc. 1989). A second order response surface model which 
had linear, quadratic, and all interaction terms for the three independent 
variables was fitted to the TPA data of the 19 treatment combinations. 
Dependent variables were the TPA parameters including fracturability, 
hardness, cohesiveness, adhesiveness, springiness, gumminess and chew
iness. Independent variables which were found significant at P <  0.05 
in the full model were retained in the reduced models. The best final 
model was obtained following the step-wise regression procedure de
scribed by Draper and Smith (1981). Models that were significant (P <  
0.05) with R2 >  0.70 were used to generate contour plots for each TPA
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T a b le  4— B e st s e le c te d  p re d ic t io n  m o d e ls  fo r  in stru m e n ta l te x tu re  p ro file  p a ra m e te rs 3

D e p e n d e n t v a r ia b le P re d ic t io n  e q u a tio n R2

F ra c tu ra b ility y  =  -  3 3 .7 5  +  1 7 4 .1 7 X ! +  1 6 .0 6 X 2 +  8 1 .6 4 X 3 -  4 8 8 .4 0 X 2  -  7 6 .2 0 X 2 0 .79

H a rd n e s s y  =  -  2 7 .2 2  +  1 6 4 .6 2 X ! +  1 3 .1 9 X 2 -  7 1 .2 1 X 3 -  4 8 9 .4 7 X 2  -  6 3 .6 5 X | 0 .82

C o h e s iv e n e s s y  =  150.31 -  8 6 4 .8 0 X i -  4 4 .9 9 X 2 -  2 1 5 .6 1 X 3 +  2 9 3 .7 5 X ! X 2 +  199 9 .7 8 X 2  +  1 9 2 .6 9 X | 0 .96

A d h e s iv e n e s s y  =  3 8 .7 3  -  1 5 3 .7 6 X i -  9 3 .2 2 X 3 +  4 4 0 .0 8 X 2  +  8 3 .0 8 X | 0 .93

S p r in g in e s s y  =  2 5 3 .2 9  -  1 0 1 7 .3 7 X i -  5 5 1 .9 4 X 3 +  3 0 4 9 .8 2 X 2  +  4 9 1 .1 9 X | 0 .83

G u m m in e s s y  =  3 .22  -  20.05X-] -  0 .9 0 X 2 -  2.31 X 3 +  1 7 .3 9 X ,X 2 +  1 7 .9 2 X ^ 3 0 .72

a X t = TSPP; X2 =  alginate; X3 = C aS04.

TSPP

TSPP

Fig. 2—Contour plots of (a) fracturability, (b) cohesiveness, and
(c) gumminess of restructured sweetpotato as a function of 
TSPP and CaSO^ concentration at 0.2% alginate.

TSPP

CaSO.

parameter as a function of two variables, while the other variable was 
held constant.

The baked roots served as the control, and ranges of their TPA values 
were used to set limits in each contour plot for identification of an ac

ceptable region. Contour plots for TPA parameters were superimposed, 
and regions of overlap were shaded. The overlapping area indicates the 
treatment combinations which are expected to have textural character
istics similar to baked roots.
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ALG TSPP=0.12% ALG

CaS04 CaS04

ALG ALG

CaS04 CaS04
Fig. 3—Contour plots of (a) fracturability, (b) hardness, (c) gumminess of restructured sweetpotato as a function of alginate and 
CaS04 concentration at 0.12% TSPP with shaded regions covering the limits of the control, and (d) optimum (shaded) region obtained 
by superimposing (a), (b) and (c).

RESULTS & DISCUSSION 

Texturizing conditions
The calcium content of sweetpotato puree was 33.71 mg/lOOg 

which was in the range of 17—45 mg reported for sweetpotato 
roots (Kays, 1992). Picha (1985) also obtained a similar result 
of 30 mg calcium/lOOg in ‘Jewel’ sweetpotato roots. Available 
calcium can readily interact with added alginate, resulting in 
premature gel formation and, consequently, gel softness (Ime- 
son, 1990). Therefore, TSPP was used as a calcium sequestrant 
and was dispersed in puree prior to addition of alginate and 
calcium sulfate. However, at a given alginate concentration (e.g. 
0.50%, w/w) increasing TSPP concentration in the formulation 
could result in an increase or decrease in gel hardness (Fig. 1), 
depending on the amount of calcium sulfate available to interact 
with alginate. Optimal concentrations of these ingredients

should be determined to obtain gel characteristics suitable for a 
given texturized product.

In preparation of the designed formulations (Table 1), we ob
served that the setting time before gelation varied from <10 
min to 1-2 hr. In addition, the source of calcium sulfate had an 
effect on gelation time. The gel hardness reached maximum af
ter aging at 4°C for 24 hr. According to Nussinovitch and Peleg
(1990) the physical and chemical equilibrium of alginate gels 
can take from € to >48 hr. However, measurements of me
chanical properties of the gels can be performed after 24 hr since 
changes after that are relatively small.

Freezing and thawing of the sweetpotato puree-alginate gel 
resulted in lowering of its hardness and fracturability values 
by 30% and 50%, respectively. However, cohesiveness, ad
hesiveness, and springiness were unchanged. The alginate gel 
is thermally stable (Imeson, 1990). Baking the sweetpotato-
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Fig. 4—Contour plots of (a) fracturability, (b) hardness, (c) gumminess of restructured sweetpotato as a function of alginate and 
CaS04 concentration at 0.18% TSPP with shaded regions covering the limits of the control, and (d) optimum (shaded) region obtained 
by super-imposing (a), (b) and (c).

alginate gel at 204°C for 15 min had no effect on any TPA 
parameters.

Model fitting and mapping of contour plots

The mean values of TPA parameters for the 19 treatment 
combinations and baked sweetpotato roots are summarized (Ta
ble 2). Multiple regression analysis resulted in significant full 
models (P <  0.05) for all dependent variables. The TSPP and 
CaS04 concentrations had significant main effect (P <  0.05) on 
all TPA parameters except gumminess (Table 3). On the other 
hand, the main effect of alginate levels was significant only for 
fracturability, hardness, and gumminess. Most interaction terms 
of the independent variables in the full model showed no sig
nificant effect on TPA parameters (data not shown).

Stepwise regression analysis resulted in reduced models (Ta
ble 4). These were not significantly different (P <  0.05) from 
the full model, based on the F-test, and were used to generate 
contour plots for TPA parameters. A contour plot of ffactura- 
bility of restructured sweetpotatoes containing 0.20% alginate as 
a function of TSPP and CaS04 concentrations is shown (Fig. 
2a). A similar contour plot pattern was obtained for hardness 
(graph not shown). Increasing TSPP and CaS04 concentrations 
resulted in an increase in these firmness parameters with maxi
mal values at 0.18% TSPP and 0.56% CaS04.

A contour plot for cohesiveness as a function of TSPP and 
CaS04 at 0.20% alginate was compared (Fig. 2b). Unlike frac
turability and hardness, cohesiveness decreased as concentration 
of TSPP and CaS04 increased. Contour plots for adhesiveness 
and springiness exhibited the same pattern (graphs not shown). 
Optimal TSPP and CaS04 levels for these TPA parameters were
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also attained at about 0.14—0.17% and 0.56%, respectively. A 
formulation containing these optimal levels (0.16% TSPP, 
0.56% CaSOJ and 0.20% alginate which was F-0.2Alg was 
prepared for including in acceptability tests for comparison.

Gumminess, the product of hardness and cohesiveness 
(Bourne, 1978) was linearly related to TSPP, alginate and 
CaS04 concentrations (Table 4). Contour plots of gumminess at 
0.20% alginate (Fig. 2c) exhibited different patterns from other 
TPA parameters. Increasing both TSPP and CaS04 concentra
tions resulted in a corresponding decrease in gumminess of the 
formulations having less than 0.12% TSPP. However, with 
TSPP levels >0.12%, reduction in gumminess could be obtained 
by lowering the amount of CaS04.

In order to observe the effects of alginate and CaS04 on prod
uct texture, contour maps of TPA parameters were plotted at 
constant TSPP levels. At TSPP concentrations of 0.12% (Fig. 
3a and 3b) and 0.18% (Fig. 4a and 4b), fracturability and hard
ness increased with increasing levels of both alginate and 
CaS04. Gumminess values decreased with reduced alginate lev
els (Fig. 3c and 4c). Note that changes in gumminess as affected 
by CaS04 concentration were dependent on TSPP level. At 
0.12% TSPP, lowering CaS04 concentration resulted in in
creased gumminess (Fig. 3c). A reversed trend was exhibited at 
0.18% TSPP (Fig. 4c), at which low gumminess would result 
from reducing CaS04 concentration.

Attaining the optimum treatment combinations

We previously reported that the instrumental fracturability, 
hardness and gumminess correlated (R = 0.65-0.74) with sen
sory scores of texture notes on simulated baked sweetpotatoes 
(Truong and Walter, 1994). Though correlations were about 
marginal to be used as predictors of sensory scores as stated by 
Bourne (1982), we used those parameters to develop optimum 
formulations with textural characteristics of a control. The fol
lowing TPA values were within two standard deviations of 
means for the control, the ‘Jewel’ baked roots (n = 30): frac
turability, 2.3-6.ON, hardness, 6.3-11.ON and gumminess, 0.4— 
1 .ON. These values were used to set constraints for TPA para
meters of the formulated sweetpotato. The shaded areas (Fig. 
3a, 3b, 3c, 4a, 4b, 4c) represent values for respective TPA par
ameters corresponding to limits specified. Figure 3d was ob
tained by super-imposing the 0.12% TSPP contour maps of 
fracturability (Fig. 3a), hardness (Fig. 3b) and gumminess (Fig. 
3c). In the same manner, Figure 4d was generated by overlaying 
the 0.18% contour maps (Fig. 4a, 4b, 4c). The shaded regions 
(Fig. 3d, 4d) represent all treatment combinations that would 
result in products with textural characteristics within the limits 
of baked sweetpotato roots. At 0.12% TSPP, the optimum for
mulations should contain: alginate, 0.20-0.25% and CaS04, 
0.40-0.70%. At 0.18% TSPP, the alginate and CaS04 levels 
should be shifted to 0.20-0.55% and 0.22-0.42%, respectively.

Note that T-12 and T-5 (Table 1) fall within the overlapping 
regions identified in Fig. 3d and 4d, respectively.

Product acceptability

Samples of T-5, T-12, and F-0.2Alg, together with the baked 
roots, were subjected to acceptability sensory tests. Color, fla
vor, texture, and overall acceptability of the baked roots were 
scored at 7.1, 6.2, 6.9, and 6.4, respectively. The T-5 and T-12 
formulations scored the same (P <  0.05) for color (7.4-7.5), 
flavor (6.0-6.7), texture (6.6-6.9), and overall acceptability 
(6.2-6.8). However the F-0.2Alg samples had the lowest scores 
for flavor (5.2), texture (6.2), and overall acceptability (5.5), 
which were different from the control. Several panelists reported 
a slightly bitter after-taste in the F-0.2Alg formulation. This was 
probably attributable to its high level (0.56%) of calcium sulfate.

Product color
The baked rocts had L, a, and b values of 59.7, 21.7, and

45.3, respectively, similar to values previously reported (Truong 
and Walter, 1994). The beta-carotene content of baked ‘Jewel’ 
roots has been reported as high as 6.26-7.99 mg/lOOg sample 
(Wu et al., 1991). The T-5, T-12, and F-0.2Alg formulations 
had the same values for L (58.7-59.1), a (21.2-21.6), and b 
(38.8-39.3). The difference in degree of lightness (L value) and 
redness (a values) between formulated samples and baked roots 
was not significant (P <  0.05). However, the b values for the 
formulated were significantly lower than those for roots. Thus, 
restructured products had a lower intensity of yellowness than 
baked roots.

CONCLUSIONS
T h e  a l g in a t e /c a l c iu m  s y s t e m  is excellent for texturizing 
sweetpotato puree. The restructured system required minimal 
preparation and yet had the textural and flavor acceptability 
equal to traditionally baked sweetpotatoes. Moreover, such tex
turization could be applied to produce other types of processed 
products from sweetpotatoes. This research demonstrates the ap
plication of response surface statistical design together with in
strumental texture profile parameters to attain optimum 
formulations for alginate-texturized products. Using this 
method, the number of samples subjected to sensory evaluation 
can be substantially reduced.
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Screening Potato Starch for Novel Properties Using 
Differential Scanning Calorimetry

YOUNG S. KIM, DENNIS P. WIESENBORN, PAUL H. ORR, and LINDA A. GRANT

----------------------------  ABSTRACT ----------------------------
T h e r m a l  and other physicochemical properties of starch from 42 potato 
genotypes were studied to find those with unique properties for food use, 
and to analyze relationships between thermal and other physicochemical 
properties. Onset and peak transition temperatures and gelatinization en
thalpy intercorrelated. Transition temperatures intercorrelated with past
ing temperature using a Brabender Visco-amylograph. Gelatinization 
enthalpy correlated with Brabender pasting temperature and peak paste 
viscosity, and onset temperature correlated with phosphorus content. 
Genotype E55-35 with highest onset and peak transition temperatures 
also had highest phosphorus and peak Brabender viscosity. DSC might 
be useful for rapidly screening samples of < lg  starch for such. Potato 
starch DSC characteristics did not correlate with amylose, intrinsic vis
cosity, or water-binding. For 10 genotypes from successive years, cor
relations were observed for pasting temperature (r = 0.83), phosphorus 
content (r =  0.80), and stability ratio (r = 0.66). Direct comparison 
between samples from consecutive years showed good reproducibility 
for amylose, but not for phosphorus or pasting.

Key Words: potato, starch, genotypes, transition temperatures, gelatini
zation enthalpy

INTRODUCTION
F o o d  p r o c e s s o r s  a n d  g r o w e r s  are interested in identification 
or development of crop germplasm which yields native starches 
with unique physico-chemical characteristics. Such starches may 
supplant some chemically-modified starches in formulated foods 
or open markets for new applications of starch. The grower in 
a highly competitive market which has depressed crop prices 
seeks germplasm which may create higher-value niche markets. 
This has resulted in the genetic manipulation of crops such as 
potatoes to alter starch characteristics (Shewmaker et al., 1994).

Potato starch has several inherent, desirable characteristics. 
These include swelling power that results in high viscosity 
pastes. Phosphate groups esterified to the amylopectin fraction 
of potato starch contribute to the high viscosity and also to high 
transparency, water-binding capacity and freeze-thaw stability 
(Craig et al., 1989; Swinkels, 1985). The hydration behavior of 
potato starch differs from cereal starches, and suggests its ap
plication in formulated foods requiring high stability and long 
shelf life (Yakubu et al., 1990).

Many methods for characterizing starch have been developed, 
which could be used for screening large numbers of genotypes 
for unique properties. Brabender Viscoamylography data for 
starch from Red Pontiac tubers suggested the use of unmodified 
starch as a replacement for chemically crosslinked starch 
(McComber et al., 1988). Chemical composition of potato 
starch, especially phosphorus and amylose content, correlated 
with certain Visco-amylograph results such as peak viscosity 
and ratio of minimum viscosity during paste breakdown to peak 
viscosity (Wiesenbom et al., 1994).

Differential scanning calorimetry (DSC) has been applied in 
many studies of thermal properties of starch since its first use 
by Stevens and Elton (1971). The method requires <1 g of 
sample; thus, it could be useful for screening starch samples 
from large numbers of genotypes. Starch transition temperatures
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and gelatinization enthalpies by DSC may be related to char
acteristics of the starch granule, such as degree of crystallinity 
(Krueger et al., 1987). This is influenced by chemical compo
sition and in turn helps determine thermal and other physical 
characteristics. Starch from genetically modified potato geno
types which contained less amylose and phosphorus and dem
onstrated low paste viscosity compared to controls, also 
exhibited lower transition temperatures and gelatinization en
thalpy by DSC (Shewmaker et al., 1994).

Our objective was to examine the suitability of DSC fcr 
screening starch from potato genotypes for unique characteris
tics. The relationships of transition temperatures and gelatini
zation enthalpy to selected physico-chemical characteristics was 
examined. We also expected this study might help identify gen
otypes containing unique starch, and aid in understanding rela
tionships of composition, structure and function.

MATERIALS & METHODS
Source of potato starch tubers

Genotypes (42) of potato tubers which were grown in the 1991 season 
were obtained from the USDA Potato Research Laboratory in East Grand 
Forks, MN. The potato tubers were stored for 2 mos at *®7°C before 
starch extraction.

Starch isolation and purification

Starch was isolated and purified using a modification of the procedure 
of Wiesenbom et al. (1994). Tubers (2.5 kg total wt.) were rinsed in tao 
water to remove all dirt, peeled and cut into 2-3 cm cubes. Distilled 
water was used in all subsequent operations. Tubers were then macerated 
at low speed (Blendor 7010 Model 31BL91, Waring, New Hartford, CT) 
with water (400g tuber: 400g water) for 45 sec. The mixture was allowed 
to stand 20 min, then the liquid and remaining suspended solids were 
decanted away from the sediment and macerated for an additional 45 
sec. The second mixture was added back to the sediment, and allowed 
to stand at room temperature for 40 min. The liquid was decanted away 
from the sediment and discarded.

The sediment contained some non-starch material which was removed 
as follows: A suspension of sediment in 0.5 L water was passed through 
a U.S. No. 20 sieve. The material retained by the sieve was washed on 
the sieve with about 0.2 L water, resuspended in 0.4 L water, macerated 
for 45 sec, then again passed through a U.S. No. 20 sieve. Solids retained 
on the sieve were rinsed on the sieve with 1-2 L water then discarded. 
Starch in the filtrate and rinse water was allowed to settle 30-45 min, 
and the liquid decanted off and discarded. The starch was then resus
pended in 1 L water and passed through a U.S. No. 60 sieve. The re
tained solids were again rinsed on the sieve with 1-2 L of water and 
discarded. Starch in the filtrate and wash water was allowed to settle 
30-45 min and the liquid decanted. The starch was resuspended in 0.5 
L of water and the settling and decanting steps repeated once without 
sieving.

After drying in a convection oven at <35°C for 1-3 days, the starch 
was ground with a mortar and pestle to pass a U.S. No. 60 sieve. The 
dried starch was spread 1 cm deep on a tray then stored at ambient 
temperature (®=23°C) and humidity for 2-3 days prior to transfer to air
tight storage containers.

Moisture content

Triplicate samples of 2g starch were weighed in aluminum pans, and 
dried at 95°C and 710-740 mmHg vacuum for 12 hr. Samples then were 
cooled in a desiccator for 30 min and weighed to ±0.1 mg.

Protein, amylose, and phosphorus

Protein content of purified potato starch was determined in duplicate 
by the Micro-Kjeldahl method as described in AACC Approved Method 
46-13. Amylose content was determined in triplicate using the rapid
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T a b l e  1 — T h e rm a l p ro p e rtie s  o f s ta rc h  fro m  42 p o ta to  g e n o ty p e s  a s  c h a r 
a c te rize d  b y  D S C a

T o b (°C ) T p c (°C) T c d (°C) A H e (J/g )

A g a s s iz 6 3 .5 ± 0 .1 5 6 7 .2  ± 0 .1 4 7 3 .2 ± 0 .2 6 17.7 ± 0 .1 3
A tla n tic 6 3 .6  ± 0 .1 8 6 6 .2 ± 0 .1 9 7 0 .2 ± 0 .2 4 17.7 ± 0 .0 6
Blntji 6 2 .3  ± 0 .5 1 6 5 .2  ± 0 .4 8 69.7  ± 0 .2 6 17.2 ± 0 .0 0
C .M .C . 6 3 .3  ± 0 .2 8 6 6 .2  ± 0 .3 2 7 1 .3  ± 0 .4 7 17.3 ± 0 .0 7
E ld e 6 3 .6 ±  0 .34 6 7 .2  ± 0 .4 5 7 4 .0 ± 0 .6 2 17.9 ± 0 .0 8
E rik 65.7  ± 0 .2 5 6 8 .3  ± 0 .1 9 7 2 .2 ± 0 .1 9 1 7 .3 ± 0 .2 3
G e m c h ip 6 4 .2  ± 0 .2 4 6 6 .9  ± 0 .2 4 7 1 .5 ± 0 .4 2 18.1 ± 0 .1 2
Irish  C o b b le r 6 3 .2 ± 0 .1 7 6 6 .0  ± 0 .2 5 7 0 .3 ± 0 .4 5 1 7 .3 ± 0 .0 2
K e n n e b e c 6 2 .8  ± 0 .2 6 6 5 .5  ± 0 .3 7 70.1 ± 0 .6 4 1 7 .5 ± 0 .0 3
K ra n tz 62.1 ± 0 .2 9 6 5 .5  ± 0 .3 8 7 1 .7  ± 0 .3 7 1 7 .3 ± 0 .0 3
M a ln e c h lp 6 3 .2 ± 0 .2 0 6 6 .3  ± 0 .2 9 7 1 .4  ± 0 .4 7 1 7 .0 ± 0 .0 2
M o n o n a 6 5 .4 ± 0 .2 6 6 8 .4 ±  0 .29 7 3 .8 ± 0 .2 4 1 7 .4 ± 0 .0 7
N o rc h ip 5 9 .9  ± 0 .2 9 6 2 .9  ± 0 .3 5 6 7 .8  ± 0 .6 5 16.7 ± 0 .0 8
N o rk ln g  R u s s . 6 3 .4  ± 0 .5 3 66.7  ± 0 .6 5 7 1 .8 ± 0 .7 5 1 7 .4 ± 0 .0 3
R e d  L a s o d a 6 3 .5 ± 0 .2 6 6 6 .4  ± 0 .2 7 7 2 .2  ± 0 .4 4 17.8  ± 0 .0 9
R e d  N o rla n d 6 3 .9  ± 0 .1 2 6 6 .7 ± 0 .1 3 7 1 .4 ± 0 .2 1 17.1 ± 0 .1 0
R e d  P o n tia c 6 4 .7 ± 0 .2 1 6 7 .6  ± 0 .3 1 7 2 .5 ± 0 .4 3 17.1 ± 0 .0 5
R e d d a le 6 2 .9  ± 0 .0 8 6 6 .0  ± 0 .0 8 7 2 .5 ± 0 .2 2 1 7 .4 ± 0 .1 0
R e d s e n 6 4 .5  ± 0 .0 6 6 7 .6 ± 0 .1 2 7 3 .0 ± 0 .1 7 1 7 .6 ± 0 .0 5
R u s s e t  B u rb a n k 6 2 .6 ± 0 .1 8 6 5 .3 ± 0 .2 1 6 9 .5  ± 0 .5 0 1 7 .0 ± 0 .0 2
R u s s e t  N o rko ta 6 3 .4 ± 0 .1 7 6 6 .3  ± 0 .1 4 7 1 .3 ± 0 .1 9 1 7 .8 ± 0 .1 8
S e b a g o 6 5 .2  ± 0 .0 6 68.1 ± 0 .0 8 7 3 .3 ± 0 .1 9 17.6  ± 0 .0 9
S h a s ta 6 3 .8  ± 0 .0 8 6 7 .0 ± 0 .1 4 72.1  ± 0 .3 2 17.1 ± 0 .0 2
S h e p o d y 6 3 .0  ± 0 .3 3 6 6 .2  ± 0 .3 4 7 1 .5 ± 0 .4 4 17.1 ± 0 .0 5
S n o w d e n 6 1 .2 ± 0 .3 6 6 4 .3  ± 0 .4 1 6 9 .8  ± 0 .2 6 1 6 .8 ± 0 .1 3
S u p e r io r 6 5 .4 ±  0 .26 6 8 .2  ± 0 .3 6 7 3 .2 ± 0 .5 4 1 7 .8 ± 0 .1 0
T o la a s 6 2 .5 ± 0 .3 1 6 5 .2  ± 0 .3 8 6 9 .5  ± 0 .6 5 1 7 .2 ± 0 .0 1
T r iu m p h 6 3 .8 ± 0 .1 2 6 6 .6  ± 0 .1 6 7 1 .4 ± 0 .1 9 1 7 .3 ± 0 .0 5
W a s e c a 6 4 .5 ± 0 .1 7 6 7 .4 ± 0 .2 2 7 2 .4 ± 0 .5 0 16.8  ± 0 .0 9
A 8 0 5 5 9 -2 6 3 .8  ± 0 .0 5 6 6 .7 ± 0 .1 7 7 1 .7 ± 0 .2 7 1 7 .5 ± 0 .1 0
C 6 9 -1 A 6 2 .6 ±  0 .07 6 5 .7 ± 0 .1 7 7 1 .0  ± 0 .3 7 16.9  ± 0 .0 4
C 7 1 -1 8 6 3 .3  ± 0 .1 5 66.1 ± 0 .1 6 7 1 .2 ± 0 .2 4 1 7 .2 ± 0 .0 4
C 7 1 -4 1 63.1 ± 0 .2 7 6 6 .2  ± 0 .3 0 7 1 .8 ± 0 .4 3 17.1 ± 0 .0 3
C 7 2 -9 3 62.7  ± 0 .1 1 6 5 .6  ± 0 .1 5 7 0 .2  ± 0 .2 7 16.7 ± 0 .0 6
E 5 5 -3 5 6 6 .2  ± 0 .3 6 6 9 .6  ± 0 .4 7 7 5 .4  ± 0 .4 2 1 7 .5 ± 0 .0 3
E 5 5 -4 4 6 4 .8  ± 0 .3 9 6 7 .8  ± 0 .4 6 7 2 .9 ± 0 .4 1 1 7 .9 ± 0 .2 6
G S 7 2 3 2 -4 6 4 .6 ± 0 .1 8 6 7 .6 ±  0 .27 7 2 .4 ± 0 .4 3 18.1 ± 0 .0 9
N D 6 5 1 -9 6 3 .3  ± 0 .0 5 67.1 ± 0 .0 9 7 2 .5 ± 0 .3 4 1 6 .9 ± 0 .1 5
N D 8 6 0 -2 6 3 .4  ± 0 .0 9 6 6 .4 ± 0 .1 6 7 1 .8 ± 0 .3 5 1 7 .5 ± 0 .0 1
N D 15 3 8 -1  R u s s 6 1 .4 ±  0 .40 6 4 .9  ± 0 .4 7 73.1 ± 0 .5 8 1 6 .7 ± 0 .0 2
W 8 7 0 6 3 .9  ± 0 .0 8 6 6 .5  ± 0 .1 1 7 0 .9 ± 0 .3 0 1 7 .5 ± 0 .0 8
W 8 7 7 6 3 .3  ± 0 .0 4 67.1 ± 0 .0 8 7 2 .5 ± 0 .1 3 1 7 .6 ± 0 .1 4

M e a n  ±  S .D . 6 3 .5  ± 1 .2 2 6 6 .5 ±  1.21 7 1 .7 ±  1.43 1 7 .3 ± 0 .3 7

a Values are average ±  standard deviation. Starch-water 30 : 70 (w/w, dry basis, 
v-0.78). Heating rate of DSC: 10° C/min. 

b Onset temperature. 
c Peak temperature. 
d Conclusion temperature. 
e Gelatinization enthalpy.

calorimetric method and empirical formula described by Williams et al. 
(1970). Phosphorus was determined in duplicate using Method B-47 
(Com Industries Foundation, 1985), with samples of <0.50 g starch each.

Thermal analysis

Thermal characteristics of potato starch were studied using a Perkin- 
Elmer Differential Scanning Calorimeter-7 with an attached UNIX Op
erating System. Starch samples (3-3.5 mg, dry weight) were loaded into 
aluminum sample pans, and deionized water was added to achieve a 
starch-water suspension containing 70% water. Sample pans were her
metically sealed and allowed to stand >1 hr at room temperature before 
heating. Samples were then heated at 10°C/min from 40 to 100°C. An 
empty pan was used as reference. From the curve obtained, the onset 
temperature (T0), peak temperature (Tp), conclusion temperature (Tc), and 
heat of transition (AH) were calculated automatically and averaged over 
three to four trials. The DSC was calibrated with deionized water and 
indium standards.

Intrinsic viscosity

Intrinsic viscosity was determined using the procedure described by 
Leach (1963) with an Ubbelohde (Cannon Fenske) viscometer, capillary 
number 75 at 25°C. A suspension of 0.5 g starch (dry basis) in 50 mL 
water was cooked in boiling water for 30 min while covering the beaker 
with a watch glass to prevent evaporation, then cooled to room temper
ature. A solution containing 0.5% starch was prepared by adding 20 mL 
5N NaOH to the cooked suspension, diluted to 100 mL with distilled

water, then shaken vigorously to provide a uniform and lump-free starch 
dispersion, and centrifuged at 900 X g for 5 min to remove insolubles. 
Measurement of flow time (T) for samples containing 0.50, 0.33, 0.25, 
0.20 and 0.00% starch was repeated until three consecutive measure
ments were obtained which were reproducible ±  0.2 sec. Flow time of 
the starch solution was measured with a Wescan automatic viscosity 
timer (Wescan Instruments Inc., Santa Clara, CA). Intrinsic viscosity was 
determined by a plot of reduced viscosity vs concentration extrapolated 
to zero concentration. Reduced viscosity was defined as the ratio of 
specific viscosity (T/T0 -  1) to starch concentration.

Water-binding capacity

Water binding capacity of starch was determined in duplicate accord
ing to the procedure of Yamazaki (1953) as modified by Medcalf and 
Gilles (1965). A suspension of 5 g starch (dry wt. basis) in 75 mL 
distilled water was agitated for 1 hr on a wrist-action shaker (Burrell, 
Burrell Corp., Pittsburgh, PA.). The suspension was then centrifuged, 
the free water decanted from the wet starch, drained for 10 min, and the 
wet starch weighed.

Pasting characteristics

The starch pasting characteristics were determined with a Brabender 
Visco-Amylograph Type VA-1B and a 700 cmg cartridge. A suspension 
of 3.25% (w/w) starch in 450 mL deionized water was heated from 30 
to 95°C at 1.5°C/min, held 15 min at 95°C, then cooled to 50°C at 
1.5°C/min (McComber et al., 1988). Paste stability ratio was defined as 
the ratio of viscosity at onset of cooling to peak viscosity prior to cool
ing. Paste setback ratio was defined as ratio of viscosity at completion 
of cooling to viscosity at onset of cooling (Wiesenbom et al., 1994).

Statistical analysis

The Statistical Analysis Program System (SAS Institute, Inc., 1990) 
was used to analyze all data. Least significant differences were computed 
at P <  0.05.

RESULTS & DISCUSSION 
Thermal properties

Results of the DSC characterization of starch from 42 potato 
genotypes were compared (Table 1). Onset temperatures of ge- 
latinization ranged from 59.9 to 66.2°C, and peak temperatures 
from 62.9 to 69.6°C. Genotypes Norchip and E55-35 had the 
lowest and highest transition temperatures, respectively. High 
transition temperatures are believed to result from a high degree 
of crystallinity, which imparts structural stability, making the 
granules more resistant to gelatinization (Barichello et al., 1990; 
Hoover and Sosulski, 1985; Leszkowiat et al., 1990). High tran
sition temperatures may also reflect more stable amorphous 
regions or a lower degree of chain branching (Biliaderis et al., 
1980; Leszkowiat et al., 1990). Starch from Norchip had tran
sition temperatures which differed most from the means; the 
onset and peak temperatures were each 3-standard deviations 
below the means. Genotypes W877 and ND651-9 showed the 
greatest differences between onset and peak temperature: 3.8°C 
vs a mean difference of 3.0°C for the 42 genotypes. The gelat
inization enthalpy ranged from 16.7 J/g for 3 genotypes includ
ing Norchip, to 18.1 J/g for Gemchip and GS7232-4. A high 
gelatinization enthalpy also suggests a more stable granular 
structure due to greater crystallinity (Wong and Lelievre, 1982; 
Leszkowiat et al., 1990).

Published studies of DSC using potato starch reported both 
lower and higher transition temperatures. Onset and peak tran
sition temperatures reported by Russell (1987) for a single po
tato starch sample were 4.0 and 3.3°C lower, respectively, than 
means in our study, but comparable to results reported here for 
Norchip. The gelatinization enthalpy in that study was 1.8 J/g 
lower (4.9 X S.D. lower) than our mean. Conversely, Barichello 
et al. (1990) reported onset and peak temperatures for Norchip 
and ND860-2 which were 5 to 7°C higher than our values for 
respective genotypes. Those workers used the same heating rate. 
Although water content was slightly different, transition tem
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peratures are not sensitive to water content in the range 50 to 
90%. (Biliaderis et al., 1980; Shiotsubo and Takahashi, 1984; 
Barichello et a l, 1990). Discrepancies in transition temperatures 
between the 3 studies may be partly related to use of different 
DSC instruments and procedures (personal communication, 
1994, NC-136 Ad Hoc Committee on DSC) or to differing 
growing and storage conditions and starch isolation procedures. 
Barichello et al. (1990) suggested that the higher transition tem
peratures for ND860-2 compared to Norchip might be linked to 
resistance to chill-sweetening in that genotype. Transition tem
peratures for ND860-2 in our results were similar to most other 
varieties, whereas Norchip temperatures were lower (Table 1).

Other physical properties
Intrinsic viscosity is a measure of internal friction or resis

tance to displacement of high-polymeric molecules in solution 
(Leach, 1963). It is related to average molecular size of starch, 
chain rigidity, and branching or shape of the macromolecule 
(Launay et al., 1986; Baianu, 1992). In our tests, intrinsic vis
cosity [t|] values of potato starches, ranged widely from 2.51 
for Agassiz to 3.63 for GS7232-4, depending on potato genotype 
(Table 2). The lower values were similar to the 2.63 reported 
by Leach (1963) for unmodified commercial potato starch.

Water-binding capacity ranged from 77.2% for Tolaas to 
89.6% for Snowden (Table 2). The ultra-structural (molecular 
arrangement, amorphous, and crystalline areas) and the com
positional (mainly amylose, amylopectin and phosphorus) dif
ferences of the starches may affect availability of molecules to 
interact with water. For example, a loose association of amylose 
and amylopectin molecules in the native granules may contrib
ute to a high water-binding capacity (Soni et al., 1987). En
gagement of the hydroxyl groups to form hydrogen and covalent 
bonds between starch chains might lower water-binding capacity 
(Hoover and Sosulski, 1986). Therefore, differences among 
starches by potato genotype likely resulted from the different 
degrees of availability of water-binding sites, considered to be 
hydroxyl groups and inter-glucose oxygen atoms (Wootton and 
Bamunuarachchi, 1978).

Pasting properties, which indicate the degree of paste viscos
ity and stability of native potato starches were determined with 
a Brabender Visco-amylograph. Results from the Brabender 
Amylograph test (Table 3) included pasting temperature, peak 
temperature, peak viscosity, stability ratio, and setback ratio. 
Pasting temperature ranged from 62.3°C for Norchip to 68.5°C 
for Erik, similar to pasting temperatures (61.5 to 68.0°C) of 
Wiesenbom et al. (1994).

After the onset of pasting, the viscosity of most potato 
starches increased rapidly to peak viscosity. The highest peak 
viscosity was attained with E55-35 followed by Sebago and Su
perior. High viscosity is desirable for industrial uses in which a 
high thickening power is required. The amylogram of E55-35 
is displayed beside that of Red Pontiac and ND651-9 (Fig. 1). 
The Red Pontiac amylogram was typical of potato starch amy- 
lograms; however, Red Pontiac has yielded atypically stable vis
cosities in some studies (McComber et al., 1988; Wiesenbom et 
al., 1994).

The extreme opposite to E55-35 was demonstrated in the 
amylogram for ND651-9, which did not exhibit a peak viscosity. 
The viscosity of the ND651-9 starch tended to increase contin
uously throughout the test. This viscosity pattern was classified 
as type C by Schoch and Maywald (1968). This is similar to 
the amylogram of a chemically cross-linked starch. Thus, 
ND651-9 starch might be used as a stabilizer or thickener in a 
canned product that requires retorting. Starch from ND651-9 
also exhibited a high setback ratio, as did Mainechip.

Chemical properties
The amylose content of the 42 potato starch samples ranged 

from 22.6% for Krantz to 28.8% for Shasta (Table 2). Thus,

T a b le  2— P h y s ic o c h e m ic a l p ro p e rtie s  o f s ta rc h  fro m  42 p o ta to  g e n o ty p e s 3 

In tr in s ic  W B C  A m y lo s e  P h o s p h o ru s
__________ V ise . [t|1_________ (% )____________ (% )___________ (p p m )

A g a s s iz 2.51 8 7 .6 ± 0 .0 0 24.9  ± 0 .6 6 7 0 2  ± 0.0
A tla n tic 3.01 8 6 .2 ± 1 .4 1 25.7 ± 0 .3 2 9 0 8  ± 1.4
B in tji* 2.85 8 3 .6 ±  0.00 2 5 .6 ± 0 .4 9 8 1 6 ± 2.5
C .M .C . 3.15 8 5 .4 ± 0 .2 8 2 5 .5 ±  0.25 851 ± 2.8
E id e 3.15 8 8 .8 ± 0 .5 7 2 5 .4 ±  0.38 8 8 8  ± 0.0
Erik 2.92 7 9 .0 ± 0 .8 5 2 4 .3 ± 0 .0 7 8 8 3  ± 0.0
G e m c h ip 3.21 8 3 .4 ± 0 .2 8 2 3 .4  ± 0 .8 3 8 1 6 ± 2.5
Ir ish  C o b b le r 3.32 85.2  ± 0 .5 7 2 6 .5 ± 0 .1 8 6 2 6  ± 0.0
K e n n e b e c 2.80 8 1 .2 ± 0 .0 0 2 3 .2  ± 0 .3 3 837  ± 0.0
K ra n tz 3.48 8 4 .4 ± 0 .5 7 2 2 .6 ± 0 .0 5 8 0 2  ± 0.0
M a in e c h ip 3.09 8 8 .4 ± 0 .0 0 2 5 .4 ± 0 .5 7 6 7 5  ± 0.7
M o n o n a 3.39 8 2 .0 ±  1.13 2 6 .3 ± 0 .7 7 8 0 3  ± 1.2
N o rc h ip * 3.24 8 9 .2  ± 0 .0 0 25.1 ± 0 .2 4 6 8 5  ± 0.0
N o rk in g  R u s s . 3.35 8 1 .2 ± 0 .0 0 25.1 ± 0 .6 4 747  ± 2.5
R e d  L a s o d a * 3.38 8 5 .6 ± 0 .0 0 2 3 .3  ± 0 .6 0 897  ± 4.9
R e d  N o rla n d * 3.21 8 9 .0 ± 0 .8 5 24.1 ± 0 .5 7 8 7 5  ± ' 19.3
R e d  P o n tia c* 3.23 8 1 .8 ± 0 .2 8 2 7 .0  ± 0 .4 6 7 7 8  ± 0.0
R e d d a le * 3.23 8 6 .4 ±  0 .00 24.1 +  0 .45 951 ± 1.2
R e d se n * 3.45 8 3 .4 ± 0 .2 8 2 4 .6 ± 0 .6 4 6 9 6  ± 1.3
R u s s e t  B u rb a n k * 3.28 8 2 .4 ± 0 .0 0 2 3 .7  ± 0 .8 7 5 9 6  ± 3.8
R u s s e t  N o rk o ta * 3.62 8 4 .8 ± 0 .5 7 2 5 .6 ±  0.59 682  ± 0.0
S e b a g o 2.84 8 6 .0 ± 0 .5 7 2 5 .8  ± 0 .4 4 9 2 7  ± 6.4
S h a s ta 2.81 8 6 .4 ± 0 .2 8 2 8 .8 ± 0 .8 9 6 0 6  ± 4.9
S h e p o d y 3.06 8 2 .4 ± 0 .0 0 2 7 .6  ± 0 .5 2 6 1 2  ± 0.0
S n o w d e n 3.41 8 9 .6 ± 0 .5 7 2 4 .3 ± 0 .4 8 7 2 2  ± 0.0
S u p e r io r 3 .25 8 7 .0 ± 0 .2 8 2 3 .9  ± 0 .2 6 9 4 0  ± 1.2
T o la a s 3.16 7 7 .2 ± 0 .5 7 2 3 .4 ±  0.33 8 4 9  ± 1.3
T r iu m p h * 3.12 7 9 .2 ± 0 .0 0 2 5 .3 ± 0 .4 9 837  ± 2.8
W a s e c a 2 .94 8 2 .8 ± 0 .0 0 25.1 ± 0 .4 3 8 6 2  ± 2.5
A 8 0 5 5 9 -2 2 .94 8 3 .8 ± 0 .2 8 2 6 .0  ± 0 .3 9 8 0 3  ± 2.8
C 6 9 -1 A 3.09 8 6 .2 ± 2 .5 5 25.2  ± 0 .3 9 9 7 4  ± 0.0
C 7 1 -1 8 3 .14 8 3 .2 ±  0.57 26.9  ± 1 .2 3 8 5 8  ± 0.0
C 7 1 -4 1 3.25 7 9 .4 ± 0 .2 8 2 7 .2 ± 0 .5 1 8 5 7  ± 0.0
C 7 2 -9 3 2.89 8 8 .4 ± 0 .5 7 27.7 ± 0 .4 7 7 1 6 ± 0.0
E5 5 -3 5 2.89 8 9 .0  ± 0 .2 8 2 5 .8 ± 0 .7 6 1 0 2 2 ± 0.0
E 5 5 -4 4 3.23 8 7 .4 ± 0 .2 8 2 5 .2  ± 0 .5 0 7 4 5 ± 0.0
G S 7 2 3 2 -4 3.63 8 2 .0 ± 0 .0 0 2 7 .5 ± 0 .2 1 111 ± 0.0
N D 6 5 1 -9 3.39 8 5 .8 ±  0 .28 2 6 .8 ±  0.78 5 9 9  ± 0.0
N D 8 6 0 -2 2.72 8 5 .8 ± 0 .2 8 2 6 .2 ± 0 .2 8 6 9 3  ± 0.0
N D 15 3 8 -1  R u s s 3.10 8 5 .6 ± 0 .0 0 2 4 .5 ± 0 .2 2 7 6 9  ± 0.0
W 8 7 0 2.89 8 6 .2  +  0 .28 23.7  ± 0 .7 7 821 ± 1.2
W 8 7 7 3.46 8 5 .0  +  0 .28 2 7 .4 ±  0.22 7 2 4 ± 0.0
M ean ±  S .D . 3 .1 5 ± 0 .2 5 8 4 .7  ± 3 .0 5 2 5 .4 ±  1.44 791 ±

00o

a Values are average ±  standard deviation. WBC = Water-binding capacity.
* Starch from these genotypes was also characterized for amylose and phosphorus 

content for the 1990 growing season (Wiesenbom et el, 1994).

significant differences occurred in amylose contents among po
tato genotypes. These were similar to previously reported results 
in which amylose contents of 44 samples representing 34 potato 
genotypes averaged 26.5 ±  1.4% using the same colorimetric 
method (Wiesenbom et al., 1994). However, those values were 
higher than those (21 to 22%) reported by others for potato 
starch (Swinkels, 1985; Zobel, 1988). The amylose contents of 
starch from genotypes Norchip, ND860-2, Atlantic, Russet Bur
bank, and Shepody were 1 to 7% higher than reported for those 
genotypes by Barichello et al. (1991). The different amylose 
values might be attributed to different growing conditions, starch 
isolation procedures and analytical methods.

Potato starch is remarkable food starches for its high level of 
phosphate esters. Phosphorus is an important factor in several 
functional properties. The phosphorus contents for the 42 potato 
starch genotypes ranged from 596 ppm to 1022 ppm (Table 2). 
The genotype E55-35 had higher phosphorus than did the other 
cultivars and selections. High phosphorus content in starch con
tributes to improved freeze-thaw stability, clarity, and viscosity 
of starch paste (Muhrbeck and Eliasson, 1991; Craig et al.,
1989). Researchers have reported a similar range of phosphorus 
contents of potato starch from 500 to 1C00 ppm (Biliaderis et 
al., 1980; Craig et al., 1989; Lim and Seib, 1993; Swinkels, 
1985; Wiesenbom et al., 1994), except for Veselovsky’s (1940) 
results which ranged from 630 to 1240 ppm for 69 potato gen
otypes.

Protein contents expressed as percentage of total dry weight 
were about 0.1% or less (data not shown). Thus, the purification 
procedure, which consisted of several repetitions of washing the

1062—JOURNAL OF FOOD SCIENCE—Volume 60, No. 5, 1995



Ta b le  3— P astin g  properties of starch  from  42 potato g e n o typ e s  v ia  am y-
lo g ra p h 3

P a s t in g
te m p .

(°C)
P e a k  te m p . 

P C )
P e a k  v ise . 

(B .U .)
S ta b ility

ratio
S e tb a c k

ratio

A g a s s iz 66.3 9 2 .0 935 0 .46 1.12
A tla n tic 65.7 8 3 .0 1095 0.87 1.10
B intji 6 5 .4 80.7 1230 0.40 1.20
C .M .C . 65.5 90.2 1155 0.50 1.22
E id e 67.0 94.5 9 2 8 0.52 1.16
E rik 68.5 89.0 1195 0.50 1.18
G e m c h ip 66.5 81.7 1315 0 .36 1.19
Irish  C o b b le r 65.8 92.6 1110 0 .58 1.17
K e n n e b e c 64.2 86.0 1235 0 .40 1.15
K ra n tz 65.3 84.6 1245 0.40 1.16
M a in e c h ip 64.5 9 4 .3 1028 0 .56 1.50
M o n o n a 6 6 .3 8 6 .0 1213 0.40 1.14
N o rc h ip * 62.3 90.7 970 0.41 1.17
N o rk in g  R u s s . 66.0 9 3 .0 1070 0.58 1.17
R e d  L a s o d a * 65.9 8 8 .3 1190 0.43 1.12
R e d  N o rla n d * 6 6 .6 9 5 + 2 .2 m in b 9 8 5 0.58 1.10
R e d  P o n tia c* 67.5 9 5 + 4 m in 980 0.66 1.07
R e d d a le * 64.5 7 7 .4 1290 0.41 1.20
R e d s e n * 68.0 9 5 + 5 . 5 m in 7 5 5 0.78 1.11
R u s s e t  B u rb a n k * 64.2 89.2 9 3 5 0.36 1.16
R u s s e t  N o rko ta * 6 5 .4 93.9 1030 0.62 1.16
S e b a g o 67.0 78.7 1485 0.37 1.17
S h a s ta 67.0 9 5 + 1 . 2 m in 8 4 0 0.77 1.09
S h e p o d y 66.7 9 5 + 4 . 5 m in 850 0.69 1.11
S n o w d e n 63.9 84.7 1140 0.47 1.17
S u p e r io r 66.3 7 7 .0 1455 0.37 1.16
T o la a s 64.0 8 1 .5 1170 0 .46 1.16
T r iu m p h * 66.6 9 5 + 1 . 2 m in 1013 0 .66 1.11
W a s e c a 67.9 9 5 + 4 m in 910 0 .65 1.07
A 8 0 5 5 9 -2 6 5 .0 7 6 .8 1310 0 .36 1.14
C 6 9 -1 A 64.7 84.7 1270 0 .46 1.21
C 7 1 -1 8 65.2 8 9 .0 1290 0 .45 1.19
C 7 1 -4 1 66.2 92.7 1205 0 .54 1.19
C 7 2 -9 3 6 5 .8 9 5 ^ 7 m in 790 0 .88 1.15
E 5 5 -3 5 6 7 .8 7 8 .3 1585 0 .46 1.08
E5 5 -4 4 67.5 9 1 .5 1078 0 .56 1.11
G S 7 2 3 2 -4 67.3 9 1 .8 1130 0.50 1.16
N D 6 5 1 -9 66.9 N .P. 540 1.00 1.55
N D 8 6 0 -2 66.4 9 5 + 3 m in 898 0.59 1.13
N D 15 3 8 -1  R u s s 6 4 .6 9 1 .0 1070 0 .54 1.16
W 8 7 0 65.0 8 4 .0 1170 0.47 1.16
W 8 7 7 65.7 86.2 1130 0.50 1.22

M e a n  ±  S .D . 65.9  +  1.3 1100 ±  204 0 .5 4 ±  0.1 1.17 ± 0 .1

a Values are average ± standard deviation. 
b Time at the peak during holding at 95° C.
B.U. = Brabender units.
N.P. = No peak.
* Starch from these genotypes was also characterized for pasting properties for the 

1990 growing season (Wiesenborn et al, 1994).

starch, successfully removed all but a small amount of protein. 
These low levels of protein should have no effect on functional 
characteristics.

Moisture contents ranged from 7.2% for Shasta to 16.79% for 
GS7232-4 (data not shown). The difference in range of moisture 
was probably due mainly to differences in ambient relative hu
midities and drying times.

Correlation of properties
Correlation coefficients were computed to examine relation

ships between measured thermal characteristics determined by 
DSC and other physical and chemical properties of the starch 
(Table 4). Transition temperatures (T„, Tp, and Tc) of potato 
starch by DSC correlated positively with one another and with 
gelatinization enthalpy (AH) (P <  0.01, Fig. 2). These correla
tions were in agreement with previous reports for rice starches 
and foxtail millet starch (Russell and Juliano, 1983; Fujita et el,
1989). Fujita et al. (1992) reported a correlation between Tp and 
AH in crops with a waxy phenotype, such as rice, barley and 
proso millet, but it was not shown in a crop with no waxy 
phenotype, such as wheat. These correlations support the hy
pothesis that transition temperatures and AH are influenced by 
common factors such as degree of crystallinity.

Fig. 1—Brabender amylogram for selected potato starches at 
3.25% starch-water suspension.

The transition temperatures (T0, T , and Tc) positively corre
lated with pasting temperature (P <  0.01) while gelatinization 
enthalpy (AH) positively correlated with pasting temperature (P 
<  0.05). T0 also correlated with phosphorus content and AH 
with peak Brabender viscosity (P <  0.05). Though statistically 
significant, the latter correlation was weak, as shown by the 
scatter plot (Fig. 3). These correlations suggest that DSC may 
be useful for screening potato genotype starches for high paste 
viscosity and high phosphorus content, which correlated with 
each other (r = 0 72, P <  0.05). For example, genotype E55- 
35 had the highest onset temperature, phosphorus content and 
viscosity.

Intrinsic viscosity and water-binding capacity did not corre
late with other physical-chemical properties contrary to expec
tations. We hypothesized, for example, that intrinsic viscosity 
would be indicative of average molecular weight, and would 
correlate with granule crystallinity, such as gelatinization en
thalpy. but no such correlation was observed. Starch intrinsic 
viscosity is probably also influenced by extent of amylopectin 
branching. The lack of correlation between water-binding ca
pacity and amylose differed from Wootton and Bamunuarachchi
(1978) who found that water-binding capacity of maize starch 
decreased with increasing amylose content. Hoover and Sosulski 
(1985) reported a positive correlation with amylose content. The 
amylose contents we found spanned a relatively narrow range.

Reproducibility and correlation of data from different 
years (1990 and 1991)

Unique, potato starch characteristics would have commercial 
value only if the desired characteristics could be reproduced 
consistently under reasonably acceptable growing conditions. 
Previously, starch from Red Pontiac tubers demonstrated inter
esting paste characteristics; however, that behavior was not con
sistently reproduced in subsequent years (Wiesenbom et al.,
1994). Thus, properties of starch from 10 potato genotypes 
grown both in 1990 and 1991 were compared to study repro
ducibility of amylose, phosphorus, and paste characteristics (Ta
ble 5). The tubers were grown at the same location under 
conditions as similar as possible, but rainfall and temperatures 
varied naturally between the two seasons.

Half the potato starch genotypes (Bintji, R. Lasoda, R. Nor
land, R. Norkota, and Triumph) showed similar amylose con
tents (percent difference <3%) for the 2 years. Amylose content 
was only slightly related to genotype and environment.

For phosphorus, however, all genotypes except R. Norkota 
showed differences >3%. Some properties of starch have been
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DSC FOR SCREENING POTATO STARCH. . .

T a b le  4— C o rre la t io n  c o e ff ic ie n ts  fo r  p o ta to  s ta rc h  d ata  (n =  42)

T o a

D S C

T p b T c c A H d
In tr in s ic

V is c o s ity
W a te r -b in d in g

c a p a c ity

D S C
To 1.00

T P 0 .97**
T c 0 .71** 0 .84 * *
A H 0 .53** 0 .52 * * 0 .41**

In tr in s ic  v is c o s ity - 0 . 1 0 - 0 . 0 7 - 0 . 0 2 0.13
W a te r-b in d in g  c a p a c ity - 0 . 1 6 - 0 . 0 8 0.11 - 0 . 0 4 - 0 .1 2
A m y lo s e 0.14 0.21 0.15 - 0 .1 5 - 0 .0 6 0 .02
P h o s p h o ru s 0.36* 0.30 0.30 0.25 - 0 . 1 6 - 0 . 0 3
A m y lo g r a p h

P a ste  te m p . 0 .81 * * 0 .85** 0 .70 * * 0.36 * 0.07 - 0 . 1 5
P e a k  v ise . 0.27 0.19 0.17 0.34* - 0 . 0 6 - 0 . 0 5
S t a b ility  ratio 0 .04 0.09 0.02 - 0 . 2 5 0.02 0 .06
S e tb a c k  ratio -0 .2 1 - 0 . 1 3 - 0 . 0 9 - 0 .2 1 0.18 0.12

8 Onset temperature by DSC. 
b Peak temperature by DSC. 
c Conclusion temperature by DSC. 
d Gelatinization enthalpy by DSC.
* and ** Significant at P <  0.05 and P <  0.01 levels of probability, respectively.

Onset temperature (°C)
Fig. 2—Scatter plot showing relationships between onset tem
perature and peak temperature by DSC (n=42, r = 0.97).

influenced by genetic and environmental factors during plant 
development (Asaoka et al., 1984, 1991, 1992; Gudmundsson 
and Eliasson, 1991). This appeared to be especially true of phos
phorus content in potato starch. The pasting temperature was 
reproduced to ±  1°C in 7 of the 10 genotypes. Other paste char
acteristics showed more variability, probably due in part to var
iability in phosphorus content (Wiesenbom et al., 1994).

Environmental factors appeared to affect phosphorus content 
and other potato starch properties. We expected that genotypes 
grown at the same time and in close proximity might show 
similar changes over the two years. A least squares fit showed 
that pasting temperature data from 1991 correlated with data 
from 1990(P <  0.01, r =  0.83), as did phosphorus content data 
(P <  0.01, r =  0.80). Genotypes R. Lasoda and Reddale con
tained the highest phosphorus and R. Burbank the lowest phos
phorus in both years. Stability ratios correlated (P <  0.05, r = 
0.66); however, correlations for peak viscosity (r =  0.34) and 
setback ratio (r =  —0.49) were not significant (P >  0.05).

Fig. 3—Scatter plot showing relationships between gelatiniza
tion enthalpy (AH) by DSC and peak Brabender viscosity (n=42, 
r=0.34).

CONCLUSIONS
P o t a t o  s t a r c h  s a m p l e s  from various genotypes show differ
ing thermal properties as determined by DSC. Such properties 
correlated with other physical-chemical characteristics of the 
starch. Given the small sample size and simple preparation 
methods, DSC may be useful as a screening tool for potato 
starch samples such as tailoring starch properties through ge
netic engineering. The DSC data did not account for the wide 
range of potato starch pasting characteristics. Other physical and 
chemical data are needed to explain this range. Some genotypes 
namely E55-35, and ND651-9, demonstrated unique paste char
acteristics which could be of interest in certain food applica
tions.
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T a b le  5— S t a rc h  c h a r a c te r is t ic s  o f  p o ta to  g e n o ty p e s  fro m  1990 a n d  1991

A m y lo s e
(% )

P h o s p h o ru s
(p p m )

P a s tin g
te m p .

(°C)

P e a k  at  
te m p .  

(°C )

P e a k
v is c o s it y

(B .U .)
S t a b ility

ra tio
S e tb a c k

ratio
B in tji (90) 2 5 .9 8 1 6 6 3 .6 9 1 .7 1000 0.52 1.09
B in tji (91) 2 5 .6 7 4 5 6 5 .4 80.7 1230 0 .40 1.20
N o rc h ip  (90) 2 7 .4 7 3 8 6 3 .0 9 5 .0 1050 0.62 1.04
N o rc h ip  (91) 25.1 685 62.3 9 0 .7 9 7 0 0.41 1.17
R. L a s o d a  (90) 23.5 9 2 5 65.9 9 5 + 2 .0  m in a 1110 0 .78 N .A .
R. L a s o d a  (91) 23.3 897 65.9 8 8 .3 1190 0 .43 1.12
R. N o rla n d  (90) 2 4 .5 797 65.1 9 5 + 1 1 .5  m in 630 0.99 1.23
R. N o rla n d  (91) 24.1 8 7 5 6 6 .6 9 5 + 2 .2  m in 9 8 5 0 .58 1.10
R. P o n tia c  (90) 29.2 672 6 5 .5 9 5 + 9 .3  m in 7 4 5 0 .95 1.16
R. P o n tia c  (91) 2 7 .0 778 6 7 .5 9 5 + 4 .0  m in 9 8 0 0 .6 6 1.07
R e d d a le  (90) 3 0 .0 848 64.0 94.1 9 6 0 0 .63 1.13
R e d d a le  (91) 24.1 951 6 4 .5 7 7 .4 1290 0.41 1.20
R e d s e n  (90) 2 6 .5 7 3 8 6 8 .0 9 5 + 3 .2  m in 9 3 0 0.77 1.05
R e d s e n  (91) 2 4 .6 6 9 6 6 8 .0 9 5 + 5 .5  m in 7 5 5 0 .78 1.11
R. B u rb a n k  (90) 26.1 6 4 4 62.8 9 5 + 1 .3  m in 9 2 0 0 .64 1.09
R. B u rb a n k  (91) 23.7 5 9 6 64.2 8 9 .2 9 3 5 0 .36 1.16
R. N o rko ta  (90) 2 5 .8 693 65.3 9 5 + 0 .3  m in 8 7 0 0.71 1.10
R. N o rko ta  (91) 2 5 .6 682 6 5 .4 9 3 .9 1030 0.62 1.16
T r iu m p h  (90) 26.0 7 4 4 67.2 N .P . N .P . 1.00 1.16
T r iu m p h  (91) 2 5 .3 837 6 6 .6 9 5 + 1 .2  m in 1013 0 .66 1.11

N.A.: Not available.
N.P. =  No peak.
Source of the 1990 results: Wiesenborn et al. (1994). 
a Time at peak during holding at 95 °C.
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Protein Concentrates from Unstabilized and Stabilized Rice 
Bran: Preparation and Properties

RAVIN GNANASAMBANDAM and N.S. HETTIARACHCHY

----------------------------  ABSTRACT ----------------------------
Protein concentrates were prepared from commercially available unsta
bilized and heat stabilized rice bran by alkaline extraction and isoelectric 
precipitation. Stabilized rice bran had lower protein extractability at all 
particle sizes (75p to 150p). Both unstabilized rice bran protein concen
trate (URBPC) and stabilized rice bran protein concentrate (SRBPC) 
showed maximum nitrogen solubility at pH 8.0. URBPC (71.5% protein) 
and SRBPC (50.9% protein) showed differences in amino acid contents. 
SDS-PAGE of protein concentrates revealed several common compo
nents and absence of certain components from SRBPC. Protein denatur- 
ation due to commercial heat stabilization impaired extractability of 
proteins and influenced its quality.

Key Words: rice bran, protein, concentrates, amino acid, stabilization

INTRODUCTION
R ic e  b r a n  is an under-utilized milling by-product of rough rice. 
In 1994, about 155 million cwt of rice was produced in the U.S., 
resulting in about 12.4 million cwt of bran (Arkansas Agricul
tural Statistics, 1993). The rice processing industry has consid
ered the commercial potential of this material. To enhance keep
ing quality, rice bran is stabilized by heat treatment for 1 to 20 
min. depending on method of stabilization, to inactivate lipases 
(Sayre et al. 1982). Stabilized rice bran is marketed for food 
and feed uses (Hargrove, 1994). The healthful hypolipidemic 
and hypocholesterolemic effects of rice bran have been well 
documented (Suzuki, 1982; Seetharamaiah and Chandrasekhar, 
1988; Kahlon et al., 1990). Rice bran is also considered as a 
source of hypoallergenic proteins and may serve as a suitable 
ingredient for weaning formulations (Burks and Helm, 1994). 
Rice bran is a rich source of dietary fiber, and is also rich in 
proteins with high nutritional value (Saunders, 1990). Several 
studies were conducted on preparation of protein concentrates 
and isolates from rice bran (Lynn, 1969; Chen and Houston, 
1970; Lew et al., 1975; Maki and Tashiro, 1983; Saunders, 
1990; Landers, 1992). However, limited information is available 
on extraction, characterization and properties of protein concen
trates from unstabilized or stabilized rice bran products. Our 
objective was to prepare protein concentrates from commercial 
unstabilized and stabilized rice bran and compare their proper
ties.

MATERIALS & METHODS

U n s t a b i l i z e d  r i c e  b r a n  was obtained from Riceland Food Inc. (Stutt
gart, AR. 72160) and stabilized rice bran from Riviana Food Inc. (Ab
beville, LA 70511) packaged in 2.27 kg polyethylene bags and stored 
at —5°C.

Defatting

Rice bran samples were dispersed (1:4) in technical grade hexane 
(Fisher Scientific, USA), defatted at setting 40 (T-Lme lab stirrer, Tal- 
boys Engineering Corp., Emerson, N.J.) for 30 min., and centrifuged 
(IEC, CRU-5000) at 2500 X g for 10 min. at room temperature (==23°C).

Authors Gnanasambandam and Hettiarachchy are with the Dept, 
of Food Science, Univ. o f Arkansas, Fayetteville, A R  72703.

Defatted rice bran sample +  distilled deionized water (1:4 to 1:6) 
pH adjusted to 9.5 stirred 30 min. (room temperature)

1
Centrifuged 10,000 X g for 30 min. (room temperature)

1
Decant, pH of the supernatant adjusted to 4.5, 

centrifuged 10,000 X g for 30 min.(room temperature)

i
Precipitate washed (pH 4.5), 

suspended in distilled deionized water (pH 7.0)

1
Frozen overnight

1
Freeze dried and stored at -5°C

Fig. 1—Flow diagram of preparation of protein concentrates.

The sediment was extracted once again following the same procedure. 
Defatted rice bran samples were air dried overnight under a hood.

Milling and fractionation

Defatted rice bran samples were milled once in a Cyclotec mill (Cy
clotec 1093 Sample Mill, Tecator AB Box "to, Higanas, Sweden) and 
sieved through mesh sizes 200 (75p), 170 (90p), 140 (106g), 120 
(125p), and 100 ( 150p) (U.S. Standard Testing Sieve, ASTM E-l 1 Spec
ification) for 3 min. Individual fractions from various mesh screens were 
packaged in polyethylene bags, labelled and stored at — 5°C.

Proximate analysis

Percent moisture, crude fat, protein, and ash contents of defatted un
stabilized and stabilized rice bran samples were determined according to 
AO AC procedures (1984).

Preparation of protein concentrates

Alkaline extraction procedures followed by isoelectric precipitation 
were used to prepare protein concentrates (Fig. 1). Defatted rice bran 
samples of varying particle sizes were dispersed in distilled deionizec 
water. A sample to water ratio of 1:4 was used for unsieved, 200 and 
170 mesh samples and a ratio of 1:5 was used for 140 and 120 mesh 
samples. For samples <  120 mesh, a ratio of 1:6 was used.

Rice bran samples were dispersed in water at appropriate dilutions 
and the pH was adjusted and maintained at 9.5 for 30 min stirring. After 
30 min the product was centrifuged at 10,000 X g for 30 min at ambient 
temperature to remove insoluble material. After centrifugation, the su
pernatant was adjusted to pH 4.5 with 1.0N HC1 to precipitate proteins 
and centrifuged again at 10,000 X g for 30 min. at ambient temperature 
The precipitate was washed with distilled deionized water (pH 4.5) arc
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T a b le  1— P ro x im a te  c o m p o s it io n  o f  d e fa tte d  u n sta b iliz e d  a n d  s ta b ilize d  rice  
b ran

S a m p le M o istu re  (% ) C ru d e  fat (% ) P ro te in  (% ) A s h  (% )

U D R B C 1 0 .05a 2 .63 1 5 .323 11.87
S D R B C 7 .6 7 b 2 .74 1 7 .72b 12.74

ab Mean values in the same column with different superscripts are significantly different
(P <  0.05).

c UDRB and SORB are unstabilized defatted rice bran and stabilized defatted rice bran 
respectively.

T a b le  2— M illin g  re c o v e ry d a n d  p ro te in  co n te n t o f rice  b ra n  p ro te in  c o n 
c e n tra te s

U n sta b iliz e d  S t a b iliz e d

M e sh  s ize R e c o v e ry , % P ro te in , % R e c o v e ry , % P ro te in , %

U n s ie v e d 7 2 .4 7 1 .5 a 72.2 5 0 .9 a
200 40.1 6 3 .3 b 40.2 5 0 .7 a
170 3.7 6 8 .0a 4.9 4 7 .3 b
140 3.7 7 0 .7a 4.9 4 3 .7 b
120 4.9 7 0 .9a 7.7 4 3 .1b
100 7.9 6 7 .7 a 4.7 3 8 .9 C

<  100 11.6 5 8 .4C 10.5 3 3 .5C

abc Mean values in the same column with different superscripts are significantly differ
ent {P <  0.05).

d Milling recovery calculated based on weight of the defatted material.

dispersed in a small amount of distilled deionized water (pH 7.0). The 
dispersed product was freeze-dried and stored at — 5°C.

Nitrogen solubility

Nitrogen solubility of the protein concentrates was determined by us
ing a modification of the procedure of Betschart (1974). Protein concen
trate solutions (1%) were made by weighing equivalent amounts of 
samples directly into 50 mL centrifuge tubes. Two tubes for each rep
lication were prepared and adjusted to 6 different pH levels (2.00, 4.00,
6.00, 8.00, 10.00, and 12.00) using 1.0, 0.1, or 0.0IN NaOH or HC1. 
The suspensions were shaken (Lab-Line Environ-Shaker, Lab-Line In
strument, Inc. Melrose Park, IL) at 250 rpm for 30 min and centrifuged 
at 5,000 X g for 15 min at ambient temperature. The supernatants were 
filtered (Whatman No. 4) and analyzed for nitrogen (AOAC, 1984), and 
nitrogen solubility was calculated:

Nitrogen solubility, % =
Nitrogen in supernatant 

Nitrogen in 100 g of sample
X 100

Amino acid analyses

Amino acid compositions of unstabilized and stabilized protein con
centrates from unsieved fractions were determined using an amino acid 
analyzer (LKB Biochrom Model 4400, LKB Biochrom Ltd., Science 
Park, Cambridge, England). Samples were hydrolyzed in 6N HC1 at 
128°C for 15 hr. A cation-exchange column was used for amino acid 
separation. A photometer output linked to a recorder (LKB 2220, Re
cording Integrator) was used to record total retention times for individual 
amino acids. The area under each peak was used to quantitate individual 
amino acids in the original mixture.

Electrophoresis

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS- 
PAGE) of the samples was performed according to Laemmli (1970). A 
Bio-Rad vertical slab gel electrophoresis unit model Protean™ and power 
supply model 3000 Xi (Bio-Rad Laboratories, Richmond, CA) were 
used. The stacking gel and separating gel were 8% and 12% polyacryl
amide respectively. Gels were scanned using a densitometer (Bio-Rad 
Model GS-670 Imaging densitometer).

Statistical analyses

Four replications of the fractionation and extractions were performed. 
A completely randomized design was used. Least square means proce
dures were used to separate means and differences reported were signif
icant at P <  0.05 (SAS Institute, Inc., 1984).

RESULTS & DISCUSSION 
Proximate composition

Proximate composition of commercially available defatted un
stabilized and stabilized rice bran samples showed differences 
in protein and moisture (Table 1). No differences were observed 
between defatted samples in fat content. Defatting samples twice 
with hexane did not result in complete removal of fat. The pro
tein contents of both unstabilized and stabilized rice bran were 
within the ranges reported (Luh, 1980).

Protein concentrates
Milling recovery and corresponding protein content of unsta

bilized and stabilized rice bran protein concentrates were com
pared (Table 2). Both samples showed a similar particle size 
distribution. A single grinding step resulted in much higher con
tent of 200 mesh fractions. Protein content of the concentrates 
prepared from different fractions showed differences (Table 2). 
Concentrates prepared from 200 mesh unstabilized rice bran had 
lower protein contents than those prepared from other fractions. 
Type a and b particles of rice bran as categorized by Pineda
(1976) with a particle size of 75p might be a major contaminant 
in 200 mesh fractions. These particles include several non-pro
tein components such as cellulose, hemicellulose, pentosans, and 
lignin. Protein extracted did not change as particle size de
creased from 170 mesh to 100 mesh. However, when the particle 
size was <  100 mesh, there was a significant decrease in protein 
extracted (P <  0.05). As particle size increased, the sample be
came less floury, more water binding and hence required a 
higher effective volume of extractant. Our pH of 9.5 was not 
effective in extracting protein from this fraction.

A significant reduction in percent protein extracted was ob
served in all fractions of stabilized rice bran when compared to 
unstabilized rice bran. As particle size increased, the extraction 
procedure became less effective. Protein concentrates from frac
tions of <  100 mesh had the lowest protein content (33.5%). 
Three different processes of heat stabilization of rice bran have 
been reported: retained moisture heating, added moisture heat
ing, and dry heating at atmospheric pressure (Sayre et ah, 1982). 
Extrusion cooking, a type of retained moisture heating, as used 
in the production of the stabilized rice bran we used, involves 
heating at 125-135°C. High temperatures involved in stabiliza
tion processes may affect protein solubility. Prakash and Ra- 
manathan (1994) reported a decrease in protein extractability 
due to heat stabilization. Protein solubility and extractability has 
been reported in the order: untreated >  acid stabilized >  par
boiled >  heat stabilized.

Reductions in particle size have been reported to increase ex
tractability of proteins from rice bran (Betschart et al., 1977). 
Milling and sieving resulted in reduction of particle size. How
ever, during milling, all components of rice bran such as cel
lulose, hemicellulose, lignin and pentosans, are reduced to dif
ferent particle sizes. Thus, besides proteins, other components 
of rice bran are also present in samples from every mesh size. 
Grinding of the sample after air classification was reported to 
increase the protein content of rice bran fractions. But, the fiber 
content of such fractions may be high (Houston and Moham
mad, 1966).

Protein concentrates prepared from unsieved fractions did not 
show any differences in protein content than the fractions with 
highest protein content. The milling yield of unsieved fraction 
was about 72%, nigher than the yield of other particle sizes 
(Table 2). Protein content of unsieved, unstabilized rice bran 
protein concentrate (URBPC) and stabilized rice bran protein 
concentrate (SRBPC) were 71.5% and 50.9% respectively. This 
was in agreement with values for protein content of similar sam
ples reported by Prakash and Ramanathan (1994) who used a 
higher pH (pH 11.0) for protein extraction. The protein contents 
of the URBPC we obtained were about 15% higher than those 
reported for concentrates obtained by alkaline extraction at pH

Volume 60, No. 5, 1995—JOURNAL OF FOOD SCIENCE—1067



RICE BRAN PROTEIN CONCENTRATE. . .
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Fig. 2—Protein content of concentrates as affected by pH of ex
traction. URBPC = unstabilized rice bran protein concentrate, 
SRBPC = stabilized rice bran protein concentrate.
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Fig. 3—Nitrogen solubility of rice bran protein concentrates at 
varying pH. URBPC = unstabilized rice bran protein concentrate, 
SRBPC =  stabilized rice bran protein concentrate.

9.0 (Chen and Houston, 1970; Bera and Mukheijee, 1988; Lan
ders, 1992).

pH 9.5 vs higher pH
Chen and Houston (1970) reported that the percent of protein 

extracted showed a linear increase from pH 7.5 to pH 11.0, and 
then decreased at pH 12.0 due to solubilization of nonprotein 
solids. Lew et al. (1975) prepared protein concentrate from rice 
bran by alkaline extraction at pH 11.0. It has also been reported 
that purity of proteins decreased when extracted at pH 12.0 
(Juliano, 1985). Besides resulting in a severe protein degrada
tion, alkaline pH may cause several changes in amino acids 
resulting in formation of lysinoalanine, lanthionine, and hence 
a decrease in nutritive value (DeGroot and Slump, 1969). A 
combination of high alkaline pH and high temperature resulted 
in protein degradation and undesirable flavor effects in rice bran 
protein concentrate (Lynn, 1969). Protein content of the con
centrates showed a steady increase as pH of extraction increased 
from 8.0 to 11.0 (P <  0.05) (Fig. 2). A significant increase in 
protein extractability of stabilized rice bran was observed at pH
11.0 compared to pH 10.0. It is possible to maximize extracta
bility of proteins from rice bran using a higher extraction pH. 
However it is important to retain the desirable attributes of the 
proteins, especially nutraceutical properties. The pH of extrac
tion should be of prime importance in view of its undesirable

T a b le  3— A m in o  a c id  c o m p o s it io n  o f r ic e  b ra n  p ro te in  c o n c e n tra te s 0

A m in o  a c id d U R B P C S R B P C

A s p 1 0 .57a 1 1 .50a
T h r 3 .8 6 a 3 .4 7 1 a
S e r 4 .5 8 a 3 .4 7 b
G lu 1 1 .91a 2 6 .6 2 b
G ly 6 .8 9 a 9 .4 0 b
A la 7 .8 6 a 6 .4 4 b
V al 7 .7 2 a 5 .2 7 b
Le u 9 .5 2 a 6 .0 0 b
T y r 3 .8 6 a 3 .1 1 a
P h e 5 .89 a 2 .4 7 b
H is 4 .9 6 a 8 .8 0 b
L y s 7 .0 8 a 6 .2 7 b
A rg 13.65a 1 6 .2 0 b

at> Mean values in the same row with different superscripts are significantly different
(P <  0.05).

c Mean of three replications. 
d Amino acid mg/100 mg of protein.

effects on native state of proteins. This is important for their 
antigenic properties.

Nitrogen solubility
Nitrogen solubility of proteins has widely been used to ex

press and predict the solubilities of protein preparations. Nitro
gen solubilities of URBPC and SRBPC were compared (Fig. 3). 
Over the pH range (2.00-12.00), both samples showed the low
est solubility at pH 4.0. Below and above this pH they showed 
a gradual increase in solubility. At pH 2.0 the samples had about 
40% solubility. Maximum solubilities for both samples were 
observed at pH 8.0, beyond which there was not much increase. 
Champagne et al. (1985) reported a possible interaction of cop
per and zinc with proteins at alkaline pH. Such an association 
could adversely affect protein solubility. Extraction procedures 
could be another factor affecting solubility of protein prepara
tions. Albumins and globulins were reported to be the major 
proteins of rice bran. The mean ratio of albumin:globulin:pro- 
lamimglutelin in rice bran were reported as 37:36:5:22 (Cagam- 
pang et al., 1966). Since globulins are only about 1/3 of rice 
bran proteins, neutral salts such as sodium chloride may not 
have a significant effect on solubility of rice bran proteins. How
ever, addition of sodium chloride and sodium dodecyl sulfate 
increased extractability of proteins in the pH range 2.00-6.00 
(Prakash and Ramanathan, 1994). In our results, although 
SRBPC samples showed much lower extractability, the nitrogen 
solubility of the protein concentrates were similar to that of 
URBPC. Stabilized rice bran had much lower protein solubility 
than untreated (Prakash and Ramanathan, 1994). However, those 
samples were extracted at pH 11.0. The lower pH of extraction 
we employed would have a relatively milder effect on protein 
denaturation and hence might increase solubility.

Amino acid content
Out of the 13 amino acids tested, the contents of 10 were 

different between stabilized and unstabilized bran (Table 3). 
Both samples had a high content of lysine, the first limiting 
amino acid in cereal proteins. No differences were found in 
threonine, tyrosine and aspartic acid contents. SRBPC samples 
had higher glutamic acid, glycine, arginine and histidine, while 
URBPC samples had higher serine, alanine, valine, leucine, 
phenylalanine, and lysine. Acid precipitated rice bran protein 
concentrates reportedly had higher protein efficiency ratio (PER) 
values (1.99) that were better than proteins of soybeans (0.7—
1.8), com (1.2) and wheat (1.0) (Liener, 1972). Maki and Ta- 
shiro (1983) reported that rice bran protein concentrate was rich 
in good quality protein and comparable to casein in terms of 
essential amino acids except tryptophan. The amino acid value 
for rice bran protein concentrate was reported to be 80, while 
casein had a value of 85 (FAO/WHO, 1973). Differences in 
individual amino acid contents between unstabilized and par-
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Fig. 4—SDS-PAGE of protein concentrâtes. Lane 1 = URBPC, 
Lane 2 = SRBPC, Lane 3 = MW Standards (BIO-RAD).

boiled rice bran have been generally reported around 10% (Luh,
1980). About 16% of the nitrogen in rice bran has been attrib
uted to non-protein nitrogen (Baldi et al., 1976). The difference 
between protein content and total amino acid recovered corre
sponds to the reported non-protein nitrogen content. Acid hy
drolysis at higher temperatures was not suitable to quantitate 
cystine, methionine, and proline. Reported data on amino acid 
composition of rice bran show wide variations. Apart from an
alytical procedures employed, rice variety and milling type seem 
to be sources of variations (Ronda and Soto, 1965).

The amino acid content and distribution of protein concen
trates we found were similar to reported data for rice bran pro
tein concentrates prepared at pH 9.0 (Bera and Mukherjee,
1988). However, the amount of protein extracted was about 20% 
more in our results.

SDS-PAGE

Electrophoresis of both protein concentrate samples revealed 
several components and differences in distribution pattern (Fig.
4). SRBPC was distinctly different from URBPC as evident 
from the absence of several components in the MW range 45 
kDa to 97 kDa. Densitometry also revealed several low molec
ular weight fractions in URBPC in the range of 13 kDa to 26 
kDa, most of which were absent in SRBPC. Protein denaturation

during stabilization might account for the absence of several of 
these components. The SRBPC sample revealed the presence of 
additional components in the MW range 21 kDa to 25 kDa, per
haps due to heat induced polymerization of proteins as a result 
of stabilization. Protein-polysaccharide interactions have been 
reported to occur in complex food systems (Ledward, 1994). 
During denaturation, unfolding of protein exposes charged sites 
that might interact with oppositely charged species from non
protein components. Such interactions might be responsible for 
altered protein extractions and precipitation. Lower extractabil- 
ity of proteins frcm stabilized rice bran under our conditions 
might be another reason for absence of certain components.

CONCLUSIONS
S ig n if ic a n t  d if f e r e n c e s  were found in protein concentrates 
from unstabilized and stabilized rice bran. Although the heat 
stabilization process inactivates lipases and extends keeping 
quality of rice bran, it results in an irreversible effect on quan
titative as well as qualitative protein recovery. Such samples had 
a decreased protein extractability, differences in amino acid con
tent and electrophoretic patterns. Methods of rice bran stabili
zation are an important factor to consider before producing 
protein ingredients from rice bran. Protein extraction procedures 
should be carefully controlled to produce protein concentrates 
with desirable functional properties. A pH of 9.5 might be con
sidered moderate but useful to prepare rice bran concentrates 
with >  70% protein. Extracting rice bran proteins in their least 
denatured state may be necessary to preserve nutritional and 
functional properties. Mild extraction conditions are important 
for producing protein concentrates and isolates from rice bran.
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p-Glucan Enrichment of Barley Fractions by Air Classification
and Sieving

BENNY E. KNUCKLES and MEI-CHEN M. CHIU

------------------------------  ABSTRACT ------------------------------
Barley (Steptoe, Crystal and/or Waxbar) was dry milled and fractionated 
by small scale air classifiers and batch or continuous feed sifters to pro
duce P-glucan-rich fractions. Sieving of barley (all cultivars) yielded 
fines fractions containing 88-90% starch and a final coarse enriched 
fraction containing 40-45% total dietary fiber including 16-19% fi-glu- 
cans and up to 82 pg/g total tocols. The enriched fraction was 20-25% 
(by wt) of the dehulled barley. The highest P-glucan content by air 
classification was 9% due to ineffective separation of fines (particles 
<45 pm). Dry fractionation of barley produced a value added enriched 
product enhanced in factors (ie. tocols, dietary fiber, P-glucans) which 
slow oxidation, lower cholesterol, moderate glycemic response and 
which provide unique functional properties in food systems.

Key Words: barley, beta glucan, enrichment, air classification, dry mill
ing

INTRODUCTION
B a r l e y  is high ir. dietary fiber which includes p-glucans. Di
etary fiber, consisting of plant cell wall remnants including all 
polysaccharides and lignin that are resistant to endogenous se
cretions of the human digestive tract, have been related to pre
vention and treatment of coronary heart disease and diabetes. 
Reduced risk of coronary heart disease is associated with low
ering of serum cholesterol and prevention/control of diabetes is 
associated with moderation of glycemic and insulin response. 
Studies of dietary fiber indicate that soluble fibers such as pectin, 
gums, and P-glucans (mixed linked (l-3),(l-4)-P-D-glucan) 
lower serum cholesterol (Anderson and Chen, 1979; Chen et al., 
1981; Fadel et ah, 1987; Klopfenstein and Hoseney, 1987; New
man et ah, 1989a; Wood et ah, 1989a; Newman et ah, 1992; 
Kahlon et ah, 1993) and moderate glycemic and insulin response 
(Jenkins et ah, 1977; 1980; Kiehm et ah, 1976; Anderson and 
Ward, 1979; Potter et ah, 1981; Yokoyama et ah, 1993). Alpha- 
tocotrienol and cereal fractions containing it have been reported 
to lower serum cholesterol by inhibition of 3-hydroxy-3-meth- 
ylglutaryl coenzyme A (HMG-CoA), the first rate limiting en
zyme in cholesterol biosynthesis (Qureshi et ah, 1985, 1986,
1991). The a-tocotrienol, a-tocopherol (vitamin E), other to- 
copherols (T), and tocotrienols (T3) contribute effective anti
oxidant activity (Gapor et ah, 1989) which may protect unsat
urated lipids in membrane tissue against peroxidation (Scott, 
1978; Burton and Traber, 1990).

Incorporation of milled whole cereal into food systems (ie. 
breads, pasta, etc) is limited due to undesirable effects on color, 
texture, and/or loaf volume. Use of enriched fiber and p-glucan 
fractions from barley have enabled preparation of acceptable 
muffins, breads, and pasta (Hudson et ah 1992; Knuckles et ah, 
1992a) with significantly increased dietary fiber and p-glucan 
content.

Dry fractionation of cereals to produce fractions enriched in 
fiber and p-glucans may provide an economic advantage over 
methods utilizing solvents to produce p-glucan-rich fractions 
from oats (Inglett, 1993; Wood et ah, 1989b). Utilization of

Authors Knuckles and Chiu are affiliated with the USDA-ARS  
Western Regional Research Center, 800 Buchanan St., Albany, CA 
94710.

solvents requires the additional cost of solvent removal and/or 
recovery. Barley fractions produced by grinding with roller mills 
or hammer mills and particle fractionation by screening or air 
classification yielded fractions enriched in P-glucan and tocols 
(Bach Knudsen and Eggum, 1984; Danielson et ah, 1994; 
Foehse, 1991; Bhatty, 1992; Wang et ah, 1993). Generally, (3- 
glucan concentrations of these fractions were <  16%. Laboratory 
studies at the USDA’s Western Regional Research Center dem
onstrated that barley fractions containing 19% p-glucan could 
be produced (Knuckles et ah, 1992b).

Our objective was to carry out pilot scale fractionation of 
barley to produce a P-glucan-enriched fraction for product de
velopment (bread, muffins, and pasta) and studies of glycemic 
properties and cholesterol levels in animals, and humans. Air 
classification, batch, and continuous sifters were compared as 
methods for fractionation.

MATERIALS & METHODS
Barley

The barleys were Steptoe (ARCO registered seed, 1989, Trost Feed 
& Seed Co., St. Anthony, ID), Crystal (pearled, 1991, Wallace Grain & 
Pea, Palouse, WA) and Waxbar (cleaned, 1991, Western Plant Breeders, 
Bozeman, MT). Waxbar is a “ waxy hull-less” type barley, whereas, 
Steptoe and Crystal are normal starch, covered type barleys. Previous 
work has shown waxy types to be higher in p-glucans than normal starch 
barleys (Xue et ah, 1991).

Process equipment and descriptions

Preparations of P-glucan-rich fractions required multiple milling and 
separation steps. Crystal, Steptoe. and Waxbar barley were ground and 
sieved (325 mesh) in three successive steps where the coarse fractions 
of preceding steps were reground and resieved. Fractions A, B, and C 
were the fines (<325 mesh) from the three processing steps, respectively. 
Fraction D was the coarse (>325 mesh) fraction from the third process
ing step. The fines fractions A, B, and C would likely be combined in 
a production process although they were kept and analyzed separately 
to aid in monitoring and evaluating the P-glucan enrichment process. 
Crystal barley was used when some individual pieces of equipment were 
evaluated on a one pass basis.

Milling. Steptoe barley (230 kg) was dehulled at 230 g/min in a one- 
pass rice whitening machine (Satake Engineering Ltd., Tokyo, Japan) be
fore milling. Crystal and Waxbar barleys were milled as received. A 
small-scale hammer mill (PMCO, model 2 DFL Flosokawa Micron, Sum
mit, NJ) fitted with 0.254. 0.686 or 1.18 mm screens was used to prepare 
milled Crystal barley flours #1-3, respectively. Feed rate to the mill was 
— 136 kg/hr. A hammer mill (Pulvacron, Bepex PC-20, Hosokawa Micron, 
Summit, NJ) was used to prepare Crystal barley flour #4. The feed rate 
to the mill was —365 kg/hr. The hammer mills were not available for 
sieving studies. A pin mill (Alpine, model 160 Z. Hosokawa Micron In
ternational, Inc., Summit, NJ) was used to prepare Crystal barley flour #5, 
Steptoe, and Waxbar flours for sieving studies. Feed rate to the pin mill 
was 16.2 kg/hr, measured for 5 kg of feed several times during processing.

Air classification. Crystal barley flours #1-3 and remilled coarse frac
tions from flour #3 were separated into coarse and fine fractions by 
small-scale air classification (Raymond air-classifier, —20 cm model, 
Raymond Pulverizer Div., A A B Raymond, Niles, IL). The weights of 
coarse and fine fractions were recorded. Crystal barley flour #4 (900 kg) 
was fractionated in a large-scale air classifier (Alpine, model MS-2, Ho
sokawa Micron, Summit, NJ). Only weight, particle size distributions 
and (3-glucan analyses were made on air classification fractions since fi- 
glucan enrichment was low.
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T a b l e  1 — P e rce n t c o a rs e  
fra c t io n s

p a rt ic le s  ( >  4 5 p m , <  3 0 0  p m ) in m ille d  b a rle y

B a rle y /F ra c tio n 3 M illb
S c r e e n  s ize  

m m

C o a rs e
p a rt ic le s

%

C r y s t a l

P e a rle d  (#1) D H 2 0 .2 5 4 34.2
P e a rle d  (#2) D H 2 0 .68 6 43.0
P e a rle d  (#3) D H 2 1.180 57.4
P e a rle d  (#4) P u lv a c ro n — 56.6
P e a rle d  (#5) P in  m ill — 45.5
1st C o a r s e  fra ct io n D H 2 1.180 73.1
1st C o a rs e  fra ct io n P in  m ill — 72.7
2 nd C o a rs e  fra ctio n D H 2 1.180 8 1 .0
2 nd C o a r s e  fra ctio n P in  m ill — 8 1 .3

S t e p t o e

D e h u lle d P in  m ill — 47.2
1st C o a rs e  fra ctio n P in  m ill — 65.3
2 nd C o a rs e  fra ctio n P in  m ill — 7 8 .4

W a x b a r

C le a n e d P in  m ill — 48.7
1st C o a rs e  fra ctio n P in  m ill — 6 8 .6
2 nd C o a r s e  fra ctio n Pin  m ill — 8 2 .0

3 Numbers in parentheses are flour identifications given in the text. 
b DH2 and Pulvacron are small and large scale hammer mills, respectively.

T a b l e  2 — Y ie ld  o f  b a r le y  fra c t io n s 3

F ra ct io n S te p to e C ry sta l W a x b a r

M ille d  b a rle y 0 100.0 100.0 100.0
A 5 3 .6a ±  2.7 5 6 .5a ±  2.4 2 2 .9 b ±  1.7
B 16.7 b ±  0.7 14.8b ± 1 .6 3 8 .3a ± 1 .1
C 7 .0 b ± 0 .5 8 .9 b ± 2 .8 16.4a ±  3.9
D 2 4 .5 a ± 2 .0 19.9a ± 2 .8 2 5 .1 a ± 3 .9

a>b Means ± std dev (Steptoe, n = 10; Crystal, n = 5; Waxbar, n = 5) are reported on
a dry weight basis. Steptoe was fractionated in a batch-type sieve. Crystal and 
Waxbar were fractionated in a commercial continuous-feed type sieve. Within 
rows, values followed by the same superscript letter are not significantly different 
(P < 0.05).

c Unfractionated barleys either dehulled, pearled or cleaned as described in text.

Batch-type sieving. Milled Steptoe barley and remilled coarse frac
tions (500 g/screen) were sieved for 1 hr in a custom-made set of 10 
stainless steel screens (325-mesh, 30 cm X 60 cm) with trays for col
lecting fines. The stack of screeris/trays was shaken on a rotary action 
shaker of a flour mill (C. W. Brabender Instruments Inc., South Hack
ensack, NJ). Fractions from each set of 10 screens and trays were com
bined and weighed. Coarse fractions were reprocessed.

Continuous-type sieving. Pin milled Crystal barley flour #5 (22.68 
kg) and Waxbar barley flour (22.68 kg) were fractionated in a continuous 
feed sifter (Tru-balance sifter, model 51 IS, Great Western Mfg. Co., 
Inc., Leavenworth, KS) fitted with three screens (325-mesh, 60 X 60 
cm) in series and fed at varying rates by a screw type feeder (model 
FDFM C/2, 2.54 cm outlet, Acrison Inc., Moonachie, NJ). Feed rate was 
determined 4 times during sieving by totaling the weights of two streams 
(fines and coarse) collected in 0.5-hr periods. Coarse fractions were re
processed.

Analytical methods

Test sieving. As a measure of degree of grinding and effectiveness 
of separations, fractions ( lO.Og) were test sieved using 20 cm, U S. Stan
dard screens (50, 200 and 325 mesh) with openings of 300, 75 and 45 
pm, respectively. The screens were shaken on a Ro-tap testing sieve 
shaker (W. S. Tyler Co., Cleveland, OH) for 1 hr. Nylon rings were 
used as sieving aids.

Composition. The various fractions were analyzed for ether extrac
tives, ash and protein (N X 6.25) (AOAC, 1980). Total and soluble 
dietary fiber were determined by the methods of Prosky et al. (1984,
1988). Starch was determined using the AACC method 76-11 (1983) 
with minor modification by Knuckles et al. (1992b). Beta-glucans were 
determined by the methods of McCleary and Glennie-Holmes (1985) and 
McCleary and Nurthen (1986). The enzymes for (3-glucans assay were 
supplied by Megazyme (North Rocks, Australia). The soluble and in
soluble (3-glucans were separated as described by Knuckles et al. (1992b) 
in a manner similar to that reported by Aman and Graham (1987).

Tocopherols and tocotrienols. The tocopherols (T) and tocotrienols 
(T3) collectively identified as tocols were analyzed by an HPLC method. 
Tocol extraction was by a method adapted from that of Peterson and

Qureshi (1993). The use of tetrahydrofuran/hexane as mobile phase was 
suggested by the wo-k of Gapor et al. (1981). Sample (l.Og), ground to 
pass a 0.2 mm screen (Udy mill, Fort Collins, CO), was extracted in a 
sealed 12-mL tube with 10.0 mL methanol (magnetic stirrer for 30 min, 
22-25°C). After centrifugation (2 min, 3000 X g), the extract (8.0 mL) 
was evaporated under vacuum in a 50-mL round bottom flask warmed 
in a water bath (30°C). The residue was extracted with 2.0 mL hexane 
(2.0 min) which was dried by shaking with 0.3g anhydrous Na,S04 (2.0 
min) and centrifuged (2.0 min, 3000 X g ) .  Care was taken to reduce 
exposure to light ard oxygen by using amber or red containers and 
sparging and blanketing solvents/extracts with argon.

The hexane extract (20.0 pL) was immediately injected on to a silica 
HPLC column (3.9 X 150 mm, 4 pm. Nova-Pak®. Waters Division. 
Millipore Corp., Milford. MA) and eluted using hexane/tetrahydrofuran 
(97.5/2.5) at 0.5 mL/min. Detector response for both tocols decreased as 
much as 10-20% in 2 hr. Tocols were quantitated by monitoring HPLC 
elution at 295 nm excitation and 330 nm emission and calculating con
centrations using regression equations of peak area vs individual tocol 
concentration (r? > 0.995). The monitor was a luminescence spectrometer 
(model LS-5, Perkin Elmer. San Jose, CA) with output to a chromato
graphic data handling system (Hewlett Packard, Pleasanton, CA). Au
thentic a-, (3-, 8-, and y-tocol standards chromatographed alone and in 
mixtures with sample extracts were used for peak identification. Samples 
of authentic tocols were gifts from Drs. A. A. Qureshi and D. Peterson 
(USDA-ARS, Madison, WI). A reference sample of tocol-rich palm oil 
of known tocol concentrations was a gift from Dr. K. H. Loke (Palm 
Oil Research Institute, Kuala Lumpur, Malaysia). Data for the regression 
equations were generated from 20 pL injections (3) at four tocol levels. 
Aliquots (5, 10, 15, 20 pL) of a stock solution of mixed tocols in hexane 
was diluted to 1.5 n L  with hexane. The stock solution contained, in 
pg/mL. a-tocopherol (571.2), a-tocotrienol (1267.6). (3-tocopherol
(150.0) , -y-tocopherol (100.0), (3-tocotrienol (180.3). y-tocotrienol
(646.0) , 8-tocopherol (200.0) and 8-tocotrienol (172.6).

Statistical evaluations. Means, regression equations, and Tukey's 
pairwise means comparisons with critical range were calculated using 
statistical software version 3.2 (Systat Inc.. Evansville. IN).

RESULTS & DISCUSSION
Milling

Hull removal from the Steptoe barley by the rice whitening 
machine was incomplete although weight (18%) removed as hull 
exceeded the theoretical weight (13.4%) removed by hand 
(Knuckles et al., 1992b). Complete removal of hull in the crease 
region of the kernel would remove substantial amounts of un
derlying endosperm. Others reported removing 20-30% of bar
ley weight as hull fraction (Vose and Youngs, 1978; Foehse,
1991).

Heat, sufficient to melt a plastic (bag) collection bin liner, 
was generated during pin milling of dehulled Steptoe barley at 
an undetermined feed rate >16.2 kg/hr. By keeping the feed 
rate below 16.2 kg/hr, product in the collection bin did not ex
ceed 40°C. Overheating was not apparent during pin milling of 
the coarse (>45 pm) Steptoe fractions at feed rates to 37.8 kg/hr 
or during hammer milling of Crystal and Waxbar barleys where 
feed rates to the FMCO hammer mill and Pulvacron were 164 
and 350 kg/hr and 300 and 500 kg/hr, respectively.

Flours of comparable coarse particle (>45 pm, <300 pm) 
content were produced by the different mills (Table 1). Sixty to 
85% of the particles in the flours were <  150pm. The flours 
tended to have larger particles than those (66% <15 pm) pro
duced by Vose and Youngs (1978) but smaller than those from 
roller milling (42% >250 pm) (Bhally, 1993). Foehse (1991) 
recommended that barley be milled such that 90% of particles 
be <600 pm with >50% being >200 pm.

Sieving

Yields of (3-glucan-enriched fraction D from the three barley 
cultivars obtained by batch- or continuous-sifting were not dif
ferent (Table 2). These fraction D yields were in the range 
(17.5-24%) reported when hulled and hull-less barleys were 
processed (Knuckles et al., 1992b; Foehse, 1991). Yields of 
fractions A, B, and C from Waxbar were different (P < 0.05)
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Table 3— N itro g e n , fat, a s h  a n d  s ta rc h  co n te n t (% , d ry  b a s is )  o f  b a r le y  fr a c 
t io n s 3

B a rle y /F ra c tio n N itro g e n Fat A s h S ta rc h

Steptoe1’
W h o le  g ra in 1.99 2.95 2 .54 6 8 .90
H u ll 1.41 3 .40 6 .74 2 7 .99
D e h u lle d 2.02 2.57 1.82 7 8 .4 4
A 1.97 2.17 1.55 9 0 .69
B 2.04 2.67 1.66 8 4 .2 4
C 2.07 3 .43 2.00 7 8 .27
D 2.05 3.71 3.73 5 5 .10

Crystal0
P e a rle d 1.78 2.90 1.33 7 9 .5 4
A 1.54 2.58 1.13 8 6 .75
B 2.68 2.67 1.36 8 5 .2 4
C 1.50 2.71 1.38 8 1 .5 8
D 2.38 4.17 2.53 6 2 .5 4

Waxbar*
C le a n e d 1.55 2.51 2 .23 8 0 .4 6
A 1.51 1.92 1.63 88.57
B 1.57 1.90 1.90 8 8 .32
C 1.66 2.41 2.21 6 6 .3 3
D 2.09 3.40 3.14 4 7 .03

LSDo.o5d 0.05 0 .46 1.55 6.31

a Nitrogen, fat and ash, n =  2. Starch, n =  3. Moisture (all samples) =  
b Pin milled then sieved in a batch-type sifter. 
c Pin milled than sieved in a commercial continuous-feed sifter. 
d Least significant difference.

9.3-10.8%.

Table 4— D ie ta ry  f ib e r  a n d  p -g lu c a n s  co n te n t (% , d ry  b a s is )  o f  b a r le y  fra c 
t io n s 3

B a rle y/
F ra ct io n

D ie ta ry  fib e r ß -G lu c a n s

T o ta l S o lu b le In so lu b le T o ta l S o lu b le  In s o lu b le

Steptoe1’
W h o le  g ra in 2 2 .32 3 .64 18.68 4.36 2 .04 2.29
D e h u lle d 17.18 6 .00 11.18 5.76 2.91 2.83
A 4.24 1.03 2.97 0 .80 0.41 0 .36
B 9.19 5.48 3 .25 3 .20 1.52 1.36
C 15.03 6.11 8.62 6.53 3 .30 3 .14
D 4 5 .08 19.88 2 2 .20 18.32 9.51 9.51

Crystal*
P e a rle d 13.72 3.51 6.62 5.73 1.66 3.70
A 5.06 1.28 2 .46 1.46 0.42 0 .59
B 6.51 2.15 3.72 5.62 0.82 1.53
C 11.74 3.63 6.39 5.26 1.74 3 .24
D 4 3 .10 9 .90 16.38 17.55 7.60 9 .48

Waxbar*
C le a n e d 13.93 4.73 8 .23 5.98 1.77 3 .58
A 5.29 2.75 4.60 1.99 1.21 1.46
B 6.48 3 .12 5.90 2.21 1.05 1.62
C 15.46 7 .58 11.00 5.88 2.34 4.58
D 3 6 .9 0 17.27 2 1 .28 15.75 6.41 9.41

LSD o .0 5 d 0.64 0.81 0.98 0 .52 0.73 0 .76

a Values were means of 3 triplicates 
b Pin milled then sieved in a batch-type sifter. 
c Pin milled then sieved in a commercial continuous-feed sifter. 
d Least significant difference.

from yields of similar fractions from Steptoe and Crystal due to 
impeded passage of fine particles. Removal of the fine particles 
by test sieve (US Standard 325-mesh) resulted in calculated the
oretical yields for Waxbar fractions A, B, and C (51.4, 17.7 and 
5.8%, respectively) which were not different (P < 0.05) from 
yields from Steptoe and Crystal barley.

During sieving, strong attractions between particles prevented 
movement of the fine (<45 pm) particles to and through 
screens. These particles tended to block screen openings and 
form either a caked mass or balls which rolled around on the 
screens. The use of felt covered pads and nylon rings on top of 
the screens and small plastic balls and nylon bristle brushes in 
the trays collecting the fines was essential for facile separation 
of fines. Ease of particle separation depended on barley variety 
and the amount of fines in the feed material.

Crystal was more easily fractionated in the continuous sifter 
than Waxbar. At a feed rate o f —3.5 kg/hr, coarse fractions from 
Crystal, with 54.5% fines before sieving, were almost fines free 
(<1% ), whereas, the coarse fractions from Waxbar, with 51.3% 
fines before sieving, contained 45% fines. Difficulties in contin

uous sieving were greatest when feed material had >25% of its 
particles as fines. When Waxbar, with 34% fines, was fed at 2.6 
kg/hr, up to 75% of the fines remained in the coarse fraction. 
Reducing the feed rate to 1.1 kg/hr reduced the fines in the 
coarse fraction to 1-2%.

A more effective alternative than slowing the feed rate to 
attain separation, was to add back some previously separated 
coarse fraction (>45 pm particles). When Waxbar (39% fines) 
was diluted to 26% fines (2 parts feed to 1 coarse fraction) and 
sieved at 5.7 kg/hr, 25% of the material was collected as fines. 
Thus, feed rate of unffactionated Waxbar was increased 3.45 
times while fines in the coarse fraction remained <1%.

The fine particle size (99% >45 pm and 85-90% <  150 pm i 
of the (3-glucan-enriched fraction D could affect the viscosity, 
water absorption and other factors contributing to the quality of 
food products to which it is added. For example, rice flour with 
fine particles had higher water retention and produced smaller 
denser loaves of bread than flour with larger particles (Nishita 
and Bean, 1982). Also, particle size of barley flour affected 
physicochemical and breadmaking quality (Bhatty, 1986; Pos
ner, 1991). Particle size may have contributed to qualities of 
baked products containing a barley fraction similar to D (Hud
son et al., 1992; Knuckles et al., 1992a).

Air classification
Milled Crystal barley flours #1-3 were fractionated into 

coarse and fine fractions using the small scale air classifier. Re
coveries, as coarse fractions, were 28.9, 43.0 and 56.3%, re
spectively. The (3-glucan contents (7.9, 5.8 and 6.2%, 
respectively) of these fractions were less than twofold higher 
than the 4.5% in the feed material. Two further millings and 
separations of Crystal flour #3 yielded 35% as coarse fraction 
D containing only 8.9% (3-glucan. Separations made with the 
large air classifier using Crystal flour #4 contained less (3-glucan 
than those with the small unit. Separation in the large air clas
sifier, at 400 and 500 kg/hr, yielded coarse fractions (55.5 and 
52.8%, respectively) containing 5.0 and 5.2% (3-glucan. Test 
sieving showed that these coarse fractions contained 10-15% 
particles <45 pm in size with <2%  (3-glucan and fine fractions 
contained 5—15% particles >45 pm in size with 5-6% (3-glucan. 
Thus, (3-glucan enrichment did not occur. These limited studies 
suggest the possibility that fractions containing >10-12%  (3- 
glucan would be difficult, if not impossible, to produce by air 
classifiers although reports state that air classifiers can produce 
fractions with 16-24% (3-glucan (Danielson et al., 1994; Foehse,
1991). One air classifier used by Foehse (1991) had screens in 
the air stream.

Composition
In most cases, protein, fat and ash were highest in fraction D 

and lowest in fraction A increasing in succeeding fractions (Ta
ble 3). Protein in fraction D was up to 40% higher than in 
corresponding dehulled barley but did not reach the two-fold 
increases obtained by air classification of grains (Vose and 
Youngs, 1978). Protein recovery in fraction D was similar for 
the three barleys (25-27%). Starch content was highest in the 
A fractions and decreased in succeeding fractions. Starch con
tent (90%) in fraction A from Steptoe approached the 92% of 
high purity com starch. Starch content of the fine fractions 
tended to be higher than in starchy fractions produced earlier 
during dry fractionation of grains (Knuckles et al., 1992b; Vose 
and Youngs, 1978; Pomeranz et al., 1971). Starch recovered in 
fraction D was similar for the 3 barleys (15-17%), but starch 
recovered in fraction A differed between Waxbar (25%) and 
Steptoe and Crystal (62%). Fraction B from Waxbar contained 
more starch (42%) than fraction B from Steptoe ( 18%) or Crys
tal (16%).

Total and soluble dietary fiber content of fraction D was 2.5 
to 3.7 times that in dehulled barley (Table 4). The ratio of sol
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uble to insoluble fiber was similar for dehulled Steptoe, Crystal 
and Waxbar barleys (0.54, 0.53 and 0.57, respectively) but dif
fered in the enriched fraction D from these barleys (0.90, 0.60 
and 0.81, respectively). Dietary fiber levels in fraction D were 
higher than those (total, 20%, soluble, 6.9% and insoluble, 
11.7%) in bran fractions produced by roller milling of several 
other barley cultivars (Bhatty, 1993) differing from those we 
used. Total dietary fiber recovered in fraction D was 63-66%. 
The other fractions contained 6-20% of dietary fiber depending 
upon barley and fraction.

Beta-glucans were also enriched by dry milling and sieving. 
Removal of hull from Steptoe barley increased fi-glucan content 
from 4.4% to 5.2%. The hull contained only 0.5% (3-glucan. 
Beta-glucan concentration was lowest in fine fraction A and 
increased in succeeding fine fractions B and C. The high recov
ery (61-78%) of total (3-glucans in the coarse fraction D resulted 
in concentrations from 16-18% (Table 4). Forty to 50% of the 
(3-glucan was soluble in water. The (3-glucan concentrations in 
D fractions were higher than the 5-12.5% in barley bran and 
shorts from roller milling (Bhatty, 1992; 1993). The ratio of 
soluble to insoluble (3-glucans differed among dehulled Steptoe 
(1.03), Crystal (0.45) and Waxbar (0.49). This ratio increased 
with processing of Crystal and Waxbar but not with Steptoe. 
Selection of barley based on attainable soluble (3-glucans con
tent has been suggested by reports that soluble (3-glucans may 
be a better predictor for lowering serum cholesterol than dietary 
fiber or total (3-glucans (Newman et al., 1992).

Fraction D could be used to increase fiber and (3-glucans con
tent or possibly replace fat in food products. When a similar 
fraction was substituted for part of the flour in breads, muffins 
and pasta, panelists rated the products acceptable (Hudson et al., 
1992; Knuckles et al., 1992a). An oat product containing (3- 
glucan-amylodextrins reportedly could reduce fat content of des
serts (Inglett, 1990). Consumption of such fortified products 
should reduce the risk of coronary heart disease and aid in con
trol of diabetes. Published studies indicate (3-glucans lower se
rum cholesterol and dietary fiber lowers blood glucose response 
in diabetics. Such health benefits may be related to factors such 
as viscosity which affects the gastrointestinal system (Newman 
et al., 1989b). Consideration of barley cultivar to be processed 
may be prudent since viscosities of (3-glucans differ among cul
tivars (Xue et al., 1990; Bhatty, 1992).

Tocopherol and tocotrienol concentrations differed among 
barley fractions (Table 5). Generally, tocol concentrations in 
Steptoe fractions were higher than those in similar fractions of 
Crystal or Waxbar. Peterson and Qureshi (1993) reported gen
otype differences for most tocols. Generally, the highest to
copherol levels were found in the Steptoe hull fraction possibly 
because the germ and aleuron were removed with the hull frac
tion. Individual tocotrienol levels were higher than correspond
ing tocopherol levels. These trends in tocol concentration were 
in agreement with results reported by Peterson (1994). Although 
tocols were concentrated in various fractions, they were not con
centrated to levels (205 |tg/g) attained during pearling of waxy 
hull-less barleys but were similar to concentrations found in 
roller milling fractions (Wang et al., 1993). Tocol concentrations 
were moderated since recoveries in any one fraction were 
<50%. The highest total tocols recoveries were in fraction A 
from Steptoe (44%) and Crystal (50%). About 1/3 of the tocols 
were recovered in fraction D. Total T3 concentrations in fraction 
D from Steptoe, Crystal and Waxbar were 73.4, 41.1, and 64.5 
p.g/g, respectively. The highest levels approached the 80—100 
|ig/g tocotrienols in brewer’s grain fractions which reduced 13- 
hydroxy- (3-methylglutaryl Coenzyme A reductase activity and 
reduced levels of total serum cholesterol and low density lipo
protein (Qureshi et al., 1991). The tocols may contribute to re
duced lipid oxidation which alters sensory properties/nutritive 
values of fats. Tocotrienols (200 ptg/g) had significant antioxi- 
dative properties (Gapor et al. 1989) and tocopherols have re
duced lipid oxidation (Burton and Traber, 1990).

CONCLUSIONS
B a r l e y  c a n  b e  m il l e d  by hammer or pin mills and sieved to 
produce fractions enriched in dietary fiber, (3-glucans and tocols. 
Separation of fine particles requires recycling of coarse fraction 
to the feed, or use of physical sieving aids (felt pads, brushes). 
Under our conditions, air classification was a less effective par
ticle separation technique than sieving.
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Color Retention in Red Chile Powder as Related 
to Delayed Harvest

EDITH ISIDORO, DONALD J. COTTER, GEORGE C.J. FERNANDEZ, and G. MORRIS SOUTHWARD

--------------------------------  A B S T R A C T  --------------------------------
Color retention in chile powder was studied using two mildly pungent 
long red chile (Capsicum annuum L.) cultivars, ‘New Mexico 6-4’ and 
‘NuMex R Naky’. Pods of different maturities were harvested immedi
ately after the first severe fall freeze and again 4 and 8 wk after the 
freeze. After each harvest pods were dried, ground, and immediately 
analyzed for color. Powder was stored at 2°C and re-analyzed for color 
at 4 wk intervals. Color loss in whole pods from the field and the stored 
powder showed linear and quadratic trends. Initially, delaying harvest 
resulted in color loss in red chile but color in powder from later harvests 
was more stable and was retained better after 8 wk storage than powder 
from the first harvest after the same length of time.

Key Words: red chile, delayed harvest, red color, pod maturities

IN T R O D U C T IO N
C h il e  p e p p e r  (Capsicum annuum L.) is an important food and 
flavor ingredient in many countries throughout the world. New 
Mexico ranks first in U.S. production of this vegetable. In the 
United States there have been increased markets for ethnic foods 
such as traditional southwestern dishes which contain chile. Red 
chile also adds color to foods which comes from the carotenoid 
content of the peppers. Understanding factors affecting color in 
peppers is of interest to spice and food coloring industries 
worldwide.

Pod maturity studies consistently have shown more mature 
pods to have higher total and more varied forms of carotenoids 
(Rahman and Buckle, 1980). Simpson et al. (1974) found phy- 
toene, phytofluene, a-carotene, and lutein are not in fully mature 
pepper pods; while less mature peppers contained these carote
noids but lacked other carotenoids. Several studies have shown 
cultivar differences in both types and total carotenoid contents 
of peppers (Davies et al., 1970; Almela et al., 1991).

The loss of color in chile powders has been attributed to au- 
toxidation of carotenoids (Camevale et al., 1980). Such degra
dation is affected by the level of natural antioxidents, ascorbic 
acid and tocopherol (Lantz, 1943; Rahman et al., 1978; Biacs 
et al., 1992), the relative stabilities of different types of carot
enoids, lipid and moisture content (Ramakrishnan and Francis, 
1979a, b, 1980).

Limited processing facilities and adverse weather conditions 
may prolong harvesting seasons. In New Mexico harvesting nor
mally begins in late September but may extend into February. 
Few studies have compared loss of color in whole pods left in 
the field after the first killing frost with that of powder from 
pods harvested immediately after the first killing frost. Isidoro 
et al. (1990) reported that color loss in whole pods left outside 
was less than in powder stored in the dark at 4°C. No published 
studies have reported color loss in powder from pods left in the 
field for extended periods after the first killing frost. Using pods

grown during the 1983 growing season in the Mesilla Valley, 
our objective was :o determine any effects of pod maturity, cul
tivar, time of harvest and length of storage on the stability of 
color in red chile powder.

M A T E R IA L S  & M E T H O D S
‘NuMex R Naky’ and ‘New Mexico 6-4’ were planted in the Mesilla 
Valley of southern New Mexico on March 14, 1983 and managed under 
a growing regime approximating practices used by commercial growers. 
The two cultivars were selected because they are releases of New Mex
ico State University developed for the commercial market. ‘Nu Mex R 
Naky’ was specificafy developed to have a high carotenoid content for 
production of red chile fNakayama and Matta, 1985). On September 12, 
1983 six uniform plots (replicates) of each cultivar were designated and 
75 pods of three maturity stages (25 for each maturity) in each plot were 
tagged for later harvest. The pod maturities were (1) early pod set (pods 
produced on the first three branching nodes and bright red at tagging 
time); (2) mid-season pod set (pods on fourth through sixth branching 
nodes and chocolate and green color); and (3) late pod set (mature green 
fruit developing along the upper dominant branches). Harvesting of 
tagged pods began after the first killing frost on November 9. Five pods 
from each plot were harvested at 28 day intervals and oven dried at 
60°C. After 5 days at 60°C, pods were washed in a detergent solution 
to clean off soil and other debris that might interfere with carotenoid 
extraction or detection, rinsed and redried for 2 more days.

Dry pods with stems attached were ground in a Wiley mill to pass a 
1 mm screen. A representative powder sample of each plot was placed 
in a small lab dryer (60°C) for —16 hr prior to color analysis. The 
remainder was stored in brown plastic vials (2.8 X 7 cm) at 2°C for 
future color analysis at 28-day intervals.

Dried chile powder from each sample was analyzed for red color by 
a modified procedu-e of the American Spice Trade Association’s 
(ASTA) official analytical method (Horwitz, 1980). Dry powder (—70 
mg) was placed in 125 mL flasks and extracted by soaking in 50 mL of

Color value (ASTA units) of chille powder immediately after harvest

Cultivar

Color value in A ST A  units

M EAN  

94.83 c

138.33 b 

135.83 b

120.67 b

171.67 a 

178.50 a

Author Isidoro is a former graduate student. Dept, of Horticulture, 
New Mexico State Univ., Las Cruces, NM 88003; present address: 
3900 Sheckler Road, Fallon, NV 89406. Author Cotter is professor 
emeritus, Dept, of Agronom y and Horticulture, New Mexico State 
Univ. Author Fernandez is an assistant professor in Plant breed- 
ing/Biometrics, Dept, of Agricultural Economics, Univ. of Nevada, 
Reno, NV 89557. Author Southward is professor, Dept, of Exper
imental Statistics, New Mexico State Univ., Las Cruces.

Legend: Cultivar : 1: New Mexico 6-4 2: Numex R Naky

Pod Maturity: 1: Early pod set 2: Mid-season pod set 3: Late pod set

Fig. 1—Cultivar and time of pod maturity effects on color value 
in red chile powder immediately after harvest. Means followed 
by the same letters are not statistically significant based on Wal- 
ler-Duncan's T test (K-ratio = 100).
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acetone for 4 hr. A sample of the acetone containing carotenoids was 
placed in a cuvette and absorption recorded at 460 nm with a spectro
photometer. The ASTA values were determined by comparing the ab
sorbance values of each sample with the absorbance of 0.4966 of a 
National Bureau of Standards (NBS) filter. The comparison was made 
by the equation: ASTA =  absorbance X NBS X 4.1 X sample wt.

The data were analyzed as a split-plot design. Two cultivars were 
designated as the mainplot in a randomized complete block design with 
six replications and the three stages of maturity were treated as the sub
plots. Time of harvest and length of storage were treated as two repeated 
measures. The statistical significance of each factor and their interactions 
were tested by multivariate test (Wilk’s Lambda) and repeated measures 
ANOVA F-test with H-F adjustment (Littell et al., 1991).

R E S U L T S  & D IS C U S S IO N
E a c h  p o d  m a t u r it y  of ‘NuMex R Naky’ had more color than 
the corresponding pod maturity in ‘New Mexico 6-4’ (Fig. 1). 
In this study ‘NuMex R Naky’ had higher ASTA values than 
‘New Mexico 6-4’; however, this was only true of the early and 
mid-season pod sets. If more late season pods than earlier set 
pods were mixed in the harvest of ‘NuMex R Naky’ than for a 
comparable harvest of ‘New Mexico 6-4’, then ASTA values 
for ‘New Mexico 6-4’ might equal or slightly exceed ‘NuMex 
R Naky’. Early and mid season pod sets were not different from 
each other in either cultivars. Thus mid-season pods had enough 
time to fully ripen. Both mid-season and late season pod sets of 
‘NuMex R Naky’ had higher ASTA values than any of the pod 
sets of ‘New Mexico 6-4’. This suggested that ‘NuMex R Naky’ 
had a greater potential for cartenoid synthesis than ‘New Mexico
6-4’, which was confirmatory of Nakayama and Matta (1985). 
Both early and mid-season pod sets were leathery and wrinkled 
just before the first killing frost. The late pod set was still suc
culent and it is likely that carotenoid synthesis was not complete 
in this set pod.

Both time of harvest and length of storage had significant 
effects on color intensity in chile powder. Regression analysis 
exhibited significant quadratic patterns of color loss between 
analyses for either time of harvest or length of storage (Fig. 2 
and 3). During the first month, all pod maturities and both cul
tivars lost color more rapidly in whole pods in the field than in 
powder in the dark at 4°C (Fig. 2 and 3). After 1 mo, color loss 
in powder from the first harvest accelerated while color in the

whole pods outdoors appeared to stabilize. The only exception 
to the color stability in stored powder from the second and third 
harvests occurred when the late pod set powder lost color during 
2 mo storage. However, the color loss occurred at a reduced 
rate compared to powder from the first harvest (Fig. 3a).

The color loss of chile powder from the first harvest was 
expected in confirmation of findings by other researchers (Lease 
and Lease 1956; Camevale et al. 1980). The color stabilization 
in whole field pods or powder from 1 or 2  mo delayed harvests 
was unexpected. Research has been done on stabilizing color in 
pepper powders by adding synthetic or natural antioxidants that 
occur in peppers. These antioxidants are ascorbic acid and a- 
tocopherol. But, according to studies by Lantz (1943) and Biacs 
et al. (1992), ascorbic acid starts to degrade rapidly at the same 
time that carotenoid synthesis starts to increase rapidly. Alpha- 
tocopherol rapidly degrades at about the same rate and time as 
carotenoids (Biacs et al., 1992). Specific composition of carot
enoids is probably responsible for greater color stability in pow
der from the more mature pods. Rahman and Buckle (1980) 
found more mature peppers had a higher content and greater 
variety of cartenoids. Philip et al. (1971) found more stable red 
coloration in paprika with higher capsanthin concentration. 
However, carotenoid composition could not be responsible for 
the greater stability in later harvest because carotenoid synthesis 
probably ceased before first harvest. Some enzymatic or nonen- 
zymatic reactions probably occurred in the field that altered 
some carotenoids in the early and mid-season pod sets but not 
in the late pod set. Such reactions may have been prevented 
from occurring in powder from pods in the first harvest either 
by disruption of tissue caused by grinding or by denaturation of 
enzymes responsible for this unknown reaction. The enzymes 
could conceivably have been denatured by the 60°C in the dryer.

C O N C L U S IO N
N e w  m a n a g e m e n t  p r a c t ic e s  need to be considered for max
imum color and its stability. To achieve maximum color stabil
ity, harvest should be delayed between 1 and 2  mo after frost. 
Growers should harvest only the pods that are wrinkled and 
leathery and delay harvest for 1 to 2  mo after metabolism in the 
plants has ceased. Planting cultivars known to have a high con-
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A. E a r ly  P o d  s e t B. M id - S e a s o n  P o d  s e t C. L a te  P o d  s e t

Z -  A x is  : C o lo r  v a l u e  o f  p o w d e r e d  c h i l l i  p o d s  i n  ASTA u n i t s  

X -  A x is  : D a y s  o f  S t o r a g e  a s  p o w d e r  

Y -  A x is  : T im e  o f  H a r v e s t  i n  d a y s

Fig. 3—Effects of time of pod set on two factor [Days of storage (S) x Harvest time (H)] quadratic response surface plots on red 
chile powder color. Response surface models for Early pod set (A) Color value = 108.3 -  0.88 H -  0.50 S + 0.014 H2 -  0.007 S2 + 
0.009 HS (R2 = 0.89); Mid-season Pod set (B) Color value = 156 -  1.36 H -  0.53 S + 0,014 H2 -  0.007 S2 + 0.015 HS (R2 = 0.97); Late 
pod set (C) Color value = 157.2 -  1.87 H -  0.36 S + 0.023 H2 -  0.007 S2 + 0.011 HS (R2 = 0.99).

centration of carotenoids in the ripe fruit should also be en
couraged. Cultural practices which encourage late maturing 
fruit, with color characteristics analogous to late-set pods de
scribed here should be discouraged. Some practices that con
tribute to late set include: late planting, excessive and/or late 
season applications of nitrogen fertilizer, and harvesting a green 
crop before allowing subsequent fruit to mature red.
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Model for Gas Exchange Dynamics in Modified-Atmosphere 
Packages of Fruits and Vegetables

SVETLANA FISHMAN, V. RODOV, J. PERETZ, and S. BEN-YEHOSHUA

--------------------------------  A B S T R A C T  --------------------------------
A model for atmosphere in a package containing fresh fruits was ana
lyzed theoretically and validated by experiments with red bell pepper 
fruit. The model was based on two processes: fruit respiration and film 
permeability. Mathematical analysis showed that when rates of O, con
sumption and CO, evolution due to respiration are equal, and film per
meability to CO; is greater than that to 0 2, the time course curve of C 0 2 
concentration has a maximum. In a closed system, the time course of 
the sum of the gases could indicate a change of respiratory quotient. 
These results are independent of model for respiration. To predict extent 
of overshoot and for a computerized simulation, the equation of Mi- 
chaelis-Menten type with noncompetitive inhibition was adopted to de
scribe respiration. Utilizing computer simulations enabled evaluation of 
film specifications and package dimensions best for a given commodity.

Key Words: dynamic model, modified atmosphere, respiration, enzyme 
kinetics, bell pepper

IN T R O D U C T IO N

The keeping quality of fruits and vegetables is affected by 
temperature, and by concentrations of oxygen, carbon dioxide 
and water vapor in surrounding atmospheres (see reviews by 
Tomkins, 1962; Kader et al., 1989; Gorris and Peppelenbos,
1992). Modified-atmosphere (MA) packaging is used to prolong 
storage life of perishable commodities (Ben-Yehoshua et al., 
1985; Kader et al., 1989). The search for optimal parameters for 
an MA system may be assisted by a theoretical analysis which 
can predict temporal changes in package atmosphere in terms 
of package characteristics and temperature.

Several models of MA packaging systems have been dis
cussed (Jurin and Karel, 1963; Hayakawa et al., 1975; Cameron 
et al., 1989; Mannapperuma et al., 1989; Emond et al., 1991). 
In most cases they were restricted by choice of empirical equa
tions fitted to observed changes in gas concentration. The mod
els of this type are not based on a consideration of biophysical 
mechanisms for the processes in MA packages and have utilized 
different equations in different studies. This makes difficult any 
comparison and application of results.

Gas diffusion and fruit respiration are the 2 main processes 
which affect the package atmosphere. Fick’s diffusion law was 
found to govern gas exchange in apples and several other fruits 
(Burg and Burg, 1965). The respiration of fruits and vegetables 
was treated in terms of enzyme kinetics by Burton (1978) and 
Tucker and Laties (1985). Chevillotte (1973) discussed the in
teraction of respiration and diffusion in oxygen uptake by dif
ferent biological materials. One of these processes may predom
inate in different cases. Several attempts have been made to 
apply principles of enzyme kinetics to MA package modeling 
(Lee et al., 1991; Ben-Yehoshua et al., 1994; Cameron et al., 
1994; Joles et al., 1994; Talasila et al., 1994). The action of C 0 2 

as a suppressor of respiration was treated by Lee et al. (1991) 
as noncompetitive inhibition in the enzymatic Michaelis-Menten 
reaction. They performed a numerical solution of the mathe-
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matical equations for simulation of gas composition in the MA 
packaging system. The values of Michaelis-Menten parameters 
needed for the numerical calculations are usually estimated by 
linear plot methods. In many cases such methods provide inef
fective estimates of parameters, as was shown by Reich (1970), 
Comish-Bowden (1976) and Ross (1981). More comprehensive 
analysis of the mathematical model could improve the accuracy 
of prediction.

Most of the previous works on MA packaging concentrated 
on analysis of in-package atmospheres under steady state (Man
napperuma et al., 1989; Cameron et al., 1994; Joles et al., 1994; 
Talasila et al., 1994). However, in many cases it takes a long 
time to reach gas equilibrium. During the transient period, until 
steady state is established, the produce in a package is exposed 
to an atmosphere different from steady-state. In certain cases, 
the transient period might be as prolonged as the entire storage 
time, while steady state is reached only by the end of storage 
(see, for example, Geeson et al., 1985) or would not be reached 
at all. The analysis of the transient period is important for such 
systems in order to predict the level of O, and CO, in the course 
of time, as well as to estimate the time necessary to approach 
steady state.

Our objective was to perform a theoretical analysis of gas 
exchange dynamics in an MA package followed by computer 
simulation of the system. This analysis allowed us to study in a 
general way the time course of oxygen and carbon dioxide con
centrations and to determine specific characteristics of system 
kinetics. Nonlinear methods were applied to estimate the Mi
chaelis-Menten parameters from observations under conditions 
of a closed system. To validate the model, experimental imita
tion of the MA package was undertaken. Red bell pepper was 
used as an example of a non-climacteric commodity. The ab
sence of climacteric rise in the respiratory process simplified the 
system for establishing the proper model for gas exchange dy
namics. Although packaging in plastic film extends storage life 
of bell peppers primarily by alleviation of water stress (Ben- 
Yehoshua et al„ 1983), combining the optimal relative humidity 
with desirable concentrations of O, and CO, would provide ad
ditional benefits (Polderdijk et al., 1993, Rodov et al., 1995).

MATERIALS & METHODS
M a t u r e  r e d  p e p p e r s  of the Maor cultivar were taken directly from the 
field or from the packing house. Fruit did not receive any postharvest 
treatment except washing.

Closed system

A closed system was used for estimation of oxygen uptake and carbon 
dioxide evolution. Fruit of known weight and volume were placed in 1- 
L glass jars, one fruit/jar. The jars were plugged tightly with massive 
rubber stoppers and submerged under water in a thermostatic bath at 
20°C in order to prevent gas leakage.

To check the carbon dioxide effect on respiratory activity of the fruit, 
calcium hydroxide was added to some of the jars as CO: absorber. 
Sealed bags of gas-permeable spun-bonded polyethylene (Tyvek, Du 
Pont Co., Geneva, Switzerland) containing !0g of Ca(OH)2 were placed 
on the bottom of those jars. Direct contact of the fruit with the CO, 
absorber was prevented by a perforated plastic Petri dish placed over the 
Tyvek bag.
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Three tubes were installed through the jar stopper. The central one 
was 4-5 cm above the stopper surface, tightly plugged at the upper end 
with a rubber septum 1 cm thick. Gas samples of 5 mL volume were 
withdrawn through this septum using gastight 20 mL glass syringe with 
a 0.5 X 16 mm needle. The two other tubes were connected through a 
Luer joint with two 35 mL plastic syringes each mounted vertically on 
top of the stopper. To ensure gas-tightness of these syringes, their plung
ers were covered with water. The syringes were used to prevent for
mation of negative pressure in the system due to regular sampling in 
order to ensure the accurate pressure and prevent leakage during syringe
sampling. After each sampling, the plunger in one syringe was lowered 
by 5 mL, compensating for the reduction in amount of gas in the system, 
and fixed with the splint. The homogeneity of the atmosphere within the 
whole system (jar and two syringes) was maintained by pumping air 
with syringe plungers. The partial vacuum formed in the jars with 
Ca(OH), as a result of CO, absorption, was compensated for by injecting 
nitrogen to reach pressure equilibrium before each sampling.

Oxygen and carbon dioxide concentrations in the gas samples from 
the closed system were determined using a Packard 7500 gas chromat
ograph with thermal conductivity detector equipped with a Porapac col
umn, using helium as carrier gas.

Plastic package imitation

In order to check experimentally the theoretical predictions of atmos
phere changes, the modified-atmosphere package was simulated. A 
dome-shaped chamber, 1.6 L, with the open side 20 cm in diameter, 
made of gas-impermeable 0.4-cm-thick rigid plastic with flat 1.5-cm 
margins, was used to simulate an MA package. A low-density polyeth
ylene (LDPH) film, 40 p thick, was stretched over the open side of this 
chamber between two rubber rings of 1.5 cm width and covered with 
another rigid plastic ring of the same dimensions. The rings were lubri
cated with silicone gel to ensure gas-tightness and the system was fas
tened with double clips. This installation was tested for leakage by 
substitution of plastic film with gas-impermeable material and injecting 
the gas mixture of known concentrations. These concentrations were 
maintained at the same level for one week. There were three openings 
to the chamber: at the bottom it was connected by a rubber tube to a 
water manometer in order to monitor the pressure changes in the cham
ber during the experiment. The two other openings were inlet and outlet 
of air connected by rubber tubes to the gas analyzer through a small 
external peristaltic pump, DYMAX MK1 (Charles Austen Pumps Ltd., 
Byfleet, Surrey, UK). This system was in continuous operation without 
interruption during each experiment.

Gas analysis in the package imitation was accomplished using a Ser- 
vomex 1450B instrument (Servomex, Crownborough, Sussex, UK). Ox
ygen concentration was determined in a magneto-dynamic cell of the gas 
analyzer by measuring the paramagnetic susceptibility of the sample gas. 
Carbon dioxide was measured by infrared absorption using a single beam 
dual wavelength technique. Gas concentrations were recorded digitally. 
The gas analyzer was calibrated prior to each experiment using known 
concentrations of O, and CO,.

Two freshly picked mature red peppers of known weight and volume 
were placed in the chamber, closed as described above and kept for 2 
wk. The first measurement was made 2-3 hr after closing the chamber; 
subsequently, gas levels were measured two or three times a day. Be
tween measurements, the air movement between chamber and gas ana
lyzer was interrupted by clamps. Whenever gas levels were recorded, 
the clamps were removed and the pump was turned on for a few minutes 
until the Servomex readings were stabilized. Then the pump was turned 
off and after 3-A min the O, and CO, concentrations were recorded. The 
experiments were conducted at 20°C and 85% relative humidity (RH). 
The experiments were repeated four times during 1992/93 and 1993/94 
seasons. Film permeability to oxygen and carbon dioxide was deter
mined by the concentration-increase method (Taylor et al., 1960).

Numerical calculations

The numerical calculations were performed on a Macintosh computer 
using JMP (SAS Institute Inc., 1989) software for the parameter esti
mations and STELLA (High Performance Systems, Inc., 1992) software 
for dynamic simulations. Base units of the International System of Units, 
SI, (see Downs, 1988) were used throughout the study, excluding time. 
For graphical representation, as well as for simulations, it was much 
more convenient to give time in hr.

S Y S T E M  A N A L Y S IS  &  M O D E L  D E S C R IP T IO N

T h e  c o n c e n t r a t io n s  of oxygen (C,) and carbon dioxide (C2) 
in the atmosphere of the package containing fruit are determined 
by two main processes: fruit respiration and permeation of gases 
through the plastic film. The package permeability to gases was 
approximated by Fick’s law. The respiration rate is known to 
depend on both C, and C2 (Kader et al., 1989). Generally, two 
different respiration rates/unit of commodity weight should be 
considered: for O, consumption, r,(C,, C2), and C 0 2 evolution, 
r2(C,, C2). The gas exchange kinetics are described by the fol
lowing equations:

dC,/dt = [—r,(C„C2) W + p,A (C1A— C,)/AX]/V (1)

dC,/dt = [r2 (C„C2) W -  p2A (C2 -  C2a)/AX]/V (2)

where W is the commodity weight; V is the free volume of the 
package atmosphere; A is the surface area of the package; AX 
is the film thickness; p, and p2 are film permeability coefficients 
to 0 2 and C 02, respectively; and C1A and C2A are respective 
concentrations in the external atmosphere.

To represent the respiration rate as a function of concentration 
in terms of enzymatic reaction, a Michaelis-Menten-type equa
tion was used, wi'h 0 2 in the place of substrate and the product 
C 0 2 acting as noncompetitive inhibitor.

r(C„C2) = vm C,/(Km +  C, + K,C,C2) (3)

where r(C,, C2) is the respiration rate; vm is the maximal rate of 
Michaelis-Menter. reaction, and KM is the Michaelis constant 
defined as substrate concentration providing the reaction rate of 
vm/2; and K, is the equilibrium constant of the enzyme-substrate- 
inhibitor complex formation (defined as the reciprocal to the 
constant used by Lee et al., 1991). The parameters vm, KM and 
K, are temperature-dependent (Comish-Bowden, 1976; Volk- 
enstein, 1977).

R E S U L T S  &  D IS C U S S IO N
E q u a t io n s  (1) and (2 )  are nonlinear differential equations for 
two interdependent variables, C,(t) and C,(t). This system can
not be integrated analytically in its general form. To perfonn 
numerical calculations, the functions r,(C,, C2) and r2(C,, C2) 
must be specified and the numerical values of the parameters 
involved in the equations must be known. However, some gen
eral features of the solution, revealing a relationship between 
variables C,(t) and C2(t), can be studied prior to this specifica
tion.

As a first approximation we treated the interval of concentra
tions where the respiratory quotient (RQ) could be approximated 
as one, i.e., the case r,(C„ C,) =  r,(C„ C2). Summation of Eq. 
( 1 ) and (2 ) in this case leads to

dC2/dt + dC,/dt = P,C1A + P,C2A -  P,C, -  P2C2 (4)

where P, and P2 are characteristics of the MA system permea
bility defined as following combinations of permeability coef
ficients of film and package parameters

P , .2 = P,.2A/VAX (5)

Equation (4) does not contain a respiratory term and, as a linear 
combination of Eqs. (1) and (2), it may replace one of them in 
the system describing the gas kinetics in MA packaging, subject 
to RQ = 1. A study of the behavior of the system with time 
(transient period) may be important in the case when steady- 
state methods are not applicable.

Transient period
Overshooting effect. Equation (4) is a linear differential 

equation for the variable C2(t). Considering C,(t) and its deriv
ative as implicit functions of t, integration of Eq. (4), subject to 
the initial conditions C,(0) = C,A and C2(0) = C,A, leads to the
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GAS EXCHANGE MODEL IN FRUITA/EG M AP. . .

Fig. 1—Time course of carbon dioxide concentration predicted 
by model calculations for different values of coefficient of film 
permeability to CO2, P2 = (2.0 x  10 8, 1.0 x  10 8, 0.65 x  10 8 
and 0.46 x  10~8) m2/hr, when the permeability to O2 , Pi = 0.46 
x  10 8 m2/hr.

Fig. 3—Time course of the sum of oxygen and carbon dioxide 
concentrations, Q, predicted by model calculations for different 
values of coefficient of film permeability to CO2, P2 = (2.0 x  10 8, 
1.0 x  10 8, 0.65 x  10 8 and 0.46 x  10 8) m2/hr, when the per
meability to O2 , Pi = 0.46 x  10 8 m2/hr.
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Fig. 2—Time course of oxygen and carbon dioxide concentrations 
and their sum observed in a closed system.

following relationship between C 0 2 and 0 2 concentrations 

C2(t) =  C2A + (P,/P2)(C,A-  C,(t)) -  (6)

(P2-  P,)(l/P2) exp ( - P 2t) exp (P2t)dC,(t)

The following analysis of Eq. (6 ) shows that C2(t) has a max
imum. The function has the maximum at the instant of time, 
where its derivative dC2(t)/dt changes its sign. Differentiation of 
Eq. (6 ) yields

dC2/dt = — dC,/dt -I- (P2— P,) exp (7 )

( - P 2 1) X  exp (P2t)dC,(t)

If the oxygen concentration diminishes with time, then dC,/dt 
is negative and the first term in the right hand side of Eq. (7) 
is positive. The second one is also positive, if P2 <  P,. In this 
case dC2(t)/dt does not change its sign, and C2(t) has no maxi
mum. As can be seen from Eq. (7), the condition of a maximum 
existence is: P2 >  P„ i.e., the permeability to C 0 2 has to be 
greater than that to 0 2. This is the situation with practically all 
films used for MA packaging. The greater the difference P2 -  
P„ the more distinguishable the maximum. Figure 1 demon
strates calculated C 0 2 kinetics in MA packaging with four hy
pothetical films having the same oxygen permeability coefficient 
(p, =  0.46 X 10 8 m2/hr) and different C 0 2-permeability co
efficients (p2 = 2.0 X 10~8, 1.0 X 10 8, 0.65 X 10“8, and 0.46 
X 10 s m2/hr). The maximum is absent on the last curve, where 
C 0 2-permeability is equal to 0 2-permeability.

Sum of 0 2 and C O z concentrations as an important 
characteristic of the system

If P, > P2, then the sign of the derivative dC2/dt is positive 
and does not change throughout the time, i.e., C2(t) has no max
imum. This is the situation, for instance, with a closed system 
where P, = P2 = 0. In this case, the sum of the concentrations 
Q = C,(t) +  C2(t), is a constant. This statement follows also 
directly from the Eq. (1) and (2) when P, = P, = 0 and r,(C,, 
C2) = r2(C„ C2).

The behavior of the sum Q may be utilized for the very im
portant objective of rapid and convenient indication of change 
in RQ, without calculation of respiration rates. The condition 
r,(C,, C2) = r2(C,, C2) is equivalent to RQ =  1. In a closed 
system, Q does not change when this condition is fulfilled. Ris
ing Q in a closed system means that r2(C,, C2) becomes greater 
than r,(C|, C2), pointing to initiation of the anaerobic processes. 
Experimental data changes with the course of time for oxygen, 
carbon dioxide and their sum observed in the closed system 
containing red bell peppers were followed (Fig. 2). The level of 
Q remained constant for =150 hr, after which it rose sharply. 
It may be concluded that the condition r,(C,, C2) = r2(C,, C2) 
was no longer fulfilled, pointing to the change of RQ. In the 
plastic film packages, the sharp breakage of the time course of 
Q also indicates the change of RQ and the switch to anaero- 
biosis. Such a rise indicates accelerated fermentation which is 
usually associated with anaerobiosis. These conditions are im
portant because of risk of the development of anaerobic patho
genic microbial populations such as Clostridium botulinum.

As follows from Eq. (7), if P2 >  P,  (as is the case of the 
package using non-perforated films), Q(t) diminishes with time. 
A sigmoidal form is predicted for this curve because dQ/dt = 
0  at time t = 0 , since the initial gas gradients are equal to zero. 
The larger the difference P2 — P, ,  the stronger the deviation of 
Q(t) from the horizontal line. Figure 3 demonstrates the set of 
curves Q(t) for different values of p2 (p2 = 2.0 X 10 “8, 1.0 X 
10 8, 0.65 X 10^8, and 0.46 X 10~8 m2/hr), whereas 0 2 -per
meability coefficient was p, =  0.46  X 10~8 m2/hr. Approach of 
the curve Q(t) to a horizontal line may point to leakage in the 
system. The decline of Q(t) from its initial level should result 
in gradual development of a pressure deficit and/or reduction of 
package volume. These changes were observed during our ex
periments. The pressure deficit reached < 2 %  of the atmospheric 
pressure after 4 0 0  hr of observations. As a first approximation, 
the effect of these changes on model accuracy was assumed to 
be negligible.

Steady-state concentrations
The steady-state condition corresponding to dC,/dt = dC2/dt 

= 0 , is a limiting case of the kinetic equations analyzed above.
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Fig. 4—Observed evolution of oxygen concentrations in a closed 
system with (triangles) or without (circles) Ca(OH)2 as carbon 
dioxide absorbent. The curves were obtained from the model pre
dictions by nonlinear fitting to experimental points: the lower 
curve was obtained from solution of the Michaelis-Menten equa
tion without the inhibition term; the upper curve corresponds to 
the case where the inhibition was considered. Time multiplied by 
the ratio U = 100W/V was used instead of t to bring together the 
experimental data obtained with the packages containing fruit 
with different weights and volumes.

Under steady-state conditions, Eq. (4) gives a linear relationship 
between steady-state concentrations of 0 2 and C 02, denoted as 
(f, and 0 ), respectively:

Î-2 =  C 2A+  ( C 1A-  <p.) P]/p2 (8 )

This equation and its applications were analyzed in details by 
Mannapperuma et al. (1989), who showed, that important in
formation concerning the package system can be obtained from 
this equation alone, without specifying respiratory equations.

For dC,/dt =  0, a combination of Eq. (1) and (3) gives

100W AX vmÇ1/(KM+ Ç 1+ K,Ç,Ç2) = p,A (C1A- Ç .)  (9)

The factor 100 is to be used to fit the dimensions (see Nomen
clature). Now, the set of Eq. (8 ) and (9) allows one to calculate 
the steady-state concentrations, Cf, and Q,. For the case where 
no inhibition occurs, K, = 0 and Eq. (9) becomes a quadratic 
algebraic equation. Its solution was treated in the recent publi
cation by Cameron et al. (1994). In more general case of K, A 
0, inserting Eq. (8 ) into Eq. (9) leads to an algebraic equation 
of the 3rd degree, which could be solved analytically or nu
merically.

Parametrization

To perform a numerical solution of the model described 
above, the parameters involved into equations must be pre-es- 
timated. The permeabilities for the LDPE film were estimated 
independently by the concentration-increase method as p, = 
0.46 X 10“ 8 m2 hr - 1  and p2 =  2.0 X 10- 8  m2 hr-1.

The Michaelis-Menten parameters vm, KM and K, were esti
mated from observations on the fruit respiration in a closed sys
tem where P, =  P2 = 0. As shown above, C2 =  Q — C„ with 
Q being constant in the closed system and equals to QA = C1A 
+ C2A. Combining this equation with Eq. (1) and (3) gives

dC,/dt =  — vmC, 100W/(Km+ C ,+ K,C,(Q -  C,))/V (10)

Integration of this differential equation leads to the following 
non-linear relationship

Ut = [Km In (C1A/C,) + (1 + QAK,) ( 1 1 )
(CIA-  c .)  -  K,(C2a-  Cf)/2 ]/vm

where U is the following combination of constants of the system

under observation

U = 100W/V (12)

The time course of gas concentrations depends not only on 
respiration parameters but also on the free volume of the system 
and fruit weight involved as a combination given by Eq. (12). 
Time multiplied by the ratio U was used here instead of t to 
bring together the experimental data obtained with the packages 
containing fruits of different weights and volumes. As can be 
seen from Eq. (11), the recalculated variable Ut is a nonlinear 
function of C, containing only the Michaelis-Menten parame
ters, which are to be estimated. For the case of K, = 0, Eq. (11) 
becomes

Ut = [Km In (C1A/C,) + (CIA— C,)]/vm (13)

To estimate vw and KM, C 02-sorbing materials were added 
into the hermetically closed jar to prevent inhibition of respi
ratory activity by accumulated C 02. In this case K, = 0. The 
time course of oxygen depletion observed in the closed system 
with C 02-absorber was treated by Eq. (13). The results of these 
experiments are represented (Fig. 4) by triangles. The parame
ters estimated by nonlinear curve fit are: vm = 38.4 X 10- 6  

m3/kg/h and KM = 32.56%. The lower curve (Fig. 4) is the result 
of the non linear fitting to the data from experiments with C 02- 
sorbing materials.

The next step was to analyze the closed system experiments 
without C 0 2 sorbent. The observations are represented (Fig. 4) 
by circles. Eq. (11) was used to estimate the parameter of in
hibition, K,, taking the values of the parameters vm and KM as 
found above. The estimated value of the parameter is K, = 
(0.1259 ±  0.0188) (%)"'. A comparison of the fitted curve (the 
upper one) was made with the observed points (Fig. 4). Use of 
the variable Ut allows to compare experimental data obtained 
with packages containing fruits of different weights and vol
umes. The collection of data from several experiments leads to 
a distribution of experimental points and may to some extent be 
explained by the product-to-product variation in 0 2 uptake, 
which was analyzed by Talasila et al. (1994). The influence of 
inhibition can be seen (comparing lower and upper curves). The 
equation describing respiration rate was taken, following Lee et 
al. (1991), in the form of Michaelis-Menten kinetics with non
competitive inhibition. More experimental data are needed to 
draw conclusions on type and quantitative characteristics of in
hibition.

The parameters of Michaelis-Menten kinetics for oxygen up
take by bulky plant organs may vary for different objects and 
differ widely from those for cytochrome oxidase activity, as 
discussed by Forward (1965). Note that Michaelis-Menten equa
tions may describe either the rate of enzymatic reaction, or the 
flux through one of the tissue barriers, especially if an active 
transport takes place, as discussed by Nobel (1974). According 
to Chevillotte (1973) and Tucker and Laties (1985), before 
reaching the enzyme, oxygen is slowed by diffusion. They con
cluded, that the most obvious effect of diffusion barriers was an 
increase in apparent KM for oxygen of any given oxidase, and 
this disturbance was a function of size and morphology of the 
commodity. Joles et al. (1994) suggested to substitute the stan
dard notation KM for K 1/2 because it is an apparent value. They 
found K 1/2 =  5.6 kPa for red raspberry fruit.

Validation of the model

Simulation of MA-package of bell pepper. As a model for 
fruits packed by semi-permeable film, Eqs. (1) and (2) are used 
with Michaelis-Menten type Eq. (3) instead of functions r,(C„ 
C2) and r2(C,, C2). The parameters involved in Eq. (3) are es
timated from the previous independent experiments. Using these 
Michaelis-Menten parameters, the bell pepper respiration rate 
was calculated for open air conditions as =14.5 X 10“ 6 

m3/kg/hr, which coincides with 13-14 mL/kg/hr measured for
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GAS EXCHANGE MODEL IN FRUIT/VEG MAP . . .

Fig. 5—The model validation. The curves represent time course 
of oxygen and carbon dioxide concentrations predicted by the 
model. The points represent the experimental data.

nonpacked Maor pepper by Lurie et al. (1986). This is an ad
ditional independent checking of validity. The MA-package 
model was validated by comparison of its predictions with ob
servations performed on pepper fruit placed in the chamber 
closed with the LDPE film.

Results of the dynamic simulation (curves) were compared 
(Fig. 5) with the experimental results (points) for the time course 
of O, and C 0 2 concentrations. The observations were well cor
related with time and do not reveal a distinct distribution. They 
result from one prolonged experiment with the same commodity 
in the same MA system and with automatically measured gas 
concentrations. The predicted gas dynamics is in good agree
ment with the observed time course during long-term experi
ments. The steady-state concentrations of 0 2 and C 0 2 predicted 
for this system using Eq. (8 ) and (9) are (f, = 3.0% and (J) = 
4.15%, respectively. The experimentally obtained concentrations 
approach the calculated steady-state values.

The predicted maximum on the C2(t) curve fits the recorded 
one and is about 8 %, which markedly exceeds the steady-state 
value (4.15%) during a rather long time period. The maximum 
on the curve for CO, kinetics (overshooting effect) could be 
seen in the data presented by many workers (Tomkins, 1962; 
Jurin and Karel, 1963; Hayakawa et al., 1975; Geeson et al.,
1985), but it was not considered as an intrinsic characteristic of 
the system dependent on its parameters. Consequently, estima
tion of optimal conditions for fruit storage based on analysis of 
steady-state concentrations may not be enough for such com
modities as pepper, apples, tomatoes, etc. The study of the tran
sient period, as performed here, is important, because the 
produce may spend a prolonged part of storage under transient 
conditions.

P re d ic t io n s  o f  the m odel

After being validated, the model can be utilized to study other 
forms of MA packages by means of computer simulations in
stead of conducting long-lasting and expensive experiment. The 
model allows to change design parameters of the package (such 
as free volume, film thickness, area of film, etc.) and to compute 
how such changes would affect gas dynamics and steady-state 
gas levels.

Response of the system to variation of design parameters may 
be predicted to some extent from the general Eq. (1) and (2). 
The free volume of the package atmosphere (V), enters these 
equations in a way which allows to combine it with time by 
multiplying both sides by V and replacing t by a new variable 
t  = t/V. Changing V is equivalent to rescaling the time variable. 
Another combination is built from parameters A and AX. They 
enter the general equations only as a ratio AJAX. This means

(a)

0.00 225.00 450.00 675.00 900.00
TIM E, h

Fig. 6—The model predictions for films of different thickness, AX
= (2 x 10 5, 4 x 10 5, 6 x 10 5 and 8 x 10'5) m: (a)—time course 
of O2 concentration; (b)—time course of CO2 concentration.

that increase of A is equivalent to decrease of AX and vice 
versa. The response of the model predictions to variations of 
these parameters was studied by computer simulations.

As a first example, the thickness of LDPE film (AX) was 
varied. The model was run for AX = 2 X 10-5, 4 X 10"5, 6  

X 1CL5 and 8  X 10~ 5 m. Figure 6 a shows the model prediction 
for the dynamics of O, concentration with these four values of 
AX. The equilibrium values of 0 2 were reached at about 300 
hr for all four films. The time needed to approach the steady- 
state of C 0 2 is markedly longer and depends on film thickness; 
the thicker the film, the longer the transient period and the 
higher the overshooting (Fig. 6 b). To compare the changes 
resulted from A and AX variations, the model was run for A 
= 0.02, 0.03, 0.04 and 0.05 m2. The influence of area variation 
is reciprocal to the effect of changes in film thickness, as pre
dicted above. In this case, the larger the area, the shorter the 
transient period and lower the maximum on the C 0 2 concen
tration curve.

Henceforth, sensitivity of the system to parameter V was stud
ied (Fig. 7) and represents results of the model runs with V = 
0.00124, 0.001, 0.00075 and 0.0005 m3. The time course of 0 2 

and CO, concentrations (Fig. 7a, 7b) shows that variation of V 
changes the time scale and does not affect the steady-state level 
of concentrations, nor the extent of overshooting in the C 0 2 

dynamics. Diminishing V “ deforms” the curves along the time 
axis making shorter the interval needed to approach steady-state 
or CO, maximum.

The experimental system we used to validate the model had 
much free volume compared to the respiring biomass. As a re
sult, the time needed to reach steady-state in this case was much 
longer than that reported in many other works. Running the 
model simulations with different sets of parameters, the film 
specifications and package dimensions can be found, which 
would provide the best conditions for storage of a given com
modity.
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Fig. 7—The model predictions for packages of different free vol
umes, V = (0.00124, 0.001, 0.00075 and 0.0005) m3: (a)—time 
course of O2 concentration; (b)—time course of CO2 concentra
tion.

CONCLUSIONS
T h e  m a t h e m a t ic a l  a n a l y s is  of the MA package model 
showed that the time course of C 0 2 concentration had a maxi
mum if film permeability to C 0 2 is greater than that to 0 2. Since 
most of the plastic films have p2 >  p,, the maximum on C 0 2 

curve is an intrinsic feature of the system. This means that dur
ing a part of the transient period, the concentration of C 0 2 in 
the system may be markedly greater than the evaluated steady- 
state value. This must be considered when optimal conditions 
for MA packaging of fruits and vegetables are under investi
gation. The length of transient period may be changed by var
iation of free volume of the package, as shown by sensitivity 
analysis. The sum of the 0 2 and C 0 2 concentrations, Q, may be 
utilized to indicate a change of RQ in the system. Equations for 
prediction of the steady-state concentrations were suggested for 
the case when the enzyme kinetics includes the inhibition pro
cess. The parameters of the respiration process were estimated 
by independent experiments in a closed system. The model val
idated with these parameters could be used for choosing film 
specifications and package dimensions, which would provide a 
desired composition of atmosphere in the MA package.

NOMENCLATURE
Symbol Description Dimension

A Surface area of the film m2

c , Concentration of 0 2 in the package %
C2 Concentration of CO, in the package %
<p. Steady-state value of C, %
ç 2 Steady-state value of C, %
C,A Concentration of O, in the outside 

atmosphere
%

c 2A Concentration of CO, in the outside 
atmosphere

%

Ks Coefficient of inhibition (% )-
K m Michaelis-Menten constant %
P i Coefficient of film permeability 

to 0 2

m2hr_1

P2 Coefficient of film permeability 
to C 0 2

m2hr 1

P, Characteristic of system’s perme
ability to 0 2

hr“ 1

P2 Characteristic of system’s perme
ability' to C 0 2

hr“ 1

Q Sum of O, and CO, concentrations %
r,(C„C2) Rate of 0 2 consumption due to 

respiration
m3k g -‘hr

r2(C„C2) Rate of CO, evolution due to 
respiration

m3k g 1hr

v M Michaelis-Menten maximum rate m3kg-’hr
V Free volume of the package m3

W Weight of the fruits in the package kg
AX Thickness of the packaging film m
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Quality of Electron Beam Irradiated Strawberries

L. YU, C.A. REITMEIER, M.L. GLEASON, G.R. NONNECKE, D.G. OLSON and R.J. GLADON

----------------------------  ABSTRACT ----------------------------
Fresh ‘Tristar' strawberries were treated by electron beam irradiation to 
determine the effects cn postharvest quality attributes and shelf life. The 
intensity of red color rated by sensory panelists decreased as irradiation 
dosage increased from 0 to 2 kGy. Hunter ‘L’ values were higher for 
fruit treated with 2 kGy than for 0 and 0.5 kGy. Instron firmness values 
were lower for all irradiated fruit than for control fruit. Panelists rated 
irradiated fruit less firm than nonirradiated fruit stored 1, 2 and 4 days. 
An increase in off-flavor was noted among all treatments stored 6 and 
8 days. Irradiation suppressed fungi on stored berries. Irradiation doses 
of 1 and 2 kGy extended shelf life 2 and 4 days, respectively. Electron 
beam irradiation technology has excellent potential for extension of shelf 
life of fresh strawberry fruits.

Key Words: electron irradiation, color, strawberries, firmness, storage 
stability

INTRODUCTION
I r r a d i a t i o n  is an effective method for reducing food spoilage 
organisms and for increasing shelf life (IFT, 1983; WHO, 1988). 
Strawberry quality is reduced primarily by infection with fungi 
such as Botrytis cinerea and Rhizopus stolonifer after harvest. 
Irradiation of strawberries at doses not to exceed 1 kGy was 
approved by the U.S. Food and Drug Administration (FDA,
1986). Strawberries, treated by gamma irradiation, were first 
marketed in the United States in January 1992 (Marcotte, 1992). 
That success suggested potentially increased markets for irra
diated strawberries.

Previous research and market tests of strawberries were con
ducted with gamma rays as irradiation sources. There is no re
search on electron beam irradiation of strawberries, or other 
fruits, vegetables, or plant-based foods. The benefits of electron 
beam irradiation are that it does not require a radioactive source 
and the irradiation may be accomplished at a faster dose-rate 
than gamma rays. Electron beam irradiation provides the pos
sibility of integrating treatment into the product line and may 
have an economic advantage over gamma rays when thickness 
of the product is small and quantity of product is large (Loa- 
haranu, 1994). Electron beams penetrate 4-5 cm so it would be 
necessary to irradiate strawberries in flats which could be pal- 
letted after treatment.

Strawberries may tolerate gamma irradiation up to 2 kGy 
(Thomas, 1986). Doses in excess of 2 kGy caused texture and 
color changes of strawberries (Thomas, 1986). Zegota (1988) 
noted the loss of color of strawberries after treatment with 2.5 
kGy and 3.0 kGy irradiation. Johnson et al. (1965) reported that 
strawberries became softer as irradiation dose increased from 1 

kGy to 4 kGy.
Our objective was to determine the effects of electron beam 

irradiation on chemical and physical characteristics, sensory 
qualities, and fungal colonization of strawberries. A secondary 
objective was to determine the feasibility of electron beam ir
radiation treatment as a means for extending shelf life of fresh 
strawberry fruits.

Authors Yu and Reitmeier are with the Dept, of Food Science  
Human Nutrition, Author Gleason is with the Dept, of Plant Pa
thology, Author Nonnecke and Gladon are with the Horticulture 
Dept., and Author Olson is with the Utilization Center for Agri
cultural Products, Iowa State Univ.; Ames, IA 50011.

MATERIALS & METHODS
‘T r i s t a r ’ STR A W B ER R IE S (Fragaria X  ananassa Duch.) were harvested 
at the Iowa State University Horticulture Research Farm, Ames, IA, 
transported to a laboratory within 1 hr after harvest, and sorted for size 
(2.0 to 2.5 cm diam) and degree of ripeness (fully red ripe, with no 
blemishes) into plastic containers (20.6 X  15.0 X  4.0 cm) with air- 
exchange holes. About 35 berries were placed one layer deep in each 
container. Three containers/treatment were prepared. Fruit were not 
washed before irradiation. All treatments were stored at 2°C ~  3 hr 
before irradiation.

Fruit in the containers were irradiated with 0-, 0.5-, 1- anc 2-kGy 
doses of electron beam irradiation at an energy level of 10 MeV at the 
Linear Accelerator Facility (LAF), Iowa State University, Ames, IA. 
Procedures for irradiation treatment and handling of strawberries were 
determined in preliminary testing in consultation with technicians at the 
LAF. All treatments were transported in closed cardboard boxes to the 
LAF. Transportation required 15 min. Irradiation treatment required 
about 30 min; the temperature of the LAF was 20°C. Fruit was refrig
erated at the LAF until irradiation treatment. Samples were stored in the 
same cardboard boxes at a relative humidity of 40-60%.

Each treatment consisted of a combination of irradiation dosage, stor
age temperature (2°C or 21°C) and storage time (0, 1, 2, 4, 6, 8 days at 
2°C or 0, 1, 2, 3 days at 21°C). Three replications (harvest dates Sep
tember 13, 16 and 20, 1993) of all treatments were completed.

Sensory evaluation

Strawberries stored at 2°C were evaluated by an 11-member trained 
sensory panel 0, 1, 2, 4, 6 and 8 days after irradiation. Panelists were 
selected from staff and students and trained in 4 1 -hr sessions. A 15-cm 
line scale was used to evaluate color, seediness, firmness, juiciness, sour
ness. flavor, and off-flavor. Green fruit, seeds not prominent, mushy, 
extremely dry. no sourness, no fruit flavor and no off-flavor were scored 
0; brown-red fruit, extremely prominent seeds, extremely firm, extremely 
juicy, extremely intense sourness, extremely intense fruit flavor and ex
tremely intense off-flavor were scored 15. Panelists were presented fruit 
with off-flavors (fermented, moldy, musty, etc.) during training and were 
instructed to identify specific off-flavors, if any, in samples.

Two randomly selected berr.es of each treatment (4 doses) were 
placed into individual cups coded with ramdom 3-digit numbers. Pan
elists evaluated samples in individual booths and were instructed to rinse 
their mouths with water and to eat unsalted crackers between samples. 
Procedures for evaluation of strawberries followed those described by 
Reitmeier and Nonnecke (1991).

The effects of irradiation dose (4) and storage time (6) on sensory 
characteristics of strawberries stored at 2°C were analyzed in a split plot 
design by analysis of variance (SAS Institute Inc., 1989). Panelists did 
not evaluate fruit after 4 days storage for 0 and 0.5 kGy-treated samples 
and after 6 days for 1 kGy-treated fruit due to moldy, unacceptable fruit. 
Main effect means were reported for color, seediness, juiciness, sourness, 
flavor and off-flavor. There was an interaction between dose and storage 
time for firmness so interaction means were reported. When F-values 
were significant, least significant differences (LSD) at p < 5% were cal
culated.

Chemical analysis

Percentage titratable acidity (TA), pH, and soluble solids concentra
tion (SSC) measurements were completed for all treatments in duplicate. 
Berries (=  lOOg) from each treatment were decapped and blended for 30 
sec in a blender. Puree (5g) was diluted to 100 mL with deionized water, 
titrated to pH 7.0 with 0. IN NaOH, and reported as percentage of citric 
acid. The pH of the puree was measured with a Fisher (Model 640A) 
pH meter. Soluble solids concentration (SSC) was determined by ex
truding a sample of puree through 2 layers of tissue onto the lens of a 
Reichert-Jung refractometer.
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Physical analysis

Color was determined with a Hunter Tristimulus Colorimeter (Model 
D-25, Hunter Laboratories, Reston, VA) standardized with a red tile (no. 
C20-2224, L = 34.2, a = 50.2, b = 20.9). Puree (=40 mL) was poured 
into a standard glass container, and L, a and b measurements of puree 
were recorded. Hue angle (tam'b/a) and saturation index [(a2 + b2)l/2] 
were calculated (Clydesdale, 1978; Setser, 1984).

Texture was determined by using an Instron Universal Testing Ma
chine (UTM, Model 1122, Instron Corp., Canton, MA). Ten ripe berries 
(2- to 3-cm diameter) of each treatment were used. A star-shaped (5- 
point, 1-cm-diam) probe was used to penetrate the side of the berry with 
the stem in a horizontal plane at a crosshead speed of 500 mm-mim' 
and a chart speed of 200 mm-min 1 (Ourecky and Bourne, 1963). The 
amount of force to break the skin and puncture the core was expressed 
in Newtons. A mean of 10 berries was used to determine firmness of 
each treatment.

Fungal colonization

Subsamples of three berries each were added to 100 mL of sterile 
deionized water (SDW) in a 250-mL beaker and shaken for 1 hr on a 
reciprocal shaker at 140 rpm (Gleason et al., 1991). After making serial, 
10-fold dilutions of the extract in SDW, 0.1-mL aliquots of each dilution 
were plated on acidified potato-dextrose agar (APDA). Culture plates 
were incubated on a laboratory bench at 21-25°C. At 24 and 48 hr after 
plating, the total number of fungal colonies growing on each plate was 
counted using a dissecting microscope at 30 X magnification.

To determine composition of the fungal microflora, colonies were sub
sampled from APDA plates derived from berries that had been irradiated 
at 0, 0.5, 1 or 2 kGy, then incubated for 2 days at 21°C before extracting. 
Fifteen arbitrarily chosen colonies were transferred from each plate, then 
incubated on a laboratory bench at 21-24°C until they could be identified 
by species or genus based on morphology of the mycelium and spores.

Statistical analysis

The data were analyzed based on a randomized complete block design. 
Analysis of variance (SAS Institute, Inc., 1989) was used to analyze 
effects of irradiation dose and storage time. When a significant interac
tion between irradiation dose and storage time resulted, interaction 
means were reported. Main effect means were reported when no signif
icant interactions were found. When F-values were significant, least sig
nificant differences (LSD) at p < 5% were calculated.

RESULTS & DISCUSSION
E f f e c t s  o f  i r r a d i a t i o n  (Table 1) and storage time (Table 2) 
on the chemical and physical properties of strawberries stored 
at 2°C were compared. Weight loss of fruit stored at 2°C was 
not influenced by irradiation or storage. There were no differ
ences in pH, SSC and TA values between irradiated and non- 
irradiated strawberries. The pH of the fruit rose after 8  days 
storage. Zegota (1988) also reported no change in strawberry 
pH at the beginning of storage, and a slight decrease in total 
acidity after 2 wks of 2-4°C storage. The titratable acidity de
creased after 2 days storage (Table 2). Couture et al. (1990) 
found no change in titratable acidity of strawberries during stor
age or after irradiation. Beyers et al. (1979) and Chachin et al. 
(1968) also reported no change in sugar content of strawberries 
after gamma irradiation.

Instron firmness values showed that strawberries were less 
firm after irradiation and increased slightly in firmness during 
storage. Johnson et al. (1965) also reported an immediate loss 
in flesh firmness of strawberries following irradiation and firm
ness increased during cold storage. Both skin and flesh firmness 
values were lower after 8  days of 2°C storage. The loss of firm
ness after irradiation may be due to changes in pectin and cel
lulose content (Kertesz et a l, 1964; Chachin et a l, 1968; 
Belli-Donini and Stomaiuolo, 1969; d’Amour et al., 1993). Wa
ter loss during storage was not great enough to account for the 
increasing firmness in storage, but it may have been due to reab
sorption of water from intercellular spaces into the cell. The 
reabsorption of calcium from the cell sap followed by calcium

bonding in the pectin may contribute to increasing firmness dur
ing cold storage (Maxie and Abdel-Kader, 1966).

Hunter ‘L’ values were higher for fruit treated with 2 kGy 
than controls and 0.5 kGy-treated fruit. No differences were 
noted in Hunter ‘a’ and ‘b’, hue angle, and saturation index 
values among all irradiation doses. Zegota (1988) reported loss 
in redness after irradiation and storage. Couture et al. (1990) 
indicated that irradiation at 0.3 kGy slightly delayed color de
velopment in the fruit, while Truelsen (1960) found no effect 
on red color of strawberries after irradiation with gamma rays 
at a dose of 2 kGy.

Sensory color values decreased (to more green and lighter 
red) as irradiation dose increased (Table 3), which coincided 
with higher ‘L’ values. Strawberries treated with 0.5-kGy and
2-kGy doses of irradiation were more juicy than nonirradiated 
fruit. No differences among doses were noted in fruit seediness, 
sourness, flavor or off-flavor intensity.

Fruit color became more brown-red during storage (Table 4). 
No changes were found in seediness, juiciness, sourness or fla
vor during storage. After 6  days storage at 2°C, the off-flavor 
intensity of strawberries increased. Panelists noted moldy, musty 
and fermented types of off-flavors.

Sensory firmness values (Table 5) were similar to the Instron 
UTM results. Firmness tended to decrease as irradiation doses 
increased, although loss of firmness immediately after irradia
tion was not indicated. Sensory panelists rated fruit irradiated 
with 2 kGy dose less firm than nonirradiated fruit stored 0, 1, 
2 and 4 days. After 24 hr storage at 2°C, firmness increased for 
the control and 0.5-kGy treated strawberries possibly due to ef
fects of cooling. As expected, firmness generally decreased as 
storage time increased.

Effect of irradiation and storage time (0, 1, 2, 3 days) on pH, 
SSC, TA, texture and color of strawberries stored at 21°C were 
similar to results of storage at 2°C (data not shown). Irradiation 
treatment at all doses decreased weight loss of strawberries 
stored at 21°C, while weight loss increased as storage time in
creased. The storage temperature of 21°C was used to determine 
whether irradiation could result in no need for refrigeration for 
fruit storage. Fruit were moldy in 3 days at 21°C. Thus, reduc
tion of temperature was crucial in maintenance of strawberry 
quality.

The shelf life o f strawberries was extended as irradiation dose 
increased. After 4 days of 2°C storage, fungal mycelia were 
visible in nonirradiated samples, while 0.5 kGy and 1 kGy- 
treated fruit revealed visible mycelia at 6  days and 2 kGy-treated 
fruit revealed visible mycelia at 8  days. Zegota (1988) reported 
that nonirradiated strawberries were visibly infected by mold 
after 1 wk cold storage, while 2.5 and 3.0 kGy-treated fruit 
began to mold at 2  wk.

Irradiation suppressed proliferation of fungi on berries (Fig. 
1). Under both storage temperatures, the number of colonies 
recovered (y, converted to log10 scale) increased as storage time 
increased, but dose X storage time interactions were not signif
icant (data not shown). Data was averaged over 3 replications 
and all storage times. Orthogonal comparisons showed that the 
number of colonies recovered from nonirradiated samples was 
greater than numbers for irradiated treatments (prob >  F < 
0.05). At 2°C, reduction in number of fungal colonies in re
sponse to increasing irradiation level (x) was described by the 
equation y = 4.08 -  0.76X (MSE = 1.00, F16df = 17.74, prob
>  F = 0.0056). At 21°C, the relationship was described by the 
equation y = 4.04 -  0.64X (MSE = 0.229, F ,„df = 46.97, prob
>  F = 0.0005). Strawberry shelf life was extended as irradiation 
dose increased.

The fu gus that was isolated most frequently was Collecto- 
trichum acutatum, the causal agent of anthracnose fruit rot. This 
result was somewhat expected, because a severe epidemic of the 
disease occurred in the field during the sampling period. Al
though none of the berries sampled had lesions when sampled, 
inoculum of the pathogen would have been distributed through-
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STRAWBERRY IRRADIATION . . .

Table 1— E ffe c t  o f  irra d ia t io n  o n  s tra w b e rr ie s  s to re d  0 -8  d a y s  at 2 °C

F ir m n e s s  (N ) C O L O R

(K G y )
D o se

W e ig h t  
lo s s  (% ) pH

(% )
s s c

(%>
T A S k in F le s h L a b H A a S lb

0 0 .36 3.23 8.47 1.16 4 .56 c 7 .01 c 2 4 .2d 35.2 12.5 19.5 3 7 .3
0.5 0 .38 3 .26 8.29 1.18 3 .9 7 d 6 .0 4 d 2 4 .2d 35.1 12.3 19.3 37.2
1 0.57 3.25 8.46 1.14 3 .9 8 d 5 .93 d 2 4 .4 cd 35.0 12.3 19.4 37.1
2 0.52 3 .29 8 .56 1.15 3 .6 9 d 5 .35 e 25.0e 34.8 12.4 19.6 3 6 .9

N S N S N S N S N S N S N S N S

a HA hue angle (tan 1 b/a). 
b SI = saturation index [(a2 + b2)1/2].
c e Means of three replications and six storage times. Means within columns followed by the same superscript are not significantly different (p <  0.05); NS = not significant.

Table 2— E ffe c t  o f s to ra g e  t im e  o n  irra d ia te d  s tra w b e rr ie s  s to re d  at 2 °C

F ir m n e s s  (N ) C o lo r

W e ig h t
D a y s lo s s  (% ) pH <%1 S S C (% ) T A S k in F le s h L a b H A S I

0 0 3 .2 1 b 8.75 1.24a 3 .7 4 bc 5 .9 8 a 2 6 .8 a 3 5 .9 a 13.7a 20.8 a 3 8 .4a
1 0.38 3 .2 4 b 8.51 1.20a 4 .26 a 6 .2 8 a 2 3 .9 bc 3 4 .4 dc 12. I e 19.4bc 3 6 .4 bc
2 0.30 3 .2 1 b 8 .36 1.14b 4 02 abc 6 .3 3 a 2 4 .7 b 3 5 .8 ab 12.8 b 19.7 b 3 8 .0 a
4 0.51 3 .2 7 b 8 .26 1.13b 4 .21 ab 6.103 2 4 .0 bc 3 4 .9 be 12.1c 1 9 .1bc 3 7 .0 b
6 0.71 3 .2 7 b 8.27 1 .09 b 4 .15 ab 5 .97 a 2 3 .5C 34.8cd 11.8e is .s « ^ 3 6 .7 bc
8 1.17 3 .4 1 a 8 .48 1.10b 3 .60 c 5 .2 9 b 2 3 .0 e 3 4 .0d 11.2d 18.3d 3 5 .9C

N S N S

d Means of three replications and four irradiation doses. Means within columns followed by the same superscript are not significantly different (p <  0.05); NS = not signifi
cant.

Table 3— S e n s o r y  e v a lu a tio n  o f s to re d  s tra w b e rr ie s  -  e ffe ct o f irra d ia tio n  
d o s e

K G y C o lo r S e e d J u ic e S o u r F la v o r O ff-fla v o r

0 11. 1a 5.8 8.6b 7.0 8.5 1.1
0.5 10.6b 5.7 9 .1 a 7.3 8.5 1.1
1 10.0e 5.8 8 .9 ab 6.8 7.7 1.8
2 9 .5 d 6.2 9 .4 a 7.4 8.2 1.6

N S N S N S N S

ad Means of three replications, eleven panelists and six storage times. Means within 
columns followed by the same superscript are not significantly different (p < 0.0 1 ); 
NS ■= not significant. 0 = green, seeds not prominent, extremely dry, no sourness, 
no strawberry flavor and no off-flavor to 15 = brown-red, extremely prominent 
seeds, extremely juicy, extremely intense sourness, extremely intense strawberry 
flavor and extremely intense off-flavor.

Table 4— S e n s o r y  e v a lu a tio n  o f  irra d ia te d  s tra w b e rr ie s  -  e ffe ct o f  s to ra g e  
t im e  (2°C)

D a y s 3 C o lo r S e e d J u ic e S o u r F la v o r O ff-fla v o r

0 9 .8 d 5.5 9.1 6.8 8.3 1.4e
1 9.9cd 5.6 9.2 6.8 8.3 1.1e
2 10.4bcd 5.8 9.0 6.9 8.8 1.2e
4 10.7 b 6.3 9.1 7.5 8.0 1.2e
6 10.5bc 6.4 8.5 7.8 7.8 2 .7 b
8 10.3bcd 6.6 9.1 7.4 7.2 2 .7 b

N S N S N S N S

3 Fruit evaluated at 0, 1, 2, and 4 days represent 0, 0.5, 1 and 2 kGy-dose treatments. 
Fruit evaluated at 6 days included 1 and 2 kGy-dose treatments; at 8 days, 2 kGy-dose 
only.

bd Means of three replications, eleven panelists and four irradiation doses. Means 
within columns followed oy the same superscript are not significantly different (p 
<  0.01); NS = not significant. 0 = green, seeds not prominent, extremely dry, no 
sourness, no strawberry flavor and no off-flavor to 15 - brown-red, extremely prom
inent seeds, extremely juicy, extremely intense sourness, extremely intense straw
berry flavor and extremely intense off-flavor.

Table 5— S e n s o r y  f ir m n e s s  o f s tra w b e rr ie s

D o se ______________________________S t o r a g e  t im e  (d a y s)

(k G y) 0 1 2 4 6 8
0 6.6e,a 7.5'i 7.lfgh i 8.0) __k __k
0.5 6.7efgh 7.5*) 5.9bed 6.8e,9 __k __k
1 7.19hl 6.5def 6.5def 5.3a 7 .3 hi* __k
2 6.2cde 6.4de 5.2a 6.3cde 5 4ab 5 7 abc

6.6 7.0 6.2 6.6 6.2 5.7

a i Means of three replications and eleven panelists. Means followed by the same su
perscript are not significantly different (p < 0.01); NS -  not significant. 0 = mushy 
to 15 -  extremely firm.

k Moldy fruit not evaluated by sensory panelists.
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Fig. 1—Mean number of fungal colonies per berry sample (y) fol
lowing exposure to 0, 0.5, 1.0, or 2.0 kGy irradiation, as measured 
by the dilution plating method. Fungal colonization of treated 
berries stored at 2°C was determined after 1, 2, 4, 6, or 8 days. 
Berries stored at 21°C were sampled at 0, 1, 2, or 3 days after 
irradiation. Data shown is averaged over three replications and 
all storage times. Dose X storage time interactions were rot sig
nificant (data not shown).
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out the field, even on asymptomatic leaves and fruit (Gleason, 
unpublished data). Other genera of fungi commonly isolated 
from berry extract includes Alternaria, Cladosporium, Phoma, 
Pestalotia, Rhizopus, Mucor, Penicillium, Rhizoctonia, and Scle
rotium. The absence of Botrytis cinerea from the isolations is 
noteworthy because this fungus is frequently regarded as one of 
the most serious pre- and postharvest pathogens of strawberry 
fruit (Maas, 1984). During the September harvest period, how
ever, air temperatures were well above the optimum for Botrytis 
fruit rot. In addition, weekly sprays of vinclozolin (Ronilan 50 
WP), a fungicide with excellent activity against B. cinerea, may 
have suppressed it.
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Free Fatty Acids from Orange Juice Absorption into 
Laminated Cartons and their Effects on Adhesion

GABRIELE PIEPER and KERSTIN PETERSEN

---------------------------------------- A B S T R A C T  ----------------------------------------
Orange juice was stored in polyethylene/aluminum foil laminated cartons 
at 8°C, room temperature (RT), 35°C, and 55°C for up to 1 yr. Studies 
were carried out on the formation of 6 major free fatty acids (FFAs) in 
orange juice and their absorption into packaging materials during stor
age. Simultaneously adhesion tests on packaging materials were per
formed. Depending on storage temperature FFA concentrations increased 
steadily during storage and they were absorbed (in parallel) into the food 
contact layer of the packaging materials. Delamination between the plas
tic layer and aluminum foil occurred when a critical absorption level of
4-5 mg/dm2 packaging material (corresponding to a level of 10.5-13.2 
mg/cm1 or 1.1 -1.4% in the inside polymer layer) was exceeded.

Key Words: orange juice, packaging, adhesion, free fatty acids, lami
nated cartons

I N T R O D U C T I O N

C i t r u s  j u i c e s  are often packaged in paperboard packages with 
aluminum foil as a barrier layer and low density polyethylene 
(LDPE) as product contact layer. Interaction between these ma
terials and food, involving absorption of aroma compounds, has 
been studied. The impact of interaction on package performance 
has been studied much less. The structural integrity of packages 
may also be affected by interactions between food and pack
aging materials which should be minimized. The integrity and 
barrier performance of multi-layer food packages and the ad
hesion between layers must be maintained during the shelf life 
of the food. Delamination would reduce mechanical strength of 
the package, and thus package integrity, and also the barrier 
effectiveness. This might lead to oxidation and aroma losses.

Adhesion between aluminum foil and polyethylene in multi
layer flexible packages is preferably achieved by use of an in
termediate layer of acid copolymer tie resin. Hjertberg and 
Lakso (1989) showed that the bonding efficiency of carboxylic 
groups in acid copolymers, such as poly(ethylene-co-acrylic 
acid) (EAA) and poly(ethylene-co-methacrylic acid) (EMAA) 
and ionomers based upon them, was higher than that of ester 
groups in materials such as poly(ethylene-co-vinyl acetate) 
(EVA) and poly(ethylene-co-butyl acrylate) (EBA). Ulren et al.
(1990) concluded that the bonding to aluminum foil was 
achieved via Lewis acid/base interactions. The strength of in
terfacial interaction related to the acidity/basicity and the con
centration of functional groups. This was supported by Finlay- 
son and Lancaster (1991) and Hansen et al. (1992), who showed 
that the acid/base functionality of the aluminum foil surface de
termined which adhesion level could be achieved to acid co
polymers. The same principle was also applicable to adhesion 
between LDPE and aluminum foil without tie layers. In that case 
the polar groups were formed in the LDPE during extrusion 
coating.

Hester et al. (1990) demonstrated that the choice of tie resin 
in aluminum foil/tie resin/LDPE structures was very important 
for the durability of adhesion when reactive type foods are

Author Pieper is affiliated with Tetra Pak GmbH, Waldburgstrasse 
79, D-70563 Stuttgart, Germany, Tel. 0711/7356069. Author Peter
sen is affiliated with Tetra Pak Research & Development AB, 
Ruben Rausings gata, 221 86 Lund, Sweden.

packed. Van den Bossche (1991) showed the importance of the 
type food, content and type of co-monomer in the tie resin, the 
thickness of the tie layer, and the storage temperature on the 
durability of adhesion. Both studies emphasized that a higher 
acid co-monomer in the tie resin had to be used to avoid delam
ination when packaging foods such as citrus juices. Neither of
fered an explanation for the reactive nature of such products.

Olafsson et al. (1993a, b) investigated model solutions of or
ganic acids in foods with respect to delaminating effects. The 
packaging material structure was aluminum foil/LDPE without 
an intermediate tie layer. They concluded that non-volatile polar 
acids such as citric- and lactic acid did not affect adhesion of 
these structures. Volatile acids, e.g. acetic and propionic acid, 
showed high delaminating effects. Formation of carboxylic salts 
between the permeating acid and the aluminum foil accompa
nied the delamination. However their findings were not con
firmed with foods.

Adhesion problems encountered during long term storage of 
citrus juices in multilayer structures have not been satisfactorily 
explained. They have generally been attributed to absorption of 
aroma compounds (causing swelling of the polymer and hence 
stressing interfacial bonds) or generally to the high acidity of 
the products. However by far the major part of citrus aroma 
absorption into multilayer flexible packages with aluminum foil 
as a barrier layer was shown by Dürr et al. (1981) to occur 
within the first 2 wk storage when equilibrium was reached. By 
contrast, delamination occurred earliest after several months at 
ambient temperatures.

The acidity of citrus juices is mainly due to citric acid, which 
was proven by Olafsson et al. (1993b) not to affect adhesion in 
multilayer structures. Beside citric acid, however, citrus juices 
contain FFAs (Nagy and Ncrdby, 1970; Kealey and Kinsella,
1973), which were found to initiate delamination in model sys
tems. Our objective was to investigate the formation of FFAs in 
orange juice and to determine whether absorption/permeation 
and interaction of FFAs were responsible for the delaminating 
effects of orange juice on aluminum foil/tie resin/LDPE struc
tures during long term storage.

MATERIALS & METHODS
Orange juice samples and heat-treatment

Commercially available deep frozen orange juice concentrate from 
Brazil was used. It was delivered in steel drums, thawed and stored at 
8°C. The concentrate was diluted to 12° Brix. It was pasteurized at 95°C 
for 15 sec and cooled rapidly to 15°C using a plate heat exchanger. 
Intermediate storage and packaging were at =  15°C. The heat treatment 
and packaging took place at the Tetra Pak Processing plant in Lunc, 
Sweden.

Packaging material and packaging

The orange juice samples were packaged by a Tetra Brik Aseptic 
filling machine into 250cc packages. The packaging material was a com
mercially available laminate:

LDPE/Paper board/LDPE/AlufoiFIonomer/LDPE 
7 pm 6 g/m2 29 g/m2

The packaging material was procuced via extrusion coating and extru
sion lamination. The 2 layers closest to the food were co-extruded.
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Fig. 1—GC-profile of fatty acid methyl esters from (top) a saponified orange juice extract and (bottom) a packaging material extract.
Both samples taken after 12 mo at RT. Peak abbreviations as well as conditions for derivatization and GC-analysis described in 
Materials & Methods.

Storage time (months)
Fig. 2—Changes in concentration of FFAs in orange juice during 
storage for up to 12 mo at different temperatures.

Handling and storage

Samples were kept at Tetra Pak Materials Lund for controlled tem
perature storage and adhesion measurements and were transported to 
Tetra Pak GmbH, Stuttgart, Germany for controlled temperature storage 
and chemical analysis. Samples were stored in both places up to l yr at 
8°C ± PC, RT (=20-25°C), 35°C ±  1°C, and 55°C ±  2°C during the 
test period. At each sampling, the orange juice was transferred into glass 
jars, immediately frozen to - 1 8°C, and stored frozen until the end of 
the storage test. The analysis of packaging material (FFAs and adhesion) 
was made immediately after sampling to avoid alterations.

Storage time (months)
Fig. 3—Changes in concentration of FFAs extracted from the 
packaging materials during storage for up to 12 mo at different 
temperatures.

Chemical analysis

All chemicals were of analytical grade and were purchased from com
mercial sources. All FFAs (GC-standards »“99%) and fatty acid methyl 
esters (GC-standards »=99%) were purchased from Sigma, Deisenhofen, 
Germany. The BF3-methanol complex (=20%) was purchased from 
Merck/Schuchard, Darmstadt, Germany. Monoglyceride (MG), diglycer
ide (DG), triglyceride (TG) and phosphatide (PP) standards for the thin 
layer chromatography (TLC) were supplied by Sigma, Deisenhofen, Ger
many.
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ABSORPTION O F FFAs

Fig. 4—Adhesion durability in packages during storage for up to 
12 mo at different temperatures.

Sample preparation

Packaging material. FFAs, which had been absorbed into the inside 
layers of the packaging materials were extracted immediately after sam
pling with 100 mL of ether (BHT stabilized) for 3 days at 4 °C. Round
shaped migration cells (contact area of 2 x  0.5 dm2), for one sided 
contact were used for extraction. TLC of the packaging material extracts 
for FFAs, MG, DG, TG and PP identified only FFAs. TG could not be 
evaluated due to interference with aroma oil. A comparison of the con
tent of fatty acid methyl esters after derivatization with BF3, performed 
with and without saponification of extracts prior to derivatization, 
showed no difference in fatty acids content. This indicated that the pack
aging material extracts contained no fatty acid esters in form of TG and 
that all fatty acids were present as free acids.

Orange juice. FFAs were extracted from orange juice (50 mL; 0.5 
mg pentadecanoic acid in methanol added as internal extraction standard) 
with five times 50-80 mL of ether (BHT added as antioxidant). The 
combined ether extracts were dried with sodium sulphate. TLC of the 
orange juice extracts for FFAs, MG, DG, TG, and PP identified FFAs 
and to a minor extent DG. PP were only found in trace amounts. TG 
seemed to be the major fraction, but could not be evaluated free due to 
interferences with aroma oil. However, saponification of the orange juice 
extracts prior to derivatization with BF3 gave 1.5 to 7 times higher yields 
for FFAs compared to an un-saponified extract depending on storage 
time and temperature. This indicated that esterified fatty acids, most 
probably TG, must have been extracted to a great extent. The recovery 
rates of extraction standards for FFAs were 73-110%. All concentrations 
of FFAs in the juice extracts were calculated to 100% recovery of the 
internal extraction standard. Duplicate analysis did not vary more than 
5% in the total FFA’s content.

Preparation for GC-analysis

Packaging material extracts. Aliquots of ether extracts (depending 
on expected amounts of FFAs) were evaporated to dryness with a rotary 
evaporator. The dried extracts were dissolved in methanol (50 ppm hep- 
tadecanoic acid methyl ester added as internal standard) and FFAs were 
subjected to methylation with BF3 according to the method described 
by Wijngarten (1967) with slight modifications. The derivatization was 
performed in methanol without sodium hydroxide and petroleum ether 
was used to extract fatty acid methyl esters.

Orange juice extracts. Aliquots of ether extracts (depending on ex
pected amounts o f FFAs) were evaporated to dryness with a rotary evap
orator. The dried extracts were dissolved in petroleum ether (50 ppm 
heptadecanoic acid methyl ester added as internal standard) and were 
used directly for GC-anaiysis without derivatization to avoid transester
ification of fatty acid esters. Other aliquots of dried extracts were dis
solved in 0.5N methanolic sodium hydroxide (50 ppm heptadecanoic 
acid methyl ester added as internal standard). The fatty acids were sub
jected to methylation with BF3 according to the method described by 
Wijngarten (1967) with slight modifications to determine the total fatty 
acids content.

Preparation of specimens for peel test

Specimens (15 mm wide) were cut cross the extrusion direction. Five 
specimens were removed from each package at each sampling. They

Tab le  1— Relative weight (%) of FFAs in orange juice and packag ng ma
terial after storage at room temperature (~20-25°C)

Storage
time
(mo)

16:0 16:1 18:0 18:1 18:2 
(% of total FFAs)

18:3 Sum

O Ja 1.3 29.3 2.9 1.3 21.9 33.6 11 45c
OJ 12 27.2 2.8 1.0 22.5 37.1 9.5 146c
OJ(sap)c 1.3 20.7b 3.2b 1.1b 23.3b 41.6b 10.2b 184d
OJ(sap) 12 21.9b 3.0b 1.0b 22.0b 42.3b 9.9b 263d
Pack.3 1.3 28.7 3.3 1.7 21.3 36.9 7.1 0.5e
Pack. 12 27.0 3.3 1.7 21.5 39.6 7.1 4.2e
a Abbrev.: OJ, orange juice extracts; OJ (sap), saponified orange juice extracts, Pack., 

packaging material extracts.
b Relative weight (%) of total fatty acids found in the saponified extracts of the orange 

juice.
c Concentration of FFAs in the orange juice in mg/L. 
d Concentration of total fatty acids in the saponified orange juice in mg/L. 
e Concentration of FFAs in the packaging material in mg/dm2.

were not allowed to dry before measurement. The separation between 
inside layers and the aluminum foil was started manually, just before 
measurement.

Analytical techniques

Thin layer chromatography. The packaging material extracts and 
orange juice extracts were evaluated for contents of MG, DG, TG and 
FFAs on Kieselgel 60 F254 (Merck, Darmstadt, Germany) with petro
leum ether/ether/acetic acid (50 mL/50 mL/l mL) as mobile phase. De
tection was performed in an iodine chamber.

The packaging material extracts and the orange juice extracts were 
evaluated for PP on Kieselgel 60 F254 (Merck, Darmstadt, Germany) 
with dichloromethane/methanol/water (65 mL/25 mL/ 4mL) as mobile 
phase. Compounds were detected with a specific phospholipid spray of 
Dittmer and Lester (1964).

GC-analysis. The extracts from the orange juice (underivatized FFAs 
and fatty acid methyl esters) and those from packaging materials were 
separated by GC (Hewlett-Packard 5890 Series II, on-column injector 
and FID-detector) on a fused silica capillary column: FFAP-CB (Chrom- 
pack GmbH, Frankfurt. Germany) 25m X  0.32 mm i.d. X  0.3 pm film 
thickness with He as carrier gas. A deactivated fused silica capillary of 
«=3m was used as retention gap to improve column life time. The tem
perature program was 50-100°C at 4°C/min, and from 100-2503C at 
10°C/min with holding times of 10 min at 240°C and 5 min at 250°C. 
The injector was 53°C with the oven track modus on. The detector was 
300°C. Compound identification was done by comparison with com
mercially available fatty acids or fatty acid methyl esters. The following 
fatty acids were identified: Palmitic acid (16:0), palmitoleic acid (16:1), 
stearic acid (18:0), oleic acid (18:1), linoleic acid (18:2), linolenic acid 
(18:3).

Chromatograms of fatty acid methyl esters derived from an orange 
juice extract were compared to fatty acid methyl esters derived from 
packaging material extracts (Fig. 1). The unresolved peaks at 21.3 min 
were additionally investigated on a coupled system of GC infrared de
tector with mass-selective detector (Hewlett-Packard, Boeblingen, Ger
many) under similar chromatographic conditions. Both peaks showed 
almost identical IR- and mass-spectra, in good accordance with the IR- 
and mass-spectra of commercial oleic acid methyl ester. No further ef
forts were made to identify structural differences of either fatty acid. We 
assumed that both were isomers of the fatty acid 18:1 (oleic acid). The 
two peaks for oleic acid could also be found in the GC-chromatograms 
for the underivatized orange juice extracts and were not artifacts c f  de
rivatization.

Ratios of experimental peak areas to internal standard (heptadecanoic 
acid methyl ester) were calculated and compared to an external calibra
tion standard of all identified fatty acids for quantitative analysis. For 
oleic acid the sum of both isomers was determmed and calculated with 
the response factor of commercially available oleic acid or oleic acid 
methyl ester.

Peel test (adhesion measurement)

The specimens were mounted in an Instron tensile testing machine 
(Instron Ltd., Stockholm, Sweden) with a 180° peel angle. The peel angle 
was kept at 180° during the test by using a supporting grip. The cross
head speed was 100 mm/min. The force was plotted vs the cross-head 
movement. The mean force for a stable plateau following the initial 
delamination peak was used for further calculations. Results were nor-
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A dhesio n : D elam ination :

Fig. 5— D e lam ina tion  m echan ism  schem atic.

malized to N/m by dividing by the strip width expressed in meters. The 
arithmetic mean value for the 5 strips was calculated for each sample.

RESULTS & DISCUSSION

FFAs w e r e  p r e s e n t  in  o r a n g e  ju ic e  at <50 ppm when 
packed. This concentration in orange juice was not critical for 
adhesion in laminates of the type we used. During storage the 
level increased steadily with time and temperature to = » 2 0 0  ppm 
(Fig. 2). In parallel, the amount of FFAs absorbed in the pack
aging material increased with time and temperature (Fig. 3). As 
an apparent consequence of interaction with the FFAs, the ad
hesion between inside plastic layers and the alufoil decreased 
(Fig. 4). The peel values for each sample varied substantially as 
adhesion level started to drop. This reflected the fact that delam
ination started in a non-homogeneous way, with local initial 
delamination.

Upon reaching certain critical concentrations of FFAs in the 
packaging material, total delamination occurred. The critical 
concentration in the inside coating was 1 . 1- 1 .4% for all tem
peratures. The composition of the FFAs in orange juice and 
packaging material was essentially the same (Table 1) during 
storage at all temperatures. The saponified orange juice extracts 
(total fatty acids) were slightly different from the FFAs com
position with respect to relative weight % of palmitic acid and 
linoleic acid.

The differences in the fatty acids concentration in weight % 
between orange juice extracts (FFAs) and saponified orange 
juice extracts (total fatty acids) decreased with time and increas
ing temperature. However, the absolute difference in mg/L be
tween them stayed almost constant. This was an indication that 
the formation of FFAs was not due to a hydrolysis of these fatty 
acid esters. However, the polar lipid fraction of phospholipids 
had not been extensively extracted from the juices due to its 
relative insolubility in ether. This fraction has been shown to be 
the major source of the increase of FFAs during storage of or
ange juice (Nagy and Nordby, 1970). In general, the fatty acids 
composition agreed well with results reported for lipid compo
sition of orange juice sacs (Kealey and Kinsella, 1979).

CONCLUSIONS
T h e  f o r m a t io n  a n d  a b s o r p t io n  of FFAs correlated with loss 
of adhesion. The proposed mechanism for delamination sug
gested that the carboxylic groups of the FFAs interfered with

the acid/base bonds between aluminum foil and the tie resin 
(Fig. 5). The hydrophobic chain of the FFAs promoted the per
meation into the polymer and the formation of a weak boundary 
layer between aluminum foil and the tie resin. The proposed 
mechanism corresponded to the acid/base interfacial interaction 
theory. When FFÂs are present in food appropriate multilayer 
material structures must be selected to avoid delamination and 
assure acceptable quality over the shelf life. Structural changes 
in the nature, the co-monomer content or the amount of tie pol
ymer could help to improve adhesion and resistance against de
laminating. Multilayer flexible packages for orange juice were 
designed such that loss of adhesion is usually no problem under 
commercial storage at ambient temperatures.
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Unsaturated Aldehydes Identification from Green Coffee

J. BOOSFELD and O.G. VITZTHUM

----------------------------  ABSTRACT ----------------------------
The dienals in green coffee beans were isolated by simultaneous distil- 
lation/extraction (SDE) and for artifact-free isolation by high vacuum 
distillation (HVD). Characterization and identification of compounds 
were by GC effluent sniffing, GC-MS, GC-FTIR and NMR spectros
copy. Isomers were determined either on-line from green coffee extract 
by direct deposition GC-FTIR or off-line after enrichment by automatic 
preparative GC and subsequent GC-FTIR and NMR spectroscopy. Two 
pairs of unsaturated aldehydes were identified: (E,E)-2,4- and (E,Z)-2,4- 
nonadienal as well as (E,E)-2,4- and (E,Z)-2,4-decadienal.

Key Words: green coffee, roasted, unsaturated, aldehydes, fatty acids

INTRODUCTION
T h e  v o l a t i l e  a r o m a  of roasted coffee is mainly generated 
during roasting. Nevertheless, some volatile components are 
present in the green coffee. They contribute to the typical green 
coffee odor and may impact the cultivar-related flavor or off- 
flavor characteristics in corresponding roasted coffee (Becker et 
al., 1988; Holscher, 1991; Holscher and Steinhart, 1994; Liardon 
et al., 1990; Spadone et al., 1990; Vitzthum et al., 1976, 1990). 
Our objective was to elucidate certain unsaturated aldehydes of 
green coffee that are generated probably via autoxidation of the 
unsaturated fatty acids and esters (Grosch, 1987; Ullrich et al.,
1988). The chemical identification and structural elucidation was 
by means of gas chromatographic (GC) separation and spectro
scopic methods. Isolation of double bond isometric structures 
was by nondestructive high vacuum techniques.

MATERIAL & METHODS
Materials

Colombian green coffee was ground with a Condux® mill to a particle 
size 0.5-1 mm. Reference materials (E,E)-2,4-nonadienal and (E,E)-2,4- 
decadienal were supplied by Aldrich (Steinheim, Germany).

Sample preparation

Volatile compounds were isolated with an apparatus as described by 
Schieberle (1985) as well as by simultaneous distillation/extraction 
(SDE) for 2 hr according to Schultz et al. (1977). For isolation of the 
volatile complex for on-line GC-MS and GC-FTIR evaluations, ground 
green Colombian coffee (150 g) was placed inside a 2L round bottom 
flask. Distilled water (1 L) as well as internal standards 2,3-dimethoxy- 
toluene and 2,3-dimethylpyrazine were added. SDE was carried out us
ing a mixture of n-pentane/diethylether (1 + 1, v/v) as extracting agent. 
The raw extract was dried over anhydrous sodium sulfate and concen
trated to about 0.5 mL by means of a Vigreux column (200 X 10 mm). 
This concentrate was preffactionated by means of column chromatog
raphy (column 250 X 10 mm; silica gel 60, particle size 0.063- 
0.200mm, Merck, Darmstadt, Germany). Elution was carried out first 
with 50 mL pentane (discarded). Then n-pentane/methylene chloride (1 
+ 4, v/v 50 mL) was used as eluting agent for fraction F2 and, subse
quent, diethylether (50 mL) was used to obtain fraction F3. Fraction F2 
was concentrated to about 0.5 mL and lgL was injected into GC-MS, 
GC-FTIR and GC-olfactometry.

The apparatus for artifact-free aroma isolation via HVD consisted of 
a 2L round bottom flask and two cold traps cooled with liquid nitrogen.

Authors Boosfeld and Vitzthum are affiliated with Kraft Jacobs 
Suchard, Coffee Research & Development, Weser-Ems-Straße 3- 
5, D-28309 Bremen, Germany.

Fig. 1—Mass spectral chromatogram of SDE extract of Colom
bian green coffee; total ion chromatogram (below) and chromat
ogram of m/z = 138 (above).

Colombian ground green coffee (600 g) was placed in a 2L round bottom 
flask, n-pentane/diethylether (1 + 1, v/v 50 mL) was added to the green 
coffee and carefully dispersed. The flask was frozen with liquid nitrogen 
and connected to the vacuum distillation apparatus. Vacuum distillation 
was carried out for 2 hr at room temperature and thereafter 5 hr at 75°C 
at a final inner pressure of 32 Pa. After melting the condensate was 
collected in a separatory funnel. The condensed water was drawn off 
and extracted three times with diethylether. The combined organic layers 
were dried over anhydrous sodium sulfate and concentrated as described. 
This concentrate was prefractionated into two fractions by column chro
matography on silica gel. Elution was carried out first with 50 mLn- 
pentane (fraction 1, discarded) and then with 50 mL diethylether 
(fraction 2). Fraction 2 was concentrated to a volume of about 100 |_L 
for GC-MS, GC-FTIR and GC-olfactometry.

Gas chromatography

Gas chromatographic separations were performed on HP 5890 II gas 
chromatographs equipped with a DB-Wax capillary column (60 m X 
0.25 mm; 0.25 pm film thickness). Helium was carrier gas at 1-2 
mL/min; temperature program: 35°C for 2 min, then 40°C/min to 60°C, 
then 3°C/min to 215°C, hold for 15 min. A simple volume of 3 |iL was 
injected via a temperature programmable injection system (60°C to 
200°C; 12°C/sec) and GC sniffing was performed by splitting the GC 
effluent (in a ratio 1:1) to a flame ionization detector and a sniffing port.

Mass spectrometry, FTIR spectroscopy

Mass spectroscopy was performed on a Finnigan MAT 95 Q; mass 
spectra were generated at 70eV in the electron impact mode. Fourier 
Transform Infra Red (FTIR) spectra were recorded by a BIO-RAD 
Tracer interface using the direct deposition technique in combination 
with the ‘FTS45’ FTIR spectrometer. The transfer line was held at 250CC 
and the slide was cooled down to - 196°C with liquid nitrogen (Bourne 
et al., 1990; Diederich et al., 1991; Haefner et al., 1988).

Isolation of (E,Z)-2,4-nonadienal and (E,Z)-2,4-decadienal

(E,Z)-2,4-Nonadienal as well as (E,Z)-2,/-decadienal may occur as 
impurities of their corresponding synthetic (E,E)-2,4-isomers (Aldrich, 
Steinheim, Germany). Isolation of such compounds was performed by
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Fig. 2—MS spectra of 2,4-nonadienals and 2,4-decadienals.

GC effluent cryo-trapping using a preparative Gerstel ‘Multi Column 
Switching’ system (Gerstel, Muhlheim, Germany). The isolate was 
eluted with CDC'I, and GC-FTIR and NMR spectroscopy was carried 
out using the BIO-RAD Tracer interface and a Bruker AC-250 MHz 
spectrometer, respectively. NMR conditions were 512 scans for (E,Z)-
2,4-decadienal with an acquisition time of =  17 min and 117.500 scans 
for (E,Z)-2,4-nonadienal with an acquisition time of 69 hr.

RESULTS & DISCUSSION
T h e  v o l a t i l e  a r o m a  c o m p l e x  of roasted coffee has been 
broadly investigated. This contrasts with the relatively few pub
lished reports on the volatile fractions of green coffee. This is 
a consequence of the fact that coffee is used after roasting. Vitz- 
thum et al. (1976) related the typical green coffee odor to 2- 
methoxy-3-isopropyl- and 2-methoxy-3-Aobutyl pyrazine. A 
variety of saturated and unsaturated aldehydes were identified 
by Guyot et al. (1983) and Spadone and Liardon (1988). The 
latter compounds are known decomposition products of the au- 
toxidation of fatty acids. Their occurrence in green coffee was 
expected since the total lipid content in green coffee amounts 
to about 15% in Arabica and 10% in Robusta and about 1/3 to 
1/2 the fatty acid complex is formed by linoleic acid (Maier,
1981).

In the mass spectral chromatogram pairs of GC peaks of a 
green coffee aroma extract were of special interest (peaks A-
D). In the total ion chromatogram (Fig. 1) peak A appeared only 
as a shoulder of the adjacent peak but it gave a sole peak in the 
MS chromatogram of m/z = 138. The sensory impressions of 
these products A-D at the sniffing port were distinctively dif
ferent and varied from metallic, fried, flowery to oily. Mass spec-

Tabie 1— Relative amounts of (E,E)-2,4-nonadienal, (E,Z)-2,4-nonadienal, 
(E,E)-2,4-decadienal and (E,Z)-2,4-decadienal in HVD and SDE extracts of 
Colombian green coffee
Peak Compound m/e HVD SDE 

(% of total peak area)
A (E,Z)-2,4-nonadienal 138 0.40 0.12
B (E,E)-2,4-nonadienal 81 48.68 9.89
C (E,Z)-2,4-decadienal 81 5.19 5.48
D (E,E)-2,4-decadienal 81 16.82 38.38

tra of the corresponding pairs suggest 2,4-nonadienal and
2.4- decadienal isomers, respectively. However, their fragmen
tation patterns were similar to a large extent and indicated the 
presence of double bond isomeric structures of both pairs of
2.4- dienals. (£',£)-2,4-nonadienal (B) as well as (E,E)-2,4-de
cadienal (D) have been identified in green and roasted coffee 
(Holscher et al., 1990; Holscher, 1991). The chemical structure 
of the isomer (£,Z)-2,4-decadienal (C) has been identified from 
green coffee aroma extracts (Boosfeld et al., 1993). By this our 
results, its occurrence in green coffee was proven by isolation 
with a non-destructive high vacuum distillation procedure. The 
mass spectra of the two pairs of peaks (Fig. 2a-d) show peak 
A and B as well as C and D, appeared to be identical to a large 
extent and showed only little differences in intensities of certain 
mass peaks. Comparison of the sensory impressions, the mass 
spectral and retention data of peak B and D with published data 
and reference substances confirmed the chemical structure of 
peak B as (E,£)-2,4-nonadienal and of peak D as (E,E)-2,4- 
decadienal.

This similarity of mass spectra of the clearly separated peaks 
A and B as well as of the peaks C and D, respectively, was
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Fig. 3—Tracer-FTIR solid phase spectra of 2,4-nonadienals and 2,4-decadienals.

clear evidence for the different orientations of one of the double 
bonds in the carbon chain of the dienals (E/Z isomeric struc
tures). The conditions in the mass spectrometer led to isomeri
zation of alkenyl double bonds. As a result mass spectroscopy 
could not distinguish between E/Z isomers. Fundamentally, we 
could depict four E,Z isomers of each 2,4-dienal structure-T.T, 
E,Z, Z,E and Z,Z. However, the comparison of retention data of 
peak C with published data (Pfannhauser, 1990) revealed the 
presence of (£,Z)-2,4-decadienal which was confirmed by on
line GC-FTIR and NMR spectroscopy (Boosfeld et al., 1993). 
The presence of (£,Z)-2,4-nonadienal (A) in green coffee aroma 
extracts has not been reported. In this work, the isolation and 
structural identification of y,8 -(Z) 2,4-nonadienal was by means 
of SDE and HVD and after preparative enrichment the identi-

fication of its chemical structure was by GC-FTIR and NMR 
spectroscopy. The relative amounts of the two 2,4-nonadienals 
(A and B) as well as of the two 2,4-decadienals (C and D) were 
distinguished by MS as percentage areas relative to total peak 
areas (Table 1).

The wavenumbers of absorption bands of the solid phase 
Tracer FTIR spectra of peaks A-D (Fig. 3a b) and some se
lected assignments to the type vibration of the two pairs of iso
meric 2,4-nonadienals and 2,4-decadienals were determined 
(Table 2 and 3). As expected, the FTIR spectra of the structural 
related pairs of dienals-(£,£)-2,4-nonad:enal and (£’,£>2,4-de- 
cadienal as well as of (£',Z)-2,4-nonadienal and (E,Z)-2A-deca- 
dienal—were similar to a large extent in the range from wave 
number 3500 to 1300. In general, isomeric double bonds
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Table 2— Tracer-FTIR spectral data of (E,E)-2,4-nonadienal and (E,Z)-2,4-nonadienal

[cm -1] Intensity3
(E,E)-2,4-nonadienal

Assignment [cm -1] Intensity3
(E,Z)-2,4-nonadienal

Assignment
3342.3 w 2v C = 0 3325.5 w 2v C = 0
3050-2700 s v C-H 3050-2700 s v C-H
2746.2 w v OC-H 2728.3 w v OC-H
1675.8 vs v C = 0 / C = C 1674.0 vs v c=o/c=c
1640.0 vs v C = 0 / C = C 1631.0 vs v c=o/c=c
1602.7 m v C = 0 / C = C 1590.5 m v c=o/c=c
1465.0 m &as, s CH3, CH2 1464.3 m &as, s CH3, CH2

1380.5 m
1264.4 m

1167.6 s 1157.7 s
1124.4 s 1122.0 s
1021.2 s 1019.2 m
992.9 s ^o.o.p. (E) C = C 994.0 m ^o.o.p. (E) C = C

860.9 m ^o.o.p. (Z) C = C
757.5 m
652.8 m

a Intensities: w - weak, m = medium, s = strong, vs = very strong.

Table 3— Tracer-FTIR spectral data of (E,E)-2,4-decadienal and (E,Z)-2,4-decadienal

[cm“1] Intensity3
(E,E)-2,4-decadienal

Assignment [cm -1] Intensity3
(E,Z)-2,4-decadienal

Assignment
3339.9 w fO O II O 3334.7 w 2v C = 0
3050-2700 s V C-H 3050-2700 s v C-H
2745.9 w v OC-H 2725.6 w v OC-H
1676.5 vs v c = o / c = c 1674.0 vs v C = 0 / C = C
1639.6 vs v C = 0 / C = C 1630.7 vs v C = 0 / C = C
1602.2 m v C = 0 / C = C 1589.3 w v C = 0 / C = C
1465.1 m 8as, s CH3, CH2 1464.7 m 8as, s CH3, CH2

1379.0 m
1260.9 m

1166.7 s 1156.9 s
1121.6 s 1122.3 s
1020.2 s 1018.7 m
993.1 s ^o.o.p. (E) C = C 993.5 m ^o.o.p. (E) C = C

862.1 m ^0.0.p. (2!) C = C
752.7 m
653.4 m

a Intensities: w = weak, m = medium, s -  strong, vs = very strong.

Table 4— NMR spectral data of (E,E)-2,4-nonadienal and (E,Z)-2,4-nonadienala

8 [ppm] Mult.
(E,E)-2,4-nonadienal

Assignm. 3J  [Hz] 8 [ppm] Mult.
(E,Z)-2,4-nonadienal

Assignm. 3J  [Hz]
9.49 d H1 (CHO) H1H2 -  8.3 9.59 d H1 (CHO) H1H2 =  7.9
6.04 dd H2 _ H2H3 = 15.4 6.13 dd H2 H2H3 =  15.1
7.05 m H3 7.43 ddd H3 H3H4 =11. 7
6.23- m H4, H5 6.25 dt H4 H4H5 =  10.8
6.29
2.19 qa H6 H6H7 = 7.1 6.00 dt H5 H5H6 = 7.8
1.24- m H7, H8 2.33 dq H® HeH7 =  7.8
1.47
0.88 t H8 H8H9 = 7.1 1.35 m H7, H8

0.91 t H9 H8H9 =  7.1

a Chemical shifts [ppm, CDCI3], assignments and coupling constants [3J hh1 (d = doublet, dd = double doublet, t = triplet, qa = quartet, qi -  quintet, m = multiplet)

Table 5— NMR spectral data of (E,E)-2,4-decadlenal and (E,Z)-2,4-decadienal3

8 [ppm] Mult.
(E,E)-2,4-decadienal

Assignm. V  [Hz]
8
[ppm] Mult.

(E,Z)-2,4-decadienal
Assignm. 3J  [Hz]

9.49 d H1 (CHO) H1H2 = 7.8 9.59 d H1 (CHO) H^ 2 =  7.8
6.03 dd H2 “ H2H3 = 15.2 6.13 dd H2 H2H3 =  15.2
7.04 dd H3 H3H4 = 10.0 7.42 dd H3 H3H4 =11. 2
6.22- m H4, H5 6.25 t (br.) H4 H4H5 =  11.0
6.29
2.17 qa H6 H5H6 =  6.4 5.99 dt H5 H5H6 =  7.8
1.42 qi H7 H6H7 = 7.0 2.32 qa H6 H6H7 =  6.6
1.18- m H8, H9 1.0-1.6 m H7, H8,
1.35 H9
0.85 t H10 H9H10 = 6.8 0.89 t H10 H9H10 =  6.8
a Chemical shifts [ppm, CDCI3], assignments and coupling constants [3J hhI (d = duplet, dd -  double duplet, t -  triplet, qa -  quartet, qi -  quintet, m -  multiplet; br. broad).

scarcely affect vibrations caused by the aliphatic part of the 
molecule and strength of bonds. The most important spectral 
differences between (E.E) and (E,Z) structures were obvious in 
the fingerprint region below 1100 wave numbers. After nor
malizing the region of the CH vibrations in the range 3050 to

2700 cm" 1 it was obvious that the 8 0 „ p absorption band for the 
(E) double bond existed for both pairs of dienals at wave num
bers 992 to 994. These bands have roughly half the intensity 
for the (E,Z)-dienals as in the spectra of the (£,£)-dienals. Fur
thermore, the 8 oop absorption band for the (Z) double bond
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(860.9 and 862.1 cm-1) occurred only in the spectra of com
pounds A  and C. We could assume that the structure of these 
dienal isomers were (E,Z)- or (Z,£)-2,4-nonadienal and (E,Z)- 
or (Z,£-)-2,4-decadicnal, respectively.

Preparative enrichment of (E,Z)-2,4-nonadienal and (E ,Z )-
2,4-decadienal from authentic reference samples

The final confirmation of a chemical structure requires the 
availability of reference material. Generally, this becomes a 
problems if authentic reference substances are difficult to obtain 
in a pure state. We found that the commercially available syn
thetic (£',£')-2,4-nonadienal as well as the (£’,£)-2,4-decadienal 
contained substantial amounts of isomeric compounds with sim
ilar retention data and sensory properties as substances A and
C. Therefore, these impurities were isolated by automatic GC 
effluent cryo-trapping in the lower nanogram range for subse
quent off-line GC-FTIR spectroscopy (in the case of E,Z-2,4- 
nonadienal) and in the mg range for NMR spectroscopic 
evaluations.

The final structural confirmation of isolates was performed 
via NMR spectroscopy and the compounds were identified as 
(£’,Z)-2,4-decadienal and (E,Z)-2,4-nonadienal, respectively. For 
determination between E/Z isomers the most important basis is 
the 3Jhh coupling constant (see Table 4 and 5). It was obvious 
that the protons FPFP in the NMR spectrum of (£,Z)-2,4-deca- 
dienal and (E,Z)-2,4-nonadienal, respectively, were located in 
an (E) and H4H5 in a (Z) configuration because of the bigger 
coupling constants compared to As a result of the
smaller coupling constant 3](H<H!) the multiplicity of signals for 
H4 for both (ZfZi-dienals were similar to a triplet because of the 
similar values of 3I(h3W) and JJrt;<;P;. In comparison to that we 
found a double doublet for the protons H2 and FP because of 
the different values of 3i (H2Hi,  and 3i (HiHt). The overall appearance 
of the NMR spectrum of (£,£)-2,4-nonadienal and {E,Z)-2,4- 
nonadienal as well as (£,£)-2,4-decadienal and (£,Z)-dccadienal 
demonstrated the differences between the two isomers.

The assignment of NMR signals to corresponding protons of 
the two isomers of (E,E)- and (£,Z)-2,4-decadienal was achieved 
using the 'H, 'H-COSY NMR spectra.

Only the combination of several spectroscopic and chromat
ographic methods and techniques provided clear evidence for 
the orientation in the double bond isomeric structures. With au
thentic reference material, the peaks B and D were clearly iden
tified as (£,Z)-2,4-nonadienal and (£',Z)-2,4-decadienal, 
respectively, via comparison with sensory properties, retention 
and spectroscopic data.
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Highly Sensitive Method for Urea Detection in Wine

SEIICHI KODAMA and TOSHIMASA SUZUKI

----------------------------  ABSTRACT ----------------------------
Trace amounts of urea (less than 50 pg/L) in wine were accurately de
termined using a modified high performance liquid chromatography 
(HPLC-fluorometric) technique. Appropriate selection of eluent, HPLC 
columns, and chiral derivatives for the o-phthalaldehyde solution pro
vided a 20-fold enhancement of sensitivity over established methods. A 
linear relationship was observed at concentrations from 0.5-500 gg/L of 
aqueous urea solution. The threshold level for detectability of urea in 
wine was 5 pg/L. The method is simple enough to be applicable to most 
beverages.

Key Words: wine, urea, HPLC, fluorometric, beverages

INTRODUCTION

In 1986, the Canadian Ministry of Health and Welfare issued 
regulations limiting the amount of ethyl carbamate (EC), a well 
known carcinogen (Mirvish, 1968; Inai et al., 1991), in alcoholic 
beverages. In the U.S.A., very low target acceptable levels of 
EC have been agreed upon by domestic wine producers. Since 
urea is an essential precursor of EC, lowering EC concentration 
in the finished products depends on reducing the concentration 
of urea during manufacturing accomplished by enzymatic con
version (Ough and Trioli, 1988; Fujinawa et al., 1990, 1992a; 
Kodama et al., 1991, 1994).

Acid urease derived from Lactobacillus fermentum works at 
pH 3.0 to 4.0 and can efficiently lower urea content in beverages 
(Kakimoto et al., 1990). Acid urease has been approved by the 
Japanese Tax Administration Agency (1987) for use in all al
coholic beverages and has been categorized as Generally Rec
ognized as Safe (GRAS) for use in wine, including sake, by the 
Food and Drug Administration of the USA (1992).

A highly sensitive method is required to detect residual urea 
in wine after enzymatic removal. Commonly used enzymatic 
and colorimetric methods have detection limits of 1.0 mg/L 
(Almy and Ough, 1989; Nagel and Weller, 1989). Such methods 
are not sensitive enough to be useful for trace residual urea (<  
1 mg/L) in wine.

We previously described a urea determination method with a 
detection limit of 50 pg/L in wine (Fujinawa et al., 1992b). The 
method was both time and labor intensive because solutions had 
to be concentrated until the urea content reached detectable lev
els. Our current objective was to develop a method for rapid 
and highly sensitive determination of urea content of aqueous 
solutions, and determine its usefulness for measurement of trace 
urea in wine.

MATERIALS & METHODS

Reagents

All reagents were of reagent grade and were used without further 
purification. Distilled water for HPLC was obtained from Wako Pure 
Chemical Industries Ltd. (Osaka, Japan).

The authors are affiliated with the Vitamin & Food Research Lab
oratories, Vitamin & Food Division, Takeda Chemical Industries, 
Ltd. 17-85, JusoFlonmachi 2-Chome, Yodogawa-ku, Osaka 532, 
Japan. ____________________

0.8 iL/ iin .

(i.d . 0.5 h  x  10 ■ )
Tater bath ( 2 5 t )

Fig. 1—Schematic of the HPLC-fluorometer system. Details in 
Materials & Methods.

Wines and determination of initial urea content

Japanese red and white table wines, and an imported California sherry, 
all commercially bottled, were purchased from retailers in Japan. Initial 
urea contents were determined by the urea/ammonia UV method using 
an enzymatic test kit (Boehringer Mannheim GmbH, Mannheim, Ger
many).

Trace urea determination

Wine samples (10 mL) were loaded onto a 4 mL column (5 X 100 
mm, BIO-RAD, Calif.) of Amberlite CG 120 Type 1 (H* form, Rohm & 
Haas Co., Philadelphia, PA). The column was washed with 14 mL of 
distilled water, with 3 mL of 33 mM citrate buffer (pH 6.0), and then 
eluted with 28 mL of 33mM citrate buffer (pH 6.0). After addition of 1 
mL of 2.7N KOH containing 0.6% (w/v) sodium azide, the eluate was 
brought to 30 mL with distilled water. Test solution (20 |lL) was injected 
into an HPLC-fluorometer system (Fig. 1).

The HPLC-fluorometer system was similar to that previously reported. 
Improvements include (1) a Hitachi L-6000 HPLC system and a Hitachi
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Fig. 2—Chromatograms of non-neutralized (A) and neutralized 
(B) eluate. Each was prepared from 250 pg/L of urea solution.

Table 1— Urea peak area detected in neutralized eluates8 prepared from 
Japanese red wine

Peak areab
(%) Initial After 7 days at 25°C
0 236,963 0
0.02 223,591 222,629

a Neutralized eluates described in Materials & Methods. 
b Relative responses from an integrator (Hitachi D-2500).

F-1080 Fluorescence Detector were used (Hitachi, Tokyo, Japan), Two 
pieces of Inertsil ODS-2 (5 pm, 4.6 X 150 mm, GL Science Inc., Tokyo, 
Japan) were used to separate ammonia from urea or substances which 
gave fluorescence, and two guard columns with the resin were employed 
to protect the HPLC system. (2) A citrate buffer (33 mM citrate, pH 6.0, 
50 mM sodium octasulfonate, 0.02% (w/v) sodium azide) was used as 
eluent instead of the phosphate buffer. (3) The o-phthalaldehyde (OPA) 
solution containing N-acetylcysteine was replaced with a borate buffer 
(400 mM borate, pH 9.2, 0.08% (w/v) OPA, 1.6 mM sodium sulfite).
(4) The excitation wavelength was 320 nm, and the observed emission 
wavelength was 390 nm.

Removal of urea by acid urease in wine and recovery test

Acid urease derived from Lactobacillus fermentum (3.5 units/mg, Ta- 
keda Chemical Industries, Ltd., Osaka, Japan) was used for enzymatic 
removal of urea. One unit of enzyme was defined as the enzymatic ac
tivity that liberated 1 pmole of ammonia from urea (5000 mg/L)/min in 
100 mM citrate, pH 4.0 at 37°C. We added 1000 mg/L of the enzyme 
to wines (1440 mL) and incubated them for 72 hr at 25°C. After incu
bation, the enzymes were eliminated by filtration through nitro-cellulose 
(pore size: 0.2 pm, Tcyo Roshi Kaisha, Ltd., Tokyo, Japan) prior to 
determination of urea content. The added urea in the test wines resulted 
in concentrations of 3, 5, 10, 50, 100, 250, and 500 pg/L.

R E S U L T S  & D IS C U SSIO N  
Improvement of trace urea detection

In order to establish a more sensitive method of trace urea 
determination, we examined different combinations of eluents, 
types of columns in the HPLC system, and chiral derivatization 
agents in the OPA solution.

Eluents
Noisy background signals previously interfered with detection 

of weak urea-derived ammonia peaks at concentrations <50 pg/ 
L. We determined that the phosphate buffer used in previous 
studies (50 mM, pH 6.9) fluoresced enough to increase the base
line of the chromatogram above acceptable levels. A nonflu
orescing citrate buffer (33 mM, pH 6.0) was therefore used. In 
addition, pH of the eluents was adjusted to 6.0, which optimized 
the activity of the immobilized urease (137 units/mg from Jack 
bean, Wako Pure Chemical Industries, Ltd., Osaka, Japan) to 
silica in a solid phase reactor. Under these conditions, urea was 
completely converted to ammonia and carbon dioxide.

In the pretreatment phase, the eluate became more acidic after 
passing through the cation-exchange resin column. This change 
in pH caused fluctuation in the baseline, with a dip just after the 
urea peak [Fig. 2 (A)]. The dip affected peak area determina
tions, particularly at low concentrations. The eluate was there
fore neutralized by addition of 1 mL of 2.7N KOH. This elim
inated the baseline dip [Fig. 2 (B)].

The urea content of neutralized eluate had decreased on stand
ing a few days at room temperature («» 25°C). One reason for 
this may have been the activity of microorganisms which con
sumed the ammonia as nitrogen source, since no decrease was 
noted in an eluate allowed to remain acidic. The eluate was 
therefore kept sterile by addition of sodium azide dissolved in
2.7 N KOH at 0.6% (w/v). Additions of sodium azide to neu
tralized eluate prevented urea content from decreasing over time 
(Table 1).

Types of H P L C  columns

A variety of reverse phase HPLC columns are commercially 
available. Several types were tested for ability to separate am
monia and urea. Residual silanol groups resulted in broadening 
or the tailing of the urea peak. The Inertsil ODS-2 column was 
therefore selected as optimal, because its elaborate endcapping 
minimized the effects of residual silanol groups after reverse 
phase chromatography, giving better peak resolution.

Chiral derivatization agents in O PA  solution

OPA has been widely used in fluorometric analysis of amino 
acids and biologically active amines. OPA reacts with primary 
amines under alkaline conditions in the presence of thiol com
pounds, such as 2 -mercaptoethanol, resulting in fluorescent com
pounds. Yasui and Hayashi (1990) reported that sodium sulfite 
gave derivatives of higher fluorescence than 2 -mercaptoethanol 
in the reaction of OPA with ammonia. They observed an exci
tation wavelength of 320 nm for such derivatives, and an emis
sion wavelength of 390 nm. In our previous method, N-acetyl
cysteine was used to form fluorescent derivatives. 
Chromatograms obtained for a urea solution (100 |ag/L) reacted 
with an OPA solution containing N-acetylcysteine were com
pared with those containing sodium sulfite (Fig. 3). The OPA 
solution containing sodium sulfite enhanced the peak area of 
ammonia six times over that containing N-acetylcysteine. The 
addition of the compound gave derivatives of greater fluores
cence than 2-mercaptoethanol. The use of sodium sulfite there
fore increased the sensitivity by a factor of six.

In the previous method (Fujinawa et al., 1992b), eluates ob
tained after passing through a cation-exchange resin column 
were concentrated and adjusted to the initial volume (10 mL)
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Fig. 3—Chromatograms of 100 ug/L urea solution reacted with 
an OPA solution containing N-acetylcysteine (A) or sodium sul
fite (B). Peak area: (A) 638, 873; Peak area: (B) 3978, 333.

prior to quantification. In the improved method, we omitted the 
concentration operation and used the Hitachi F-1080 Fluores
cence detector (Hitachi, Ltd. Tokyo, Japan) to monitor urea. 
This detector provides about a 10-fold increase in sensitivity 
over the older Shimadzu RF-520. As a result, urea determination 
method had almost a 2 0 -fold increase in sensitivity.

Calibration curve for urea in distilled water by improved 
method

Urea dissolved in eluent at 0 (blank), 0.5, 1, 5, 50, 100, 250, 
and 500 pg/L, as standard solutions was injected into the HPLC 
fluorometer, without the pretreatment operation, as described 
above. Test experiments were performed in triplicate. The cal
ibration curve of the arithmetic mean calculated from three in
dependent experiments was plotted (Fig. 4). A linear response 
was noted at urea concentrations of 0-500 ug/L. Coefficients of 
variation of peak areas among three test experiments represented
5.5, 3.9, 3.3, 3.8, 1.1, 1.9, 3.6, 2.1, and 3.8% at respective con
centrations of standard solutions from 0 to 500 pg/L.

Recovery test of urea added to sherry

Test sherries had urea added (3-500 pg/L) using 1 mL of 
urea solutions of varying concentration. The samples were sub
jected to pretreatments and then to HPLC-fluorometric analysis. 
Recovery tests were repeated three times at one test/day. Urea 
contents of test sherries were <  50 pg/L after decomposition 
by acid urease for 72 hr at 25°C. The ~  3 mg/L of naturally 
occurring urea in sherries was reduced to 42 pg/L by urea deg
radation using acid urease (Table 2). Recovery rates of urea 
from the experimental sherry samples (5-500 pg/L) ranged from 
95 to 110%.

Recovery test of urea added to red and white wines

The naturally occurring urea in both red and white table wines 
was about 2 mg/L. Recovery tests for the red and white wines 
were carried out using the same procedure used for sherry. Ad
dition of urease decreased the initial content of red wines to 39 
pg/L, and of the white wine to 24 pg/L (Table 3 and 4). Re
covery rates from samples with urea (5-500 pg/L) ranged from

Fig. 4—Calibration curve of urea in distilled water. Coefficients of 
variation represent 1-5% in 0-500 pg/L of urea concentrations.

Table 2—Recovery of urea from sherry

Urea added 
(pg/L)

Urea found3 
(pg/L)

Recovery3
rate
(%)

Coefficient 
of variation 

(%)
0 (blank) 42 — 5.0
3 44 67 0.9
5 47 100 1.0

10 53 110 5.6
50 90 96 3.2

100 137 95 5.6
250 282 96 5.8
500 543 100 3.8
3 Mean of three independent tests.

Table 3— Recovery of urea from red wine
Recovery3 Coefficient

Urea added Urea found3 rate of variation
(pg/L) (pg/L) (%) (%)

0 (blank) 39 — 3.7
3 43 133 3.5
5 44 100 3.7

10 50 110 5.0
50 88 98 5.4

100 135 96 5.6
250 282 97 4.0
500 546 101 4.2
3 Mean of three indepencent tests.

Table 4— Recovery of urea from white wine

Urea added 
(pg/L)

Urea found3 
(|ig/L)

Recovery3
rate
<%)

Coefficient 
of variation 

<%)
0 (blank) 24 — 5.3
3 28 133 5.1
5 29 100 4.9

10 34 100 5.1
50 72 96 4.9

100 129 105 4.2
250 273 100 3.9
500 508 97 5.6
3 Mean of three independent tests.

96 to 110% in red wine and from 96 to 105% in white wine. 
The improved method provides higher sensitivity for detection 
of low concentrations of urea with a lower limit of =  5 pg/L.

C O N C L U S IO N S
T h e  a p p r o p r i a t e  s e l e c t i o n  of eluent, column, and chiral de
rivatives for HPLC detection of urea in solution provided the 
high sensitivity necessary for accurate measurements at low con
centrations. Our method can detect urea as low as 5 pg/L in

—Continued on page 1109
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Stability of Metabolically Conjugated Precursors of Meat and 
Milk Flavor Compounds in Various Solvents

L.-H. HAN and R.C. LINDSAY

---------------------------------------- A B S T R A C T  ----------------------------------------
The stability of selected metabolic conjugates (phenylglucuronide, phen- 
ylphosphate, and naphthylsulfate) was determined in model systems 
composed of water and various ratios (3:1, 1:1, 1:3) of selected solvents 
(hexane, chloroform, ethyl acetate, diethyl ether, or methanol) held at 
either 22°C or 40°C for 30 min under various pH conditions (pH 1.5, 
3.2, or 6.5). Notable hydrolysis occurred only for the more polar solvents 
held in contact with acidic aqueous phases. Conditions were identified 
for minimizing hydrolysis of conjugates during extraction of fat and free 
alkylphenols from milk and meat products with diethyl ether. They were 
pH near neutral, short exposure time, near ambient temperature, presence 
of excess water, and saturation of aqueous phase with sodium chloride.

Key Words: milk flavor, precursors, metabolic conjugates, solvent sta
bility

I N T R O D U C T I O N

S e v e r a l  v o l a t i l e  a l k y l p h e n o l s  have been identified in 
meats (Ha and Lindsay, 1991a; Lorenz et al., 1983; Nixon et 
al., 1979), butter (Urbach et al., 1972), cheeses (Ha and Lindsay, 
1991b, c; Moins et al., 1976; Ramshaw, 1985) and off-flavored 
fish (Heil and Lindsay, 1988). Alkylphenols often exhibit low 
flavor thresholds (Ha and Lindsay, 1991a; Urbach et al., 1972; 
Wasserman, 1966), and these compounds have been reported to 
provide influential flavors to meats, cheeses and butter (Ha and 
Lindsay, 1991a, b, c; Urbach et al., 1972). Metabolically con
jugated alkylphenols were found in milk by early researchers 
(Brewington et al., 1973, 1974). Lopez and Lindsay (1993a) 
found that conjugates of alkylphenols were precursors to cowy 
and sheep-like flavor compounds in skimmilks. Concentrations 
of alkylphenols also increased during cooking of mutton which 
led to the hypothesis that thermally labile precursors for alkyl
phenols were present in meat (Brennand and Lindsay, 1992).

Metabolic conjugates in aqueous systems of biological origin 
have been isolated and quantified (Capel et al., 1972, 1974; Kao 
et al., 1979; Porteus and Williams, 1949; Stehly and Hayton,
1988). Free alkylphenols have been isolated using steam distil
lation extraction (Brennand and Lindsay, 1992; Ha and Lindsay, 
1991a, b, c; Heil and Lindsay, 1988). However, attempts to an
alyze individual alkylphenols and their conjugates in complex 
fatty foods has been difficult. Lopez and Lindsay (1993a) ana
lyzed alkylphenols and corresponding conjugates in skimmilk, 
but did not analyze these compounds in whole milk because of 
interferences from milkfat.

Thus, because of interference from fats, fatty foods have not 
been analyzed directly for alkylphenol conjugates. It has been 
necessary to devise means for defatting samples before applying 
adsorptive or other techniques for isolation of intact conjugates 
(Lopez and Lindsay, 1993a). Similarly, analysis of free alkyl
phenols in fatty foods requires their separation from bound con
jugate forms before distillation or extraction to isolate them from 
fats in which they are dissolved (Han and Lindsay, 1995).

Extraction of fats from fatty foods with solvents is the most 
direct means for facilitating analysis of free alkylphenols and 
their conjugates. However, the stability of conjugates in contact

Authors Han and Lindsay are affiliated with the Dept, of Food 
Science, Univ. of Wisconsin-Madison, Madison, Wl 53706.

with such solvents is questionable. Lopez and Lindsay (1993b) 
have reported instability of alkylphenol conjugates when they 
were placed in contact with certain organic solvents, similar to 
other reports (Burstein and Lieberman, 1958; Burstein et al., 
1960). Our objectives were to determine the stability of phenolic 
conjugates when placed in contact with selected solvents, and 
to identify conditions to help develop analytical procedures that 
would not distort quantitative relationships between free and 
conjugated forms of alkylphenols from fatty foods.

MATERIALS & METHODS
Reagents and chemicals

Phenyl (3-D-glucuronide, potassium 2-naphthylsulfate and tetrabuty- 
lammonium hydrogen sulfate (TBAHS) were purchased from Sigma 
Chemical Co. (St. Louis, MO). Disodium phenylphosphate, p-cresol and 
phenol were purchased from Aldrich Chemical Co. (Milwaukee, WI). 
Acetonitrile, hexane, chloroform, methanol and ethyl acetate were HPLC 
grade from Fisher Scientific (Fair Lawn, NJ). Reagent grade sulfuric 
acid, sodium sulfate anhydrous, sodium chloride and diethyl ether were 
obtainec from Mallinckrodt (Rochester, NY). Diethyl ether was single
plate distilled in a glass apparatus before use. Tween 80® was obtained 
from ICI (Wilmington, DE). Butteroil was obtained from the Center for 
Dairy Research, UW-Madison, WI.

Analytical methods

A high-performance liquid chromatography (HPLC) system consisting 
of an ISCO Model 2350 pump (Lincoln, NE) and a Cl8 reverse-phase 
column (Zorbax ODS 4.6 i.d. X 25 cm, DuPont, Wilmington, DE) with 
an ISCO variable wavelength absorbance detector set at 210 nm was 
employed. Chromatograms were recorded with a Model 4100 computing 
integrator (Spectra-Physics, San Jose. CA). A 10-pL sample loop was 
used for sample introduction. An isocratic paired-ion mobile phase com
posed of 7 mM TBAHS in acetonitrile and water (40:60) was pumped 
at 1.5 ir.L/min, and the recorder chart speed was 1 cm/min (Frausson et 
al., 1976; Knox and Hurand, 1977; Lopez and Lindsay, 1993a; Ragan 
and Mackinnon, 1979; Sawa et al., 1988). All samples and the mobile 
phase were passed through a 0.2-pm Teflon filter (Alltech, Deerfield, IL) 
before injection. The mobile phase was degassed under reduced pressure 
(100 mm Hg) and held in an ultrasonic bath (Heat Systems-Ultrasonics 
Inc., Plainview, NY) for 15 min before use.

Stability of phenolic conjugates

Bulky solvent/water systems. Phenyl (3-D-glucuronide, potassium 2- 
naphthylsulfate and disodium phenylphosphate standards were dissolved 
individually either in twice-distilled water (pH 6.5), or similar water 
which had been adjusted to either pH 1.5 or pH 3.2 with 2 N sulfuric 
acid. Solutions of conjugates (10 mL; 100 pg/mL) were pipetted into 
50-mL test tubes (25 X 150 mm, screw-cap with PTFE-faced rubber 
liner), and then were mixed individually with either 3 mL, 10 mL or 30 
mL of a selected solvent (hexane, chloroform, ethyl acetate, diethyl ether 
or methanol). Sample preparations were hand-shaken vigorously for 30 
sec, and then placed in a shaker water bath (Model 406015, Cambridge 
Instruments, Inc., Buffalo, NY) at 40°C (22°C for diethyl ether) for 30 
min prior to analysis. Organic solvents were removed by evaporation 
under a slow stream of nitrogen at 25°C, and 10 pL of p-cresol stock 
solution (0.1 mg/pL methanol; 1 mg total) was added as a reference 
standard to the remaining aqueous solutions. Samples of aqueous solu
tions were then analyzed for conjugates by HPLC. and differences in 
concentrations between original stock solutions and experimental sam
ples were calculated before computing % recoveries.
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Recovery (%)a

Table 1— Stability of phenylglucuronide during brief exposure to several
solvent-water system s

Solvent system_________ pH 1.5__________ pH 3.2__________ pH 6.5

Water : Hexane (40°C for 30 min)
1 : 3 100 ±  0.0b 101 ± 0.0 100 0.7
1 : 1 101 ± 0.2 98 + 0.8 102 + 0.4
3 : 1 100 ± 0.0 94 ± 1.4 100 0.0

Water : Chloroform (40°C for 30 min)
1 : 3 100 ± 0.0 97 ± 1.1 101 ± 0.5
1 : 1 102 ± 1.3 98 ± 0.6 98 0.6
3 : 1 99 ± 0.0 98 0.4 100 0.5

Water : Ethyl acetate (40°C for 30 min)
1 : 3 93 ± 2.8 94 0.8 97 ± 0.8
1 : 1 95 ± 0.6 92 + 1.7 97 0.4
3 : 1 95 ± 0.4 91 2.9 103 + 0.3

Water : Diethyl ether (22°C for 30 min)
1 : 3 98 ± 1.4 97 ± 0.7 97 + 0.4
1 : 1 97 ± 1.4 97 ± 0.6 99 0.0
3 : 1 97 ± 0.1 100 ± 0.1 98 0.0

Water : Methanol (40°C for 30 min)
1 : 3 92 ± 3.5 93 ± 1.3 95 0.8
1 : 1 95 ±  1.5 97 ± 1.6 98 ± 0.1
3 : 1 95 ±  0.8 100 ± 1.7 103 ± 0.0

a Initial concentration = 100 jig/mL H2O. 
b Mean ± standard deviation for duplicate sample analyses.

Table 2—Stability of phenylphosphate during brief exposure to several sol
vent-water systems

Recovery (%)a
Solvent system pH 1.5 pH 3.2 pH 6.5

Water : Hexane (40°C for 30 min)
1 : 3 94 ± 1.3b 97 ± 0.1 95 ± 0.3
1 : 1 93 ± 2.0 96 ± 0.1 100 ± 0.1
3 : 1 95 ± 0.7 97 0.0 97 ± 0.1

Water : Chloroform (40°C for 30 min)
1 : 3 98 ± 0.1 101 0.0 101 ± 0.3
1 : 1 100 ± 0.0 100 + 0.0 99 ± 0.0
3 : 1 98 ± 0.1 100 ± 0.1 100 ± 0.0

Water : Ethyl acetate (40°C for 30 min)
1 : 3 74 ±  1.2 76 + 3.5 94 ± 1.7
1 : 1 80 ±  0.1 76 ± 1.3 96 ± 1.3
3 : 1 84 ±  1.1 87 + 2.1 102 ± 0.1

Water : Diethyl ether (22°C for 30 min)
1 : 3 89 ±  1.3 92 ± 2.2 97 ± 0.4
1 : 1 90 ± 0.7 92 + 1.8 97 + 0.7
3 : 1 93 ± 0.7 93 + 0.4 100 ± 0.0

Water : Methanol (40°C for 30 min)
1 : 3 84 ±  3.3 83 1.4 94 -1- 1.3
1 : 1 96 ± 1.7 96 ± 0.8 92 + 1.4
3 : 1 95 ± 1.1 94 0.8 95 ± 0.8

a Initial concentration = 100 ¿ig/mL H2O. 
b Mean ± standard deviation for duplicate sample analyses.

Stability of conjugates in diethyl ether. Samples of conjugates 
(phenylglucuronide, phenylphosphate, naphthylsulfate; 2 mg each) were 
added into either 40 mL of anhydrous diethyl ether or 40 mL of diethyl 
ether containing 1% water (pH 6.5 or pH 1.5). Anhydrous diethyl ether 
was prepared by adding excess anhydrous sodium sulfate, and storing 
the diethyl ether in the dark for 24 hr. Water (1%) was introduced into 
anhydrous diethyl ether (40 mL) by adding 400 pL of the appropriate 
pH-adjusted water, and then rapidly blending the mixture with a high
speed Polytron homogenizer (Brinkmann Instruments Co., Westbury, 
NY) for 30 sec.

Samples were then quickly placed in an ultrasonic water bath (Heat 
Systems-Ultrasonics Inc., Plainview, NY) and held at 22°C for 30 min 
to aid in maintaining dispersions. After storing, the ether-based solutions 
were combined with 20 mL water, and then diethyl ether was evaporated 
under a slow stream of nitrogen. A reference standard (p-cresol; 20 pL;
2.0 mg; 0.1 mg/pL methanol) was added to each aqueous solution, and 
the concentrations of intact conjugate compounds were determined by 
HPLC analysis.

Effect of sodium chloride on partitioning of phenolic conjugates 
into diethyl ether. Sodium chloride (1, 2, 3, or 4g) was added to so

lutions (10 mL each) of a conjugate mixture (100 pg/mL) to produce 
serial aqueous solutions containing 10, 20, 30 or 40% sodium chloride. 
Diethyl ether (10 mL) was added to each sample, and they were shaken 
by hand for 30 sec. Then, after storing 30 min, each diethyl ether phase 
was recovered and added to a new 10-mL aliquot of the aqueous solution 
containing the mixture of conjugates (100 pg/mL each). This was nec
essary to increase the total conjugate concentration in a sample to a range 
detectable by HPLC. The diethyl ether was evaporated under a slow 
stream of nitrogen, and p-cresol was added as a reference standard (1.0 
mg; 10 pL; 0.1 mg/pL methanol). HPLC analysis was then conducted, 
and amounts of conjugates in the diethyl ether phase were determined 
by difference between corresponding analytical data for basic stock so
lution and the stock solution plus that from the diethyl ether extracts.

Stability of conjugates in water and fat emulsion systems. Simu
lated cream and butter emulsion systems were prepared by emulsifying 
water and anhydrous milkfat (Center for Dairy Research, UW-Madison, 
WI) in the ratios of 50:40 (cream) or 20:80 (butter). Tween 80® (3%) 
was added as an emulsifier, and 2 mg of each of the conjugates (phen
ylglucuronide, phenylphosphate, naphthylsulfate) were dispersed in each 
of the cream and butter systems (20g each). Samples were then incubated 
at 40°C for either 30 min or 24 hr, or were heated at 90“C in a water 
bath for either 30 min or 2.5 hr.

Samples were then combined with 10 mL distilled water and shaken 
with 20 mL diethyl ether to remove milkfat. Then aqueous residues were 
each again combined with 10 mL distilled water and extracted with 
another 10 mL diethyl ether before centrifuging (6000 X g; Sorvall 
refrigerated centrifuge, DuPont Inst., Des Plaines, IL) at 10°C for 20 min 
to complete removal of fat. Final aqueous samples containing conjugates 
were collected, and p-cresol was added as a reference standard (20 pL;
2.0 mg; 0.1 mg/pL methanol) before analysis by HPLC.

R E S U L T S  & D IS C U S S IO N  

Stability of conjugates in bulky water:solvent systems
Stabilities of aqueous solutions of phenylglucuronide, (Table 

1) phenylphosphate (Table 2) and naphthylsulfate (Table 3) to 
various solvents that might be employed in defatting or extrac
tions of free alkylphenols from fatty foods were compared. This 
series of trials was carried out to evaluate effects of bulky sol
vent exposure conditions that might affect the degree of hy
drolysis of conjugates during extractions. This provided guid
ance in selection of extraction conditions which would not 
distort quantitative relationships between free and conjugate- 
bound phenols in fatty foods.

The brief 30-min exposure was used because it represented 
our estimated solvent contact time for conjugates dissolved in 
the water phase of foods during extractions. Similarly, the ex
posure temperature of 40°C was used for most systems because 
it might be used to liquefy animal fats to improve extraction 
efficiencies. However, in the case of diethyl ether, exposure tem
perature was maintained at 22°C to minimize evaporation of 
solvent. The ratios of water to solvents were varied for each 
system (3:1, 1:1, 1:3) to determine whether the relative bulk 
amounts of water present in a system affected the degree of 
hydrolysis.

In these studies, residual phenolic conjugates were quantita 
tively measured to determine the degree of hydrolysis and % 
recoveries. However, although not quantified, the corresponding 
free phenols were consistently noted during HPLC analysis 
which confirmed that hydrolysis of conjugates had occurred. 
Thus, we concluded that conjugates were not simply unrecov
ered during experimental manipulation.

Exposure of aqueous solutions of the three conjugates at pH
6.5 to the solvents resulted in comparatively little hydrolysis. 
This was especially the case for phenylglucuronide where re
covery was >95% from pH 6.5 systems for all solvent combi
nations (Table 1). Phenylphosphate (Table 2) and naphthylsul
fate (Table 3) were hydrolyzed slightly at pH 6.5 (3—8%) when 
in contact with the more polar solvent systems, and this was 
more notable in methanokwater systems. It has been reported 
(Burstein and Liebe-man, 1958) that conjugates were susceptible 
to hydrolysis when water was present and they were dispersed 
in non-ionizable solvent systems.

Volume 60, No. 5, 1995—JOURNAL OF FOOD SCIENCE—1101



MEAT & MILK FLAVOR COMPOUND PRECURSORS .

Table 3—Stability of naphthylsulfate during brief exposure to several sol-
vent-water systems_________________________________________________

Recovery (%)a
Solvent system_________ pH 1.5__________ pH 3.2__________ pH 6.5

Water : Hexane (40°C for 30 min)
1 : 3 91 ± 0.1b 96 + 0.8 99 ± 0.0
1 : 1 92 ± 1.0 93 + 0.5 101 ± 0.0
3 : 1 92 ±  0.7 91 ± 0.5 100 ± 0.0

Water : Chloroform (40°C for 30 min)
1 : 3 73 ±  1.1 76 1.6 101 ± 0.1
1 : 1 73 ±  0.7 78 0.5 99 + 0.1
3 : 1 84 ± 1.3 80 + 1.1 100 ± 0.7

Water : Ethyl acetate (4C°C for 30 min)
1 : 3 48 ± 2.6 76 ± 3.1 94 + 0.3
1 : 1 79 ± 2.2 76 + 4.2 96 + 0.1
3 : 1 87 ± 2.0 86 ± 0.7 96 ± 0.1

Water : Diethyl ether (22°C for 30 min)
1 : 3 87 ± 1.1 86 + 0.3 96 ± 0.3
1 : 1 87 ± 0.8 87 0.7 97 ± 1.1
3 : 1 92 ±  1.4 97 ± 1.0 97 ± 0.7

Water : Methanol (40°C for 30 min)
1 : 3 69 ± 3.2 78 ± 2.0 92 ± 0.0
1 : 1 83 ±  2.8 83 ± 1.6 98 ± 0.1
3 : 1 87 ±  1.8 94 ± 2.2 97 ± 0.1

a Initial concentration -  100 gg/mL H2O. 
b Mean ± standard deviation for duplicate sample analyses.

The data for solutions at pH 6.5 which were contacted with 
either hexane or chloroform showed that the recovery of the 
conjugates was nearly 100%. Presumably, hydrolysis did not 
occur because of low solubility of the conjugates in the nonpolar 
solvents. With ethyl acetate and diethyl ether in contact with pH
6.5 water, the slightly higher polarities probably led to some 
solution and hydrolysis of conjugates (< 6 %), especially for 
phenylphosphate (Table 2) and naphthylsulfate (Table 3).

The effects of acidic conditions on stability of conjugates in 
the watensolvent systems was studied using aqueous systems at 
pH 1.5 or 3.2. Phenylglucuronide contacted with hexane or chlo
roform gave similar results to the pH 6.5 systems, nearly 100% 
recovery. In the presence of the more polar solvents, only slight 
( < 8 %) hydrolysis of phenylglucuronide occurred. Overall phen
ylglucuronide was most resistant to hydrolysis regardless of con
ditions.

Little hydrolysis of phenylphosphate and naphthylsulfate oc
curred under acidic conditions when these conjugates were con
tacted with hexane (Tables 2 and 3). However, while 
phenylphosphate was quite stable during chloroform exposure 
under acidic conditions, naphthylsulfate was hydrolyzed to a 
notable degree (16-27%; Table 3). Similarly, acidic conditions 
increased hydrolysis of these two conjugates when they were 
contacted with more polar solvents.

Acidic conditions in two-phase systems may suppress ioni
zation and increase the partitioning of conjugates into the or
ganic solvent phase where the solvent aids in the hydrolysis 
(Burstein and Lieberman, 1958). In two-phase systems, hydrol
ysis of conjugates in organic media follows first-order reaction 
kinetics and occurs in two stages (Burstein et al., 1960; Marsh,
1966). The first stage involves partitioning of conjugate into the 
organic phase, followed by solvolysis of conjugate in the non
ionizing solvent.

The amount of water affects the rate of hydrolysis of conju
gates, and this has an important effect on the rate-determining 
step of conjugate solvolysis (Burstein et al„ 1960). In our stud
ies, the amount of water was varied for each watensolvent sys
tem (1:3, 1:1, 3:1), and the concentration of conjugate in each 
aqueous solution (100 pg/mL) remained constant. Effects related 
to the amount of bulk water on the degree of hydrolysis were 
not observed in all trials. However, such effects were found in 
most instances where notable ( > 1 0 %) overall hydrolysis oc
curred (Tables 2 and 3). In the case of naphthylsulfate exposure 
to water:ethyl acetate (Table 3), 52% was hydrolyzed in the 1:

3 system, 21% in the 1:1 system, and 13% in the 3:1 system. 
The amount of bulk water was not highly restrictive. We con
cluded that the higher concentration of conjugate in the water 
portion of 1:3 watensolvent systems caused a greater partition
ing of conjugate into the organic phase. As a result, the solvol
ysis step was accelerated and more hydrolysis occurred than for 
samples containing more dilute concentrations of conjugates in 
the aqueous phase.

Because of its low polarity, though it is reasonably efficient 
for extracting fats, hexane provided inadequate extraction of 
phenol and other polar phenolic analogs from aqueous systems 
(Han and Lindsay, 1995). The higher boiling points for the more 
polar solvents, chloroform, methanol and ethyl acetate, caused 
difficulties with hydrolysis and solvent removal. The coextrac
tion of water and non-volatile constituents with methanol also 
caused additional problems in determination of free alkylphen- 
ols.

Thus, of solvents in the two-phase systems, diethyl ether was 
the most promising for extraction of fats and free alkylphenols 
from fatty foods. Several researchers have reported that higher 
recoveries of phenol and its alkyl derivatives were obtained with 
diethyl ether than with other solvents when applied in two-phase 
extractions (Hrivnak and Steklac, 1984; Jones et al., 1993; Kao 
et al., 1979; Tyman et al., 1989). Stehly and Hayton (1988) 
reported that pentachlorophenol could be removed from aqueous 
samples using diethyl ether extraction without hydrolysis of glu- 
curonide and sulfate conjugates which remained in the aqueous 
phase. However, extractions with either ethyl acetate or butanol 
resulted in only partial recovery of conjugates, and some hy
drolysis occurred at pH 2 and 8 . Lopez and Lindsay (1993b) 
also reported that alkylphenol conjugates held in the presence 
of ethyl acetate at 40°C for 30 min were unstable.

Lieberman and Dobriner (1948) reported that sulfate conju
gates were not appreciably hydrolyzed in the presence of diethyl 
ether when extractions were carried out at room temperature and 
pH of the aqueous phase was >1.0. Results of our earlier bulky 
watensolvent trials had shown that phenylglucuronide was es
sentially stable under the trial conditions of contact (22°C for 
30 min) with diethyl ether for all three pH values (1.5, 3.2, 6.5; 
Table 1). Similarly, phenylphosphate and naphthylsulfate were 
quite stable when contacted with diethyl ether at pH 6.5 (Table 
2 and 3). However, under acidic conditions (<pH 3.2), some 
hydrolysis for the two conjugates occurred (>13%). Some lim
ited effects of the amount of bulk phase water on conjugate 
hydrolysis were also noted for diethyl ether. In the trial for na
phthylsulfate at pH 3.2 (Table 3) the lower water contents (1:3 
and 1 : 1 ) resulted in about 1 0 % more hydrolysis than with the 
higher water content (3:1, waterdiethyl ether).

Effects of restricted water contact. The effects of exposing 
conjugates to very limited amounts of water ( 1%) in diethyl 
ether systems was also investigated (Table 4). Dispersion and 
exposure of conjugates to anhydrous diethyl ether resulted in 
>90% recovery of each of the three conjugates, and under an
hydrous conditions phenylphosphate was least stable. However, 
when 1% water (pH 6.5 or 1.5) was added to the diethyl ether, 
considerable hydrolysis occurred for each of the conjugates ex
cept for phenylglucuronide at pH 6.5 (Table 4).

The hydrolytic effect of low water concentrations was espe
cially pronounced at the lower pH (1.5) for phenylphosphate 
and naphthylsulfate where all of the conjugate was hydrolyzed. 
Hydrolysis was confirmed in these systems because the corre
sponding free phenolic substance was also found in the analysis. 
The rapid hydrolysis was probably caused by the strong parti
tioning of conjugates into diethyl ether from the aqueous phase 
where they were concentrated because of the limited amount of 
water.

Effects of contact with sodium chloride. Elevated concen
trations of sodium chloride in the aqueous phase of samples 
provided strong salting-out effects which resulted in increased 
extraction recovery of phenol and phenolic substances (Jones et 
al., 1993). Effects of adding sodium chloride to the aqueous
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Table 4— Effect of restricted am ount of water on the stability of selected
phenolic conjugates exposed to diethyl ether for 30 min at 22°C

Recovery (%)a

Sample treatment pH
Phenyl

glucuronide
Phenyl

phosphate
Naphthyl

sulfate
Diethyl ether 

anhydrous 97.3 ± 2.4 90.6 ±  1.0 95.9 ± 3.1
+ 1% water 6.5 98.5 ±  1.7 68.3 ± 3.6 12.2 ± 4.7
+ 1% water 1.5 74.6 ± 4.5 trace ndb

a Each sample initially contained 2 mg of each conjugate dispersed in 40 m l of diethyl 
ether; Mean ± standard deviation for duplicate sample analyses. 

b Not detected.

phase upon partitioning of phenolic conjugates to diethyl ether 
were compared (Table 5). Only conjugates were found in the 
diethyl ether, and free phenolic substances were not detected 
which indicated that hydrolysis in this system was very limited.

Generally, the addition of sodium chloride (10-40%) to the 
aqueous phase decreased the amount of conjugate in the diethyl 
ether phase, but this did not appear to apply for naphthylsulfate 
where no effect was observed. It was not possible to directly 
analyze samples containing sodium chloride by HPLC because 
of the salt. As a result, the near threshold-detection amounts of 
conjugates extracted into diethyl ether were combined with 
those in fresh stock solutions before analyses.

Overall, the presence of sodium chloride at elevated ionic 
strengths generally did not induce hydrolysis. It enhanced the 
solubility of conjugates in the aqueous phase while suppressing 
their partitioning into the diethyl ether. Thus, the use of sodium 
chloride in extractions not only should increase recovery of free 
alkylphenols, but also should reduce errors caused by solution 
of conjugates in diethyl ether.

Stability of conjugates in simulated cream and butter
systems

Fats are esters of glycerol and fatty acids, and hence may 
exert hydrolytic effects on phenolic conjugates similar to those 
from certain solvents. Trials with simulated butter (80:20, fat: 
water) and cream (40:60, fat:water) (Table 6) showed relatively 
little hydrolysis occurred at 40°C during exposure for 0.5 hr. 
Some hydrolysis (<  15%) was observed when samples contain
ing the more labile phenylphosphate and naphthylsulfate were 
held for 24 hr. Again, phenylglucuronide was the most stable.

In most instances heating of simulated cream and butter sys
tems at 90°C resulted in some hydrolysis within 0.5 hr (<  16%). 
However, when heating time was extended to 2.5 hr, hydrolysis 
(>  17%) was noted for all conjugates. Under the higher heating 
conditions, phenylphosphate was nearly all hydrolyzed within
2.5 hr. Comparison with results of Lopez and Lindsay (1993b), 
who studied the stability of phenolic conjugates in purely aque
ous systems, indicated that presence of vegetable oil may have 
contributed to hydrolysis of phenylphosphate in their studies. 
Thus, hydrolysis of conjugates in fatty food systems may be 
accelerated compared to purely aqueous systems. Fats may en
hance the rate of flavor development by this mechanism in foods 
of animal origin when they are heated as in roasting mutton 
(Brennand and Lindsay, 1992).

C O N C L U S IO N S
C o n d it io n s  for isolation of conjugates which would be ex
pected to give negligible hydrolysis are the use of diethyl ether 
as extractant at 22°C with exposure time of 30 min or less. 
Avoidance of heating fatty foods, saturation of aqueous phase 
with sodium chloride and adjusting to pH 6.5 for extraction of 
the fats and free alkylphenols would minimize potential distor
tion of quantitative relationships between free and bound forms 
alkylphenols.

Table 5— Effect of sodium  chloride concentration on the partitioning of se-
lected phenolic conjugates into diethyl ether from aqueous solutions

NaCI cone in 
aqueous phase (%)

Amount of conjugate 
partitioned into diethyl ether (%)a

Phenyl
glucuronide

Phenyl
phosphate

Naphthyl
sulfate

0 1.3 ± 0.18b 1.5 ± 0.10 1.9 ± 0.07
10 0.6 ± 0.07 0.6 ± 0.00 2.0 ±  0.02
20 0.2 ± 0.05 0.4 ± 0.02 1.5 ± 0.03
30 0.8 ± 0.05 0.5 ± 0.02 2.1 ±  0.09
40 (saturated) 0.7 ± 0.07 0.9 ±  0.05 1.8 ±  0.06

8 Initial concentration = 1 mg/10 mL aqueous sample. 
b Mean ± standard deviation for duplicate sample analysis.

Table 6—Stability of selected phenolic conjugates in model cream and but- 
ter systems_______________

Sample ____________ Recovery (%)a
treatments Phenyl

glucuronide
Phenyl

phosphate
Naphthyl

sulfate(°C) (hr)

Cream
40 0.5 98 ± 1.0b 97 0.3 87 ± 2.6

24 97 0.5 91 + 1.1 89 ± 1.7
90 0.5 96 0.7 88 0.9 87 ± 3.2

2.5 83 ± 1.3 14 ± 2.8 79 ± 3.6
Butter

40 0.5 97 + 0.4 94 ± 1.6 88 ±  2.0
24 95 ± 0.4 85 ± 1.0 87 ±  2.8

90 0.5 95 ± 0.5 84 ± 0.7 88 ±  1.9
2.5 83 ± 0.9 8 ± 6.3 74 ±  6.2

8 Initial concentration of each conjugate was 2 mg/20g sample. 
b Mean ± standard deviation for triplicate sample analyses.
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Hydrolysates from Proteolysis of Heat-denatured
Whey Proteins

W.A.M. MUTILANGI, D. PANYAM, and A. KILARA

----------------------------  ABSTRACT ----------------------------
Whey protein isolate was denatured at 85°C. pH 4.6 for 30 min to pro
duce heat denatured whey protein isolate (HDWPI) which was hydro
lyzed with trypsin, chvmotrypsin, Alcalase or Neutrase to 2.8, 4.3, 6.0 
or 8.0% degree of hydrolysis (DH). Analysis of freeze-dried fractions 
revealed a linear increase in primary amino groups, non-protein nitrogen 
and ash contents. Polyacrylamide gel electrophoresis showed that high 
and intermediate molecular weight peptides were converted to lower mo
lecular weights with progress of hydrolysis. Differences in proteolysis 
patterns were observed with different enzymes. The time required to 
achieve equivalent hydrolysis at 1, 2, 3 or 4% enzyme/substrate ratio 
varied with the type of enzyme and DH.

Key Words: whey protein, heat denatured, hydrolysates, amino groups

INTRODUCTION
P r o t e i n s  f r o m  c h e e s e  w h e y  can be recovered by heat inso
lubilization, filtration, ion exchange or chemical precipitation 
(Matthews, 1984). Heat precipitation is preceded by dénatura
tion of the proteins and changes in protein conformation. Heat 
dénaturation of whey protein is a two-stage process involving 
unfolding at moderate heat treatments followed by aggregation 
when subjected to more severe heat treatments (deWit and Klar- 
enbeek, 1984; Schmidt et ah, 1984). Dénaturation is affected by 
environmental conditions, such as pH, calcium, and solids con
centration. Whey proteins are more heat labile than caseins and 
the decreasing order of heat sensitivity of whey protein fractions 
is immune globulins, bovine serum albumin, (3-lactoglobulin, 
and a-lactalbumin (Fox, 1981). The pattern of heat dénaturation 
of the major whey protein fractions, (3-lactoglobulin and a-lac- 
talbumin, in cheese whey paralleled that in skim milk (Hillier 
and Lyster, 1979). The heat-induced changes in whey proteins 
are expected to alter their functionality. Heating at neutral pH 
was hypothesized to enhance emulsification and foaming while 
heating at an acidic pH should result in high viscosity, lower 
gel temperature and high water absorption (Schmidt et ah,
1984).

Functionality of milk protein can also be manipulated by 
chemical or enzymatic modification. Chemical modification by 
succinylation or acetylation of the e-amino group was reported 
by Kinsella and Shetty (1979) or amidation, esterification, phos
phorylation and thiolation have also been reported (Kester and 
Richardson, 1984; Vojdani and Whitaker, 1994). Chemical mod
ification altered nutritional value (Matoba et ah, 1980) and also 
increased the resistance of adjacent peptide bonds to peptic and 
tryptic hydrolysis (Poncz and Dearborn, 1983). Enzymatic mod
ification of whey proteins using food grade proteolytic enzymes 
is a promising approach to alter protein functionality (Kuehler 
and Stine, 1974; Kester and Richardson, 1984; Vojdani and 
Whitaker, 1994). Proteolysis patterns of heat denatured whey 
proteins by different proteases may differ from those of native 
proteins. Our objective was to study the preparation and com
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The Pennsylvania State Univ., 225, Borland Laboratory, University 
Park, PA 16802. Author Mutiiangi's present address: Pepsico, 100 
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lara.

position of hydrolysates from proteolysis of heat-denatured 
whey protein.

MATERIALS & METHODS
Preparation of heat denatured whey protein isolate

Commercial whey protein (Kerry Foods Inc., Chicago, IL) was recon
stituted at 20% in distilled water at 43°C and stirred for 1 hr. The dis
persion was concentrated by ultrafiltration on an Abcor SSI (Koch 
Membrane, Wilmington, MA) spiral-wound with a molecular weight cut
off of 10,000. The dispersion was concentrated two-fold and diafiltered 
by repeated washing with distilled water till the permeate was clear. The 
washed retentate was adjusted to pH 4.6 with 2N HC1, heated to 85CC 
for 30 min in a steam-jacketed kettle and stored overnight at 43C. The 
clear supernatant was decanted and the sediment was freeze-dried and 
designated as Heat Denatured Whey Protein Isolate (HDWPI).

Enzymatic hydrolysis

Bovine trypsin and a-chymotrypsin (Sigma Chemical Co., St. Lous,
MO); Alcalase and Neutrase (Novo Laboratories, Wilton, CT) were used 
for hydrolysis. Trypsin (44.07 Anson units) and a-chymotrypsin (18.93 
Anson units) were used at 25°C and at pH 7.6 and pH 7.8, respectively; 
while Alcalase (6.28 Anson units) and Neutrase (2.81 Anson units) were 
used at 50°C and pH 8.5 and 7.5, respectively. One Anson unit is the 
amount of enzyme necessary to cause an increase in absorbance of 
0.001/min under conditions of the assay. The assay of proteolytic activity 
(Anson, 1938) was modified to replace the substrate, hemoglobin, with 
2.5% HDWPI.

Inactivation conditions for the 4 enzymes were determined in 4 
mg/mL aqueous solution diluted to 0.2 mg/mL with 0.5 M potassium 
phosphate buffer or 0.1M HC1. The solutions were adjusted to pH values 
between 2.0 and 12.0 at 0.5 increments. In a cuvette 2 mL of the enzyme 
solution was placed and its temperature was increased at l°C/min. Ab
sorbance at 280 nm was recorded as a function of temperature on a 
Gilford Model 250 spectrophotometer (McCord and Kilara, 1982). Tile 
temperature, time, and pH corresponding to mid-points of the inflection 
were taken as optimum conditions for inactivation. Enzyme inactivation 
was confirmed by testing residual activity on 10% (w/v) HDWPI solu
tion at 4% enzyme: substrate ratio and an assay time of 10 min and 
comparing with controls with active enzyme.

Varying enzyme concentration at constant substrate

A 10% w/v aqueous protein dispersion was used to test the effects of 
enzyme concentration. Optimum conditions for enzyme activity were- 
trypsin (25°C, pH 7.6); chymotrypsin (25°C, pH 7.8); Alcalase (50°C, 
pH 8.5), and Neutrase (50°C, pH 7.5). Enzyme:substrate ratio was varied 
between 1 and 4% in terms of equivalent Anson units. A total of 10 mL 
of the substrate was used and the hydrolysis was carried out at the op
timum temperature for each enzyme in a water bath. The pH was main
tained at optimum for each enzyme by 0.1 N NaOH and the volume of 
base consumed at 10 min intervals was recorded over 60 min.

Varying substrate concentration at constant enzyme concentration

Substrate concentration was varied to achieve constant E/S ratios. Two 
levels of E/S concentration, (2 and 4%) were investigated at each of 
three substrate concentrations, (6, 8, and 10%). Conditions of hydrolysis 
were similar to those described.
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Fig. 1—Hydrolysis curves of heat-denatured whey protein isolate as related to enzyme: substrate ratio and reaction time.

Preparation of hydrolysates

The degree of hydrolysis (DH) was controlled as described by the 
equation reported by Adler-Nissen (1976, 1986)

D H
B X  Nb 1 1
-----------2 X  -  X  ----- X

MP a  Htot
100

where B = base consumption, Nb =  normality of the base, a =  degree 
of dissociation of the amino group, MP = mass of protein and Htot = 
total number of peptide bonds in the substrate. The degree of dissociation 
of the amino groups, alpha, is expressed as

I q p h  -  p K

1 + 10"» - pk

where the pH is the value at which proteolysis was conducted, pK =
7.7 at 25°C and 7.1 at 50°C. The parameter Htot =  8.8 meq/kg. From 
this equation the base consumption required to achieve the required DH 
was calculated. Hydrolysis was allowed to continue until the predicted 
base consumption was attained before initiating enzyme inactivation. A 
control was treated under similar conditions but without the added en
zyme.

Hydrolysis was carried out in a total reaction volume of 2 L of a 5% 
protein (w/v) solution. The DH was calculated by correcting the base 
consumption for the blank. Inactivation conditions (determined for each 
enzyme) were used to terminate enzyme activity, before readjusting the 
pH to 7.0 and freeze-drying.

Proximate composition

Moisture, fat, protein (N X  6.38), ash and nitrogen-free extract were 
determined using standard methods (AOAC, 1980). Mineral analysis was

performed at the Poultry Science Department at the Pennsylvania State 
University. For estimation of Na, K, Ca, and Mg, samples were ashed, 
dissolved in distilled water and analyzed on an atomic absorption spec
trophotometer.

Nonprotein nitrogen (NPN) determination

A 0.5% (w/v) protein dispersion (15 mL) was adjusted to a final 12% 
tricholoroacetic acid (TCA) and stirred for 5 min before filtering (What
man No. 1). Nitrogen content was estimated in a 2 mL aliquot of the 
filtrate using a semi-micro Kjeldahl procedure. Nitrogen content was 
calculated and expressed as percentage of total protein nitrogen.

Primary amino group determination

The trinitrobenzenesulfonic acid (TNBS) method (McKellar, 1981) 
was used to determine the primary amino group content of hydrolysates. 
A standard curve using L-leucine was used to determine p mol. L-leu- 
cine/g.

Electrophoresis

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS- 
PAGE) was performed using the method of Laemmli (1970) on 10% 
slab gels at a constant voltage of 105 v for 3.5 h. The protein bands 
were stained with Coomassie blue R-250. Molecular weight standards 
(myosin, |3-galactosidase, phosphorylase B, serum albumin, ovalbumin, 
carbonic anhydrase, trypsin inhibitor and lysozyme) were applied on 
each gel for comparison and Rf values were plotted vs the log mol. wt. 
to establish a standard curve. Molecular weights of components in the
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PROTEOLYSIS OF HEAT-DENATURED WHEY PROTEIN .

■  Trypsin  □  Alcalase

Fig. 2—Effect of enzyme substrate ratio on the initial reaction 
rate of hydrolysis of heat-denatured whey protein isolate by four 
enzymes.

T a b l e  1 —Proximate composition of hydrolyzates prepared from heat-de
natured whey protein isolate by trypsin, Chymotrypsin, Alcalase and Neu- 
trase

Moisture* (%)
2.8% DH 4.3% DH 6.0% DH 8.0% DH

Trypsin
a-Chymotrypsin
Alcalase
Neutrase

5.39±0.03a 
4.57 +  0.283 
2.45±0.39b 
0.30 ±0.02°

2.85±0.22b
5.24±0.31a
2.08±0.22b
2.22±0.03b

2.95±0.06b 
3.99±0.10a 
1.32±0.26c 
2.57 ±0.05d

1.72±0.13c 
4.28±0.14a 
2.61 ±0.24b 
4.28±0.10a

Proteir1* (%)
2.8% DH 4.3% DH 6.0% DH 8.0% DH

Trypsin
a-Chymotrypsin
Alcalase
Neutrase

75.48±0.45a 
71.46±0.90b 
69.97 ±0.00c 
71.90±1.34b

75.03±0.89a 
71.01 ±0.45b 
70.57 ±0.90c 
72.35 ±0.00b

69.52±0.21a 
70.05 ±0.45a 
64.63 ± 0.11b 
67.76 ±1.29a

70.15±0.07a 
69.94±0.48a 
66.16± 1.01b 
62.13± 1.50c

Ash* (%)
2.8% DH 4.3% DH 6.0% DH 8.0% DH

Trypsin
a-Chymotrypsin
Alcalase
Neutrase

8.96 ±0.04° 
10.54±0.09b 
16.46±0.22a 
10.30±0.33b

9.54±0.04d 
10.48±0.06c 
14.10±0.09a 
13.01 ±0.01b

11.39±0.05d 
11.66±0.04c 
16.17±0.03a 
15.04±0.04b

12.69 ±0.03° 
11.46±0.11d 
17.03± 0.04a 
16.45±0.11b

* Values represent means of three replicates ± standard deviation. Means with similar 
superscripts do not differ significantly (p<0.05).

s u b s t r a t e  ( H D W P I )  a n d  t h e  h y d r o l y s i s  b l a n k s  w e r e  t h e  s a m e  a n d  w e r e  
u s e d  to  c o m p a r e  e f f e c t s  o f  h y d r o l y s i s .

Surface hydrophobicity

S u r f a c e  h y d r o p h o b i c i t y  w a s  m e a s u r e d  u s i n g  c i s -  p a r i n a r i c  a c i d  b y  th e  
p r o c e d u r e  d e s c r i b e d  b y  K a t o  a n d  N a k a i ,  ( 1 9 8 0 ) .  F l u o r e s c e n t  i n t e n s i t i e s  
w e r e  r e c o r d e d  u s i n g  a  T u r n e r  M o d e l  4 3 0  S p e c t r o f l u o r o m e t e r  a t  e x c i t a 
t i o n  w a v e l e n g t h  3 2 5  n m  a n d  e m i s s i o n  w a v e l e n g t h  4 2 0  n m .  S u r f a c e  h y 
d r o p h o b i c i t y  ( S 0)  w a s  d e f i n e d  a s  t h e  i n i t i a l  s l o p e  o f  t h e  c u r v e  o f  
f l u o r e s c e n c e  i n t e n s i t y  a s  a  f u n c t i o n  o f  p r o t e i n  c o n c e n t r a t i o n .

Statistical analysis

D e t e r m i n a t i o n  o f  c o m p o s i t i o n a l  p r o p e r t i e s  a n d  s u r f a c e  h y d r o p h o b i c i t y  
w a s  a c c o m p l i s h e d  b y  a  c o m p l e t e l y  r a n d o m i z e d  b l o c k  d e s i g n .  A l l  d e t e r 
m i n a t i o n s  w e r e  r e p l i c a t e d  3  t i m e s  e x c e p t  f o r  m i n e r a l  a n a l y s i s  w h i c h  w e r e  
r e p l i c a t e d  t w i c e .  A n a l y s i s  o f  v a r i a n c e  w a s  p e r f o r m e d  o n  S t a t i s t i c a l  A n 
a l y t i c a l  S y s t e m  ( S A S  I n s t i t u t e ,  I n c . ,  1 9 8 5 )  p r o g r a m s .  D u n c a n ’s  M u l t i p l e  
R a n g e  T e s t  w a s  u s e d  t o  c o m p a r e  m e a n s .

Fig. 3—Effect of degree of hydrolysis of heat-denatured whey 
protein isolate on the nonprotein nitrogen: protein nitrogen ratio 
for four enzymes.

Fig. 4—Effect of degree of hydrolysis on the primary amino 
groups (as p M  of L-leucine) of digests of heat-denatured whey 
protein isolate.

RESULTS & DISCUSSION 
Composition of WPC and HDWPI

The proximate composition of WPC varies over a wide range 
and was influenced by the source of whey and the fractionation 
method used. Normal protein contents of WPC’s range from 35- 
50%. Our starting material, commercial WPC had 33.85 ± 
0.39% protein, 0.22 ±  0.02% fat; 3.58 ± 0.05% moisture; 5.92 
± 0.02% ash; 56.44 ± 0.43% nitrogen free extract and NPN 
(as % protein nitrogen) content of 1.13 ± 0.05. After process
ing, the final product, HDWPI, had 76.60 ± 0.23% protein, 5.32 
± 0.06% fat; 4.28 ±  0.02% moisture; 3.80 ± 0.01% ash; 9.01 
± 0.08% NFE and 0.50 ± 0.02% NPN Conversion of WPC 
to HDWPI resulted in a significant increase in moisture, fat, and 
protein contents while there was a significant decrease in ash, 
NFE and NPN contents. Increases were attributable to concen
tration effects while decreases in ash, NPN and NFE were due 
to the diafiltration.

Conditions for inactivating enzymes
The optimum conditions of pH, temperature, and time for 

inactivation were determined for each enzyme. Trypsin was in-
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T a b le  2— A p p ro x im a te  m ol, w t. o f h yd ro ly sate s  o f heat-denatured w h e y  protein iso late  from  tryp sin , C h ym o tryp sin , A lc a la se  and  N eutrase

Blank
2.8% DH 4.3% DH

Trypsin Chymotrypsin Alcalase Neutrase Trypsin Chymotrypsin Alcalase Neutrase
121,300 123,100 121,900 — — — _ _ _
111,100 — — — — 107,900 113,400 — __
95,500 95,600 102,800 100,400 100,400 98,800 102,800 97,900 100,400

— 86,700 88,800 84,600 88,800 82,600 86,700 84,600 88,800
— 78,600 — — — — — _ _

65,700 61,600 60,100 60,100 61,600 61,600 — 60,100 61,600
55,600 58,700 — — 53,200 — — — _
52,000 53,200 — — — — — — 53,200
47,200 — 43,800 46,000 47,100 — 43,800 46,000 —

— 30,400 27,500 28,200 29,600 — — — —
26,200 24,400 — — 25,000 28,200 27,500 28,200 28,900

— — — 23,800 23,200 23,800 24,400
21,900 — 22,600 22,600 — 22,600 22,600 22,600 23,200

— 16,900 15,300 15,000 15,700 16,500 15,700 16,100 15,700
— 16,100 — — — 16,100 15,000 15,000 15,300

13,100 — 14,200 13,900 — 13,900 — 13,600 —
12,700 — — — — — — — —

6.0% DH 8.0% DH
Blank Trypsin Chymotrypsin Alcalase Neutrase Trypsin Chymotrypsin Alcalase Neutrase

121,300 — — — — — — —
—

95,500 100,400 — — — — — — —

65,700 66,300
— — — — — — —

55,600 — — — — — — — —
52,000 — — — — — — — —

32,600 31,900 31,100 31,900 33,500 31,900 32,700 31,900
26,200 26,900 26,900 26,200 26,900 26,900 26,900 26,900 26,900

— 24,400 24,400 25,500 24,400 24,400 23,800 24,400 24,400
21,900 — — — — — — —

_ _ _ _ _ _ 17,700 17,700 _
— — — — — — 16,900 17,300 16,900
— 16,500 16,900 16,500 16,500 — 16,500 16,500 16,100
— 16,100 16,100 16,100 16,100 — — 15,000 —
— — — 15,300 — — — — —

13,100 — — — 14,200 — — — —
12,700 — — — — — 12,900 — —

activated at pH 10.5 at 65°C for 20 min; a-chymotrypsin at pH
4.5 at 68°C for 21 min; Alcalase at pH 3.0 at 56°C for 14.5 min 
while Neutrase had least activity after heating at pH 3.5 at 70°C 
for 21.5 min. Residual activity after inactivation was tested by 
incubation with HDWPI for 10 min. No base was consumed, 
confirming the complete inactivation of the en2ymes. In a sim
ilar experiment active enzymes were incubated with the sub
strate at optimum temperature and after 10 min hydrolysis were 
subjected to inactivation treatments. After inactivation the assay 
system was again incubated at the optimum temperature to con
firm that no further base was consumed.

For production of hydrolysates, after the desired DH was 
achieved, the activity of the enzymes was terminated. The 
HDWPI-enzyme systems were incubated for a further 10 min 
after inactivation and in all cases no more base was required 
confirming complete inactivation.

Effect of enzyme concentration at constant substrate
Hydrolysis was studied at four different E/S ratios of 1, 2, 3, 

and 4%, curves for the four enzymes (Fig. 1) were typical. Ad- 
ler-Nissen (1977) reported similar hydrolysis curves for Alcalase 
on casein, maize isolate, soy isolate, wheat gluten, cottonseed 
protein concentrate and gelatin. The curves suggest a rapid re
action rate up to 20 min and a slower rate for the next 30 min. 
Possible reasons for decrease in reaction rates are loss of en
zyme activity, substrate exhaustion or end-product inhibition. 
Loss of enzyme activity was not likely in the slow reaction zone. 
Substrate concentrations were in excess of the Km values sug
gesting that substrate exhaustion was also unlikely.

Effect of substrate concentrations at constant enzyme
Initial reaction rates at three substrate concentrations (6, 8 or 

10%) were not significantly different for any enzyme. When E/S 
ratio was increased from 2 to 4%, the reaction rate increased by 
a constant value irrespective of substrate concentration. The re
action rate increased by a factor of 2.0; 1.4; 1.5; and 1.3 for 
trypsin, a-chymotrypsin, Alcalase and Neutrase, respectively. 
These results also indicated that substrate concentration was suf
ficient to provide saturation conditions and was not a limiting 
factor. In most foods with a protein concentration of 4% or 
higher, substrate saturation is expected.

Since substrate exhaustion and enzyme inactivation were not 
probable reasons for decreasing reaction rates, there may be a 
competition between the substrate and peptides formed during 
hydrolysis. This type of inhibition was demonstrated by Adler- 
Nissen, (1986), though the chemical nature of such peptides has 
not been determined. Soy isolate was hydrolyzed to 10% DH 
with Alcalase and the insoluble hydrolyzates removed by cen
trifugation. The supematent containing the soluble peptides and 
the substrate showed lower Km values than for the unhydrolyzed 
isolate.

Other characteristics of hydrolysis of HDWPI
The maximum DH achieved with each enzyme increased with 

an increase in E/S ratio, and this was mainly due to an increase 
in reaction rate. A plot of initial reaction rate vs E/S for each 
enzyme confirmed this (Fig. 2). If formation of inhibitory pep
tides was the reason for slowing the hydrolysis, then the inhib
itory effect was greater at low E/S ratio and decreased as E/S 
increased thus contributing to increased reaction rates. Also, the
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PROTEOLYSIS OF HEAT-DENATURED WHEY PROTEIN . . .

Table 3—Surface hydrophobicity of hydrolysates from heat-denatured whey protein isolate by trypsin, Chymotrypsin, Alcalase and Neutrase
Surface hydrophobicity*

2.8% DH 4.3% DH 6.0% DH 8.0% DH
Trypsin 238.68 ±3.04b 308.28± 1.22b 251.04 = 1.58° 184.49± 1.05d
a-Chymotrypsin 169.29 ±1.57c 226.46± 0.04c 284.07 ±3.15b 293.76 ±1.86a
Alcalase 304.27 ±3.08a 202.35+1.01d 317.98= 1.73a 252.88 = 0.16c
Neutrase 162.21 ±1.41d 325.28 ±2.65a 245.00 ±3.62d 287.63 = 2.10b
* Values represent means of three replicates ±  standard deviation. Means within columns with similar superscripts do not differ significantly (p <  0.05).

rate of splitting certain peptide bonds appeared to increase pro
portionally with increase in E/S (Alder-Nissen, 1982). The re
lationship between initial reaction rate and E/S (Fig. 2) was not 
linear. The deviation from linearity can be attributed to the dif
ference in solubilities between HDWPI and its hydrolysates. 
With insoluble hydrolysates, adsorption of substrate on the en
zyme becomes rate limiting since only enzyme adsorbed to the 
insoluble substrate participates in the reaction (McLaren and 
Parker, 1970). The initial reaction rate (v) is a power function 
of E/S or v = k (E/S)n where n = 1 and k is a rate constant 
(McLaren, 1963). Using this equation the relationships for the 
four proteases were as follows: trypsin, v = 0.046(E/S)05<); a- 
chymotrypsin, v = 0.051 (E/S)0 66; Alcalase v = 0.137(E/S)058; 
Neutrase v = 0.151(E/S)036. These results confirmed the im
portance of adsorption in hydrolysis as n for all reactions was 
<1. The values of n for trypsin and Alcalase corresponded to 
the values obtained for hydrolysis of soy isolate at pH 4.5 with 
A sperg illu s n iger protease Sumzyme AP (Adler-Nissen, 1986). 
The order of decrease in reaction rate at each E/S level was 
Neutrase, Alcalase, a-chymotrypsin and trypsin. There were no 
significant differences in reaction rates of Alcalase and Neutrase 
at E/S levels of 1 and 2%, respectively. The rate constants for 
a-chymotrypsin and trypsin were smaller than those of Alcalase 
and Neutrase at each E/S level. This suggested that the broader 
the specificity of the enzyme, the higher the initial rates. Spec
ificity in all enzymes was confined to endopeptidase activity as 
the enzymes tested negative for either carboxypeptidase or ami- 
nopeptidase activities.

Proximate composition of hydrolysates
The moisture, protein and ash content of the freeze-dried hy

drolysates at four DH levels were compared (Table 1). Consid
erable differences were observed in moisture though no trend 
or pattern was noticed. The differences in moisture could arise 
from varying efficiency of freeze drying or storage conditions. 
Ash content of the hydrolysates increased with increasing DH 
for each enzyme. Alcalase hydrolysates had higher ash content 
than any other hydrolysates. Increase in ash content corre
sponded to the increase in base consumption with increasing 
DH. The adjustment of pH during enzyme inactivation or neu
tralization before freeze drying could also contribute to in
creased ash content.

Trypsin hydrolysates produced at 2.8 and 4.3% DH were not 
different from unhydrolyzed HDWPI in protein content but were 
higher than other hydrolysates. Protein contents tend to decrease 
with increase in DH. The differences in protein content of the 
hydrolysates at various DH were due to the corresponding in
crease in NPN. Neutrase hydrolysates had the highest NPN val
ues at all DH levels. A linear relationship between NPN and 
extent of hydrolysis was observed with each enzyme (Fig. 3).

Conversion of WPC to HDWPI resulted in an increase in Ca 
(483.05 to 671.70 mg'lOOg), Mg (50.50 to 59.60 mg/lOOg), and 
Na (385.00 to 390.45 mg/lOOg) while the K (771.15 to 306.00 
mg/lOOg) and P (568.85 to 391.35 mg/lOOg) contents decreased. 
The balance between free soluble and colloidal complexes of 
minerals determines the quantity of minerals remaining after 
ultrafiltration. Only the free soluble forms pass through the 
membrane while colloidal complexes would be retained. The 
balance between free soluble and colloidal forms of minerals is

influenced by pH. Lowering the pH increases the free soluble 
form and facilitates removal by ultrafiltration (Hiddink e: al.,
1978). In our study ultrafiltration was performed at pH o: 6.3 
resulting in an increased retention of Ca, Na, and Mg.

The Ca, Mg, K, and P content of the hydrolysates did not 
differ from the corresponding unhydrolyzed control. Sodium 
contents increased with increase in DH content for all four en
zymes. This was because more base (NaOH) was needed to 
neutralize the protons liberated during hydrolysis. This trend in 
Na content paralleled the trend in ash content discussed earlier.

Primary amino groups
Primary amino groups increased through the course of hy

drolysis and the increase was linear with respect to DH (Fig. 4). 
The number of primary amino groups generated depends on the 
size of peptides produced. Shorter peptides generate higher pri
mary amino nitrogen than do longer peptides. Enzyme specific
ity is a key factor controlling the generation of primary amino 
groups. Alcalase and Neutrase have relatively broad specificities 
and would generate hydrolysates with more primary amino 
groups than produced by trypsin or a-chymotrypsin. Monti and 
Jost (1978) reported that the neutral protease from B acillus sub- 
tilis produced highest a  amino groups compared to trypsin and 
papain during the solubilization of lactalbumin. The starting ma
terial, WPC had 3.26 p mole leucine/g and HDWPI contained
4.46 pmole leucine/g. These values were not different (p >  
0.05) indicating that no proteolysis occurred during manufacture 
of HDWPI.

Electrophoresis
The approximate molecular weights of hydrolysates at differ

ent degrees of hydrolysis for the four enzymes were compared 
(Table 2). The data revealed differences in proteolytic patterns 
of the different enzymes. At 2.8% DH for all enzymes, the 
12,700 mol wt component was absent, indicating a preferential 
and early hydrolysis of this low mol. wt. component. Trypsin 
and chymotrypsin did not breakdown the 121,300 component 
which was, however, hydrolyzed by both Alcalase and Neutrase. 
At 4.3% DH, however, this component had been hydrolyzed by 
both trypsin and chymotrypsin. The component with mol. wt. 
111,100 was hydrolyzed by all four enzymes at 2.8% DH and 
did not show up on the gel.

After hydrolysis had progressed to 8.0% DH, no component 
with mol. wt. >35,000 was observed for any of the enzymes. 
Trypsin hydrolysate showed only 3 distinct bands while chy
motrypsin, Alcalase and Neutrase showed 8, 7 and 5 bands, 
respectively. The molecular weights of hydrolysates were dis
tributed over a much wider range at 2.8% and 4.3% DH than 
at 6.0 or 8.0% DH. This suggested the formation of fragments 
of intermediate molecular weights during hydrolysis and their 
subsequent breakdown with progress of hydrolysis. Proteolytic 
behavior, where the proteins are fragmented to intermediates 
before further hydrolysis to smaller peptides, has been described 
as ‘zipper mechanism’ (Adler-Nissen, 1976). The substrate in 
this case was heat-denatured and aggregated and had compo
nents of a wide range of molecular weights. New intermediates, 
which did not correspond to any of the initial fractions were 
created during the course of hydrolysis (at 2.8% and 4.3 DH)
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and were subsequently hydrolyzed to smaller fragments (at 6.0 
and 8.0% DH).

Surface hydrophobicity (SJ
Surface hydrophobicity is a measure of hydrophobic residues 

exposed at the protein or peptide surface and is a sensitive in
dicator of conformational changes (Kato and Nakai, 1980). Such 
an indicator may be useful in relating the structure of proteins 
to their functionalities. The SG of whey protein before heat de- 
naturation was 389.9 which decreased to 264.0 after thermal 
denaturation and aggregation. Hydrophobic interactions, leading 
to fewer exposed hydrophobic residues and sulfhydryl inter
change reactions could be responsible for the decrease in SG.

When HDWPI was hydrolyzed, there was a significant in
crease in S0 at each DH level for each enzyme (Table 3). Hy
drolysis of peptide bonds could be expected to uncover 
hydrophobic groups previously involved in aggregations. We 
therefore, anticipated that Sc would increase linearly with DH. 
This was observed for hydrolysates of a-chymotrypsin but not 
with the other three enzymes, indicating that a-chymotrypsin 
hydrolyzed peptide bonds involving the hydrophobic amino ac
ids, phenylalanine, tyrosine, tryptophan, and leucine. Release of 
these residues may increase SQ values of the hydrolysates.

In other hydrolysates the lack of a linear increase in SQ with 
increase in DH was consistent with the lack of linear increase 
in number of bands in DISC-PAGE. Self association or forma
tion of new hydrophobic interaction with peptide fragments may 
be additional factors involved in this. In trypsin hydrolysates, 
SQ increased as DH increased from 2.8% to 4.3% and then pro
gressively decreased as DH increased to 8.0%. Trypsin was in
activated at pH 10.5 for 21 min at 65°C. The pK of thiol group 
is ^8.0 (Li-Chan, 1983) and therefore at >  pH 8.0 sulfhydryl 
reactions with intermolecular hydrophobic interactions were fa
vored and may have caused a decrease in exposed hydrophobic 
groups leading to a decreased SQ value. Neutrase hydrolysates 
exhibited a trend similar to trypsin hydrolysates whereas Alca- 
lase hydrolyzate showed a bimodal increase in SG. At 2.8% and 
6.0% DH, the SD values for Alcalase hydrolyzate were higher 
than for the other hydrolysates. This could be partially explained 
by the association of the peptides through hydrophobic inter
actions.
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commercial sherry, and in red and white wines. The method 
shows promise as a general method for detection of trace 
amounts of urea in beverages.
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Screening of Proteolytic Enzymes to Enhance Foaming of
Whey Protein Isolates

P . J .  A L T H O U S E ,  P .  D I N A K A R ,  a n d  A .  K I L A R A

-------------------------  ABSTRACT -------------------------
W h e y  p r o t e i n  i s o l a t e  ( W P I )  w a s  m o d i f i e d  t o  e n h a n c e  f o a m i n g  c h a r a c 

t e r i s t i c s  b y  c o n t r o l l e d  h y d r o l y s i s  u s i n g  p r o t e o l y t i c  e n z y m e s .  A l c a l a s e ,  
a c i d  f u n g a l  p r o t e a s e ,  c h y m o t r y p s i n ,  p e p s i n  a n d  t r y p s i n  w e r e  u s e d  to  
h y d r o l y z e  5 %  r e h y d r a t e d  W P I .  D e g r e e  o f  h y d r o l y s i s  w a s  e s t i m a t e d  b y  
f r e e z i n g  p o i n t  d e p r e s s i o n  a n d  t e r m i n a t e d  a t  2 .5  t o  3 %  b y  h e a t i n g  o r  p H  
a d j u s t m e n t .  C o n t r o l s  w e r e  t r e a t e d  u n d e r  s i m i l a r  c o n d i t i o n s  b u t  w i t h o u t  

e n z y m e s .  H y d r o l y s a t e s  w e r e  s e p a r a t e d  i n t o  p e r m e a t e  a n d  r e t e n í a t e  b y  
u l t r a f i l t r a t i o n  a n d  c o n c e n t r a t e d  b y  r e v e r s e  o s m o s i s  b e f o r e  f r e e z e  d r y in g .  
F o a m  c a p a c i t y ,  s t a b i l i t y  a n d  s u r f a c e  t e n s i o n  o f  h y d r o l y s a t e s  w e r e  m e a s 
u r e d .  P e r m e a t e  f r o m  A l c a l a s e  e x h i b i t e d  t h e  b e s t  f o a m i n g  c h a r a c t e r i s t i c s ,  

c o m p a r a b l e  t o  e g g  w h i t e .

K e y  W o r d s :  w h e y  p r o t e i n  i s o l a t e ,  p r o t e o l y s i s ,  f o a m i n g  p r o p e r t i e s ,  a l c a 
l a s e

INTRODUCTION
W h e y  p r o t e i n s  are used as functional ingredients in food sys
tems. Whey protein functionality includes solubility, whippabil- 
ity, viscosity, gelation, water binding, foaming stability, and 
emulsifying capacity. Products like dry whey, whey protein con
centrates, whey protein isolates, partial whey products and spe
cialized fractions are used as ingredients in beverages, baked 
goods, confectionery, pasta, meat, dairy products and analogs 
(Kilara, 1994).

Egg white is the preferred foaming agent in many food sys
tems because it whips easily and rapidly generates large volumes 
of stable foam. However, egg white is more costly than whey. 
Attempts to improve whey protein functionality have included 
chemical and enzymatic modifications. Heating whey, causing 
partial dénaturation of the protein, marginally improved foaming 
(Schmidt and McNeill, 1993). Limited proteolysis improved 
whey protein foaming but increased foam capacity was accom
panied by a lowering of foam stability (Kuehler and Stine,
1974), while reduction of disulfide bridges between subunits in
creased foam capacity and stability (German et al., 1985).

Five enzymes: trypsin, pepsin, acid fungal protease (AFP), 
chymotrypsin and Alcalase, were used to hydrolyze WPI and 
the foaming characteristics of the peptide fractions obtained by 
ultrafiltration were compared. Our objective was to improve the 
foaming characteristics of WPI and make it comparable to egg 
white.

MATERIALS & METHODS
Proteolysis

B i - P r o  w h e y  p r o t e i n  i s o l a t e  ( W P I )  w a s  o b t a i n e d  f r o m  D a v i s c o  I n t e r 
n a t i o n a l  I n c . ,  ( L e  S u e u r ,  M N ) ;  a c i d  f u n g a l  p r o t e a s e  f r o m  G i s t - b r o c a d e  

( C h a r l o t t e ,  N C ) ;  A l c a l a s e  0 .6  f r o m  N o v o  N o r d i s k  B i o i n d u s t r i a l s ,  I n c .  
( D a n b u r y ,  C T ) ;  a n d  t r y p s i n ,  a - c h y m o t r y p s i n  a n d  p e p s i n  f r o m  S i g m a  ( S t .  
L o u i s ,  M O ) .  T h e  W P I ,  c o n t a i n i n g  9 5 %  p r o t e i n ,  w a s  r e c o n s t i t u t e d  a t  5 %  
( w / v )  in  t a p  w a t e r .  T h e  t e m p e r a t u r e  a n d  p H  w e r e  a d j u s t e d  t o  t h e  o p t i 
m u m  f o r  e a c h  e n z y m e  a t  t h e  s t a r t  o f  h y d r o l y s i s  ( T a b l e  1 ) , e x c e p t  f o r  
A l c a l a s e ,  w h i c h  w a s  i n c u b a t e d  a t  3 0  ° C  i n s t e a d  o f  i t s  o p t i m u m  o f  5 0  
° C . L o w e r i n g  t h e  t e m p e r a t u r e  s l o w e d  t h e  r a t e  o f  r e a c t i o n ,  a n d  a l l o w e d

b e t t e r  c o n t r o l  o f  t h e  d e g r e e  o f  h y d r o l y s i s .  E n z y m e / s u b s t r a t e  r a t i o s  w e r e  
a d j u s t e d  t o  c o n t r o l  t h e  r a t e  o f  r e a c t i o n  a n d  a c h i e v e  s i m i l a r  d e g r e e s  o f  

h y d r o l y s i s  in  c o m p a r a b l e  t i m e s .  C o n t r o l s  w e r e  p r e p a r e d  s i m u l t a n e o u s l y  
f o r  e a c h  e n z y m e ,  u n d e r  i d e n t i c a l  c o n d i t i o n s  b u t  w i t h o u t  a d d e d  e n z y m e .  

O n c e  h y d r o l y s i s  w a s  i n i t i a t e d ,  t h e  p H  w a s  n o t  a d j u s t e d .
E a c h  e n z y m e  w a s  i n c u b a t e d  u n t i l  a  2 .5  t o  3 %  d e g r e e  o f  h y d r o l y s i s  

( D H )  w a s  a c h i e v e d .  D e g r e e  o f  h y d r o l y s i s  w a s  d e t e r m i n e d  b y  t h e  f r e e z i n g  
p o i n t  d e p r e s s i o n  m e t h o d  d e s c r i b e d  b y  A l d e r - N i s s e n  ( 1 9 8 6 ) .  A  m : l k  c i y -  
o s c o p e  m o d e l  4 L  II  ( A d v a n c e d  I n s t r u m e n t s ,  I n c . ,  N e e d h a m  H e i g h t s ,  

M A )  w a s  u s e d  t o  m e a s u r e  t h e  f r e e z i n g  p o i n t s  o f  2  m L  a l i q u o t s  t a k e n  a t  
d i f f e r e n t  t i m e s  d u r i n g  h y d r o l y s i s .  A  2 1  m ° C  d e p r e s s i o n  i n d i c a t e d  a  2 .7 %  

D H  a s  d e t e r m i n e d  b y  t h e  f o l l o w i n g  e q u a t i o n :

%  D H
A  C

S  % ( f 0SJ  cu

1
X —  X 1 0 0  

h,„.

w h e r e  A C  =  d e p r e s s i o n  o f  f r e e z i n g  p o i n t  in  m i l l i - o s m o l ;  S %  ( f osm) =  
( g  p r o t e i n ) / ( 1 0 0 0  m L  H 20 ) ;  1 /a t =  c a l i b r a t i o n  f a c t o r  f o r  t h e  o s m o m e t e r  
=  1 .0 4 ;  a n d  h tot =  t o t a l  n u m b e r  o f  p e p t i d e  b o n d s  in  t h e  p r o t e i n  s u b s t r a t e  
( W P I  =  8.8  m e q v / g  p r o t e i n ;  A l d e r - N i s s e n ,  1 9 8 6 ) .

P r o t e o l y s i s  w a s  t e r m i n a t e d  b y  e i t h e r  h e a t i n g  t o  8 5  ° C  f o r  15  m i n  o r  
b y  a d j u s t i n g  t h e  p H  to  7 .0 .  A l c a l a s e ,  c h y m o t r y p s i n  a n d  t r y p s i n  w e r e  
i n a c t i v a t e d  b y  h e a t i n g ,  a n d  p e p s i n  a n d  A F P  w e r e  i n a c t i v a t e d  b y  n e u 
t r a l i z i n g  th e  p H .

A f t e r  t e r m i n a t i o n  o f  e n z y m e  a c t i o n  t h e  h y d r o l y s a t e s  w e r e  s e p a r a t e d  
in t o  p e r m e a t e  a n d  r e t e n t a t e  b y  u l t r a f i l t r a t i o n  u s i n g  a  M i l l i p o r e  P e l l i c o n  
c a s s e t t e  u l t r a f i l t r a t i o n  u n i t  ( M i l l i p o r e  C o r p o r a t i o n ,  B e d f o r d  M A )  w i t h  a

1 0 ,0 0 0  M W  c u t o f f  m e m b r a n e .  T h e  r e t e n t a t e  w a s  r e c i r c u l a t e d  u n t i l  th e  
p e r m e a t e  w a s  c l e a r  a n d  t h e n  d i a f i l t e r e d  w i t h  t w o  v o l u m e s  o f  w a t e r  t o  
e n s u r e  c o m p l e t e  s e p a r a t i o n  o f  l o w  m o l e c u l a r  w e i g h t  p e p t i d e s .  E a c h  e n 
z y m e  t r e a t m e n t  y i e l d e d  f o u r  f r a c t i o n s :  h y d r o l y s a t e  p e r m e a t e  ( H P ) ,  h y 
d r o l y s a t e  r e t e n t a t e  ( H R ) ,  c o n t r o l  p e r m e a t e  ( C P )  a n d  c o n t r o l  r e t e n t a t e  
( C R ) .  I n  t h e  t r e a t m e n t  w i t h  A l c a l a s e  a  c u r d  w a s  f o r m e d  a n d  h a d  to  b e  
p r e - f i l t e r e d  w i t h  a  c h e e s e  c l o t h  b e f o r e  u l t r a f i l t r a t i o n .

E a c h  f r a c t i o n  g e n e r a t e d  b y  j l t r a f i l t r a t i o n  w a s  c o n c e n t r a t e d  b y  r e v e r s e  
o s m o s i s  u s i n g  a  R O - s y s t e m  L a b  M o d u l e  D D S  F i l t r a t i o n  T y p e  2 0 ,  H R  

m e m b r a n e  ( N i r o  H u d s o n ,  I n c . ,  H u d s o n  W I ) .  T h e  c o n c e n t r a t e d  s a m p l e s  
w e r e  f r o z e n ,  l y o p h i l i z e d  ( V i r T i s  I n c . ,  G a r d i n e r  N Y )  a n d  s t o r e d  d r y .

Foaming

F o a m  c a p a c i t y  a n d  f o a m  s t a b i l i t y  w a s  m e a s u r e d  f o r  e a c h  f r a c t i o n .  T h e  
q u a n t i t y  o f  p e r m e a t e  f r a c t i o n  f r o m  th e  c o n t r o l s  w a s  i n s u f f i c i e n t  t o  p e r 
f o r m  t h e s e  t e s t s .  T h e  f o a m  c a p a c i t y  a n d  f o a m  s t a b i l i t y  t e s t s  w e r e  a s  
o u t l i n e d  in  P h i l l i p s  e t  a l .  ( 1 9 8 7 ,  1 9 9 0 ) .  F r e s h l y  p r e p a r e d  s a m p l e  ( 7 5  m L  
5 %  s o l u t i o n )  a d j u s t e d  t o  7 .0  p H  w a s  u s e d  f o r  e a c h  r u n  o f  b o t h  c a p a c i t y  
a n d  s t a b i l i t y  t e s t s .  A  S u n b e a m  M i x m a s t e r  P o w e r P l u s  m i x e r  w a s  u s e d  
f o r  w h i p p i n g .  T h e  f o a m  f o r m a t i o n  p r o c e d u r e  r e q u i r e d  m e a s u r e m e n t  o f  
t h e  w e i g h t  o f  1 0 0  m L  o f  f o a m  a t  5 , 1 0  a n d  15  m i n  o f  w h i p p i n g  a t  78 
r p m .  O v e r r u n  w a s  c a l c u l a t e d  f r o m  th e  f o l l o w i n g  e q u a t i o n :

%  O v e r r u n  =
( w t  1 0 0  m L  p r o t e i n )  -  ( w t  1 0 0  m L  f o a m )  

w t  1 0 0  m L  f o a m
X 1 0 0

F o a m  s t a b i l i t y  w a s  m e a s u r e d  b y  w h i p p i n g  th e  s o l u t i o n  f o r  1 0  m i n  a n d  
m e a s u r i n g  th e  t i m e  in  s e c  r e q u i r e d  f o r  h a l f  t h e  v o l u m e  o f  f o a m  t o  d r a i n  
t h r o u g h  a n  u n c o v e r e d  h o l e  i n t o  a  t a r e d  w e i g h i n g  d i s h .  T e s t s  w e r e  p e r 
f o r m e d  in  t r i p l i c a t e  f o r  e a c h  f r a c t i o n ,  a n d  r e s u l t s  a v e r a g e d .

Surface tension
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T a b l e  1—Conditions for enzyme incubation and inactivation, and final degree of hydrolysis (DH)
Incubation Inactivation

Enzyme/Substrate TEMP TEMP TIME
Enzyme Ratio (%) pH (oC) (oC) (min • sec) pH DH (%)
Alcalase 0.8 8.5 30 85 15.00 7.0 3.1
Chymotrypsin 0.5 7.8 25 85 15.00 7.0 3.1
Trypsin 0.5 7.6 25 85 15.00 7.0 2.8
Pepsin 0.5 2.0 37 37 9.30 7.0 2.7
Acid fungal protease 1.0 5.0 30 30 10.50 7.0 3.1

T a b l e  2 — Foaming characteristics and surface tension of hydrolysates from five enzymes compared with heated whey, unmodified whey and egg white
Surface tention

Enzyme Fraction Overrun (%) Stability (sec) (mN/ml
Heated whey 756 ± 14bcd 2229 ±  570 69.14 ±  0.64klm
Whey 603 ±  59b 1084 ±  194° 70.07 ±  0.65m
Egg white 833 ±  57bcd 1742 ±  67e 69.04 ±  0.13kl
Alcalase Control retentate 0*a 0**a 68.62 ±  0.64k

Control permeate ND ND 60.71 ±  0.579
Hydrolysate retentate 2018 ± 70f 1961 ±  108f 58.99 ±  0.55de
Hydrolysate permeate 3169 ± 2129 2540 ±  187h 56.55 ±  0.53b

Chymotrypsin Control retentate 0*a 0**a 69.91 ±  0.60lm
Control permeate ND*** ND 62.27 ±  0.58h
Hydrolysate retentate 1571 ±  386e 1393 ±  165d 59.30 ±  0.55ef
Hydrolysate permeate 2049 ± 224f 1345 ±  198d 57.47 ±  0.54bc

Trypsin Control retentate 0*3 0* * a 69.96 ±  0.65lm
Control permeate ND ND 64.15 ±  0.491
Hydrolysate retentate 1169 ±  117de 0**a 60.00 ±  0.56f9
Hydrolysate permeate 966 ± 31cd 1737 ±  94e 57.94 ±  0.54c

Pepsin Control retentate 656 ±  11bc 1758 ± 41e 67.02 ±  0.63Ì
Control permeate ND ND 64.90 ±  0.61'
Hydrolysate retentate 744 ±  45bcd 1034 ±  25c 58.24 ±  0.47cd
Hydrolysate permeate 967 ±  63cd 485 ±  78b 54.98 ±  0.51a

Acid fungal protease Control retentate 776 ±  18bcd 1988 ±  43f 64.34 ±  0.60'
Control permeate ND ND 68.46 ±  0.64k
Hydrolysate retentate 0*3 g**a 66.31 ±  0.621
Hydrolysate permeate 2101 ±  1107f 0**a 69.82 ±  0.65lm

a' m Figures in columns with unlike superscripts differ (p <  .05).
* Insufficient foam was produced.
** Foam had a stability less than 1 min.
*** ND = Foam experiments not done due to insufficient material.

t e n s i o n  w a s  m e a s u r e d ,  b y  q u a s i s t a t i c  m e t h o d  ( P a t e l ,  1 9 9 4 ) .  D r o p s  o f  t h e  d r o l y s i s  t o  o c c u r b e f o r e  c o m p l e t e  t e r m i n a t i o n .  E v e n  w i t h  t h i s
p r o t e i n  s o l u t i o n  w e r e f o r m e d  a t  t h e  t i p  o f  a  c a p i l l a r y  ( 1 .3  m m r a d i u s )  a l l o w a n c e ,  t h e  f i n a l  D H  c o u l d  n o t  b e  c o n t r o l l e d  w i t h i n  ±  2 . 5 % .
a t t a c h e d  to  a  g a s - t i g h t  p r e c i s i o n  s y r i n g e  ( 2 .5  m L ,  H a m i l t o n  S e r i e s  1 0 0 0 ) .  
T h e  l i q u i d  in  t h e  s y r i n g e  w a s  t r a n s f e r r e d  t o  t h e  t i p  o f  t h e  c a p i l l a r y  in  
s m a l l  i n c r e m e n t s  ( 1 0 ~2 p L )  a n d  t h e  n u m b e r  o f  i n c r e m e n t s  r e q u i r e d  to  
f o r m  a  d r o p  w a s  c o u n t e d  to  d e t e r m i n e  t h e  d r o p  v o l u m e .  T h e  d e t a c h m e n t  
o f  t h e  d r o p  f r o m  t h e  c a p i l l a r y  w a s  d e t e c t e d  o p t i c a l l y .  T h e  c o m p u t e r  
s o f t w a r e  s u p p l i e d  w i t h  t h e  e q u i p m e n t  c a l c u l a t e d  t h e  s u r f a c e  t e n s i o n  o f  
t h e  s o l u t i o n  f r o m  t h e  d r o p  v o l u m e .  I n  t h e  q u a s i s t a t i c  m e t h o d ,  a  d r o p  o f  

p r o t e i n  s o l u t i o n  o f  s u b - c r i t i c a l  v o l u m e  w a s  a l l o w e d  t o  f o r m  q u i c k l y  a t  
t h e  t i p  o f  t h e  c a p i l l a r y .  P r o t e i n  a d s o r p t i o n  a t  t h e  s u r f a c e  i n c r e a s e d  w i t h  
t i m e ,  c a u s i n g  a  s i m u l t a n e o u s  d e c r e a s e  in  i n t e r f a c i a l  t e n s i o n  a n d  t h e  d r o p  

d e t a c h e d  w h e n  i t s  v o l u m e  b e c a m e  c r i t i c a l .  T h i s  p r o c e d u r e  m e a s u r e d  th e  
c h a n g e  in  s u r f a c e  t e n s i o n  w i t h  e f f e c t i v e  a g e  o f  t h e  i n t e r f a c e .

S a m p l e s  ( 0 .1 % )  w e r e  p r e p a r e d  in  d i s t i l l e d  w a t e r ,  a n d  th e  p H  a d j u s t e d  
w i t h  e i t h e r  0 .5 N  H C 1  o r  0 .2 5 N  N a O H .  A n y  p r o t e i n  p a r t i c l e s  t h a t  m i g h t  

s e d i m e n t  d u r i n g  t h e  s u r f a c e  t e n s i o n  m e a s u r e m e n t  w e r e  r e m o v e d  b y  c e n 
t r i f u g a t i o n  f o r  1 5  m i n  a t  3 0 0 0  X  g .  A l l  p r o t e i n  s o l u t i o n s  w e r e  p r e p a r e d  

f r e s h  e a c h  d a y .

On average, an additional 0.6-0.8% DH would occur during a 
heat termination of the reaction.

Foam capacity was measured by the % overrun in a 5% so
lution after whipping (Table 2). Foaming tests could not be con
ducted for permeates from the controls due to insufficient 
material. The retentates from the control represent the foaming 
characteristics before enzyme modification in each case and had 
low foam capacities. The controls were heated or neutralized 
differently for each enzyme to parallel the enzyme treatment and 
this could account for differences in foam capacities. Retentates 
from controls for chymotrypsin and trypsin produced very little 
and unstable foam even after 15 min whipping and could not 
be measured. Unmodified, untreated WPI showed an overrun of 
603% and the controls for pepsin (656%) and AFP (776%) were 
close to this value. In both cases, pFI adjustment was used and 
not heat treatment as in the other three controls.

RESULTS & DISCUSSION
A 2.5 t o  3% DH was intended for each enzyme, in order to 
maintain uniformity and enable comparison between enzymes. 
Proteolysis, however, could not be terminated instantly, and the 
time required for termination allowed additional proteolysis be
yond 3% DH. When heat was used to inactivate the enzyme, 
coming-up time had to be allowed, and the intermediary rise in 
temperature would accelerate reaction rate before enzyme in
activation. A freezing point depression of 21 m°C was calculated 
to correspond to 2.7% DH. Termination of the reaction was 
initiated when the freezing point depression approached, but was 
still less than, 21 m°C, allowing some inevitable additional hy-

Enzymatic hydrolysis altered the overrun of hydrolysates in 
all cases as compared to controls. Controls were not hydrolysed, 
so there was very iittle material with molecular weight less than 
10,000 in the permeate. The permeates of the hydrolyzates 
showed better foam capacities than retentates for all enzymes 
except trypsin. The permeate fraction contained the lower mo
lecular weight range peptides. Enhanced foaming capacities as 
a result of limited hydrolysis has been attributed to the increase 
in polypeptide content allowing more incorporation of air 
(Kuehler and Stine, 1974). Good foaming is a fiinction of rapid 
migration of peptides to the air-water interface and their rapid 
unfolding at the surface (Hailing, 1981). The reason for the ex
ceptional behavior of trypsin, where retentate (larger mol. wt.
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SCREENING OF PROTEOLYTIC ENZYMES . . .

r a n g e  p e p t i d e s )  f o a m e d  b e t t e r  th a n  p e r m e a t e ,  i s  n o t  c le a r .  T h e  

f o a m  c a p a c i t i e s  i n c r e a s e d  t o  v a r y i n g  e x t e n t s  b u t  t h e  p e r m e a t e  
f r o m  A l c a l a s e  s h o w e d  t h e  b e s t  f o a m i n g  w i t h  a n  o v e r r u n  o f  

3 1 6 9 % .
F o a m  c a p a c i t i e s  o f  u n m o d i f i e d  w h e y ,  p a r t ia l ly  h e a t  d e n a t u r e d  

w h e y  ( 5 5 ° C  f o r  3 0  m i n )  a n d  e g g  w h i t e  w e r e  m e a s u r e d  u n d e r  

s i m i l a r  c o n d i t i o n s  f o r  c o m p a r i s o n  ( T a b l e  2 ) .  T h e  p e r m e a t e  f r o m  
A l c a l a s e  t r e a t m e n t  p e r f o r m e d  b e t t e r  th a n  t h e  o t h e r s  w i t h  r e g a r d  

t o  f o a m  c a p a c i t y .
F o a m  s t a b i l i t y  o b s e r v a t i o n s  w e r e  d i f f e r e n t  f r o m  f o a m  c a p a c 

i t y .  C o n t r o l l e d  p r o t e o l y s i s  d id  n o t  n e c e s s a r i l y  im p r o v e  f o a m  s t a 
b i l i t y .  T h e  f r a c t io n s  g e n e r a t e d  b y  c h y m o t r y p s i n ,  t r y p s in  a n d  

A l c a l a s e  s h o w e d  b e t t e r  f o a m  s t a b i l i t y  th a n  t h e  c o n t r o l .  P e p s i n  
d id  n o t  a l t e r  t h e  f o a m  c a p a c i t y  b u t  s e e m e d  t o  d e c r e a s e  f o a m  
s t a b i l i t y  o f  t h e  f r a c t io n s .  H y d r o l y s i s  b y  A F P  p r o d u c e d  f r a c t io n s  
w h i c h  c o u l d  g e n e r a t e  h i g h  v o l u m e  ( 2 1 0 1 %  o v e r r u n ) ,  b u t  t r a n 
s i e n t  f o a m  w i t h  n o  s t a b i l i t y .

F o a m s  d i s in t e g r a t e  d u e  t o  c a p i l l a r y  d r a in a g e  o f  t h e  l a m e l l a e  
a n d  d u e  to  c o l l a p s e  o f  b u b b le s .  R e s i s t a n c e  t o  t h e s e  t w o  f a c t o r s  
d e t e r m i n e s  f o a m  s t a b i l i t y  a n d  i s  d e p e n d e n t  o n  t h e  r h e o l o g i c a l  

a n d  a d h e s i v e  p r o p e r t i e s  o f  in t e r f a c ia l  f i l m s  ( H a i l i n g ,  1 9 8 1 ) .  In  
o u r  s t u d y ,  f o a m  s t a b i l i t y  w a s  m e a s u r e d  a s  a  f u n c t i o n  o f  d r a in in g  
( P h i l l i p s  e t  a l . ,  1 9 9 0 ) .  I t h a s  b e e n  s u g g e s t e d  th a t  r e t e n t io n  o f  
s e c o n d a r y  a n d  te r t ia r y  s tr u c tu r e  a t  t h e  in t e r f a c e  a i d s  f o a m  s t a 
b i l i t y  ( G r a h a m  a n d  P h i l l i p s ,  1 9 7 9 ) .  P r o t e in s  w i t h  a  h i g h  m o l e c 
u la r  w e i g h t  h a v e  b e e n  r e p o r t e d  t o  s h o w  g r e a t e r  f i l m  s t r e n g th .  
E v e n  p a r t ia l  h y d r o l y s i s  r e p o r t e d ly  m a y  l o w e r  f o a m  s t a b i l i t y  
( A d l e r - N i s s e n ,  1 9 8 6 ) .  G e r m a n  e t  a l .  ( 1 9 8 5 )  s h o w e d  th a t  a  r e 
d u c t i o n  o f  d i s u l f i d e  l i n k a g e s  b e t w e e n  s u b u n i t s  s h a r p ly  i n c r e a s e d  

f o a m  c a p a c i t y  a n d  s t a b i l i t y .  T h e y  r e a s o n e d  th a t  t h e ir  t r e a t m e n t  
a l l o w e d  r a p id  a n d  c o m p l e t e  e x p o s u r e  o f  th e  h y d r o p h o b i c  r e g i o n s  
o f  t h e  s u b u n i t s  a t  t h e  e x p a n d i n g  s u r f a c e  a n d  a l s o  p r o m o t e d  in t e r 
s u b u n i t  a s s o c i a t i o n s  in t o  a n  a g g r e g a t e d  f i l m  n e t w o r k .  F u n c t io n a l  
p r o p e r t i e s  o f  t h e  e n t ir e  h y d r o l y z e d  m a t e r ia l  w e r e  s t u d i e d  a n d  n o  

a t t e m p t  w a s  m a d e  to  f r a c t io n a t e  o r  s e p a r a t e  p e p t i d e s  f r o m  u n 
h y d r o l y z e d  p o r t io n s .  I n  o u r  s t u d y  l o w e r  m o l e c u l a r  w e i g h t  p e p 
t i d e s  ( <  1 0 , 0 0 0 )  w e r e  s e p a r a t e d  a n d  c o n c e n t r a t e d  a s  t h e  
p e r m e a t e .  P o s s i b l y  s o m e  o f  t h e  l a r g e r  m o l e c u l a r  w e i g h t  p e p t i d e s  
c o u l d  h a v e  a n  a n t i - f o a m i n g  i n f l u e n c e ,  r e s u l t i n g  in  l o w e r  f o a m  
c a p a c i t y  o r  f o a m  s t a b i l i t y .

S u r f a c e  t e n s i o n  r e s u l t s  ( T a b l e  2 )  in d ic a t e d  th e  p r e s e n c e  o f  
s u r f a c e - a c t i v e  p e p t i d e s .  T h e  c a p a c i t y  t o  f o r m  a  p r o t e in  f i l m  is  

r e l a t e d  t o  t h e  a b i l i t y  t o  d e c r e a s e  s u r f a c e  t e n s i o n .  F o a m  s t a b i l i t y  
i s  i n f l u e n c e d  b y  t h e  n a t u r e  o f  t h e  f i l m ,  w h i c h  in  tu r n , i s  d e 
p e n d e n t  o n  t h e  e x t e n t  o f  p r o t e in - p r o t e in  in t e r a c t io n  w i t h i n  th e  
f i l m  m a t r ix  ( G e r m a n  a n d  P h i l l i p s ,  1 9 9 4 ) .  H o w e v e r ,  t h e r e  s e e m e d  
t o  b e  n o  r e l a t io n s h ip  b e t w e e n  f o a m  c a p a c i t y  o r  f o a m  s t a b i l i t y  
a n d  s u r f a c e  t e n s i o n  r e d u c t io n .  T h e r e  w e r e  n o  a p p a r e n t  r e l a t io n 
s h ip s  b e t w e e n  e x t e n t  o f  s u r f a c e  t e n s i o n  d e p r e s s i o n  a n d  f o a m i n g  
c a p a c i t y  a n d  s t a b i l i t y .  A  s a m p l e  w i t h  h i g h  s u r f a c e  a c t i v i t y  w o u l d  
n o t  n e c e s s a r i l y  f o a m  w e l l  o r  f o r m  a  s t a b le  f o a m .  T h e  s u r f a c e  
t e n s i o n  v a l u e s  f o r  u n m o d i f i e d  W P I  w e r e  s i m i l a r  to  t h o s e  r e 
p o r t e d  b y  T o m b e r g  ( 1 9 7 8 )  f o r  w h e y  p r o t e in  c o n c e n t r a t e s .

L im i t e d  h y d r o l y s i s  c a n  im p r o v e  w h e y  p r o t e in  c h a r a c t e r i s t i c s ,  
d e p e n d i n g  o n  th e  t y p e  o f  e n z y m e  a n d  e x t e n t  o f  h y d r o l y s i s .  

K u e h l e r  a n d  S t in e  ( 1 9 7 4 )  r e p o r t e d  th a t  w h i l e  l i m i t e d  h y d r o l y s i s  
b y  p r o la s e ,  p e p s i n  a n d  p r o n a s e  im p r o v e d  in i t i a l  f o a m  c a p a c i t y ,  
it  d e c r e a s e d  f o a m  s t a b i l i t y .  T h e  r e s u l t s  o f  p e p s i n  h y d r o l y s i s  in  

o u r  s t u d y  c o n f i r m e d  th e ir  r e p o r t .
T h e  n a tu r e  o f  p e p t i d e s  a n d  e a s e  w i t h  w h i c h  t h e y  m ig r a t e  to  

t h e  s u r f a c e  a n d  r e a r r a n g e  o r  d e n a t u r e  d e t e r m in e s  f o a m  c a p a c i t y .  
R e s i d u a l  t e r t ia r y  s tr u c tu r e  a n d  in t e r a c t io n  w i t h  o t h e r  s u b u n i t s  o r  

p e p t i d e s  i n f l u e n c e s  f o a m  s t a b i l i t y  ( G e r m a n  a n d  P h i l l i p s ,  1 9 9 4 ) .  
C o n t r o l l e d  p r o t e o l y s i s  o f  w h e y  p r o t e in s  w i t h  d i f f e r e n t  p r o t e o 
ly t i c  e n z y m e s  g e n e r a t e s  a  w i d e  v a r i e t y  o f  p e p t i d e s  w i t h  a  w i d e  
r a n g e  o f  f u n c t io n a l  p r o p e r t ie s .  O u r  s t u d y  s h o w e d  th a t  l i m i t e d  

h y d r o l y s i s  w i t h  A l c a l a s e  p r o d u c e d  a  f r a c t io n  th a t  h a d  e x c e l l e n t  
f o a m i n g  c h a r a c t e r i s t i c s .  T h i s  f r a c t io n  s h o w e d  b e t t e r  f o a m  c a 
p a c i t y  a n d  f o a m  s t a b i l i t y  th a n  u n m o d i f i e d  W P I ,  h e a t  d e n a t u r e d  
W P I  o r  e g g  w h i t e  ( T a b le  2 ) .  T h e  m e t h o d  w e  u s e d  c o u l d  c o n 
s i s t e n t l y  p r o d u c e  a  f r a c t io n  f r o m  W P I  w i t h  b e t t e r  f o a m i n g  p r o p 
e r t i e s  t h a n  e g g  w h i t e .  T h e r e f o r e ,  t h i s  f r a c t io n  s h o w s  p r o m i s e  a s  
a n  e g g  w h i t e  r e p la c e r  in  f o o d  s y s t e m s ,  s u c h  a s  c o n f e c t i o n s ,  

b a k e d  g o o d s  a n d  w h i p p e d  t o p p in g s .
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Antioxidant Activity of Fungus Suillus bovinus 
(L: Fr.) O. Kuntze

A T S U K O  K A S U G A ,  Y A S U O  A O Y A G I ,  a n d  T A T S U Y U K I  S U G A H A R A

-------------------------------- ABSTRACT --------------------------------
T w o  m a jo r  a n t io x id a t iv e  c o m p o u n d s  w e re  i s o la te d  f ro m  w ild  m u s h 
ro o m s ,  Suillus bovinus ( L: Fr.) O. Kuntze, a n d  s tu d ie d  fo r  a n t io x id a t iv e  
a c t iv i ty  b y  c o m p a r is o n  w i th  o th e r  a n t io x id a n ts ,  B H A  a n d  to c o p h e ro l .  
O n e  c o m p o u n d  w a s  a n  o r a n g e  p ig m e n t  id e n tif ie d  a s  v a r ie g a t ic  a c id  
(3 ,3 ',4 ,4 '- te t r a h y d ro x y  p u lu v in ic  a c id )  a n d  th e  o th e r  w a s  a n  o r a n g e - r e d  
p ig m e n t ,  p o s s ib ly  d ib o v iq u in o n e -4 ,4 .  T h e  v a r ie g a t ic  a c id  h a d  s tr o n g  a n 
t io x id a t iv e  a c t iv i ty  in  a n  e m u ls io n  s y s te m  a s  s h o w n  b y  p e ro x id e  v a lu e  
(P O V )  o f  l in o le ic  a c id  a n d  in  a n  o i l  s y s te m  a s  s h o w n  b y  th e  P O V  o f  
m e th y l  l in o le a te  a n d  w e ig h t  g a in  o f  s o y b e a n  o il .  T h e  s e c o n d  c o m p o u n d  
w a s  a c t iv e  o n ly  in  th e  e m u ls io n  s y s te m .

K e y  W o rd s :  f u n g u s ,  Suillus bovinus, a n t io x id a n t ,  to c o p h e ro l ,  d ib o v iq u i-  
n o n e

IN TR O D U C TIO N
T h e  l i m i t a t i o n s  o f  s y n t h e t i c  a n t i o x i d a n t s  s u c h  a s  B H A ,  B H T ,  
T B H Q  a n d  o t h e r s  h a v e  b e e n  s h o w n  in  r e v i e w s  o f  t o x i c i t y  ( B r a -  

n e n ,  1 9 7 5 ) ,  c a n c e r  ( I t o  e t  a l . ,  1 9 8 3 )  a n d  p r o m u t a g e n ic  a c t i v i t y .  
T h i s  h a s  r e s u l t e d  in  i n c r e a s e d  d e m a n d s  f o r  n a tu r a l  a n t io x id a n t s .  
M u c h  a t t e n t io n  h a s  b e e n  f o c u s e d  o n  a n t io x id a n t  m e c h a n i s m s  
f r o m  n a tu r a l  s o u r c e s .

W e  s c r e e n e d  s p e c i e s  o f  e d i b l e  p la n t s  ( K a s u g a  e t  a l . ,  1 9 8 8 )  
a n d  m u s h r o o m s  ( K a s u g a  e t  a l . ,  1 9 9 3 )  f o r  a n t i o x i d a t i v e  a c t i v i t y  
in  a n  e f f o r t  t o  d i s c o v e r  n a t u r a l  a n t io x id a n t s .  I n  a  p r e v i o u s  r e p o r t  

( K a s u g a  e t  a l . ,  1 9 9 3 ) ,  s e v e r a l  e x t r a c t s ,  p a r t i c u l a r ly  t h o s e  f r o m  
t h e  m u s h r o o m ,  Suillus bovinus (  L.: F r.) O. K untze, w e r e  s h o w n  

t o  h a v e  s t r o n g  a n t i o x i d a t i v e  a c t i v i t y .
Suillus bovinus, a n  e d i b l e  m u s h r o o m ,  o f  t h e  Suillus s p e c i e s  

o f  B o letaceae, g r o w s  in  f o r e s t s  o f  p i n e s  f r o m  s u m m e r  t o  a u t u m n  
in  J a p a n .  I t s  p i l e u s  i s  5 - 1 1  c m  in  d ia m e t e r ,  a n d  i t s  s t e m ,  3 - 6  

c m  in  l e n g t h .  T h e  s u r f a c e  i s  s t i c k y  a n d  t h e  c o l l a r  i s  y e l l o w i s h  
b r o w n .  A f t e r  c o o k i n g ,  t h e  c o l l a r  tu r n s  r e d  v i o l e t .

O u r  o b j e c t i v e  w a s  t o  i s o l a t e  a n t i o x i d a t i v e  c o m p o u n d s  f r o m  
Suillus bovinus a n d  c o m p a r e  a c t i v i t i e s  w i t h  o t h e r  a n t io x id a n t s ,  
B H A  a n d  t o c o p h e r o l .

MATERIALS &  METHODS
R e a g e n t s

M e th y l  l in o le a te  w a s  p u r c h a s e d  f r o m  T o k y o  K a s e i  C o . ( T o k y o ,  J a p a n )  
a n d  l in o le ic  a c id  a n d  s o y b e a n  o i l ,  f r o m  W a k o  C h e m ic a l  In d . (O s a k a ,  
J a p a n ) .  A ll  o th e r  c h e m ic a l s  w e r e  o f  r e a g e n t  g ra d e .

P r e p a r a t i o n  o f  s a m p l e s
Suillus bovinus w a s  o b ta in e d  f ro m  N a g a n o  p r e f e c tu r e  in  J a p a n  f ro m  

1 9 8 4  to  1 9 9 2 . A f te r  h a rv e s t i n g ,  a ll  m u s h ro o m s  w e r e  th o ro u g h ly  w a s h e d  
a n d  r in s e d  s e v e ra l  t im e s  w i th  d i s t i l le d  w a te r  a n d  f r o z e n .  A f te r  b e in g  
ly o p h i l iz e d ,  s p o r o p h o re s  w e re  p o w d e re d .

Authors Kasuga and Aoyagi are affiliated with Kagawa Nutrition 
Junior College, Komagome 3-24-3, Toshima-ku, Tokyo 170, Ja 
pan. Author Sugahara is affiliated with Kagawa Nutrition Univer
sity, Chiyoda 3-9-21, Sakado-shi, Saitama 350-02, Japan.

E x t r a c t i o n  a n d  p u r i f i c a t i o n  o f  a n t i o x i d a t i v e  c o m p o u n d s
C o m p o u n d  I .  L y o p h i l iz e d  p o w d e r ,  c o r r e s p o n d in g  to  7 .5  k g  f re s h  

w e ig h t ,  w a s  e x t r a c te d  w i th  3 L  o f  7 0 %  e th a n o l  a t  8 0 °C  a n d  f i l te re d .  T h e  
r e s id u e  w a s  fu r th e r  e x t r a c te d  tw o  t im e s ,  a n d  a ll  e x t r a c ts  w e re  c o m b in e d  
a n d  e v a p o r a te d .  T h e  c o n c e n tr a te s  w e re  e x t r a c te d  w i th  1L h e x a n e ,  e th y l  
a c e ta te  a n d  b u ta n o l  s u c c e s s iv e ly .  A n  a l iq u o t  o f  b u ta n o l  p h a s e  w a s  lo a d e d  
o n to  a  s i l ic a  g e l  c o lu m n  (W a k o g e l  C -2 0 0 ;  W a k o  C h e m ic a l  In d . (O s a k a ,  
J a p a n ) ,  3 5 o  X 4 5 0  m m )  a n d  e lu te d  s u c c e s s iv e ly  w i th  1L v o lu m e s  o f  
c h lo ro fo r m  -  m e th a r .o l - a c e t ic  a c id  -  w a te r (7 0 :1 5 :1 2 :3 ,  6 0 :2 0 :1 5 :5 ,  4 0 : 
3 0 :1 5 :1 5 ,  2 0 :5 0 :1 5 :1 5 ) .  T h e  f r a c t io n  e lu te d  w i th  th e  s o lv e n t  o f  6 0 :2 0 : 
15:5  ra t io  w a s  c o n c e n tr a te d  a n d  p a s s e d  th ro u g h  a  g e l - f i l t r a t io n  c o lu m n  
(T o y o p e a r l  H W -4 0 F ; T o s o h  C o . T o k y o ,  J a p a n ,  2 6 o  X 9 0  m m ) . T h e  
c o lu m n  w a s  e lu te d  w i th  1%  p y r id in e  in  8 0 %  m e th a n o l .  T h e  e lu a te  w a s  
fu r th e r  p u r if ie d  b y  a p p l ic a t io n  o n to  a  c a t io n  c o lu m n  ( D o w e x  5 0  X 4  2 0 o  
X 1 00  m m )  w i th  5 0 '/« m e th a n o l .  T h e  e lu a te  w a s  c o n c e n tr a te d  a n d  c ry s 
ta l l iz e d  f ro m  w a te r .  C o m p o u n d  I w a s  o b ta in e d  b y  re c ry s ta l l iz a t io n  f ro m  
w a te r .

C o m p o u n d  I I .  L y o p h i l iz e d  p o w d e r ,  c o r r e s p o n d in g  to  2 3  k g  f re s h  
w e ig h t ,  w a s  im m e rs e d  in  3 5 L  7 0 %  e th a n o l  a t  ro o m  te m p e ra tu r e  o v e r  
n ig h t  a n d  f i l te r e d .  T h e  r e s id u e  w a s  e x t r a c te d  w i th  15L  7 0 %  e th a n o l ,  a n d  
b o th  e x t r a c ts  w e re  c o m b in e d .  A n  e x c e s s  o f  1 0 %  a q u e o u s  le a d  a c e ta te  
w a s  a d d e d  to  th e  e x t r a c ts  a n d  th e  r e s u l t in g  d a rk  o l iv e -g r e e n  p r e c ip i ta te s  
w e re  f i l te re d .  T h e  p r e c ip i ta te  w a s  w a s h e d  w i th  w a te r  a n d  m e th a n o l .  T h e  
le a d  s a l t  w a s  s u s p e n d e d  in  2 L  m e th a n o l  a n d  2 L  5 %  m e th a n o l ic  h y d ro g e n  
c h lo r id e  a d d e d  a n d  f i l te re d . T h e  re d  f i l t r a te  w a s  e v a p o r a t e d  u n t i l  h y 
d ro c h lo r ic  a c id  h a d  b e e n  re m o v e d .  C o m p o u n d  II w a s  o b ta in e d  b y  r e 
c ry s ta l l iz a t io n  o f  th e  r e s u l t in g  re d  p r e c ip i ta te  f r o m  a c e t ic  a c id .

T e s t  f o r  a n t i o x i d a n t  a c t i v i t y
T h e  a n t io x id a n t  e r 'f e c t iv e n e s s  o f  th e  i s o la te d  c o m p o u n d s  a n d  k n o w n  

s ta n d a rd s  w a s  a s c e r ta in e d  b y  d e te r m in in g  (1 )  p e ro x id e  v a lu e  ( P O V )  o f  
m e th y l  l in o le a te  in  o il p h a s e ,  (2 )  P O V  o f  l in o le ic  a c id  in  th e  e m u ls io n  
p h a s e ,  a n d  (3 )  w e ig h t  g a in  o f  s o y b e a n  o il .

F o r  th e  f ir s t  d e te rm in a t io n ,  5 0 p L  e th a n o l  s o lu t io n s  c o n ta in in g  1 0 0  p g ,  
10 p g  a n d  1 p g  o f  c o m p o u n d  I a n d  II  r e s p e c t iv e ly ,  w e re  a d d e d  to  100 
p L  m e th y l  l in o le a te  n  a  tu b e  (1 .5 o  X 7 .5  m m ) . B y  th e  m e th o d  o f  N o s e  
a n d  F u j in o  (1 9 8 2 ) ,  th e  r e a c t io n  m ix tu r e s  w e re  in c u b a te d  a t  5 0 °C  in  a  
d ry  b lo c k  b a th .  A f te r  2 4  h r , P O V  w a s  m e a s u re d  b y  th e  m o d if ie d  m e th o d  
o f  L e a  ( J O C S ,  1 9 9 0 ). A n t io x id a n t  a c t iv i ty  w a s  e x p re s s e d  a s  th e  r a t io  o f  
P O V  o f  t e s t  s o lu t io n  to  c o n tro l .

T h e  s e c o n d  m e th o d  fo r  e s t im a t in g  a n t io x id a n t  e f f e c t iv e n e s s  w a s  to  
d e te r m in e  P O V  o f  l in o le ic  a c id  in  th e  e m u ls io n  p h a s e .  T h e  c o m p o u n d s  
d is s o lv e d  in  1 m L  e th a n o l ,  8  m L  o f  0 .0 5  M  l in o le ic  a c id  in  e th a n o l ,  8 
m L  o f  0 .1  M  p h o s p h a te  b u f f e r  p H  7 .0  w e re  m ix e d  a n d  v o lu m e  w a s  a d 
j u s t e d  to  2 0  m L  w ith  d i s t i l le d  w a te r .  T h e  c o n c e n tr a t io n s  o f  t e s t  s a m p le s  
w e re  5 m g  o r  0 .0 5  m g / 1 00  m L  o f  r e a c t io n  m ix tu r e s .  T h e  m ix tu r e s  w e re  
in c u b a te d  a t  4 0 ° C  in  a  d a rk  ro o m  a n d  a t  s p e c if i e d  in te rv a ls ,  0 .1  m L  
a l iq u o ts  w e r e  r e m o v e d  a n d  P O V  w a s  d e te r m in e d  c o lo r im e t r i c a l ly  b y  th e  
f e r r ic  th io c y a n a te  m e th o d  (M its u d a  e t  a h ,  1 9 6 6 ).

A s  th e  th i r d  m e th o d  fo r  e s t im a t in g  a n t io x id a n t  e f f e c t iv e n e s s ,  th e  
w e ig h in g  m e th o d  fo r  m e a s u r in g  th e  in d u c t io n  p e r io d  o f  c o m p o u n d s  
( J O C S ,  1 9 9 0 )  w a s  u s e d .  T o  4 5  m m  i.d . g la s s  p e tr i  d is h e s ,  1 .0 0 0  ±  
0 .0 0 3 g  s o y b e a n  o il  w e re  a d d e d .  A c c u r a te ly  m e a s u re d  a m o u n ts  o f  th e  
a n t io x id a n ts ,  0 .1 ,  0 .2 , 0 .5 ,  a n d  1 m L  o f  a  s o lu t io n  o f  e a c h  c o m p o u n d  
c o n ta in in g  1 m g /m L  in  e th a n o l ,  c o r r e s p o n d in g  to  0 .0 1 % , 0 .0 2 % , 0 .0 5 % , 
a n d  0 .1 %  to  th e  o i l  r e s p e c t iv e ly ,  w e re  a d d e d .  T h e  d i s h e s  w e re  p la c e d  in  
a  c o n s ta n t  t e m p e ra tu r e  o v e n  a t  6 0 °C  w i th o u t  c o v e r s .  A f te r  2 0  m in  th e  
s o lv e n ts  w e re  r e m o v e d  a n d  c o n te n ts  o f  th e  d i s h e s  w e re  ro ta te d  to  in s u re  
u n ifo r m  d i s t r ib u t io n  o f  a n t io x id a n ts  in  th e  o il .  T h e y  w e r e  th e n  c o v e re d .  
A t d a i ly  in te rv a ls ,  th e  d is h e s  w e re  r e m o v e d  f r o m  th e  o v e n ,  a l lo w e d  to  
c o o l  in  a  d e s ic c a to r  "'or 3 0  m in ,  w e ig h e d ,  a n d  p la c e d  a g a in  in  th e  o v e n . 
A n t io x id a n t  e f f e c t iv e n e s s  w a s  e x p re s s e d  a s  th e  in d u c t io n  p e r io d  re q u ire d  
fo r  5 %  w e ig h t  g a in  o f  s o y b e a n  o il .
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ANTIOXIDANT ACTIVITY OF SUILLUS BOVINUS . . .

Acetylation

T
OAc O

O

Fig. 1—Structures of variegatic acid and its acetylate.

I n s t r u m e n t s  f o r  s t r u c t u r a l  d e t e r m i n a t i o n
T h e  p h y s ic o c h e m ic a l  p r o p e r t i e s  o f  th e  c o m p o u n d s  w e re  m e a s u re d  u s 

in g  th e  fo l lo w in g  in s tru m e n ts .  Y A N A K O  M T -2  ( e le m e n ta l  a n a ly s is )  
J A S C O  A -2 0 2  ( I R )  J E O L  J N M -E X  2 7 0  ( F T -N M R )  H IT A C H I  M -8 0  
(M S ) .

RESULTS & DISCUSSION 
Identification of compound I

W e  p r e v i o u s l y  r e p o r t e d  Suillus bovinus p r o d u c e d  v a r io u s  a n 
t i o x i d a t i v e  c o m p o u n d s  w h i c h  d i s s o l v e d  in  p o la r  s o l v e n t s  ( K a -  
s u g a  e t  a l . ,  1 9 9 3 ) .  A s  a  p r e l im in a r y  t e s t ,  Suillus bovinus w a s  
e x t r a c t e d  w i t h  c h l o r o f o r m ,  e t h a n o l  a n d  7 0 %  e t h a n o l .  T h e  c h l o 
r o f o r m  a n d  e t h a n o l  e x t r a c t s  w e r e  f r a c t io n a t e d  b y  c o l u m n  c h r o 
m a t o g r a p h y  b u t  a n t i o x i d a t i v e  a c t i v i t y  g r a d u a l l y  b e c a m e  w e a k  

( d a t a  n o t  s h o w n ) ,  p o s s i b l y  d u e  t o  t h e  p r e s e n c e  o f  m in o r  a n t i o x 
id a t i v e  c o m p o u n d s .  I n  t h i s  e x p e r i m e n t ,  7 0 %  e t h a n o l  e x t r a c t io n  
w a s  u s e d  in  w h i c h  a n t i o x i d a t i v e  c o m p o u n d s  w e r e  n o t  d i s p e r s e d .

F r o m  t h e  l y o p h i l i z e d  p o w d e r  o f  7 . 5  k g  f r e s h  Suillus bovinus, 
4 5 0  m g  o f  c o m p o u n d  I w e r e  c r y s t a l l i z e d  f r o m  w a t e r  a n d  o b 
t a in e d  a s  a n  o r a n g e  p o w d e r .  V a r i o u s  f r a c t io n a t io n s  w e r e  c a r r ie d  
o u t  w h i l e  m e a s u r i n g  a n t i o x i d a t i v e  a c t i v i t y .  T h e  m e l t i n g  p o in t  
w a s  2 4 0 ° C  ( d e c o m p . ) .  F r o m  e l e m e n t a l  a n a l y s i s ,  t h e  m o l e c u l a r  
f o r m u la  o f  c o m p o u n d  I w a s  C l8H l20 , ‘H 20  ( F o u n d ;  C ,5 4 . 6 ;

T a b l e  1 —Antioxidant activity of isolated compounds in an oil system3
100 pg 10 pg 1 ug

BHA + + + + -
a-Tocopherol + + -
compound I + + + + ~
compound II + —
a + +  POVs/POVc<0.2; + 0.2<POVs/POVc<0.5; -  0.5<POVs/POVc; POVs = Peroxide 

value with the sample; POVc = Peroxide value of control. The mixture of 50 pL 
methyl linoleate and 100 pL EtOH containing test samples were incubated at 50°C. 
POV was measured by the modified method of Lea (JOCS, 1990).

H ,3 .6 ;  0 , 4 1 . 8  C a lc u la t e d  C ,5 5 .7 ;  F I,3 .6 ;  0 , 4 1 . 0 ) .  T h e  s p e c t r o 
s c o p i c  d a ta  w e r e  a s  f o l l o w s .  I R  v max ( K B r  d i s k )  c m  '; 3 3 9 0  
( - O H ) ,  1 7 6 2 ( - C O O H ) ,  1 6 9 2 ( - C O ) ,  1 6 2 5 ,  1 5 9 8 ,  1 5 3 5 ,  1 3 8 2 ,  
1 2 9 3 ,  1 0 1 5 ,  9 1 0 ,  ' H - N M R  8 ( C D , O D ) ;  7 .6 3  ( l H , d d ) ,  7 . 4 9  

( l H . d d ) ,  6 . 8 1 - 6 . 7 7  ( 3 H ,m ) ,  6 . 6 7  ( l H , d d ) ,  l3C - N M R  8 ( C D  

3O D ) ;  1 0 5 .7  ( C - 8  o r  C - l  1 ) , 1 1 6 .3  ( C - 2 ' ) ,  1 1 6 .5  ( C - 2 ) ,  1 1 6 .7  ( C -
5 ) ,  1 1 8 .9  ( C - l  1 o r  C - 8 ) ,  1 1 9 .1  ( C - 5 1) ,  1 2 1 .9  ( C - 6 ) ,  1 2 3 .1  ( C - l ) .
1 2 3 .9  ( C - 6 ' ) ,  1 2 6 .5  ( C - T ) ,  1 4 6 .2  ( C - 4 ' ) ,  1 4 6 .6  ( C - 3 ' ) ,  1 4 7 .3  ( C -
4 ) ,  1 4 7 .4  ( C - 3 ) ,  1 5 4 .8  ( C - 9  o r  C - 1 0 ) ,  1 6 1 .3  ( C - 1 0 o r C - 9 ) ,  1 6 9 .3  

( C - 7 ) ,  1 7 5 .2  ( C - l 2 ) ,  E I - M S  m /z ;  3 7 2  ( m +),  3 5 4 ,  2 9 8 ,  1 7 7 ,  1 4 9 .  
T h e  d a t a  o f  ‘H - N M R  w e r e  in  g o o d  a g r e e m e n t  w i t h  p u b l i s h e d  

d a t a  ( W o l f g a n g  e t  a l . ,  1 9 7 4 ) .  W h e n  t h i s  c o m p o u n d  w a s  a c e t y -  
l a t e d ,  th e  a n a l y s i s  d a t a  w e r e  a s  f o l l o w s .  I R  v max ( K B r  d i s k )  c m - 
1 8 2 8 ,  1 7 7 5 ,  1 6 6 0 ,  1 5 0 5 ,  1 3 6 8 ,  1 1 9 3 ,  1 1 1 3 ,  1 0 1 5 ,  9 0 4 ,  8 1 5 .  
E I - M S  m /z ;  5 2 2  ( n r ) ,  4 8 0 ,  4 3 8 ,  3 9 6 ,  3 5 4 .  O n  t h e  E I - M S  o f  th e  
a c e t y l a t e d  c o m p o u n d ,  f o u r  a c e t y l  g r o u p s  w e r e  o b s e r v e d .  T h e  

s tr u c tu r e  o f  c o m p o u n d  I w a s  t h u s  i d e n t i f i e d  a s  v a r i e g a t i c  a c i c  

( 3 ,3 ' ,4 ,4 ' - t e t r a h y d r o x y  p u l u v i n i c  a c i d )  ( F i g .  1 ).
V a r ie g a t i c  a c i d  h a s  b e e n  r e p o r t e d  a s  t h e  p i g m e n t  r e s p o n s i b l e  

f o r  t h e  b l u e i n g  o f  f r e s h  s p o r o p h o r e  c a u s e d  b y  b r u i s in g  f r o m  t h e  
f u n g u s  Suillus variega tu s (Sw artz ex Fr.) ( E d w a r d s  a n d  E l s -  
w o r t h y ,  1 9 6 7 )  a n d  o t h e r  B oletus s p e c i e s  ( B e a u m o n t  e t  a l . ,
1 9 6 8 ) .  It i s  a  p u l v i n i c  a c i d  d e r i v a t i v e  a n d  B r e s i n s k y  a n d  
R e n n s c h m i d  ( 1 9 7 1 )  r e p o r t e d  a  c h e m o t a x o n o m i c  r e l a t io n s h ip  b e 
t w e e n  l e i t p i g m e n t  a n d  Suillus s e c t i o n .  B u t  v a r i e g a t i c  a c i d  h a s  
n o t  b e e n  r e p o r t e d  a s  a n  a n t io x id a n t .

Identification of compound II
F r o m  t h e  l y o p h i l i z e d  p o w d e r  o f  2 3  k g  f r e s h  s p o r o p h o r e ,  1 2 0 0  

m g  o f  o r a n g e - r e d  c r y s t a l s  w e r e  o b t a in e d  f r o m  a c e t i c  a c i d .  T h e  

m e l t i n g  p o in t  w a s  1 3 4 ~ 1 3 9 ° C  ( d e c o m p . ) .  F r o m  e l e m e n t a l  a n a l 
y s i s ,  t h e  m o l e c u l a r  f o r m u la  o f  c o m p o u n d  II w a s  C 52H 70O 8 

( F o u n d ;  C , 7 5 .6 ;  H , 9 . 0 ;  O ,  1 5 .4  C a lc u la t e d ;  C ,  7 5 .9 ;  H ,  8 .6 ;  O ,
1 5 .6 ) .  T h e  s tr u c tu r e  o f  c o m p o u n d  II w a s  s u g g e s t e d  t o  b e  d i b o v -  
i q u i n o n e - 4 , 4  ( F i g .  2 ) .

B e a u m o n t  a n d  E d w a r d s  ( 1 9 6 9 )  r e p o r t e d  a  b e n z o q u i n o n e ,  b o v -  

i n o n e  ( 2 , 5 - d i h y d r o x y - 3 - g e r a n y l g e r a n y l - l , 4 - b e n z o q u i n o n e )  f r o m  
Suillus bovinus a n d  a l s o  t h e  d e r i v a t i v e s  o f  b o v i n o n e ,  b o v i q u i -  
n o n e - 3  ( 2 , 5 - d i h y d r o x y - 3 - f a m e s y l - l , 4 - b e n z o q u i n o n e ) ,  d i b o v i -  

q u i n o n e - 3 , 4 - m e t h y ! e n e d i b o v i - q u i n o n e - 3 , 3  f r o m  G om plid ius  
rutilus Fr. a n d  d i b o v i q u i n o n e - 4 , 4  f r o m  Suillus bovinus ( B e a u 
m o n t  a n d  E d w a r d s ,  1 9 7 1 ) .  B o v i q u i n o n e - 3  h a s  b e e n  r e p o r t e d  
f r o m  C hroogom phus helveticus a n d  C hroogom phus ru tilus b y  
S t e g l i c h  e t  a l .  ( 1 9 7 1 ) .  C o m p o u n d  II w a s  c o n s i d e r e d  b o v i n o n e  

o r  d i b o v i q u i n o n e - 4 , 4  f r o m  s p e c t r o s c o p i c  m e a s u r e m e n t s .  B e a u 
m o n t  a n d  E d w a r d s  ( 1 9 6 9 )  r e p o r t e d  th a t  f r o m  f r e s h  s p o r o p h o r e s ,  
t h e y  c o u l d  o b t a in  m u c h  b o v i n o n e  b u t  f r o m  th e  d r ie d  m a t e r ia l ,  
it  w a s  d i f f i c u l t  t o  i s o l a t e  p u r e  b o v i n o n e .  T h e  d i m e r i z a t i o n  o f  
b e n z o q u i n o n e  t a k e s  p la c e  in  t h e  p r e s e n c e  o f  a c i d  ( D e a n  e t  a l . ,
1 9 5 5 ) .  B e a u m o n t  e t  a l .  ( 1 9 7 1 )  t r e a te d  b o v i q u i n o n e - 4  w i t h  m e t h -  

a n o l i c  h y d r o g e n  c h l o r i d e  a n d  r e p o r t e d  it t o  b e  c o n v e r t e d  t o  a  
r e d  p o l y m e r i c  o i l  a n d  n o  d i b o v i q u i n o n e  w a s  i s o l a t e d .  T h e  a b 
s e n c e  o f  a  q u i n o n e  n u c le a r  p r o t o n  in  t h e  ' H - N M R  a t  8 5 . 9 8  a n d  

d i b o v i q u i n o n e  f r o m  Suillus bovinus c o n s i s t e d  e n t i r e l y  o f  t h e  
s y m m e t r i c a l - 4 , 4  c o m p o u n d  ( B e a u m o n t  e t  a l . ,  1 9 7 1 )  c o n f i r m e d  

c o m p o u n d  II t o  h a v e  th e  s tr u c tu r e  o f  d i b o v i q u i n o n e - 4 , 4 .  S p e c 
t r o s c o p i c  d a t a  w e r e  a s  f o l l o w s :  I R  v m„  ( K B r  d i s k )  c m 1; 3 3 2 0 ,  
2 9 8 0 ,  2 9 4 0 ,  2 8 7 0 ,  1 6 2 0 ,  1 6 1 2 ,  1 3 2 0 ,  1 2 9 6 ,  1 2 5 2 ,  1 1 1 5 ,  7 8 2  >H - 
N M R  8 ( C D C 1 3); 7 . 7 8  ( 4 H ,  s ) ,  5 . 1 5 - 5 . 0 7  ( 8 H ,  m ) ,  3 .1 1  ( 4 H ,  d ) ,
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A

Fig. 3—Changes in antioxidative activity of isolated compounds 
in an emulsion system, o  Control; ♦ Toe; ■ BHA; •  Compound I; 
▲ Compound II. (A) Each compound was 5 mg/100 mL in the 
emulsion. (B) Each compound was 0.05 mg/100 mL in the emul
sion. POV was measured by the thiocyanate method.

2 .0 6 - 1 .9 6  (2 4 H , m ), 1.72 (6 H , s), 1.67 (6 H , s), 1 .5 9 -1 .5 5  
(1 8 H , m ), 13C - N M R  5 ( C D ,  O D ) ;  16.0 ( C -2 6 ) , 16.2 (C -2 5 ) , 16.5 
(C -2 1 ) , 17.7 ( C -1 6 ) , 21 .6  ( C -7 ) ,  25.7  ( C - l l ) ,  26 .5 , 26.6 , 26.8  
( C - 12,17,22 or C - l 0 ,1 5 ,2 0 ), 39.7  ( C - l 0 ,1 5 ,2 0  or C - 12,17,22),
115.1 (C -2 4 ) , 115.8 (C -9 ,1 4 ,1 9 ), 119.1 (C -2 3 ) , 124.0, 124.2, 
124.4 (C -8 ,1 3 ,1 8 ), 131.3 ( C -3 ) ,  135.0 ( C - 6  or C - l , 4  or C -2 ,5 ) ,
135.1 ( C - l , 4  or C -2 ,5 ) ,  137.5 (C -2 ,5  or C - l , 4  or C -6 ) ,  E I - M S  
m/z; 677, 468, 412 (M + B o v in o n e ), 343, 275, 233 , 2 04 , 193, 
119.

T h e  benzoquinone derivative  w as synth esized  because o f  its 
sca ve n g in g  a ctiv ity  o f  active  o xyge n  species b y  O kam o to  et al.
(1 9 8 2 ) and O kaw a et al. (1 9 9 1 ). W e found d ib o viquinone to be 
an antioxidant.

Test for antioxidant activity
A n tio xid an t e ffectiveness o f  the isolated com pounds and  

know n standards w as ascertained b y  three m ethods. A n tio xid an t  
activ ity  in  the o il phase fo r m ethyl lin o le ic  acid  w as m easured  
(T a b le  1). B o th  com pounds I  and I I  show ed antioxidative  a ctiv 
ity, w ith com pound I  h a v in g  the greater activity. T h e  a ctiv ity  o f  
com pound I  w as greater than that o f  tocopherol and alm ost equal 
to B H A .

T h e  tim e-course  o f  autooxidation o f  lin o le ic  acid  in an em u l
sion w as fo llo w e d  b y  the ferric  thiocyanate m ethod (F ig .  3). 
W hen concentrations o f  the com pounds w ere 5 m g/100 m L  in  
an em ulsion, com pound I  show ed the strongest antioxidative  
activ ity , fo llo w ed  b y  B H A  and com pound II.  B u t at 0.05 mg/ 
100 m L , o n ly  com pound I I  w as s lig h t ly  stronger than the co n -

I .D .

Fig. 4—Antioxidative activity of isolated compounds by weighing 
method. □  Control; H 0.01; ¡10.02%; ■  0.05%; ■  0.1%. I.D. = Days 
required to reach 0.5% gain in weight by Weighing Method on 
soybean oil.

trol. C o m p o u n d  I  and tocopherol had less antioxidative  a ctiv ity  
than the control and B H A  the same. T h is  indicated that co m 
pound I had strong antioxidative  activ ity , but at the low  co n 
centration, it m ay act as a pro-oxidant.

A n tio x id a tiv e  a ctiv ity  w as a lso  show n (F ig .  4 ) b y  the in d u c
tion period o f  a soybean o il to reach 5 %  w eight gain . T h e  in 
duction period o f  com pound I increased co n sid erab ly  w ith  
concentration. T h e  a ctiv ity  o f  com pound I w as tw o tim es that 
o f  B H A  at 0.05 and 0 .1 % . T h e  induction  period o f  com pound  
I I  indicated antioxidant a ctiv ity  to be constant regardless o f  in 
creased concentration.

It appears that com pound I has strong antioxidative  a ctiv ity  
in  an e m u lsio n  system  and o il system , and com pound I I  in an 
e m ulsion  system . T h u s , v ariegatic acid  and d ib o viq u in o n e m ake  
a re lative ly  large contribution to the an tioxidative  a ctiv ity  o f  
Suillus bovinus. Th ere  m ay be other com pounds w h ich  could  
contribute to antioxidant activ ity . Furth er research is needed to 
isolate and identify com pounds and estim ate in d iv id u a l co n tri
butions to antioxidative  activ ity . S u ch  com ponents m ay provide  
a b asis fo r natural antioxidants in  form ulated foods.
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Decreasing Lipid Oxidation in Soybean Oil by a UV Absorber
in the Packaging Material

M . A .  P A S C A L L ,  B . R .  H A R T E ,  J . R .  G I A C I N  a n d  J . l .  G R A Y

-------------------------  ABSTRACT -------------------------
T h e  s t a b i l i t y  a n d  e f f e c t i v e n e s s  o f  T i n u v i n  3 2 6 ™ , a  U V  a b s o r b e r ,  d i s 
p e r s e d  w i t h i n  t h e  r e g r i n d  l a y e r  o f  c o e x t r u d e d ,  m u l t i l a y e r e d ,  p o l y p r o p y l 

e n e - b a s e d  c o n t a i n e r s  t o  p r o t e c t  p a c k a g e d ,  b l e a c h e d  s o y b e a n  o i l  f r o m  
p h o t o o x i d a t i o n  w a s  i n v e s t i g a t e d .  T h e  l e v e l  o f  T i n u v i n  3 2 6  in  t h e  c o n 

t a i n e r s  w a s  d e t e r m i n e d  b y  u s i n g  h i g h  p r e s s u r e  l i q u i d  c h r o m a t o g r a p h y  
( H P L C )  a n d  U V  s p e c t r o p h o t o m e t r i c  m e t h o d s .  N o  l o s s  o f  T i n u v i n  3 2 6  
f r o m  t h e  c o n t a i n e r s  w a s  o b s e r v e d  o v e r  a  4 2 - d a y  s t o r a g e  p e r i o d  a t  2 1  
a n d  3 5 ° C ,  r e s p e c t i v e l y .  T h e  m i g r a t i o n  o f  T i n u v i n  3 2 6  f r o m  t h e  c o n t a i n 
e r s  t o  t h e  o i l  s t o r e d  a t  3 5 ° C  w a s  g r e a t e r  t h a n  a t  2 1 ° C .  M i g r a t i o n  l e v e l s  
a t  b o t h  t e m p e r a t u r e s ,  h o w e v e r ,  w e r e  t o o  lo w  to  n o t a b l y  r e d u c e  T i n u v i n  

3 2 6  l e v e l s  in  t h e  c o n t a i n e r s .  B l e a c h e d  o i l  in  c o n t a i n e r s  w i t h  0 . 3 %  T i 
n u v i n  3 2 6  u n d e r w e n t  l e s s  p h o t o o x i d a t i o n  th a n  o i l  i n  c o n t a i n e r s  w i t h  n o  

T i n u v i n  3 2 6  w h e n  e x p o s e d  to  f l u o r e s c e n t  l i g h t  a t  2 1  a n d  3 5 ° C  f o r  3 5  

d a y s .

K e y  W o r d s :  s o y b e a n  o i l ,  l i p i d  o x i d a t i o n ,  U V  a b s o r b e r ,  t r a n s p a r e n t  p a c k 
a g i n g

INTRODUCTION
O x i d a t i v e  r a n c i d i t y  o f  o i l  o ccu rs w hen o xyge n  reacts w ith  
unsaturated fatty acid s either spontaneously on exposure to air  
(autoxidation) or in the presence o f  ligh t and a sen sitizer (p h o 
tosensitized  oxid atio n ) such  as ch lo ro p h yll or m yo g lo b in  (L o v e ,
1992). Fran kel (1 9 8 4 ) described this latter process as activation  
o f  o x yg e n  to the sin g le t state by transfer o f  energy from  the 
photosensitizer. T h e  resu lting sin glet o xyge n  is extrem ely re
active. S u ch  reactive o xyge n  can com bine w ith carbons on either 
side o f  the double bond o f  a fatty acid  m olecu le  to y ie ld  an 
a lly lic  h ydroperoxide in  the trans configuration. Th e se  h ydro
peroxides are re lative ly  unstable and decom pose to shorter chain  
carbon com pounds such as fatty acid s, a ldehydes, and ketones 
w h ich  can cause food spoilage.

Fluorescent ligh t can initiate photooxidation in  foods (Sattar 
et al., 1976; E m m o n s et al., 1986; L u b y  et al., 1986). Therefore, 
m uch research has been directed tow ard developm ent o f  barriers 
to ligh t in clu d in g  m etal, paperboard, co lored  glass and p ig 
m ented p lastics (Sattar et al., 1976; deM an, 1978; H o sk in , 1988; 
N kp a  et al., 1990). In  addition to ligh t barriers, use o f  U V  
stab ilizers for m in im iz in g  photooxidation has been reported. 
S u ch  com pounds perform  this function b y  absorption o f  incident 
U V  energy and concom itant q uenching o f  photoexcited chro- 
m ophores. U ltrav io le t stab ilizers are co lo rle ss or nearly  co lo rless  
o rgan ic  substances w h ich  can protect p o lym e ric  and other ligh t- 
sensitive  m aterials from  degradation b y  sunlight and other 
sources o f  U V  radiation (H a w k in s, 1984). Severa l d ifferent c la s 
ses o f  com pounds have been used co m m e rcia lly  to retard ligh t- 
induced p o lym e ric  degradation, in c lu d in g  U V  absorbers, 
hindered am ines, n ick e l chelates, hindered phenols and aryl es
ters (D exter, 1984). Incorporated into transparent p lastics, such  
com pounds co u ld  be expected to im part increased stab ility  to 
p o lym e ric  structures, and at the sam e tim e, provide them w ith  
the a b ility  to b lo ck  transm ission o f  incident U V  radiation. 
C ro m p to n  (1 9 7 1 ) reported that the a ctin ic  effects o f  such  un-
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im peded radiation co u ld  cause d isco loration  o f  both the p lastic  
m aterial and the packaged  foodstuff.

T in u v in  326 2 -(3 'tert-b u ty l-2 '-h yd ro xy '5 '-m e th ylp h en yl)-5 -  
ch lo ro b en zo -triazo le , is an u ltravio let absorber. Its incorporation  
into transparent p o lypropylene  containers decreased v itam in  A  
loss in m ilk  exposed to incident U V  radiation (F a n e lli et al., 
1985; Sh ip e  et al., 1983). Th erefore, its incorporation into co n 
tainers used to package  o ils  m ay result in  increased product 
stability. T in u v in  326  w as approved b y  the F D A  as a U .S .  food  
p a ck a gin g  additive  in A p r il 1981 (T it le  21 o f  the code o f  Federal 
R egu latio n s).

O u r sp ecific  ob jectives were: (1 ) to develop a m ethodology  
fo r quantitation o f  T in u v in  326 in  test containers; (2 )  to evaluate  
the stab ility  o f  T in u v in  326 in  such m aterials in  the absence o f  
light, and at two storage tem peratures; (3 )  to investigate the 
m igration o f  T in u v in  326 from  the p ackage  m aterial to the prod
uct (soybean o il); and (4 ) to determ ine any changes in product 
quality as related to T in u v in  326 concentration (in  the container 
w a ll), exposure to light, tim e, and storage temperature.

MATERIALS & METHODS
Test materials

T h e  t e s t  p a c k a g e s  w e r e  t r a n s p a r e n t ,  c o e x t r u d e d ,  m u l t i l a y e r e d  p o l y p r o 
p y l e n e  c u p s  ( B a l l  P l a s t i c s ,  E v a n s v i l l e ,  I N )  w i t h  a  v o l u m e  o f  1 3 0  m L  
a n d  s i d e w a l l s  o f  0 .3 5  m m  t h i c k n e s s .  T h e  m a t e r i a l  p r o f i l e  o f  t h e  c o n t a i n 
e r s  f r o m  o u t s i d e  t o  i n s i d e  w a s :  p o l y p r o p y l e n e  ( 9 5 .3  g m ) / r e g r i n d  
8 0 . 0 g m / a d h e s i v e  9 . 5 p m / 4 4  m o l .  %  e t h y l e n e  v i n y l  a l c o h o l  c o p o l y m e r  

1 5 .2 p m / a d h e s i v e  9 . 5 p m / r e g r i n d  8 0 . 0 p m / p o l y p r o p y l e n e  9 1 . 4 p m .  T h e  
c o n t r o l  b a t c h  o f  c o n t a i n e r s  h a d  n o n e ,  w h i l e  t h e  t e s t  b a t c h  h a d  0 . 3 %  
T i n u v i n  3 2 6  ( C i b a  G e i g y ,  H a w t h o r n e ,  N Y )  i n c o r p o r a t e d  i n t o  t h e  r e g r i n d  
l a y e r s .  A lu s u is s e ™  “ E a s y  P e e l ”  l i d  s t o c k  ( B a l l  P l a s t i c s ,  E v a n s v i l l e ,  I N )  

w a s  m a d e  o f  a n  a l u m i n u m  f o i l / p o l y p r o p y l e n e  l a m i n a t e .

Sample preparation

R e f i n e d  s o y b e a n  s a l a d  o i l ,  c o n t a i n i n g  n o  a d d e d  a n t i o x i d a n t s  ( a s  i n 
d i c a t e d  o n  t h e  l a b e l ) ,  w a s  o b t a i n e d  f r o m  t h e  G e n e r a l  F o o d  S t o r e s ,  M i c h 

ig a n  S t a t e  U n iv .  T h e  o i l  w a s  b l e a c h e d  b y  f i l t e r i n g  ( V i a n n i ,  1 9 8 0 )  t h r o u g h  
a  c h r o m a t o g r a p h y  c o l u m n  ( 4 .5  c m  i n t e r n a l  d i a m e t e r  X  5 0  c m  l e n g t h ) .  
T h e  c o l u m n  w a s  p a c k e d  f r o m  b o t t o m  to  t o p  w i t h  2 .0  c m  g l a s s  w o o l ,  2 .0  
c m  M N - K i e s e l g u h r  G - H R  ( M a c h e n e y ,  N a g e l ,  G e r m a n y ) ,  a n d  a  lO O g  

m i x t u r e  o f  5 0 %  a c t i v a t e d  c a r b o n  D a r c o  S -5 1  g r a d e  ( A m e r i c a n  N o r i t ,  
J a c k s o n v i l l e ,  F L ) ,  3 5 %  M N - K i e s e l g e l  G - H R  a n d  1 5 %  F l o r i s i l  ( F l u k a  
C h e m i c a l ,  R o n k o n k o m a ,  N Y ) .  F i n a l l y ,  t w o  s u c c e s s i v e  l a y e r s  o f  s i l i c i c  
a c i d  ( F l u k a  C h e m i c a l ,  R o n k o n k o m a ,  N Y )  a n d  a n h y d r o u s  s o d i u m  s u l f a t e  
( M a l l i n c k r o d t ,  P a r i s ,  K Y ) ,  e a c h  1 .0  c m ,  w e r e  a d d e d  t o  c o m p l e t e  t h e  

p a c k i n g .  A l l  s o l v e n t s  u s e d  w e r e  a n a l y t i c a l  g r a d e  a n d  w e r e  p u r c h a s e d  
f r o m  E M  S c i e n c e ,  G i b b s t o w n ,  N J .  A f t e r  a n  i n i t i a l  p a s s  o f  1 0 0  m L  o f  
h e x a n e  t h r o u g h  th e  p a c k e d  c o l u m n ,  a  m i x t u r e  o f  lO O g  s o y b e a n  o i l  a n d  
1 5 0  m L  h e x a n e  w a s  e l u t e d  f o l l o w e d  b y  1 5 0  m L  h e x a n e .  F r o m  t h e  e l u e n t  
t h e  h e x a n e  w a s  e v a p o r a t e d  b y  u s i n g  a  B u c h i  r o t a r y  e v a p o r a t o r  ( W e s t -  
b u r y ,  N Y )  u n d e r  l o w  v a c u u m  a t  3 0 ° C .  T h e  o i l  w a s  t r a n s f e r r e d  t o  a n  
a m b e r - c o l o r e d  g l a s s  b o t t l e ,  f l u s h e d  w i t h  n i t r o g e n  a n d  s t o r e d  in  a  f r e e z e r  

a t  - 2 0 ° C .  T h e  c o l u m n s  w e r e  r e g e n e r a t e d  f o r  r e u s e  b y  e l u t i n g  t h e m  w i t h  
1 5 0  m L  o f  a n h y d r o u s  e t h y l  e t h e r ,  a c e t o n i t r i l e ,  m e t h a n o l ,  a c e t o n i t r i l e ,  
a n h y d r o u s  e t h y l  e t h e r  a n d ,  f i n a l ly ,  h e x a n e  in  s u c c e s s i v e  o r d e r .  T h i s  w a s  
d o n e  a f t e r  e a c h  b a t c h  o f  o i l  w a s  b l e a c h e d .

Tinuvin 326 extraction

T h e  w a l l s  o f  s a m p l e  c o n t a i n e r s  w e r e  c u t  i n t o  p i e c e s ,  ~ 1 c m 2, a n d  a n  
a v e r a g e  o f  3 .0 g  w a s  u s e d  f o r  e a c h  a n a l y s i s .  T h e s e  w e r e  o b t a i n e d  a f t e r
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r e m o v i n g  t h e  b a s e  a n d  t h e  u p p e r  h e a t  s e a l a b l e  l i p  f r o m  e a c h  c o n t a i n e r .  

T h e s e  s h o w e d  d i f f e r e n c e s  b e t w e e n  t h i c k n e s s e s  a n d  w a l l s  o f  e a c h  c o n 
t a i n e r .  I n t a c t  c o n t a i n e r s  h a d  a n  a v e r a g e  w e i g h t  o f  6 . 3 0 4 g .  E x t r a c t i o n  o f  
T i n u v i n  3 2 6  w a s  b y  S o x h l e t  w i t h  1 1 0  m L  H P L C - g r a d e  a c e t o n i t r i l e  
( F i s h e r ,  P i t t s b u r g h .  P A )  f o r  1 8  h r .  T h e  e x t r a c t  w a s  m a d e  u p  t o  2 0 0  m L  

w i t h  a c e t o n i t r i l e  i n  a  v o l u m e t r i c  f l a s k .  E a c h  s a m p l e  w a s  e x t r a c t e d  w i t h  

3  m o r e  a l i q u o t s  o f  a c e t o n i t r i l e ,  w h i c h  w e r e  a l s o  m a d e  u p  t o  2 0 0  m L .  

T h e  e f f i c i e n c y  o f  e x t r a c t i o n  w a s  i n v e s t i g a t e d  b y  o b t a i n i n g  U V  a b s o r b 
a n c e  s p e c t r a  o f  s a m p l e  c o n t a i n e r  w a l l s  b e f o r e  a n d  a f t e r  S o x h l e t  e x t r a c 
t i o n ,  u s i n g  a  P e r k i n - E l m e r  ( O a k  B r o o k ,  I L )  L a m b d a  3 B  U V - v i s i b l e  
s p e c t r o p h o t o m e t e r  e q u i p p e d  w i t h  i n t e g r a t i n g  s p h e r e .  T h r e e  s a m p l e s  
( = 3 . 0  c m  X  1 .5  c m )  f r o m  e a c h  o f  t h e  t w o  t y p e s  o f  c o n t a i n e r s  ( 0 . 0  a n d  
0 .3 %  T i n u v i n  3 2 6 ) ,  a n d  t h r e e  f r o m  S o x h l e t  e x t r a c t i o n s ,  w e r e  m o u n t e d  
d i r e c t l y  i n t o  t h e  s a m p l e  h o l d e r  o f  t h e  I n t e g r a t i n g  S p h e r e  a n d  t h e i r  s p e c t r a  

d e t e r m i n e d .

Quantitation of Tinuvin 326 by HPLC

T h e  T i n u v i n  3 2 6  ( a c e t o n i t r i l e  e x t r a c t )  w a s  q u a n t i t a t e d  b y  r e v e r s e  
p h a s e  H P L C .  T h e  H P L C  s y s t e m  w a s  e q u i p p e d  w i t h  a  P e r k i n - E l m e r  ( O a k  
B r o o k ,  I L )  s t a i n l e s s  s t e e l  c o l u m n  ( 0 .2 4  c m  i .d .  X  2 5  c m  l e n g t h ) ,  w i t h  

O D S - H C  S i l - x - 1  p a c k i n g  m a t e r i a l .  T h e  m o b i l e  p h a s e  w a s  a c e t o n i t r i l e :  
w a t e r  ( 8 5 : 1 5 ,  v / v )  a t  a  r a t e  o f  1 m L / m i n .  T h e  v o l u m e  i n j e c t e d  w a s  1 0  
p L .  T h e  H P L C  s y s t e m  c o n s i s t e d  o f  a  P e r k i n - E l m e r  S e r i e s  3 B  s o l v e n t  
d e l i v e r y  s y s t e m  a n d  a  L C - 1 0 0  c o l u m n  o v e n ,  w i t h  a  P e r k i n - E l m e r  L C -  
7 5  s p e c t r o p h o t o m e t r i c  d e t e c t o r  s e t  a t  3 4 7 .3  n m .  T h e  d e t e c t o r  w a s  i n t e r 
f a c e d  t o  a  S p e c t r a  P h y s i c s  S P 4 2 0 0  C o m p u t i n g  I n t e g r a t o r  ( N o r w a l k ,  C T )  
f o r  q u a n t i f i c a t i o n .  T w o  r e p l i c a t e s  w e r e  t a k e n  a t  e a c h  o b s e r v a t i o n ,  a n d  
e a c h  r e p l i c a t e  w a s  a n a l y z e d  t w i c e .  T o t a l s  a n d  a v e r a g e s  f o r  e a c h  r e p l i c a t e ,  
p r o v i d e d  t h e  a v e r a g e  p e a k  a r e a s  f o r  e a c h  s a m p l e  w h i c h  w e r e  a n a l y z e d .  
T h e  c o n c e n t r a t i o n  o f  T i n u v i n  3 2 6  in  t h e  c o n t a i n e r s  w a s  d e t e r m i n e d  f r o m  
a  s t a n d a r d  c u r v e  d e v e l o p e d  b y  a n a l y z i n g  T i n u v i n  3 2 6  s o l u t i o n s  o f  k n o w n  

c o n c e n t r a t i o n  in  a c e t o n i t r i l e .

Quantitation of Tinuvin 326 by UV spectrophotometry

A  P e r k i n - E l m e r  L a m b d a  4 B  D o u b l e  B e a m  U V  v i s i b l e  s p e c t r o p h o t o m 
e t e r  ( N o r w a l k ,  C T )  w a s  u s e d  t o  m e a s u r e  t h e  T i n u v i n  3 2 6  c o n t e n t  o f  t h e  
a c e t o n i t r i l e  e x t r a c t s  a t  w a v e l e n g t h  3 4 7 .3  n m .  C o n c e n t r a t i o n  o f  T i n u v i n  
3 2 6  in  t h e  c o n t a i n e r s  w a s  d e t e r m i n e d  f r o m  s t a n d a r d  c u r v e s  d e v e l o p e d  
b y  a n a l y z i n g  T i n u v i n  3 2 6  s o l u t i o n s  o f  k n o w n  c o n c e n t r a t i o n s  i n  a c e t o n 

i t r i l e .

Loss of Tinuvin 326 from containers

T h e  r a t e  l o s s  o f  T i n u v i n  3 2 6  f r o m  t h e  t e s t  c o n t a i n e r s  w a s  d e t e r m i n e d  
u s i n g  b o t h  H P L C  a n d  U V  s p e c t r o p h o t o m e t r i c  m e t h o d s ,  b y  m o n i t o r i n g

th e  c h a n g e  in  T i n u v i n  3 2 6  in  t h e  c o n t a i n e r s  o v e r  a  4 2 - d a y  p e r i o d ,  a t  
a m b i e n t  t e m p e r a t u r e  (2 1  ±  1 ° C )  a n d  3 5  ±  1 ° C . T h e  c o n t a i n e r s  w e r e  
s t o r e d  in  t h e  d a r k .

Migration of Tinuvin 326 into the oil

T h e  m i g r a t i o n  o f  T i n u v i n  3 2 6  f r o m  t h e  c o n t a i n e r s  w a s  s t u d i e d  o v e r  a  
4 2 - d a y  p e r i o d  a t  2 1  ±  1 °C  a n d  3 7  ±  1 ° C . S a m p l e s  ( 3 0 )  w e r e  f i l l e d  
w i t h  1 2 0  m L  o f  r e f i n e d  s o y b e a n  o i l ,  c o v e r e d  a n d  h e a t  s e a l e d  w i t h  t h e  
A lu s u is s e ™  “ E a s y  P e e l "  l i d  s t o c k ,  b y  u s i n g  a  b l i s t e r - p a c k  s e a l e r  ( A l -  
l o y d ,  D e k a l b ,  I L ) ,  a t  1 8 2 .2 ° C  a n d  2 7 5 . 8  K P a  f o r  1 0  s e c .  T w o  o i l - f i l l e d  
c o n t a i n e r s  w e r e  r e m o v e d  w e e k l y  f r o m  s t o r a g e ,  a n d  t h e  c o n c e n t r a t i o n  o f  
T i n u v i n  3 2 6  in  t h e  o i l  w a s  d e t e r m i n e d  b y  H P L C ,  o v e r  t h e  4 2 - d a y  p e r i o d .  
T h e  c o n t a i n e r  m a t e r i a l  w a s  a l s o  a n a l y z e d  f o r  T i n u v i n  3 2 6  u s i n g  U V  
s p e c t r o p h o t o m e t r i c  a n d  H P L C  m e t h o d s  o v e r  t h e  s a m e  4 2  d a y s .

T h e  m i g r a t i o n  o f  T i n u v i n  3 2 6  i n t o  t h e  o i l  w a s  e v a l u a t e d  b y  e x t r a c t i n g  
3  m L  o f  o i l  w i t h  15  m L  a c e t o n i t r i l e  i n  a  5 0  m L  s e p a r a t o r y  f u n n e l .  A f t e r  
3 0  s e c  o f  s h a k i n g ,  t h e  u p p e r  a c e t o n i t r i l e  l a y e r  w a s  t r a n s f e r r e d  to  a  s e a l e d  
1 0 0 - m L  g l a s s  c e n t r i f u g e  tu b e .  T h e  o i l  w a s  e x t r a c t e d  t h r e e  m o r e  t i m e s ,  
e a c h  t i m e  u s i n g  a  f r e s h  a l i q u o t  o f  a c e t o n i t r i l e .  T h e  e x t r a c t s  w e r e  th e n  

c o m b i n e d  a n d  c e n t r i f u g e d  ( I n t e r n a t i o n a l  C e n t r i f u g e ,  M o d e l  C M ,  S i z e  1, 
B o s t o n ,  M A )  a t  2 0 0 0  r p m  f o r  15  m i n  t o  e f f e c t  f u r t h e r  s e p a r a t i o n  o f  a n y  

r e s i d u a l  o i l .  T h e  a c e t o n i t r i l e  l a y e r  ( = 7 5  m L )  w a s  t h e n  c o n c e n t r a t e d  t o  
5  m L  b y  u s i n g  a  B u c h i  r o t a - e v a p o r a t o r  ( F l a w i l / S c h w e i z ,  S w i t z e r l a n d ) .  

T h e  c o n c e n t r a t e  w a s  t h e n  a n a l y z e d  f o r  T i n u v i n  3 2 6  b y  H P L C .
T h e  e f f i c i e n c y  o f  e x t r a c t i o n  m e t h o d  w a s  d e t e r m i n e d  b y  a d d i n g  T i 

n u v i n  3 2 6  to  s o y b e a n  o i l  t o  p r o d u c e  a  c o n c e n t r a t i o n  o f  4 0  m g / k g  T i n u v i n  
3 2 6 / o i l .  T h e  T i n u v i n  3 2 6  w a s  e x t r a c t e d  a s  d e s c r i b e d ,  a n d  q u a n t i f i e d  b y  
u s i n g  t h e  H P L C  m e t h o d .  T h i s  w a s  r e p e a t e d  t h r e e  t i m e s .  Q u a n t i t i e s  o b 
t a i n e d  w e r e  c o m p a r e d  t o  i n i t i a l  a m o u n t s ,  a n d  a v e r a g e  d i f f e r e n c e s  s e r v e d  
a s  t h e  b a s i s  o f  r e c o v e r y  e f f i c i e n c y .  T h e  e f f i c i e n c y  o f  t h e  c o n c e n t r a t i o n  

s t e p  w a s  s i m i l a r l y  e v a l u a t e d .

Light-inducted oxidation of soybean oil

N i n e t y  0 %  a n d  n i n e t y  0 . 3 %  T i n u v i n  3 2 6  c o n t a i n e r s  w e r e  h e a t  s e a l e d ,  
a s  d e s c r i b e d  a f t e r  15 m L  o f  b l e a c h e d  s o y b e a n  o i l  w e r e  a d d e d  t o  e a c h  
c o n t a i n e r .  T h e s e  w e r e  r a n d o m l y  d i v i d e d  i n t o  t w o  g r o u p s ,  w i t h  e a c h  
g r o u p  h a v i n g  e q u a l  n u m b e r s  o f  0 . 0 %  a n d  0 . 3 %  T i n u v i n  3 2 6  c o n t a i n e r s .  
O n e  g r o u p  w a s  e x p o s e d  to  f l u o r e s c e n t  l i g h t  ( P h i l l i p s ,  c o o l  w h i t e ,  1 2 0  
v o l t  X  3 4  w a t t s  a n d  1 2 0  c m  in  l e n g t h )  a t  2 1 ° C ,  a n d  t h e  o t h e r  a t  3 5 ° C  
f o r  a  t o t a l  o f  3 5  d a y s .  T h e  s a m p l e s  w e r e  i l l u m i n a t e d  in  l i g h t  b o x e s  (9 1  
c m  X  6 1  c m  X  5 3  c m )  a t  a n  i n t e n s i t y  o f  5 3 8  L u x  ( G e n e r a l  E l e c t r i c ,  

m o d e l  J - 5 5 ,  l i g h t  m e t e r ) ,  a n d  a  d i s t a n c e  o f  6 4  c m  f r o m  t h e  l i g h t  s o u r c e .  
T h i s  l i g h t  i n t e n s i t y  w a s  b a s e d  o n  a  s u r v e y  o f  g r o c e r y  a i s l e s  i n  s e v e r a l  
r e t a i l  f o o d  s t o r e s  in  ' h e  E a s t  L a n s i n g ,  M I  a r e a .  A t  p r e d e t e r m i n e d  t i m e s  
( d a y s  1 , 2 ,  4 ,  7 ,  1 4 , 2 1 ,  2 5 ,  2 8 ,  3 2 ,  a n d  3 5 ) ,  t w o  s a m p l e s  f r o m  e a c h

Fig. la —Absorbance spectrum of con
tainer wall before Soxhlet extraction to 
remove Tinuvin 326, using Acetonitrile as 
solvent.

Fig. 1b—Absorbance spectrum of con
tainer wall after Soxhlet extraction to re
move Tinuvin 326, using Acetonitrile as 
solvent.

Fig. 1c—Absorbance spectrum of con
tainer wall with 0.0% Tinuvin.
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REDUCTION OF LIPID OXIDATION IN SOYBEAN OIL

Fig. 2—Percent Tinuvin 326 migrating from containers to the 
packaged soybean oil using the HPLC method of analysis.

T a b l e  1 —Weight of Tinuvin 326 left in containers and weight migrated to 
stored packaged soybean oil (120 mL) using HPLC

Storage time 
(Days)

Wt g Tinuvin in oil 
(X 10-5)

Wt g Tinuvin in 
containers 

(x  10 3)
21°C 35°C 21°C 35°C

0 — — 9.009 9.009
7 0.0 3.750 10.27 9.520

14 1.55 9.050 9.791 9.911
21 2.80 11.75 9.567 9.600
28 9.30 19.85 9.365 9.790
42 6.40 35.80 9.968 9.113

c o n t a i n e r  t y p e  w e r e  r e m o v e d ,  f r o m  e a c h  t e m p e r a t u r e ,  a n d  th e  e x t e n t  o f  
l i p i d  o x i d a t i o n  in  t h e  o i l  d e t e r m i n e d  b y  t h e  p e r o x i d e  v a l u e  m e t h o d  
( A O A C ,  1 9 8 4 ) .  A l l  m e a s u r e m e n t s  w e r e  d u p l i c a t e d  a n d  v a l u e s  r e p o r t e d  
a s  a v e r a g e s .  T h e  d a t a  w e r e  s t a t i s t i c a l l y  a n a l y z e d  b y  a n a l y s i s  o f  v a r i a n c e ,  
u s i n g  a  c o m p l e t e  r a n d o m i z e d  d e s i g n ,  a n d  c o m p u t e d  u s i n g  t h e  M S T A T  
4 .0  s t a t i s t i c a l  s o f t w a r e  p a c k a g e  ( M i c h i g a n  S t a t e  U n i v . ,  1 9 8 7 ) .

RESULTS & DISCUSSION 
Extraction of Tinuvin 326 from containers

T h e  absorbance spectra o f  the w a lls  o f  the two types o f  co n 
tainers before and after extraction w ith acetonitrile  w ere co m 
pared (F ig .  la  and lb ). C o m p ariso n  o f  these spectra w ith that 
o f  the container w all (F ig .  l c )  show s that the dispersed T in u v in  
326 in  the container w a ll w as quantitatively rem oved during  
S o xh le t extraction.

S im ila r  spectra were obtained for solutions o f  acetonitrile  
alone and w ith 10 pg/'ml T in u v in  326. D e x te r (1 9 8 4 ) reported  
s im ila r  results fo r 2 - (2 ’h yd ro xy-5-m eth ylp h en yl)b en zo triazo le  
in ch loroform . T h is  m ethod w as also  used b y  Y sh k e v ich y u te  
and S h ly a p n ik o v  (1 9 6 7 ) to quantify T in u v in  326  in  polyethylene  
m aterial u sin g  heptane as solvent.

Loss of Tinuvin 326 from container to the atmosphere
T h e  rate o f  loss o f  T in u v in  326 from  the test containers w as 

determ ined as a function  o f  storage tim e and temperature by  
u sin g  both H P L C  and U V  spectrophotom etric m ethods. A  co n 
centration o f  0 .30  ±  0 .0 0 6 %  T in u v in  326 w as obtained usin g  
the H P L C  m ethod at tim e zero. A fte r 42 days storage, co n cen 
trations w ere 0 .30  ±  0 .0 0 3 %  at 2 1 °C  and 0.31 ±  0 .0 0 1 %  at 
3 5 °C . U s in g  the U V  spectrophotom etric m ethod, an in itia l co n 

Fig. 3—Peroxide values of soybean oil stored at 21 and 35°C, in 
containers with 0.0% and 0.3% Tinuvin 326.

centration o f  0.31 ±  0 .0 1 1 %  w as obtained. A fte r  42  days stor
age, concentrations w ere 0.31 ±  0 .0 0 1 %  at 2 1 °C  and 0.32 ±  
0 .0 0 2 %  at 3 5 °C . T h u s, results show ed little o r no lo ss o f  T in u v in  
326  from  the containers at either tem perature d u rin g  storage 42  
days in absence o f  light. Y u sh k e v ich y u te  and S h ly a p n ik o v  
(1 9 6 7 ) determ ined levels o f  T in u v in  326 (in  heptane so lu tio n s)  
in 0 .16 m m  th ick  polyethylene m aterial. T h e ir  fin d in gs show ed  
an increased m igration  o f  T in u v in  326 from  the interior to the 
surface o f  the film  at h igh  tem peratures, w h ich  stab ilized  after 
« 4 0 0  hr, at 20, 30, and 4 0 °C . T h e  differences in  those results 
and ours m ay be attributed to d ifferences in th ickn ess o f  the 
plastic , the nature o f  the lam inate m aterial and the m anufactur
in g  process. In  our study, the T in u v in  326  w as d ispersed into 
the regrind  layers o f  the lam inate and not d ire ctly  exposed at 
the surface, as it w as in the form er study.

S o xh le t extraction e ffic ie n cy  w as determ ined b y  both H P L C  
and U V  spectrophotom etric procedures. A n  average o f  6 8 .5 %  
o f  the total level w as extracted b y  the first S o xh le t extraction, 
2 1 .8 %  w ith  the second extraction and 9 .7 2 %  w ith  the third e x 
traction. A  fourth So xh let extraction produced 0 .0 0 5 1 5 %  T i 
n u vin  326. D u e  to the low  concentration o f  T in u v in  326  in  the 
fourth extract, three separate extractions w ere used to rem ove  
T in u v in  326  from  the m aterial fo r subsequent quantifications.

Migration of Tinuvin 326 from container wall into oil
T h e  am ounts o f  T in u v in  326  w h ich  m igrated from  the co n 

tainer w all into the o il at 21 and 3 5 °C  ( H P L C  m ethod) w ere  
com pared (F ig .  2). T h e  w eights (g .)  o f  residual T in u v in  326  in  
the containers and in the 120 m L  soybean o il at the storage  
tim es and tem peratures w ere a lso  com pared (T a b le  1). These  
results show ed undetectable loss o f  T in u v in  326  to the atm os
phere and little m igratio n  o f  T in u v in  326  from  the containers to 
the storage o il. T h e  percent reco very  for extraction o f  T in u v in  
326 from  the o il sam ples w as 9 7 .8 % , w hereas that fo r the rota- 
evaporation concentration averaged 8 1 .0 % . T h e  level o f  m ig ra 
tion o f  T in u v in  326 from  the container w a ll to the o il w as h igh er  
at 3 5 °C  than at 2 1 °C . A t  both tem peratures how ever, the le vel 
o f  T in u v in  326 in the containers rem ained re lative ly  constant. 
Q uantitatively, a low  level o f  T in u v in  326 m igrated from  the 
containers to the o il, e sp e cia lly  at 2 1 °C . T h is  level w as so low  
that d u rin g  the first w eek o f  storage (2 1 °C ), T in u v in  326  w as  
not detected in  the oil. T h e  m axim u m  quantity transferred to the 
o il w as 4 .8 %  o f  the in itia l le vel present in the containers after 
42 days at 3 5 °C .
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Oxidation of soybean oil
P e r o x i d e  v a l u e s  f o r  t h e  o i l  in  b o t h  s e t s  o f  c o n t a in e r s  s l o w l y  

i n c r e a s e d  d u r in g  t h e  f ir s t  1 4  d a y s  s t o r a g e  ( F i g .  3 ) .  A f t e r  th a t  

t im e ,  h o w e v e r ,  t h e  o i l  in  t h e  c o n t a in e r s  w i t h  n o  T i n u v i n  3 2 6  

o x i d i z e d  a t  a  f a s t e r  r a te .  A n a l y s i s  o f  v a r ia n c e  s h o w e d  th a t  t h e r e  

w a s  a  s i g n i f i c a n t  d i f f e r e n c e  ( P  <  0 . 0 1 )  b e t w e e n  p e r o x i d e  v a l u e s  
o f  o i l  s t o r e d  in  t h e  c o n t a in e r s  w i t h  T i n u v i n  3 2 6 ,  a n d  t h o s e  f o r  

o i l  s t o r e d  in  c o n t a in e r s  w i t h o u t  T i n u v i n  3 2 6 .
T h e  tr e n d s  o b t a in e d  a t  3 5 ° C  w e r e  s i m i l a r  t o  t h o s e  a t  2 1 ° C .  

S h ip e  e t  a l .  ( 1 9 8 3 )  a n d  F a n e l l i  e t  a l .  ( 1 9 8 5 )  s h o w e d  th a t  w h e n  

T i n u v i n  3 2 6  w a s  im p r e g n a t e d  in t o  p l a s t i c  c o n t a in e r s ,  a  r e d u c t io n  
in  v i t a m i n  A  ( l i g h t  s e n s i t i v e )  l o s s  r e s u l t e d .  T h i s  p r o t e c t i o n  c o u l d  

b e  a t t r ib u te d  t o  t h e  U V  a b s o r b e n t  c h a r a c t e r i s t i c  o f  T i n u v i n  3 2 6 .  
G u i l l e t  ( 1 9 7 2 )  s t a t e d  th a t  U V  a b s o r b e r s  c o u l d  p r e f e r e n t ia l ly  a b 
s o r b  l i g h t  a n d  h a r m l e s s l y  d i s s i p a t e  i t s  e n e r g y .  T i n u v i n  3 2 6  a b 
s o r b s  l i g h t  e n e r g y  b e t w e e n  1 9 0 - 3 9 0  n m  ( u lt r a  v i o l e t  r a n g e )  
w h i c h  m a y  e x p l a i n  w h y  it  d e c r e a s e d  p h o t o o x i d a t i o n  in  o i l s  a n d  

o t h e r  l i g h t - s e n s i t i v e  f o o d s .

CONCLUSIONS
N o  d if f e r e n c e s  w e r e  f o u n d  in  t h e  l e v e l s  o f  T i n u v i n  3 2 6  in  
c o n t a in e r s  b e f o r e  a n d  a f t e r  s t o r a g e  in  t h e  d a r k  a t  r o o m  ( 2 1 ° C )  

a n d  e l e v a t e d  t e m p e r a t u r e s  ( 3 5 ° C ) .  A  r e l a t i v e l y  l o w  l e v e l  o f  m i 
g r a t io n  o c c u r r e d  o f  T i n u v i n  3 2 6  in t o  p a c k a g e d  s o y b e a n  o i l .  
T h u s  T i n u v i n  3 2 6  i s  s t a b le  w i t h i n  t h e  p o l y m e r i c  m a t e r ia l  f o r  a t  
4 2  d a y s  o r  l o n g e r .  T h e  e n h a n c e d  s t a b i l i t y  o f  s o y b e a n  o i l  in  c o n 
t a in e r s  w i t h  T i n u v i n  3 2 6 ,  i n d ic a t e d  th a t  s u c h  p a c k a g i n g  s y s t e m s  

c o u l d  b e  u s e d  t o  r e d u c e  d e t e r io r a t io n  o f  v e g e t a b l e  o i l s  d u r in g  
s t o r a g e .  I n c o r p o r a t io n  o f  T i n u v i n  3 2 6  in t o  t h e  p l a s t i c  d id  n o t  

n o t i c e a b l y  c h a n g e  i t s  t r a n s p a r e n c y .  A  tr a n s p a r e n t  p o l y m e r i c  m a 
t e r ia l  c o u l d  t h u s  b e  u s e d  to  d i s p l a y  a  l i g h t  s e n s i t i v e  p r o d u c t  a n d  
a t  t h e  s a m e  t i m e  p r o t e c t  i t  f r o m  in c i d e n t  u lt r a  v i o l e t  r a d ia t io n .
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Heat Stability of Oil-in-Water Emulsions Containing Milk 
Proteins: Effect of Ionic Strength and pH

J O S E P H I N E  A .  H U N T  a n d  D O U G L A S  G .  D A L G L E I S H

-------------------------  ABSTRACT -------------------------
E m u l s i o n s  ( 2 0  w t %  s o y b e a n  o i l ;  2  w t %  p r o t e i n )  m a d e  w i t h  c a s e i n a t e  a t  

p H  7  a n d  w i t h  w h e y  p r o t e i n  i s o l a t e  ( W P I )  a t  p H  7  a n d  3  w e r e  s t a b l e  to  
h e a t i n g  a t  9 0  a n d  1 2 ’ ° C .  W P I  e m u l s i o n s  d e s t a b i l i z e d  a t  p H  v a l u e s  b e 
t w e e n  3 .5  a n d  4 .0 .  I n  t h e  p r e s e n c e  o f  K C 1  ( 1 2 .5 — 2 0 0  m M ) ,  l a r g e  p a r 
t i c l e s  w e r e  f o r m e d  in  W P I  e m u l s i o n s  a t  p H  3  a n d  th e  e m u l s i o n s  w e r e  
v i s c o u s .  A t  p H  7 , m o d e r a t e  c o n c e n t r a t i o n s  o f  K C 1  d e c r e a s e d  t h e  h e a t  
s t a b i l i t y  a n d  g e l s  w e r e  f o r m e d .  K C 1  h a d  l e s s  e f f e c t  o n  W P I  e m u l s i o n s  
m a d e  a t  p H  3 .  C o m b i n i n g  t h e  e m u l s i o n s  w i t h  c a s e i n a t e  a l l o w e d  s o m e  
c o n t r o l  o f  t h e  h e a t - i n d u c e d  g e l a t i o n .

K e y  W o r d s :  e m u l s i o n ,  w h e y - p r o t e i n  i s o l a t e ,  h e a t  s t a b i l i t y ,  c a s e i n ,  o i l - i n -  

w a t e r

INTRODUCTION
M a n y  f o o d  p r o d u c t s  b a s e d  o n  e m u l s i o n s  a r e  s u b j e c t e d  t o  h e a t  
t r e a t m e n t  p r io r  to  d i s t r ib u t io n .  T h e  h e a t  t r e a t m e n t  i s  a p p l i e d  g e n 
e r a l ly  t o  e x t e n d  t h e  m i c r o b i o l o g i c a l  s h e l f - l i f e  o f  t h e  p r o d u c t ,  b u t  
m a y  b e  m o d e r a t e d  i f  t h e  h e a t  t r e a t m e n t  d e s t a b i l i z e s  th e  e m u l 
s io n .  T h e  e f f e c t  o f  h e a t in g  a t  9 0 ° C  o n  e m u l s i o n s  m a d e  w i t h  W P I  
h a s  b e e n  r e p o r t e d  ( J o s t  e t  a l . ,  1 9 8 6 ;  M a s s o n  a n d  J o s t ,  1 9 8 9 ;  
Y o s t  a n d  K i n s e l l a ,  1 9 9 2 ) .  I t w a s  d e m o n s t r a t e d  th a t  g e l s  m a y  b e  
f o r m e d  u n d e r  t h o s e  c o n d i t i o n s .  S u c h  g e l s  w e r e  p r o d u c e d  a t  

m u c h  l o w e r  c o n c e n t r a t i o n s  t h a n  w o u l d  b e  r e q u ir e d  i f  t h e  p r o t e in  
w a s  p r e s e n t  a l o n e  in  s o l u t i o n  ( M a t s u d o m i  e t  a l . ,  1 9 9 2 ) .  It w a s  

s u g g e s t e d ,  t h e r e f o r e ,  th a t  t h e  e m u l s i f i e d  d r o p le t s  b e c a m e  in c o r 
p o r a t e d  in t o  th e  g e l  m a t r ix .  T h e  f o r m a t io n  o f  g e l s  d e p e n d s  
g r e a t ly  o n  v a r i a b l e s  s u c h  a s  i o n i c  s t r e n g t h  a n d  p H  ( M u l v i h i l l  

a n d  K i n s e l l a ,  1 9 8 7 ) .  T h e r e f o r e ,  t o  i n v e s t i g a t e  fu r t h e r  t h e  f o r 
m a t io n  o f  s u c h  g e l s  d u r in g  h e a t i n g ,  w e  in t r o d u c e d  b o t h  p H  a n d  
K C 1  c o n c e n t r a t io n  a s  v a r ia b le s .  K C 1  w a s  u s e d  in  p r e f e r e n c e  to  

N a C l  s i n c e  i t  i s  a  m o r e  a c c e p t a b l e  f o o d  a d d i t iv e .  A n o t h e r  v a r 
ia b l e  in  e m u l s i o n s  m a d e  w i t h  p r o t e in s  i s  t h e  d i s t r ib u t io n  o f  th e  
p r o t e in .  It m a y  e i t h e r  b e  a d s o r b e d  a t  t h e  s u r f a c e  o f  t h e  e m u l s i o n  
d r o p le t  o r  it  m a y  b e  f r e e  in  s o l u t i o n .  I n  a d d i t io n ,  it  i s  p o s s i b l e  

t o  a l t e r  t h e  c o m p o s i t i o n  o f  b o t h  a d s o r b e d  a n d  f r e e  p r o t e in  b y  
a d d in g  a  s e c o n d  p r o t e in  a f t e r  h o m o g e n i z a t i o n  ( H u n t  a n d  D a l -  

g l e i s h ,  1 9 9 5 ) .  O u r  o b j e c t i v e  w a s  to  s t u d y  t h e  e f f e c t  o f  s u c h  
e x c h a n g e  e x p e r i m e n t s  o n  h e a t  s t a b i l i t y  o f  e m u l s i o n s .  I n  a d d i t io n  
t o  a  h e a t  t r e a t m e n t  o f  9 0 ° C  f o r  3 0  m in ,  w h i c h  h a s  b e e n  r e p o r t e d  
( J o s t  e t  a l . ,  1 9 8 6 ;  M a s s o n  a n d  J o s t ,  1 9 8 9 ) ,  w e  a l s o  in t r o d u c e d  

a  s e c o n d  h e a t  t r e a t m e n t  c o m p a r a b le  to  c o n d i t i o n s  f o u n d  d u r in g  
r e to r t  t r e a t m e n t s  o f  c a n n e d  p r o d u c t s .

M A T E R I A L S  &  M E T H O D S

Materials
S o y b e a n  o i l ,  K C 1  a n d  b u f f e r  s a l t s  ( K H 2P 0 4, K 2H P 0 4, t r i s o d i u m  c i t 

r a t e )  w e r e  p u r c h a s e d  f r o m  S i g m a  C h e m i c a l  C o m p a n y ,  S t .  L o u i s ,  M O . 
C a s e i n a t e  w a s  p r e p a r e d  in  t h e  l a b o r a t o r y  f r o m  s k i m  m i l k  b y  a c i d  p r e 
c i p i t a t i o n ,  w a s h i n g  a n d  d i s s o l v i n g  th e  p r e c i p i t a t e  w i t h  N a O H  t o  p H  7 .0 ,  
f o l l o w e d  b y  f r e e z e - d r y i n g  ( F a n g  a n d  D a l g l e i s h ,  1 9 9 3 ) .  W P I ,  p r e p a r e d  
b y  i o n - e x c h a n g e  f r o m  s w e e t  w h e y ,  w a s  p r o v i d e d  b y  P r o t o s e  S e p a r a t i o n s  
I n c . ,  T e e s w a t e r ,  O n t a r i o .

Emulsion preparation and determination of particle size

O i l - i n - w a t e r  e m u l s i o n s  ( 2 0  w t %  s o y b e a n  o i l ;  2 . 0  w t %  p r o t e i n )  w e r e  
p r e p a r e d  w i t h  c a s e i n a t e  o r  W P I  a t  p H  7  ( p h o s p h a t e  b u f f e r ,  2 0  m M ,

Author Dalgleish is with the Dept, of Food Science, Univ. of 
Guelph, Guelph, Ontario, NIG 2W1, Canada. Author Hunt is now 
with Kraft-Jacobs-Suchard, Neuchâtel, Switzerland.

p r e p a r e d  b y  m i x i n g  s o l u t i o n s  o f  2 0  m M  K H 2P 0 4 a n d  K 2H P 0 4)  a n d  p H  

3  ( c i t r a t e  b u f f e r ,  2 0  m M ,  p r e p a r e d  b y  t i t r a t i n g  t r i s o d i u m  c i t r a t e  w i t h  H C 1 )  
a n d  v a r i o u s  c o n c e n t r a t i o n s  o f  K C 1  ( 0  m M  to  2 0 0  m M ) ,  u s i n g  a  M i c r o -  
f l u i d i z e r  M l  1 0 S  ( M i c r o f l u i d i c s  C o r p . ,  N e w t o n ,  M A )  a t  a n  i n p u t  p r e s s u r e  

o f  0 .3  M P a  ( c o r r e s p o n d i n g  t o  a  h o m o g e n i z e r  p r e s s u r e  o f  4 2  M P a ) .  P r o 
t e i n  s o l u t i o n s  w e r e  f i l t e r e d  th r o u g h  0.22  p m  c e l l u l o s e  n i t r a t e  s y r i n g e  
f i l t e r s  ( M i l l i p o r e  L t d ,  M i s s i s s a u g a ,  O n t a r i o ,  C a n a d a )  p r i o r  t o  h o m o g e 
n i z a t i o n .  O i l  ( 4 g )  w a s  d r a w n  in t o  t h e  M i c r o f l u i d i z e r  b a r r e l  a n d  1 6 g  o f  
b u f f e r  s o l u t i o n  c o n t a i n i n g  a p p r o p r i a t e  a m o u n t s  o f  p r o t e i n  w a s  a d d e d  to  

t h e  r e s e r v o i r .  T h e  p u m p  w a s  o p e r a t e d  f o r  1 0  s t r o k e s  w i t h  t h e  s a m p l e  
r e c i r c u l a t i n g  e a c h  t i m e  th r o u g h  th e  r e s e r v o i r ,  a f t e r  w h i c h  t h e  c o n t e n t s  o f  

t h e  r e s e r v o i r  w e r e  r e m o v e d ,  s t i r r e d ,  r e p l a c e d ,  a n d  c y c l e d  f o r  10 m o r e  
s t r o k e s  o f  t h e  p u m p  t o  m a k e  th e  f in a l  e m u l s i o n .

T h e  w e i g h t - a v e r a g e  d i a m e t e r s  ( d 4 3) o f  t h e  e m u l s i o n  d r o p l e t s  a n d  t h e i r  

s i z e  d i s t r i b u t i o n  ( v o l u m e  f r a c t i o n  a s  a  f u n c t i o n  o f  p a r t i c l e  s i z e )  w e r e  
d e t e r m i n e d  u s i n g  a  M a s t e r s i z e r  X  ( M a l v e r n  I n s t r u m e n t s  L t d . ,  M a l v e r n ,
U .K . ) ,  w i t h  o p t i c a l  p a r a m e t e r s  ( r e f r a c t i v e  i n d e x  o f  t h e  p a r t i c l e s  1 .4 3 )  

d e f i n e d  b y  t h e  m a n u f a c t u r e r 's  p r e s e n t a t i o n  c o d e  0 3 0 3 ,  a n d  u s i n g  th e  
s o f t w a r e  s u p p l i e d  w i t h  t h e  i n s t r u m e n t .  W a t e r  w a s  u s e d  t o  d i s p e r s e  t h e  
e m u l s i o n ,  w i t h  a  d i l u t i o n  f a c t o r  o f  =  1 /1 0 0 0 .  T h e  w a t e r  w a s  d e i o n i z e d  
u s i n g  a  M i l l i - Q  s y s t e m  ( M i l l i p o r e  L t d ,  M i s s i s s a u g a ,  O n t a r i o ,  C a n a d a ) .

Heat treatments

E m u l s i o n s  w e r e  s u b j e c t e d  to  t w o  d i f f e r e n t  h e a t  t r e a t m e n t s :  ( a )  5  m L  
o f  e m u l s i o n  w a s  p i p e t t e d  i n t o  a  t e s t - t u b e  a r .d  h e a t e d  in  a  w a t e r  b a t h  a t  
9 0 ° C  f o r  3 0  m i n .  S a m p l e s  w e r e  l e f t  t o  c o o l  a t  r o o m  t e m p e r a t u r e  
( = 2 3 ° C ) .  T h i s  t r e a t m e n t  w a s  s u f f i c i e n t  t o  c o m p l e t e l y  d e n a t u r e  t h e  w h e y  

p r o t e i n s ;  ( b )  2 0  m L  o f  e m u l s i o n  w a s  p i p e t t e d  i n t o  a  5 0  m L  P y r e x  b e a k e r  
a n d  h e a t e d  a t  1 2 1 ° C  f o r  1 0  m i n  in  a n  a u t o c l a v e .  A f t e r  t h e  e x h a u s t  c y c l e ,  
s a m p l e s  w e r e  r e m o v e d  a n d  le f t  t o  c o o l  a t  r o o m  t e m p e r a t u r e .  T h i s  h e a t  
t r e a t m e n t  w a s  s i m i l a r  t o  m a n y  r e t o r t  t r e a t m e n t s  in  t h e  f o o d  i n d u s t r y .  
B e c a u s e  t h e  h e a t i n g  w a s  b y  s t e a m ,  t h e  o p e n  b e a k e r s  d i d  n o t  n o t a b l y  l o s e  
w a t e r  ( l e s s  t h a n  5 % )  d u r i n g  th e  h e a t i n g  p r o c e s s .  T h i s  w a s  c h e c k e d  b y  
w e i g h i n g  b e f o r e  a n d  a f t e r  h e a t i n g .

Interchange experiments

I n  s o m e  e x p e r i m e n t s  t h e  p r o t e i n  c o m p o s i t i o n  o f  t h e  s e r u m  p h a s e  o f  
e m u l s i o n s  w a s  c h a n g e d  to  d e t e r m i n e  h o w  t h i s  i n f l u e n c e d  e m u l s i o n  s t a 
b i l i t y  a n d  h e a t  s t a b i l i t y .  T h e  e m u l s i o n  w a s  f i r s t  c e n t r i f u g e d  a t  15  0 0 0  X  
g f o r  1 h r  a t  2 5 ° C .  M o s t  d r o p l e t s  r o s e  t o  f o r m  a  l a y e r  a t  t h e  t o p  o f  t h e  

t u b e  a n d  t h e  u n d e r l y i n g  s e r u m  p h a s e  w a s  r e m o v e d  w i t h  a  s y r i n g e .  T h e  
u p p e r  l a y e r  o f  d r o p l e t s  w a s  r e s u s p e n d e d  in  a  s e r u m  m a d e  u p  o f  e i t h e r  
t h e  o r i g i n a l  e m u l s i o n  b u f f e r ,  o r  a  b u f f e r e d  s o l u t i o n  c o n t a i n i n g  a d d i t i o n a l  
p r o t e i n ,  m a k i n g  s u r e  t h a t  t h e  v o l u m e  f r a c t i o n  o f  t h e  o r i g i n a l  e m u l s i o n  

w a s  m a i n t a i n e d  ( D i c k i n s o n  e t  a l . ,  1 9 8 9 ) .  T h i s  m i x e d  e m u l s i o n  w a s  l e f t  
s t i r r i n g  f o r  1 .5  h r ,  a f t e r  w h i c h  th e  a v e r a g e  d i a m e t e r  a n d  s i z e  d i s t r i b u t i o n  
o f  t h e  e m u l s i o n  d r o p l e t s ,  a n d  th e  s t a b i l i t y  o f  t h e  m i x e d  e m u l s i o n  t o  th e  
2  h e a t  t r e a t m e n t s ,  w e r e  d e t e r m i n e d .  F r o m  e a r l i e r  s t u d i e s  ( H u n t  a n d  D a l 
g l e i s h ,  1 9 9 4 a ,b )  w e  k n e w  th e  a m o u n t  o f  p r o t e i n  w h i c h  w a s  in  t h e  s e r u m  
o f  t h e  o r i g i n a l  e m u l s i o n .  T h e  c o n c e n t r a t i o n  o f  p r o t e i n  in  t h e  r e p l a c e m e n t  
s e r u m  w a s  d e s i g n e d  to  e q u a l  t h a t  a m o u n t .

Replication of experiments

A ll  e x p e r i m e n t s  w e r e  r e p e a t e d  a t  l e a s t  o n c e ,  i n  s o m e  c a s e s  t w i c e .  In  
g e n e r a l  r e p l i c a t e s  a g r e e d  v e r y  c l o s e l y  w i t h  o n e  a n o t h e r  in  o v e r a l l  b e 
h a v i o r  a n d  in  s i z e  d i s t r i b u t i o n s  o f  t h e  p a r t i c l e s .  A v e r a g e  p a r t i c l e  s i z e s  
d i f f e r e d  b y  n o  m o r e  t h a n  0 .0 4  p m  b e t w e e n  r e p l i c a t e s .

RESULTS & DISCUSSION 
Effect of pH on heat stability

W h e n  e m u l s i o n s  ( 2 0  w t%  s o y b e a n  o i l ;  2 0  m M  b u f f e r  s a l t s )  
m a d e  w i t h  2  w t %  W P I  a t  p H  7  a n d  p H  3  w e r e  h e a t e d  a t  9 0 CC  

f o r  3 0  m in  a n d  1 2 1 ° C  f o r  1 0  m in ,  n o  c h a n g e  in  s i z e  d i s t r ib u t io n  

o f  e m u l s i o n  d r o p le t s  w a s  o b s e r v e d .  T h e  e m u l s i o n s  w e r e  t h e r e 
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f o r e  c o n s i d e r e d  s t a b le .  C a s e in a t e  e m u l s i o n s  ( 2  w t%  p r o t e in ,  2 0  

m M  b u f f e r  s a l t s )  m a d e  a t  p H  7  w e r e  a l s o  s t a b le  t o  b o t h  h e a t in g  
c o n d i t i o n s .

It w a s  n o t  p o s s i b l e  t o  m a k e  e m u l s i o n s  a t p H  4  u s i n g  W P I  

b e c a u s e  o f  t h e  v e r y  l o w  s o l u b i l i t y  a t  th a t  p H .  T h e r e f o r e ,  t o  d e 
t e r m in e  t h e  p H  l im i t  f o r  e m u l s i o n  s t a b i l i t y ,  a l i q u o t s  o f  a n  e m u l 
s i o n  m a d e  a t  p H  3 w i t h  2  w t%  W P I  w e r e  a d j u s t e d  to  d i f f e r e n t  

p H  v a l u e s  b e t w e e n  3 a n d  4  b y  t i t r a t io n  w i t h  s m a l l  v o l u m e s  o f  

1 M  N a O H  ( t h e  v o l u m e  r e q u ir e d  c a u s e d  o n l y  i n s i g n i f i c a n t  d i 
lu t io n  o f  e m u l s i o n ) .  T h e  e f f e c t  o f  p H  a d j u s t m e n t  a n d  h e a t  t r e a t 
m e n t  o n  s i z e  d i s t r ib u t io n  o f  th e  e m u l s i o n  d r o p le t s  w a s  c o m p a r e d  
( F i g .  1 ). A s  t h e  p H  o f  t h e  e m u l s i o n  a p p r o a c h e d  4 ,  th e  e m u l s i o n  

b e c a m e  l e s s  s t a b le ,  a s  e v i d e n c e d  b y  c h a n g e s  in  s i z e  d i s t r ib u t io n .  
A t  p H  <  3 . 5 ,  t h e r e  w a s  n o  c h a n g e  in  s i z e  d i s t r ib u t io n  e i t h e r  

b e f o r e  o r  a f t e r  h e a t in g .  H o w e v e r ,  a t  p H  3 . 6 ,  a l t h o u g h  t h e r e  w a s  
l i t t l e  c h a n g e  in  s i z e  d i s t r ib u t io n  o f  t h e  u n h e a t e d  e m u l s i o n  d r o p 
l e t s ,  h e a t in g  a t  9 0 ° C  f o r  3 0  m i n  b r o a d e n e d  t h e  s i z e  d i s t r ib u t io n ,  
a n d  h e a t in g  a t 1 2 1  ° C  p r o d u c e d  a  s m o o t h  s p r e a d a b le  p a s t e  w h i c h  
s h o w e d  n o  s i g n s  o f  s y n e r e s i s .  A t  p H  3 . 8  a n d  4 . 0  t h e  e m u l s i o n s  
s h o w e d  a  b r o a d e n in g  o f  t h e  p a r t i c l e  s i z e  d i s t r ib u t io n  e v e n  b e f o r e  

h e a t in g .  B o t h  h e a t  t r e a t m e n t s  p r o d u c e d  c o a r s e  s e l f - s u p p o r t i n g  
g e l s .  In  n o n e  o f  th e  e m u l s i o n s  d id  w e  f in d  e v i d e n c e  f o r  t im e  

d e p e n d e n t  c h a n g e s .  C o n t r o l  ( i . e . ,  u n h e a t e d )  e m u l s i o n s  s h o w e d  

n o  c h a n g e s  in  p a r t i c l e  s i z e  d u r in g  s t o r a g e  t h r o u g h o u t  2  d a y s .  
L i k e w i s e ,  a l t h o u g h  c h a n g e s  c o u l d  b e  in d u c e d  b y  h e a t in g ,  e m u l 
s i o n s  a f t e r  h e a t i n g  s h o w e d  n o  t i m e - d e p e n d e n t  c h a n g e s .

S o l u t i o n s  o f  ( 3 - la c t o g lo b u l in  f o r m  w e a k  o p a q u e  g e l s  in  th e  
r e g i o n  o f  t h e  i s o e l e c t r i c  p o in t  ( p i ) ,  b e c a u s e  p r o t e in - p r o t e in  in 
t e r a c t io n s  a r e  f a v o r e d  a n d  p r o t e in  a g g r e g a t i o n  i s  t h e r e f o r e  v e r y  
r a p id .  H o w e v e r ,  a s  t h e  p H  c h a n g e s  a w a y  f r o m  t h e  p i  ( f o r  a- 
la c t a lb u m in ,  b e t w e e n  p H  4 . 2  a n d  4 . 8 ,  a n d  f o r  3 - l a c t o g l o b u l i n  

a b o u t  5 . 2 ) ,  c h a r g e s  o n  th e  p r o t e in  m o l e c u l e s  a r e  in c r e a s e d .  T h i s  

s l o w s  t h e  r a te  o f  a g g r e g a t i o n  s i n c e  e l e c t r o s t a t i c  r e p u l s i v e  f o r c e s  
m u s t  b e  o v e r c o m e ,  a n d  m o r e  s t r u c t u r a l ly  o r d e r e d ,  t r a n s lu c e n t  
g e l s  a r e  f o r m e d  ( E g e l a n d s d a l ,  1 9 8 0 ;  M u l v i h i l l  a n d  K i n s e l l a ,  
1 9 8 7 ;  S t a d in g  a n d  H e r m a n s s o n ,  1 9 9 1 ) .  H o w e v e r ,  f o r  e m u l s i o n s  

m a d e  w i t h  w h e y  p r o t e in s ,  t h e  s i z e  o f  t h e  p r o t e i n - c o a t e d  e m u l 
s i o n  d r o p le t s  i s  a n  im p o r t a n t  f a c t o r  in  d e t e r m i n i n g  w h e t h e r  g e 
la t i o n  o c c u r s  d u r in g  h e a t i n g  a t  9 0 ° C  f o r  3 0  m in .  L a r g e  d r o p le t s  

( > 1 0 0 0  n m )  d id  n o t  f o r m  g e l s ,  b u t  s m a l l e r  d r o p le t s  ( a r o u n d  4 5 0  
n m )  p r o d u c e d  g e l s .  I f  t h e  d r o p le t s  w e r e  s m a l l  e n o u g h ,  t h e y  

c o u l d  b e c o m e  in c o r p o r a t e d  i n t o  t h e  g e l  m a t r ix  a n d  f a c i l i t a t e  g e 
la t i o n  ( J o s t  e t  a l . ,  1 9 8 6 ;  M a s s o n  a n d  J o s t ,  1 9 8 9 ) .  I n d e e d ,  s c a n 
n i n g  a n d  t r a n s m i s s i o n  m i c r o g r a p h s  o f  W P I  g e l s  c o n t a i n i n g  

e m u l s i f i e d  b u t t e r f a t  d r o p le t s  h a v e  s h o w n  th a t  t h e  d r o p le t s  w e r e  
i n t im a t e ly  a s s o c i a t e d  w i t h  t h e  g e l l e d  p r o t e in  m a t r ix  ( Y o s t  a n d  

K i n s e l l a ,  1 9 9 2 ) .  P r o b a b ly ,  a t  p H  v a l u e s  c l o s e  t o  t h e  p i ,  t w o  
c o m p e t i n g  e f f e c t s  o c c u r ,  n a m e l y  ( 1 )  f l o c c u l a t i o n  o f  e m u l s i o n  

d r o p le t s  a n d  ( 2 )  th e ir  in c o r p o r a t io n  in t o  a  g e l  f o r m e d  w i t h  th e  
w h e y  p r o t e in  in  s o l u t i o n .  T h e  f l o c c u l a t i o n  w i l l  in c r e a s e  t h e  e f 
f e c t i v e  s i z e  o f  th e  d i s p e r s e d  p h a s e  a n d  a l t e r  i t s  in c o r p o r a t io n  
in t o  t h e  g e l  m a t r ix  a n d ,  t h e r e f o r e ,  c o n t r ib u t e  to  t h e  c h a n g i n g  
a p p e a r a n c e  o f  t h e  g e l s  a t  p H  v a l u e s  b e t w e e n  3 .5  a n d  4 .

I t w a s  n o t  p o s s i b l e  t o  s o l u b i l i z e  c a s e i n a t e  a t p H  3 ,  b u t  in  a n  

a t t e m p t  t o  p r o d u c e  a n  e m u l s i o n  a t  p H  3  o n e  w a s  f ir s t  m a d e  a t  
p H  7  a n d  t h e n  t i t r a t e d  to  p H  3 .  H o w e v e r ,  t h e  e m u l s i o n  d id  n o t  

s t a b i l i z e  a f t e r  p a s s i n g  t h r o u g h  t h e  p i  a n d  r e m a in e d  in  a  c u r -  
d l e d / a g g r e g a t e d  s t a t e .  In  c o n t r a s t ,  it  w a s  p o s s i b l e  t o  t i t r a t e  e m u l 
s i o n s  m a d e  w i t h  W P I  t h r o u g h  t h e  i s o e l e c t r i c  p o in t  f r o m  p H  3  
t o  p H  7  a n d  b a c k  w i t h o u t  d e s t a b i l i z i n g  t h e  e m u l s i o n  ( H u n t  a n d  
D a l g l e i s h ,  1 9 9 4 b ) ,  a n d  t h e  h e a t  s t a b i l i t y  o f  s u c h  t i t r a t e d  e m u l 

s i o n s  w a s  a l s o  r e t a in e d .

Effect of KC1 on heat stability
T h e  p r e s e n c e  o f  u p  t o  2 0 0  m M  K C 1  d u r in g  t h e  h o m o g e n i 

z a t io n  o f  e m u l s i o n s  m a d e  w i t h  c a s e i n a t e  h a d  n o  e f f e c t  o n  s i z e  
d is t r ib u t io n  o f  e m u l s i o n  d r o p le t s .  F u r t h e r m o r e ,  h e a t  s t a b i l i t y  o f  

e m u l s i o n s  w a s  n o t  a f f e c t e d ,  i . e . ,  n o  c h a n g e s  in  t h e  s i z e  d i s t r i 
b u t io n  o f  t h e  d r o p le t s  w e r e  o b s e r v e d  a f t e r  t h e  e m u l s i o n  h a d  b e e n  

s u b j e c t e d  t o  b o t h  h e a t  t r e a t m e n t s .

Diameter / nm

Fig. 1—Effect of pH adjustment and different heat treatments on 
the droplet size distribution of an emulsion (20 wt% soya oil, 2.0 
wt% WPI) originally prepared at pH 3 in citrate buffer, and ad
justed to higher pH values by the addition of IMaOH. The small 
diagrams show the size distributions measured using the Mas- 
tersizer after each treatment.

I n c o r p o r a t io n  o f  K C l  u p  t o  2 5  m M  d u r in g  f o r m a t io n  o f  e m u l 
s i o n s  c o n t a i n i n g  W P I  h a d  l i t t l e  e f f e c t  o n  p a r t i c l e  s i z e .  H o w e v e r ,  
a t  c o n c e n t r a t i o n s  a b o v e  th a t  ( u p  t o  2 0 0  m M )  t h e  p a r t i c l e  s i z e s  
in  t h e  e m u l s i o n s  in c r e a s e d .  T h i s  e f f e c t  w a s  e s p e c i a l l y  e v i d e n t  
in  e m u l s i o n s  p r e p a r e d  a t p H  3  ( F i g .  2 ) .  T h e  s i z e  d i s t r ib u t io n  in  

t h e s e  la t t e r  c a s e s  w a s  b r o a d e n e d  c o n s i d e r a b l y  r e l a t i v e  t o  th e  
e m u l s i o n s  p r e p a r e d  u s i n g  l o w  c o n c e n t r a t i o n s  o f  K C l  ( F i g .  3 ) .

T h e  a d d i t io n  o f  K C l ,  u p  t o  5 0  m M ,  d id  n o t  a f f e c t  t h e  h e a t  
s t a b i l i t y  o f  t h e  W P I  e m u l s i o n s  a t  9 0 ° C  a n d  1 2 1 ° C ,  a t  e i t h e r  p H  

3  o r  p H  7  ( F i g .  3  a n d  4 ,  r e s p e c t i v e l y ) .  A t  p H  7  a n d  a  K C l  
c o n c e n t r a t io n  o f  1 0 0  m M ,  th e  e m u l s i o n  w a s  s t a b le  t o  h e a t i n g  a t  
9 0 ° C ,  b u t  it  f o r m e d  a w e a k  g e l  w h e n  h e a t e d  a t  1 2 1 ° C .  I n c r e a s in g  
th e  K C l  c o n c e n t r a t io n  t o  2 0 0  m M  p r o d u c e d  a  s m o o t h ,  s e l f - s u p 
p o r t in g  g e l  w h e n  t h e  e m u l s i o n  a t  p H  7  w a s  h e a t e d  e i t h e r  a t  9 0  
o r  1 2 1 ° C .  M u c h  la r g e r  v a l u e s  o f  t h e  w e i g h t - a v e r a g e  p a r t ic le  
d ia m e t e r  ( d 43)  w e r e  o b s e r v e d  f o r  e m u l s i o n  d r o p le t s  m a d e  w i t h  
h i g h  c o n c e n t r a t i o n s  o f  K C l  a t  p H  3 ,  c o m p a r e d  t o  p H  7  ( F i g .  2 ) ,  
b u t  t h e  e f f e c t  o f  K C l  o n  h e a t  s t a b i l i t y  o f  t h e  e m u l s i o n s  a t  p H  3  

w a s  l e s s  th a n  a t  p H  7 . A t  p H  3 ,  a  g e l  w a s  f o r m e d  o n l y  d u r in g  

h e a t in g  a t  1 2 1 ° C  in  t h e  p r e s e n c e  o f  2 0 0  m M  K C l .  T h i s  g e l  
r e s e m b l e d  c o t t a g e  c h e e s e  a n d  e x h i b i t e d  s i g n s  o f  s y n e r e s i s .  H e a t 
i n g  a t 9 0 ° C  p r o d u c e d  a  v e r y  v i s c o u s ,  p a s t e - l i k e  l iq u id  in  th e  
e m u l s i o n  a t p H  3  c o n t a i n i n g  2 0 0  m M  K C l .  In  t h e  p r e s e n c e  o f  

1 0 0  m M  K C l ,  n e i t h e r  o f  t h e  h e a t  t r e a t m e n t s  h a d  a  m a r k e d  e f f e c t  
o n  e i t h e r  t h e  d r o p le t  s i z e  d i s t r ib u t io n  o r  t h e  m a c r o s c o p i c  a p 
p e a r a n c e  o f  t h e  e m u l s i o n  a t  p H  3 ,  e x c e p t  p e r h a p s  f o r  a  s l i g h t  

i n c r e a s e  in  v i s c o s i t y  ( n o t  q u a n t i f i e d ) .
T h e  e m u l s i o n s  w h i c h  w e r e  p r e p a r e d  a t  p H  3  w i t h  a d d e d  K C l  

w e r e  n o t i c e a b l y  m o r e  v i s c o u s  th a n  t h o s e  m a d e  a t  p H  7  a t  th e  

s a m e  i o n i c  s t r e n g t h .  T h e  h i g h  v i s c o s i t y  a n d  b r o a d  d is t r ib u t io n  
o f  p a r t i c l e  s i z e s  in d ic a t e  th a t ,  e v e n  b e f o r e  h e a t i n g ,  t h e r e  w a s  
s o m e  in t e r a c t io n  b e t w e e n  e m u l s i o n  d r o p le t s  a n d /o r  u n a d s o r b e d  
p r o t e in .  W e  a s s u m e d  t h i s  t o  b e  a  r e s u l t  o f  t h e  r e d u c t io n  o f  
c h a r g e  r e p u l s i o n s  b y  t h e  h ig h e r  i o n i c  s t r e n g t h .  H o w e v e r ,  th e  
a g g r e g a t i o n  m e a s u r e d  d u r in g  f o r m a t io n  o f  t h e  e m u l s i o n  a t  p H  

3  in  t h e  p r e s e n c e  o f  1 0 0  o r  2 0 0  m M  K C l  d id  n o t  c a u s e  th e  
e m u l s i o n  t o  b e c o m e  u n s t a b le ,  s i n c e  t h e  s i z e  d i s t r ib u t io n  o f  e m u l 
s i o n  d r o p le t s  d id  n o t  c h a n g e  a s  a  f u n c t i o n  o f  t im e .

I n  i t s  s i m p l e s t  f o r m ,  g e l a t i o n  i s  a  t w o - s t a g e  p r o c e s s  (F e r r y ,  
1 9 4 8 ) .  A n  in i t ia l  d e n a t u r a t io n  a n d /o r  c o n f o r m a t i o n a l  c h a n g e  o f  
n a t i v e  p r o t e in ,  in d u c e d  b y  h e a t ,  p r o d u c e s  p r o t e in  m o l e c u l e s  in  
v a r i o u s  s t a t e s  o f  d e n a t u r a t io n  a n d  w h i c h  h a v e ,  t h e r e f o r e ,  d i f f e r 
e n t  f u n c t io n a l  p r o p e r t ie s .  T h e s e  m a y  t h e n  a s s o c i a t e  t h r o u g h  ‘a c 
t i v e  s i t e s ’ t o  f o r m  t h e  g e l  m a t r ix ,  p r o v i d i n g  th a t  t h e  b a la n c e  

b e t w e e n  a t t r a c t iv e  a n d  r e p u l s i v e  f o r c e s  i s  f a v o r a b le  ( K i n s e l la ,
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Concentration of KCI (mM)
Fig. 2—Effect of the concentration of KCI on the average diam
eter (d4 3) of droplets in emulsions (20 wt% soybean oil, 2.0 wt% 
WPI) prepared at pH 7 (hatched bars) or pH 3 (solid bars).

g
ao
c

T3
<D

O
>

20

10

0

20

10

0

20

10

0
0.1 1 10 10C 0.1 1 10 100

Diameter /  |J.m Diameter /  Jim

Fig. 3—Effect of KCI concentration and heat on the droplet size 
distribution of emulsions (20 wt% soybean oil, 2.0 wt% WPI), 
prepared at pH 3 in citrate buffer. Size distributions shown were 
measured using the Mastersizer.

1 9 8 4 ;  M u l v i h i l l  a n d  K i n s e l l a ,  1 9 8 7 ) .  I t i s  q u a l i t a t i v e l y  a p p a r e n t  

th a t  t h e  e m u l s i o n s  m a d e  a t  d i f f e r e n t  p H  v a l u e s  m u s t  c o n t a in  
d i f f e r e n t  m o l e c u l a r  s p e c i e s  a n d  d i f f e r e n t  p a r t i c l e s .  O u r  r e s u l t s  
s u g g e s t  th a t  t h e  “ p r e - a g g r e g a t i o n ”  f o u n d  d u r in g  f o r m a t io n  o f  
t h e  e m u l s i o n  a t  p H  3  p r e v e n t e d  fu r t h e r  d é n a t u r a t io n  a n d  a g g r e 
g a t i o n  b y  f i x i n g  t h e  p r o t e in  m o l e c u l e s  in  a  s t a b le  u n r e a c t iv e  
c o n f o r m a t io n .  T h e  a c t i v e  s i t e s  w h i c h  a r e  n e c e s s a r y  f o r  g e l  f o r 
m a t io n  m a y  b e  e i t h e r  u s e d  u p  in  f o r m i n g  t h e  p r e - a g g r e g a t e d  
s t r u c t u r e s ,  o r  a r e  p r e s e n t  in  a  d i f f e r e n t  c o n f o r m a t i o n  w h i c h  
m a k e s  t h e m  u n a v a i l a b l e  t o  f o r m  j u n c t i o n  p o in t s .

T h e  c o m p o s i t i o n  o f  t h e  u n a d s o r b e d  p r o t e in  m a y  a l s o  b e  i m 
p o r ta n t .  W e  h a v e  s h o w n  r e c e n t l y  ( H u n t  a n d  D a l g l e i s h ,  1 9 9 5 )  
th a t ,  in  e m u l s i o n s  c o n t a i n i n g  2 %  W P I  p r e p a r e d  a t  p H  7  in  th e  
a b s e n c e  o f  K C I , ( 3 - la c t o g lo b u l in  a n d  a - l a c t a l b u m i n  a d s o r b e d  in  
p r o p o r t io n  t o  t h e ir  c o n c e n t r a t i o n s  in  t h e  W P I .  T h e  p r e s e n c e  o f  
K C I  a t  c o n c e n t r a t i o n s  > 5 0  m M  d u r in g  h o m o g e n i z a t i o n  s o m e 
w h a t  d e c r e a s e d  t h e  p r o p o r t io n  o f  a d s o r b e d  ( 3 - la c t o g lo b u l in  a n d  

i n c r e a s e d  t h e  p r o p o r t io n  o f  a d s o r b e d  a - l a c t a l b u m i n .  I n  c o n t r a s t ,  
t h e  s u r f a c e  c o m p o s i t i o n  o f  e m u l s i o n  d r o p le t s  s t a b i l i z e d  b y  W P I  
a t  p H  3  w a s  a r o u n d  5 0 %  a - l a c t a l b u m i n ,  a t  a l l  c o n c e n t r a t i o n s  o f

Fig. 4— Effect of KCI concentration and heat on the droplet size 
distribution of emulsions (20 wt% soybean oil, 2.0 wt% WPI) at 
pH 7 in phosphate buffer. Size distributions shown were meas
ured using the Mastersizer.

K C I . T h e r e f o r e ,  d e s p i t e  t h e  f a c t  th a t  K C I  t e n d e d  t o  i n c r e a s e  t h e  
a m o u n t  o f  a d s o r b e d  a - l a c t a l b u m i n ,  t h e r e  w a s  a l w a y s  m o r e  u n 
a d s o r b e d  a - l a c t a l b u m i n  in  e m u l s i o n s  m a d e  a t  p H  7  th a n  in  t h o s e  

e m u l s i o n s  m a d e  a t p H  3 .  T h i s  c o m p o s i t i o n a l  d i f f e r e n c e  m a y  b e  
im p o r t a n t  s i n c e  t h e  p r o p o r t io n  o f  ( 3 - la c t o g lo b u l in  t o  a - l a c t a l -  

b u m in  i s  k n o w n  t o  a f f e c t  g e l a t i o n  a n d  g e l  s t r e n g t h  ( M a t s u d o m i  
e t  a l . ,  1 9 9 2 ) .  M o r e o v e r ,  a t  p H  3  t h e  a - l a c t a l b u m i n  w o u l d  l o s e  

i t s  c e n t r a l  i o n  o f  c a l c i u m ,  a n d  i t s  c o n f o r m a t i o n  w o u l d  b e  in  t h e  
m o l t e n  g l o b u l e  s t a t e ,  w h i c h  m a y  b e  m o r e  r e a c t i v e  th a n  t h e  n a 
t i v e  s t a t e  ( D i c k i n s o n  a n d  M a t s u m u r a ,  1 9 9 4 ) .

Effect of changing protein composition of the serum on emulsion stability
I t w a s  s u g g e s t e d  in  th e  p r e v i o u s  s e c t i o n  th a t  t h e  c o m p o s i t i o n  

o f  t h e  u n a d s o r b e d  p r o t e in  in  t h e  s e r u m  p h a s e  m a y  h e l p  t o  d e 
t e r m in e  w h e t h e r  o r  n o t  g e l a t i o n  o c c u r s .  T o  i n v e s t i g a t e  t h i s  fu r 
th e r ,  a n  e m u l s i o n  c o n t a i n i n g  2  w t%  W P I  a n d  2 0 0  m M  K C I  w a s  

p r e p a r e d  a n d  t h e n  t h e  e m u l s i o n  d r o p le t s  w e r e  c o l l e c t e d  b y  c e n 
t r i f u g a t io n ,  t h e  o r ig in a l  s e r u m  p h a s e  w a s  d i s c a r d e d ,  a n d  t h e  c e n 
t r i f u g e d  e m u l s i o n  d r o p le t s  w e r e  r e s u s p e n d e d  e i t h e r  in  b u f f e r  
( p h o s p h a t e  a t p H  7 ,  2 0 0  m M  K C I )  o r  a  1 w t %  c a s e i n a t e  s o l u t i o n  

( p h o s p h a t e  a t  p H  7 ,  2 0 0  m M  K C I ) .  T h e  o r i g i n a l  e m u l s i o n  w a s  
c h o s e n  b e c a u s e  it w a s  k n o w n  t o  f o r m  a  g e l  w h e n  h e a t e d  a t  b o t h  

9 0 ° C  f o r  3 0  m i n  a n d  1 2 1 ° C  f o r  1 0  m in .  A l s o ,  in  t h i s  e m u l s i o n  
w e  k n e w  th a t  t h e  p r o t e in  w a s  d i v i d e d  a b o u t  e q u a l l y  b e t w e e n  

a d s o r b e d  a n d  u n a d s o r b e d  s t a t e s  ( H u n t  a n d  D a l g l e i s h ,  1 9 9 4 a ) .  
T h e  e f f e c t  o f  c h a n g i n g  t h e  s e r u m  c o m p o s i t i o n  o n  t h e  s t a b i l i t y  
o f  t h e  e m u l s i o n  w a s  f o l l o w e d  ( F i g .  5 ) .  T h e  o r i g i n a l  e m u l s i o n  
h a d  a  b r o a d  s i z e  d i s t r ib u t io n  w i t h  a  d 43 =  0 . 7 0  p m ,  a n d  w h e n  
t h e  e m u l s i o n  d r o p le t s  w e r e  r e s u s p e n d e d  in  b u f f e r  t h e  s i z e  d i s 
t r ib u t io n  r e m a in e d  b r o a d  a n d  t h e r e  w a s  v e r y  l i t t l e  c h a n g e  in  t h e  
d 4 3 . H o w e v e r ,  w h e n  t h e  c r e a m  w a s  r e s u s p e n d e d  in  c a s e i n a t e  
s o l u t i o n ,  t h e  s i z e  d i s t r ib u t io n  b e c a m e  n a r r o w e r  a n d  t h e  d 4 3 w a s  
r e d u c e d  t o  0 . 5 4  p m .  T h i s  w a s  a  r e s u l t  o f  c a s e i n a t e  a d s o r p t io n  
a t t h e  s u r f a c e  o f  t h e  e m u l s i o n  d r o p le t  ( H u n t  a n d  D a l g l e i s h ,
1 9 9 5 )  w h i c h  h a d  t h e  e f f e c t  o f  b r e a k in g  u p  f l o e s  w h i c h  h a d  b e e n  
p r e s e n t  in  t h e  o r ig in a l  W P I  e m u l s i o n .  S i m p l y  m i x i n g  t h e  e m u l 
s i o n  c r e a m  w i t h  c a s e i n a t e  ( n o t  r e - h o m o g e n i z i n g )  c o u l d  n o t  h a v e  
a n y  e f f e c t  in  r e d u c i n g  s i z e s  o f  t h e  e m u l s i o n  d r o p le t s .  T h u s ,  i t  i s  
e v i d e n t  th a t  t h e  b r o a d  s i z e  d i s t r ib u t io n  in  t h e  p r e s e n c e  o f  K C I  

r e s u l t e d  f r o m  f l o c c u l a t i o n  a n d  n o t  c o a l e s c e n c e ,  w h i c h  w o u l d  n o t  
b e  r e v e r s e d  w i t h o u t  r e - h o m o g e n i z i n g  t h e  s a m p l e .

C h a n g i n g  t h e  s e r u m  c o m p o s i t i o n  a l t e r e d  t h e  b e h a v i o r  o f  t h e  

e m u l s i o n .  W h e n  t h e  c r e a m  w a s  r e s u s p e n d e d  in  b u f f e r ,  b o t h  h e a t
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Fig. 5—Effect on the size distribution of particles in an emulsion 
(20 wt% soybean oil, 2.0 wt% WPI), prepared at pH 7 in phos
phate buffer containing 200 mM KCI. The treatments were: (A) 
the cream was redispersed in buffer at pH 7 containing 200 mM 
KCI; (B) the cream was redispersed in the same buffer containing 
1.0 wt% caseinate; (C) a heat treatment of 90°C for 30 min was 
given or (D) or a heat treatment of 121°C for 10 min was given.

Fig. 6—Effect on the size distribution of particles in an emulsion 
(20 wt% soybean oil, 2.0 wt% caseinate), prepared at pH 7 in 
phosphate buffer containing 200 mM KCI. The cream was redis
persed in a solution at pH 7 containing 200 mM KCI and (A), 1.0 
wt%; (B), 1.5 wt% and (C), 2.0 wt% WPI, before heating at 121°C 
for 10 min (Treatment D).

treatments resulted in broader size distributions and larger d43 
values, and, in the case of heating at 121°C for 10 min, a bi
modal size distribution was evident. However, no gel was 
formed showing that unadsorbed WPI was essential to form the 
gel which was observed when the control emulsion was heated. 
This was in agreement with previous observations (Jost et al., 
1986). When the WPI cream was resuspended in caseinate so
lution and then heated either to 90°C or 121 °C, the size distri
bution of emulsion droplets did not change and the emulsion 
did not gel. In this particular emulsion, the composition of the 
adsorbed and unadsorbed protein had been changed. First, all of 
the unadsorbed whey protein was removed by re-dispersing the 
cream in caseinate solution. Some of the caseinate then became 
adsorbed (notably the a sl-, a s2- and (3-caseins) and all of the 
adsorbed a-lactalbumin was displaced along with a portion of 
the adsorbed (3-lactoglobulin (Hunt and Dalgleish, 1995). There
fore, by changing the distribution and composition of the protein 
we altered the behavior of the emulsion during heat treatment.

In a similar experiment, the cream of an emulsion made with 
2 wt% caseinate at high ionic strength (200 mM KCI) was dis
persed in buffered solutions of WPI of varying concentrations 
and a KCI concentration of 200 mM. Redispersing the caseinate 
cream in solutions of WPI up to 2.0 wt% had no effect (Fig. 6) 
on the size distribution of the emulsion droplets. This was ex
pected, since we know (Hunt and Dalgleish, 1995) that no whey 
protein becomes adsorbed when the cream and protein solution 
are mixed. When these mixed emulsions were heated at 90°C 
for 30 min, no change in the size distribution was observed 
except for the case when the caseinate cream had been dispersed 
in 2.0 wt% WPI. Here the d43 increased slightly from 0.44 to 
0.48 pm. When the emulsions were heated at 121°C for 10 min, 
only the caseinate cream which had been redispersed in 1.0 wt% 
WPI remained stable, even though the d43 increased slightly 
from 0.44 pm to 0.48 pm. The emulsion comprising caseinate 
cream + 1.5 wt% WPI resembled a thick paste after heat treat
ment, and when the cream was dispersed in 2.0 wt% WPI a gel 
was formed (Fig. 6). This gel exhibited signs of syneresis and 
was not as strong as the gel formed from a WPI emulsion under 
the same conditions of heating and ionic strength.

This experiment demonstrated clearly the importance of un
adsorbed proteins in determining the heat stability of emulsions. 
Comparing the results of the caseinate and WPI emulsions, it is 
apparent that gelation is more likely when whey proteins con
stitute both the adsorbed and free protein. This suggests that, in 
the WPI emulsions, there was interaction between the adsorbed 
and unadsorbed whey proteins to facilitate gelation. It is also 
possible for caseins and whey proteins to interact through di
sulfide bridges, e g., «-casein and (3-lactoglobulin, during the 
heat treatment of homogenized milk (Sharma and Dalgleish
1993). However, the complexes between caseins and whey pro
teins are less active than complexes between whey proteins in 
forming gels. When the adsorbed protein is caseinate and the 
free protein is WPI, the concentration of unadsorbed whey pro
tein has to be in excess of 1.5 wt% and the sample must be 
heated at 121°C for a gel to form at high ionic strength. How
ever, a WPI emulsion (200 mM KCI) gels when the concentra
tion of unadsorbed protein is only 1 wt%, even when heated at 
90°C. Note that a 2 wt% solution of WPI does not gel under 
these same conditions of heat, pH and ionic strength. This shows 
that the emulsion droplets allow gels to be formed at much lower 
concentrations of WPI regardless of the protein which was orig
inally used to make the emulsion droplets.

CONCLUSIONS
In s o l u t i o n , whey protein concentrations of 8 % have been 
used to produce self-supporting gels. The limiting concentration 
of whey protein to produce self-supporting gels is known to be 
reduced to about 4-— 5% (with 20% oil) if an emulsion was 
formed first before the protein was heated to 90°C for 30 min. 
It is possible to produce gels at whey protein concentrations as 
low as 2 wt% using heat treatments at 90°C or 121°C and ionic 
strengths in excess of 50 mM. Emulsions made using caseinate 
did not form gels when heated, even at high ionic strengths. 
Furthermore, when the serum of WPI emulsions was replaced 
with a solution of caseinate at high ionic strength, gelation dur
ing heat treatment was prevented. Conversely, WPI addition to 
the cream of emulsions made with caseinate facilitated gel for-

—Continued on page 1131
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-------------------------  ABSTRACT -------------------------
C o m p e t i t i v e  a d s o r p t i o n  b e t w e e n  s o d i u m  c a s e i n a t e  a n d  e i t h e r  a  w a t e r -  

s o l u b l e  s u r f a c t a n t ,  T w e e n  6 0  ( p o l y o x y e t h y l e n e  s o r b i t a n  m o n o s t e a r a t e —  
P S M )  o r  a n  o i l - s o l u b l e  s u r f a c t a n t ,  S p a n  6 0  ( s o r b i t a n  m o n o s t e a r a t e — S M )  
w a s  s t u d i e d  in  o i l - i n - w a t e r  e m u l s i o n s .  S u r f a c t a n t s  w e r e  p r e s e n t  d u r i n g  
h o m o g e n i z a t i o n .  S u r f a c e  c o n c e n t r a t i o n  o f  p r o t e i n  in  f r e s h l y  p r e p a r e d  
e m u l s i o n s  d e c r e a s e d  a s  c o n c e n t r a t i o n  o f  P S M  o r  S M  i n c r e a s e d .  H o w 
e v e r ,  o n l y  p a r t i a l  d i s p l a c e m e n t  o f  p r o t e i n  w a s  o b s e r v e d  w i t h  e i t h e r  s u r 
f a c t a n t .  T h e  r e d u c t i o n  in  p r o t e i n  s u r f a c e  c o n c e n t r a t i o n  w a s  g r e a t e r  in  th e  
p r e s e n c e  o f  P S M .  I n t e r f a c i a l  p r o t e i n  c o m p o s i t i o n  w a s  i n d e p e n d e n t  o f  
s u r f a c t a n t  t y p e .  I n  t h e  a b s e n c e  o f  s u r f a c t a n t ,  p r e f e r e n t i a l  a d s o r p t i o n  o f  
(3 - c a s e in  o c c u r e d  in  e m u l s i o n s  c o n t a i n i n g  <  1 .0  w t  %  p r o t e i n .  O n  a d 
d i t i o n  o f  s u r f a c t a n t  p r e f e r e n c e  f o r  (3 - c a s e in  a t  t h e  i n t e r f a c e  w a s  r e d u c e d .

K e y  W o r d s :  s o d i u m  c a s e i n a t e ,  w a t e r - s o l u b l e  s u r f a c t a n t ,  o i l - s o l u b l e  s u r 

f a c t a n t ,  m o n o s t e a r a t e ,  p r o t e i n  c o n c e n t r a t i o n

INTRODUCTION
B e c a u s e  o f  i t s  e x c e l l e n t  e m u l s i f y i n g  p r o p e r t i e s , s o d i u m  
c a s e i n a t e  i s  c o m m o n l y  u s e d  in  a  w i d e  r a n g e  o f  e m u l s i o n s  in  th e  
f o o d  in d u s tr y .  T h e s e  i n c l u d e  c o f f e e  w h i t e n e r s ,  c r e a m  l iq u e u r s  
a n d  w h i p p e d  t o p p in g s .  S o d i u m  c a s e i n a t e  i s  c o m p o s e d  o f  a  m i x 
tu r e  o f  c a s e i n  m o l e c u l e s  a s l- ,  a s2- ,  [3- a n d  k -  c a s e i n s  ( S w a i s -  

g o o d ,  1 9 9 2 ) .  O w i n g  to  t h e  h i g h  s u r f a c e  a c t i v i t y  o f  i t s  c o n s t i t u e n t  
p r o t e in s ,  e s p e c i a l l y  a . , -  a n d  p - c a s e i n s ,  s o d i u m  c a s e i n a t e  i s  r a p 
i d l y  a d s o r b e d  a t  t h e  o i l - w a t e r  in t e r f a c e  d u r in g  e m u l s i f i c a t i o n .  
T h i s  c o n f e r s  s t a b i l i t y  t o  t h e  r e s u l t a n t  e m u l s i o n  f r o m  c o a l e s c e n c e  

a n d /o r  f l o c c u l a t i o n  ( D i c k i n s o n ,  1 9 9 4 ) .
M o s t  f o r m u la t e d  f o o d  e m u l s i o n s  c o n t a in  n o t  o n l y  m i l k  p r o t e in  

b u t  a l s o  s m a l l - m o l e c u l e  s u r f a c t a n t s  ( e m u l s i f i e r s )  w h i c h  c o m p e t e  
f o r  t h e  e m u l s i o n  in t e r f a c e  d u r in g  a n d  a f t e r  f o r m a t io n  o f  t h e  
e m u l s i o n .  T h e  d i s t r ib u t io n  o f  p r o t e in s  a n d  s u r f a c t a n t s  b e t w e e n  
th e  d r o p le t  s u r f a c e  a n d  t h e  b u lk  p h a s e  i s  a n  im p o r t a n t  f a c t o r  

a f f e c t i n g  t h e  s t a b i l i t y ,  t e x t u r e  a n d  e a s e  o f  f o r m a t io n  o f  a n  e m u l 
s i o n  ( D i c k i n s o n  a n d  S t a in s b y ,  1 9 8 2 ;  D a r l in g  a n d  B ir k e t t ,  1 9 8 7 ;  
G o f f  a n d  J o r d a n ,  1 9 8 7 ;  B e r g e n s t a h l  a n d  C l a e s s o n ,  1 9 9 0 ;  B a r f o r d  
e t  a l . ,  1 9 9 1 ;  K r o g ,  1 9 9 1 ) .

S t u d i e s  o f  c o m p e t i t i v e  a d s o r p t io n  b e t w e e n  m i l k  p r o t e in s  a n d  
s u r f a c t a n t s  in  m o d e l  e m u l s i o n s  h a v e  t e n d e d  to  f o c u s  o n  s y s t e m s  
c o n t a i n i n g  b in a r y  o r  te r n a r y  m ix t u r e s  o f  i n d iv id u a l  m i l k  p r o t e in s  
a n d  s u r f a c t a n t s  w i t h  e i t h e r  h y d r o c a r b o n  o r  p u r i f ie d  t r ig ly c e r id e  
a s  t h e  o i l  p h a s e  ( d e  F e i j t e r  e t  a l . ,  1 9 8 7 ;  D i c k i n s o n  e t  a l . ,  1 9 8 9 a ,  
1 9 9 0 ,  1 9 9 3 ;  C o u r t h a u d o n  e t  a l . ,  1 9 9 1 a ,b ,c ,d ;  D i c k i n s o n  a n d  
T a n a i ,  1 9 9 2 ;  C h e n  a n d  D i c k i n s o n ,  1 9 9 3 ;  D i c k i n s o n  a n d  I v e s o n ,
1 9 9 3 ) .  S u c h  w o r k  h a s  p r o v i d e d  v a lu a b le  in f o r m a t io n  o n  th e  
c o m p o s i t i o n  o f  t h e  s t a b i l i z i n g  l a y e r  a r o u n d  o i l  d r o p le t s  in  o i l -  

in - w a t e r  e m u l s i o n s .  H o w e v e r ,  it  i s  m u c h  m o r e  r e l e v a n t  to  th e  
f o o d  in d u s t r y  t o  s t u d y  s y s t e m s  c o n t a i n i n g  m o r e  c o m p l e x  p r o t e in  
e m u l s i f i e r s  s u c h  a s  s o d i u m  c a s e i n a t e .

O u r  o b j e c t i v e  w a s  t o  i n v e s t i g a t e  t h e  c o m p e t i t i v e  a d s o r p t io n  
b e t w e e n  c o m m e r c i a l  s o d i u m  c a s e i n a t e  a n d  s u r f a c t a n t s  in  a  
m o d e l  o i l - i n - w a t e r  e m u l s i o n .  T h e  s u r f a c t a n t s  s t u d i e d  w e r e
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T w e e n  6 0  ( p o l y o x y e t h y l e n e  s o r b i t a n  m o n o s t e a r a t e — P S M )  a n d  
S p a n  6 0  ( s o r b i t a n  m o n o s t e a r a t e — S M ) ,  w h i c h  a r e  w a t e r - s o l u b l e  
a n d  o i l - s o l u b l e ,  r e s p e c t i v e l y .  B o t h  s u r f a c t a n t s  a r e  c o m m o n l y  

f o u n d  in  a  w i d e  r a n g e  o f  f o o d  e m u l s i o n s .

MATERIALS & METHODS
M a t e r i a l s

S p r a y - d r i e d  s o d i u m  c a s e i n a t e  ( A l a n a t e  1 8 0 )  w a s  s u p p l i e d  b y  t h e  N e w  

Z e a l a n d  D a i r y  B o a r d ,  W e l l i n g t o n ,  N e w  Z e a l a n d .  P o l y o x y e t h y l e n e  s o r 
b i t a n  m o n o s t e a r a t e  ( P S M )  a n d  s o r b i t a n  m o n o s t e a r a t e  ( S M )  w e r e  o b 
t a i n e d  f r o m  S i g m a  C h e m i c a l s ,  S t .  L o u i s ,  M o ,  U . S .A .  P S M  h a s  a n  
e s t i m a t e d  h y d r o p h i l e - l i p o p h i l e  b a l a n c e  ( H L B )  o f  1 4 .4 ,  a n d  t h e  e s t i m a t e d  
H L B  o f  S M  is  4 .7  ( C h a r a l a m b o u s  a n d  D o x a s t a k i s ,  1 9 8 9 ) .  S o y a  o i l  w a s  
p u r c h a s e d  f r o m  D a v i s  T r a d i n g  C o . ,  P a l m e r s t o n  N o r t h ,  N e w  Z e a l a n d .

P r e p a r a t i o n  o f  e m u l s i o n s
O i l - i n - w a t e r  e m u l s i o n s  ( 2 0  w t %  s o y a  o i l ,  d e i o n i z e d  w a t e r ,  p H  7 )  w e r e  

p r e p a r e d  a t  5 0 ° C ,  u s i n g  a  t w o - s t a g e  R a n n i e  h o m o g e n i z e r  ( R o h o l m s v e i  
8 D K - 2 6 2 0 ,  A l b e r t s l u n d ,  D e n m a r k ) .  O p e r a t i n g  p r e s s u r e s  w e r e  2 3  M P a  
in  t h e  f i r s t  a n d  3  M P a  in  t h e  s e c o n d  s t a g e .  S o d i u m  c a s e i n a t e  in  t h e  

c o n c e n t r a t i o n  r a n g e  0 . 2 5 - 2 . 0  w t %  o f  t h e  f in a l  e m u l s i o n  a n d  P S M  in  t h e  
c o n c e n t r a t i o n  r a n g e  0 - 1.0 w t %  o f  t h e  f i n a l  e m u l s i o n  w e r e  d i s s o l v e d  
s e p a r a t e l y  in  d e i o n i z e d  w a t e r  a t  5 0 ° C .  S o y a  o i l  ( a t  5 0 ° C )  a n d  t h e  s o l u 
t i o n s  c o n t a i n i n g  s o d i u m  c a s e i n a t e  a n d  P S M  w e r e  c o m b i n e d  a n d  m i x e d  
b y  a  s i n g l e  p a s s  t h r o u g h  t h e  h o m o g e n i z e r  a t  a t m o s p h e r i c  p r e s s u r e  p r i o r  
t o  h o m o g e n i z a t i o n .  O i l - i n - w a t e r  e m u l s i o n s  c o n t a i n i n g  s o d i u m  c a s e i n a t e  
a n d  S M  w e r e  p r e p a r e d  in  a  s i m i l a r  w a y ,  e x c e p t  S M  ( c o n c e n t r a t i o n  r a n g e  

0 - 1 . 0  w t %  o f  t h e  f in a l  e m u l s i o n )  w a s  d i s s o l v e d  in  t h e  o i l  a t  5 0 ° C  a n d  
c o m b i n e d  w i t h  t h e  s o d i u m  c a s e i n a t e  s o l u t i o n  p r i o r  t o  h o m o g e n i z a t i o n  
L e v e l s  o f  p r o t e i n  a n d  s u r f a c t a n t  w e r e  t y p i c a l  o f  t h o s e  u s e d  in  c o m m o n  
f o o d  e m u l s i o n s .

A  M a l v e r n  M a s t e r s i z e r  M S E  ( M a l v e r n  I n s t r u m e n t s  L t d ,  W o r c s ,  U .K . )  
w a s  u s e d  to  d e t e r m i n e  t h e  v o l u m e - s u r f a c e  a v e r a g e  d i a m e t e r  ( d 3 , )  a n d  
th e  s p e c i f i c  s u r f a c e  a r e a  ( a r e a / u n i t  m a s s )  f o r  e a c h  e m u l s i o n .  A n a l y s i s  
w a s  c a r r i e d  o u t  w i t h i n  1 h r  o f  i n i t i a l  p r e p a r a t i o n .

S u r f a c e  p r o t e i n  c o n c e n t r a t i o n
E a c h  e m u l s i o n  w a s  c e n t r i f u g e d  a t  4 5 , 0 0 0 X g  f o r  6 0  m i n  a t  2 0 ° C  to  

s e p a r a t e  t h e  o i l  d r o p l e t s  f r o m  t h e  a q u e o u s  p h a s e .  T h e  a q u e o u s  p h a s e  w a s  
r e m o v e d  w i t h  a  s y r i n g e ,  f i l t e r e d  th r o u g h  a  0 .2 2  p m  M i l l i p o r e  m e m b r a n e  
f i l t e r ,  a n d  t h e  p r o t e i n  c o n t e n t  d e t e r m i n e d  b y  t h e  K j e l d a h l  m e t h o d  w i t h  
a  T e c a t o r  K j e l t e c  s y s t e m  ( T e c a t o r  A B ,  H o g a n a s ,  S w e d e n ) .  A  f a c t o r  o f
6 .3 8  w a s  u s e d  to  c o n v e r t  n i t r o g e n  to  p r o t e i n  c o n t e n t .  T h e  o i l  p h a s e  w a s  
k e p t  f o r  s u b s e q u e n t  c o m p o s i t i o n a l  a n a l y s i s  u s i n g  s o d i u m  d o d e c y l  s u l 
p h a t e - p o l y a c r y l a m i d e  g e l  e l e c t r o p h o r e s i s  ( S D S - P A G E ) .

T h e  s u r f a c e  c o n c e n t r a t i o n .  T  ( m g  p r o t e i n / m 2) ,  o f  s o d i u m  c a s e i n a t e  w a s  
c a l c u l a t e d  f r o m  t h e  s u r f a c e  a r e a  o f  t h e  o i l  d r o p l e t s  d e t e r m i n e d  b y  t h e  
M a l v e r n  M a s t e r s i z e r  a n d  t h e  d i f f e r e n c e  in  a m o u n t  o f  p r o t e i n  u s e d  to  
p r e p a r e  t h e  e m u l s i o n  a n d  t h a t  m e a s u r e d  in  t h e  s u b n a t a n t  a f t e r  c e n t r i f u 
g a t i o n .

C o m p o s i t i o n  o f  i n t e r f a c i a l  p r o t e i n
T h e  in t e r f a c i a l  c o m p o s i t i o n  o f  c a s e i n s  w a s  d e t e r m i n e d  b y  a  m e t h o d  

s i m i l a r  t o  t h a t  d e s c r i b e d  b y  H u n t  a n d  D a l g l e i s h  ( 1 9 9 4 ) .  T h e  c r e a m  s e p 
a r a t e d  f r o m  e m u l s i o n s ,  f o l l o w i n g  t h e  c e n t r i f u g a t i o n  p r o c e d u r e ,  w a s  
w a s h e d  w i t h  d e i o n i z e d  w a t e r  a n d  r e c e n t r i f u g e d  a t  4 5 , 0 0 0  X g  f o r  6 0  m i n  
a t  2 0 ° C  t o  r e m o v e  u n a d s o r b e d  p r o t e i n .  T h e  s e p a r a t e d  c r e a m  f r o m  th e  

s e c o n d  c e n t r i f u g a t i o n  w a s  t h e n  s p r e a d  o n t o  f i l t e r  p a p e r s  ( W h a t m a n  5 0 )
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Fig. 1—Average droplet diameter d3,2 of oil-in-water emulsions (20 wt% soya oil, deionized water, pH 7) containing various amounts 
of sodium caseinate and PSM. Average droplet diameter d3 2 is plotted as a function of both the concentration of added PSM and 
the emulsifier-to-protein molar ratio R: (a) 0.25 wt% sodium caseinate; (b) 0.5 wt% sodium caseinate; (c) 1.0 wt% sodium caseinate;
(d) 2.0 wt% sodium caseinate.

t o  d r y .  K n o w n  a m o u n t s  o f  t h e  d r i e d  s a m p l e s  w e r e  d i s p e r s e d  in  e l e c t r o 
p h o r e s i s  b u f f e r  ( p H  6 .8 ) ,  c o n t a i n i n g  5 %  S D S  a n d  0 .0 5 %  m e r c a p t o e -  
t h a n o l ,  t r a n s f e r r e d  t o  a  b o i l i n g  w a t e r  b a t h  a n d  s t i r r e d  v i g o r o u s l y  f o r  5 

m i n .  A l i q u o t s  o f  e a c h  s a m p l e  w e r e  a n a l y s e d  b y  S D S - P A G E  a c c o r d i n g  
t o  m a n u f a c t u r e r ’s  i n s t r u c t i o n s  ( B i o - R a d  L a b o r a t o r i e s ,  R i c h m o n d ,  C a  
9 4 8 0 4 ,  U . S .A . ) ,  a s  d e s c r i b e d  b y  S i n g h  a n d  C r e a m e r  ( 1 9 9 1 ) .  T h e  s e p a 
r a t i n g  g e l s  c o n t a i n e d  1 5 %  a c r y l a m i d e ,  m a d e  u p  in  T r i s / H C I  b u f f e r ,  p H
8 .8 , a n d  s t a c k i n g  g e l s  w e r e  c o m p o s e d  o f  4 %  a c r y l a m i d e  in  T r i s / H C I  
b u f f e r ,  p H  6 .8 . A f t e r  d e s t a i n i n g ,  t h e  i n t e g r a t e d  i n t e n s i t i e s  o f  c a s e i n  b a n d s  
w e r e  d e t e r m i n e d  u s i n g  a n  U l t r a s c a n  X L  m o d e l  l a s e r  d e n s i t o m e t e r  ( L K B  
P r o d u k t e r  A B ,  B r o m m a ,  S w e d e n ) .  T h e  p e r c e n t a g e  c o m p o s i t i o n  o f  e a c h  
c a s e i n  w a s  d e t e r m i n e d  b y  s u m m i n g  t h e  a r e a s  f o r  a , - ,  (3- a n d  K - c a s e in s ,  
a n d  e x p r e s s i n g  i n d i v i d u a l  c a s e i n  p e a k s  a s  a  f r a c t i o n  o f  t h e  s u m .

RESULTS & DISCUSSION 
Water-soluble surfactant (PSM)

T h e  v o l u m e - s u r f a c e  a v e r a g e  d r o p le t  d ia m e t e r s  ( d 32) w e r e  
c o m p a r e d  f o r  e m u l s i o n s  c o n t a i n i n g  s o d i u m  c a s e i n a t e  a n d  P S M  
( F ig .  1 a - d ) .  T h e  a v e r a g e  d r o p le t  d ia m e t e r  ( d 3 2)  a r e  p lo t t e d  a s  a  

f u n c t i o n  o f  b o t h  t h e  e m u l s i f e r - t o - p r o t e i n  m o la r  r a t io  ( R )  a n d  t h e  
a m o u n t  o f  a d d e d  P S M .  T h e  m o la r  r a t io  w a s  c a l c u l a t e d  a s s u m i n g  
t h e  m o l e c u l a r  w e i g h t s  o f  P S M  a n d  s o d i u m  c a s e i n a t e  w e r e  5 1 9  

a n d  2 3 , 0 0 0  d a l t o n s ,  r e s p e c t i v e l y .  A v e r a g e  d r o p le t  d ia m e t e r s  w e r e

in  t h e  r a n g e  0 . 4 2 - 0  6 5  p m ,  d e p e n d i n g  o n  c o n c e n t r a t io n  o f  p r o 
t e in  a n d  s u r fa c ta n t .  In  t h e  a b s e n c e  o f  P S M ,  t h e  a v e r a g e  d r o p le t  
d ia m e t e r  d e c r e a s e d  w i t h  i n c r e a s i n g  s o d i u m  c a s e i n a t e .  F o r  e x 
a m p l e ,  e m u l s i o n s  p r e p a r e d  w i t h  0 . 2 5  w t %  a n d  2 . 0  w t %  s o d i u m  

c a s e i n a t e  h a d  d 32 v a l u e s  o f  0 . 6 5  a n d  0 .5 1  p m ,  r e s p e c t i v e l y .  In  
g e n e r a l ,  t h e  p r e s e n c e  o f  w a t e r - s o l u b l e  s u r f a c t a n t  d u r in g  h o m o g 
e n i z a t i o n  l e d  t o  a  r e d u c t io n  in  e m u l s i o n  d r o p le t  d ia m e t e r .  T h i s  
w a s  a l s o  r e p o r t e d  b y  d e  F e i j t e r  e t  a l .  ( 1 9 8 7 ) ,  C o u r t h a u d o n  e t  a l .  
( 1 9 9 1 c )  a n d  D i c k i n s o n  ( 1 9 9 1 ) .  T h e  r e d u c t io n  in  d r o p le t  d i a m 
e t e r  w a s  e x p e c t e d  in  v i e w  o f  t h e  m u c h  g r e a t e r  r e d u c t io n  in  in 
t e r f a c ia l  t e n s i o n  in  t h e  p r e s e n c e  o f  s u r f a c t a n t  ( D i c k i n s o n  e t  a l . .  
1 9 8 9 a ) ,  a n d  t h e  i n c r e a s in g  a m o u n t  o f  s u r f a c t a n t  m a t e r ia l  p r e s e n t  
d u r in g  h o m o g e n i z a t i o n .  T h e r e  w a s ,  h o w e v e r ,  s o m e  e v i d e n c e  
th a t  t h e  p r e s e n c e  o f  e m u l s i f i e r ,  a t  s o m e  l o w e r  R  v a l u e s  s t u d i e d  
in  t h i s  w o r k  c a u s e d  d r o p le t s  t o  s t a b i l i z e  a t  l a r g e r  s i z e s .  T h i s  m a y  
i n d i c a t e  th a t  t h e  p r o t e in  a n d  s u r f a c t a n t  a r e  s l i g h t l y  a n t a g o n i s t i c ,  
r a th e r  t h a n  s y n e r g i s t i c  a t  t h o s e  r a t io s ,  o r  th a t  t h e r e  w a s  s l i g h t  
f l o c c u l a t i o n  a f t e r  t h e  e m u l s i o n  w a s  f o r m e d .

C h a n g e s  in  t h e  t o t a l  a m o u n t  o f  p r o t e in  a d s o r b e d  w h e n  P S M  
w a s  p r e s e n t  d u r in g  e m u l s i f i c a t i o n  w e r e  c o m p a r e d  ( F i g .  2 ) .  In  
t h e  a b s e n c e  o f  s u r f a c t a n t ,  T  ( m g / m 2)  in c r e a s e d  a s  c o n c e n t r a t io n  
o f  s o d i u m  c a s e i n a t e  in c r e a s e d .  A t  c a s e i n a t e  c o n c e n t r a t io n s  o f  
0 . 2 5 ,  0 . 5 ,  1 .0 ,  a n d  2 . 0  w t% , t h e  c o r r e s p o n d i n g  T  v a l u e s  w e r e
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Fig. 2—Effect of PSM on the protein surface concentration T (mg 
m 2) in oil-in-water emulsions (20 wt% soya oil, deionized water, 
pH 7) containing various concentrations of sodium caseinate. The
surface concentration r  is plotted as a function of the concentra
tion of added PSM: • 0.25 wt% sodium caseinate; o  0.5 wt% so
dium caseinate; ■ 1.0 wt% sodium caseinate; □ 2.0 wt% sodium 
caseinate.

0 . 8 9 ,  1 .1 4 ,  1 .9 3 ,  a n d  2 . 7 9  m g / m 2, r e s p e c t i v e l y .  T h i s  t r e n d  h a s  
a l s o  b e e n  r e p o r t e d  b y  F a n g  a n d  D a l g l e i s h  ( 1 9 9 3 a )  a n d  H u n t  a n d  
D a l g l e i s h  ( 1 9 9 4 ) ,  in  s o y a  o i l - i n - w a t e r  e m u l s i o n s  s t a b i l i z e d  w i t h  
s o d i u m  c a s e i n a t e .  T h e  p r e s e n c e  o f  P S M  d u r in g  h o m o g e n i z a t i o n  

c a u s e d  a  r e d u c t io n  in  f  a t  a l l  p r o t e in  c o n c e n t r a t io n s .  H o w e v e r ,  
o n l y  p a r t ia l  p r o t e in  d i s p l a c e m e n t  w a s  o b s e r v e d  a t  a l l  c o n c e n t r a 
t i o n s  o f  a d d e d  P S M .  E v e n  a t h i g h  R  v a l u e s  ( R  >  1 0 0 )  th e  

l i m i t i n g  s u r f a c e  p r o t e in  c o n c e n t r a t io n  w a s  0 . 0 5  m g  r r r 2. O o r -  
t w i j n  a n d  W a ls t r a  ( 1 9 7 9 )  a l s o  r e p o r t e d  i n c o m p l e t e  p r o t e in  d i s 
p l a c e m e n t  in  w h e y  p r o t e in  a n d  s k i m  m i l k  s t a b i l i z e d  o i l - i n - w a t e r  

e m u l s i o n s  b y  t h e  w a t e r - s o l u b l e  s u r f a c t a n t ,  T w e e n  2 0  ( P o l y o x -  
y e t h y e n e  s o r b i t a n  m o n o la u r a t e )  a t  a d d e d  c o n c e n t r a t i o n s  u p  to  

0 .5  w t% . T h i s  c o n t r a s t s  w i t h  r e s u l t s  r e p o r t e d  w i t h  e m u l s i o n  s y s 
t e m s  c o n t a i n i n g  p u r e  m i l k  p r o t e in s ,  w h e r e  w a t e r - s o l u b l e  s u r f a c 
ta n t  c o m p l e t e l y  d i s p l a c e d  p r o t e in  f r o m  t h e  o i l - w a t e r  in t e r f a c e .  
F o r  e x a m p l e ,  C h e n  a n d  D i c k i n s o n  ( 1 9 9 3 )  f o u n d  th a t  [ 3 - c a s e in  

a n d  ( 3 - la c t o g lo b u l in  w e r e  c o m p l e t e l y  r e m o v e d  f r o m  t h e  d r o p le t  
s u r f a c e  b y  p o l y o x y e t h y l e n e  s o r b i t a n  m o n o la u r a t e  a t  s u r f a c t a n t -  

t o - p r o t e in  m o la r  r a t io s  o f  R  =  2 0  a n d  R  =  1 5 ,  r e s p e c t i v e l y .
T h e  s u r f a c e  p r o t e in  c o n c e n t r a t i o n  ( T  m g / m 2)  w a s  a l s o  p lo t t e d  

( F i g .  3 )  a s  a  f u n c t io n  o f  t h e  e m u l s i f i e r - t o - p r o t e i n  m o la r  r a t io  
( R ) .  T h e  e f f e c t  o n  s u r f a c e  c o n c e n t r a t io n  s e e m e d  to  d e p e n d  o n l y  
o n  R , a n d  n o t  o n  t h e  o v e r a l l  c o n c e n t r a t i o n  o f  p r o t e in .  A l l  d a ta  

p o i n t s  w e r e  o n  a  s i n g l e  l in e ,  a p a r t  f r o m  t h e  e m u l s i o n s  p r e p a r e d  
in  t h e  a b s e n c e  o f  P S M .  P r e v i o u s  w o r k  ( F a n g  a n d  D a l g l e i s h ,  
1 9 9 3 a ) ,  h a s  s h o w n  th a t  t h e  c a s e i n  a d o p t e d  d i f f e r e n t  c o n f o r m a 

t i o n s  ( o r  s p r e a d  t o  d i f f e r e n t  e x t e n t s ) ,  w h e n  d i f f e r e n t  c o n c e n t r a 
t i o n s  o f  c a s e i n  w e r e  u s e d  t o  p r e p a r e  e m u l s i o n s .  A  p o s s i b l e  e x 
p l a n a t i o n  f o r  t h e  r e s u l t s  ( F ig .  3 ) ,  i s  th a t  t h e  p r e s e n c e  o f  P S M  
s i m p l y  c a u s e d  t h e  a d s o r b e d  c a s e i n s  t o  t a k e  a  s t a n d a r d  c o n f o r 
m a t i o n .  T h u s  a t  2 %  p r o t e in ,  w h e r e  c a s e i n  b i n d i n g  i s  m a x i m a l

Fig. 3—Composite plot of surface concentration T (mg m 2) 
against PSM-to-protein molar ratio (R) in all of the emulsions: •
0.25 wt% sodium caseinate; o  0.5 wt% sodium caseinate; ■ 1.0 
wt% sodium caseinate; and □ 2 wt% sodium caseinate.

a n d  t h e  c a s e i n  i s  in  a  c o n f o r m a t i o n  p r o t r u d in g  in t o  t h e  a q u e o u s  
p h a s e ,  t h e  p r o t e in  m a y  s i m p l y  b e  d i s p l a c e d  b y  e m u l s i f i e r  f r o m  
t h e  in t e r f a c e .  A t  t h e  l o w e s t  c o n c e n t r a t i o n  o f  p r o t e in ,  w h e r e  

s p r e a d in g  w o u l d  b e  m a x i m a l ,  t h e  p r e s e n c e  o f  P S M  d o e s  n o t  
o n l y  d i s p l a c e  s o m e  c a s e i n s ,  b u t  a l l o w s  t h e  p r o t e in s  t o  t a k e  a  

m o r e  c o m p a c t  c o n f o r m a t i o n  o n  t h e  in t e r f a c e ,  s o  th a t  t h e y  w o u l d  

c o v e r  l e s s  a r e a ,  h e n c e  t h e  in c r e a s i n g  d i s t a n c e  o f  t h e  z e r o - e m u l 
s i f i e r  p o in t  f r o m  t h e  a v e r a g e  c u r v e  ( F ig .  3 ) .  T h e  m a j o r  tr e n d  
w a s  p r e d ic t e d  b y  s i m p l e  L a n g m u ir  a d s o r p t io n  o f  t w o  m o l e c u l e s  
c o m p e t i n g  f o r  a n  in t e r f a c e :

e  K p [ P ]  m

p 1 +  K j, [P ]  +  K t  [T ]  L J

w h e r e  0 p i s  t h e  f r a c t io n  o f  s u r f a c e  c o v e r e d  b y  p r o t e in ,  K p a n d  
K t  a r e  e q u i l ib r iu m  b i n d i n g  c o n s t a n t s  f o r  p r o t e in  a n d  s u r f a c t a n t  
r e s p e c t i v e l y ,  a n d  [P ]  a n d  [T ]  a r e  c o n c e n t r a t i o n s  o f  p r o t e in  a n d  
s u r fa c ta n t .

T h e  a r e a  o f  in t e r f a c e  in  t h e  e m u l s i o n s  w a s  r e l a t i v e l y  f i x e d  in  
o u r  e x p e r i m e n t s  ( b e t w e e n  2  a n d  3  m 2/ g  e m u l s i o n ) ,  a n d  i t  s e e m s  
t h e r e f o r e  th a t  t h e  r e s u l t s  o f  a d s o r p t io n  r e s e m b l e d  t h o s e  w h i c h  
w o u l d  o c c u r  o n  a  p la n a r  in t e r f a c e ,  e v e n  t h o u g h  t h e  e m u l s i o n  
d r o p le t s  w e r e  f o r m e d  in  a  h i g h l y  d y n a m i c  t u r b u le n t  s i t u a t io n .  
T h is  c o n t r a s t s  w i t h  t h e  b e h a v io u r  o f  e m u l s i o n s  f o r m e d  u s i n g  o i l ,  

c a s e i n  a n d  l e c i t h i n ,  w h e r e  l e c i t h i n  a l t e r s  t h e  c o n f o r m a t i o n  o f  th e  
c a s e i n  w i t h o u t  a p p a r e n t ly  c o m p e t i n g  a n d  c a u s i n g  d e s o r p t i o n  o f  
t h e  p r o t e in  ( F a n g  a n d  D a l g l e i s h ,  1 9 9 3 b ) .

T h e  c o m p o s i t i o n  o f  p r o t e in  w a s  c o m p a r e d  a t  t h e  e m u l s i o n  
d r o p le t  s u r f a c e  ( F i g .  4  a  -d ) . T h e  p r o p o r t io n s  o f  a s-  a n d  (3 - c a 
s e i n s  a t  t h e  e m u l s i o n  d r o p le t  s u r f a c e  w e r e  a f f e c t e d  b y  b o t h  t h e  

e m u l s i f i e r  c o n c e n t r a t io n  a n d  t h e  to t a l  a m o u n t  o f  p r o t e in .  H o w 
e v e r ,  t h e  p r o p o r t io n  o f  K - c a s e in  a t  t h e  d r o p le t  s u r f a c e  r e m a in e d  

a p p r o x i m a t e l y  t h e  s a m e  a t  a l l  a d d e d  c o n c e n t r a t i o n s  o f  p r o t e in
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Fig. 4—Effect of PSM on the interfacial composition of caseins in oil-in-water emulsions (20 wt% soya oil, deionized water, pH 7).
The proportion of each casein at the droplet surface (as % of total casein) is plotted as a function of both the concentration of added 
P S M  and the emulsifier-to-protein molar ratio R: •  a s-casein; ▲ (3-casein; ■ K-casein; (a) 0.25 wt% sodium caseinate; (b) 0.5 wt% sodium 
caseinate; (c) 1.0 wt% sodium caseinate; (d) 2.0 wt% sodium caseinate.

and surfactant. In the absence of PSM, at sodium caseinate con
centrations of < 1.0 wt%, the ratio of (3- to a s-casein at the 
surface was greater than the ratio in the original sodium casein
ate, suggesting that P-casein may have adsorbed in preference 
to a s-casein under these conditions. However, at a protein con
centration of 2.0 wt%, there was no preference for (3-casein 
adsorption at the surface. Predominance of |3-casein at the emul
sion droplet surface has also been reported by Dickinson et al.
(1988) in fresh emulsions (10 wt% n-tetradecane, 0.5 wt% total 
protein, pH 7), prepared with a mixture of pure a sl- and 13- 
caseins. This was attributed to the higher surface activity of 13- 
casein as compared to other caseins (Benjamins et al., 1975; 
Dickinson et al., 1985; Castle et al., 1987). However, Robson 
and Dalgleish (1987) reported no preference for any of the ca
seins immediately after homogenization in butter oil-in-water 
emulsions stabilized by commercial sodium caseinate; emulsions 
were prepared with 1.0 wt% -  3.0 wt% protein. Only on ageing 
of these emulsions did (3-casein displace some but not all of the 
surface a sl-casein. In a more recent study, Hunt and Dalgleish
(1994) prepared soya oil-in-water emulsions, stabilized by lab
oratory prepared freeze-dried sodium caseinate, using a micro- 
fluidizer. No preference for any of the caseins was found either 
immediately after emulsification or after ageing the emulsions. 
We could not explain why the results of our study differed from

that previous work. Different emulsification equipment and con
ditions used as well as the different types of caseinate (com
mercial or laboratory prepared) and analytical methods may 
account for differences in competitive adsorption.

It also was not clear why the preferential adsorption of (3- 
casein was influenced by initial protein concentration. Pepper 
and Farrell (1982), using gel permeation chromatography, ob
served that increasing protein concentration in the range 0.1 to 
2.94 wt% caused formation of casein oligomers in soluble whole 
casein. The formation of such oligomers at protein concentra
tions >1.0 wt% possibly affects the adsorption behavior of dif
ferent casein components. Another possibility is that higher 
concentrations of protein favour the formation of p-casein mi
celles (Swaisgood, 1992), which are not adsorbed as effectively 
as the monomeric P-casein.

At the lowest caseinate concentration (0.25 wt%), addition of 
PSM caused a slight decrease in proportion of P-casein and a 
concomitant increase in a s-casein at the droplet surface. At pro
tein concentrations 0.5 and 1.0 wt%, the differences in droplet 
surface composition in the presence and absence of emulsifier 
were greater. At added emulsifier concentrations of 0.4 wt% and 
above, the P- and cq-caseins were adsorbed at the surface in 
approximately equal amounts. This indicated more specific dis
placement of p-casein by PSM under these conditions. The
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Fig. 5— Average droplet diameter d3 2 of oil-in-water emulsions (20 wt% soya oil, deionized water, pH 7) containing various amounts 
of sodium caseinate and SM. Average droplet diameter d3 2 is plotted as a function of both the concentration of added SM and the 
emulsifier-to-protein molar ratio R: (a) 0.25 wt% sodium caseinate; (b) 0.5 wt% sodium caseinate; (c) 1.0 wt% sodium caseinate; (d)
2.0 wt% sodium caseinate.

m u c h  g r e a t e r  s u r f a c e  a c t i v i t y  o f  t h e  ( 3 - c a s e in  m o l e c u l e  m a y  e n 
a b l e  it  t o  in t e r a c t  m o r e  w i t h  P S M  c o m p a r e d  t o  t h e  o t h e r  t w o  

c a s e i n  f r a c t io n s  ( a s-  a n d  K - c a s e i n s ) .  A t  a  c a s e i n a t e  c o n c e n t r a t io n  
o f  2 . 0  w t % , t h e  c a s e i n  c o m p o s i t i o n  a t  t h e  s u r f a c e  r e m a in e d  a p 
p r o x i m a t e l y  t h e  s a m e  r e g a r d l e s s  o f  a d d e d  P S M .  H o w e v e r ,  th e  
p r e f e r e n t ia l  a d s o r p t io n  o f  ( 3 - c a s e in  w a s  a  r e l a t i v e l y  s m a l l  e f f e c t  
w it h in  t h e  g e n e r a l  d e c r e a s e ;  t h e  m a j o r  e f f e c t  o f  P S M  w a s  t o  
c a u s e  n o n - s p e c i f i c  d e s o r p t io n  o f  a l l  c a s e i n s ,  w i t h  a  s l i g h t  b ia s  
t o  p r e f e r e n t i a l l y  r e m o v i n g  (3 - c a s e in .

Oil-soluble surfactant ( S M )

A s  w i t h  P S M ,  t h e  p r e s e n c e  o f  S M  d u r in g  h o m o g e n i z a t i o n  
r e s u l t e d  in  a  d e c r e a s e  in  d r o p le t  d ia m e t e r  ( d 32)  b u t  o n l y  u p  t o  

e m u l s i f i e r - t o - p r o t e i n  m o la r  r a t io s  o f  ~  R  =  4 0  t o  — R  =  6 0  
( F i g .  5 ) .  T h e  m o la r  r a t io  w a s  c a l c u l a t e d  o n  t h e  a s s u m p t i o n  th a t  
m o l e c u l a r  w e i g h t s  o f  S M  a n d  s o d i u m  c a s e i n a t e  w e r e  4 7 5  a n d
2 3 , 0 0 0  d a l t o n s ,  r e s p e c t i v e l y .  S e v e r a l  o t h e r  w o r k e r s  h a v e  a l s o  
o b s e r v e d  a  r e d u c t io n  in  e m u l s i o n  d r o p le t  s i z e  o n  a d d i t io n  o f  o i l -  
s o l u b l e  s u r f a c t a n t  i n c l u d i n g  D i c k i n s o n  e t  a l .  ( 1 9 8 9 b ) ,  C o u r t h a u -  
d o n  e t  a l .  ( 1 9 9 I d )  a n d  D i c k i n s o n  e t  a l .  ( 1 9 9 3 ) .  A  m in i m u m  in  

d r o p le t  d ia m e t e r  w a s  o b s e r v e d  a t  m o la r  r a t io s  o f  R  =  4 0  t o  R  
=  6 0  in  o u r  e m u l s i o n  s y s t e m s  f o l l o w e d  b y  a  s u b s e q u e n t  i n c r e a s e  
in  d 32 v a l u e s .  F o r  e x a m p l e ,  in  e m u l s i o n s  s t a b i l i z e d  b y  0 .5  w t%

c a s e i n a t e  ( F ig .  5 b ) ,  t h e  d r o p le t  d ia m e t e r  d e c r e a s e d  f r o m  0 . 5 7  
p m  in  t h e  a b s e n c e  o f  S M  t o  0 . 4 8  p m  a t  a  m o la r  r a t io  o f  R  =  

6 0 .  T h i s  w a s  f o l l o w e d  b y  a n  in c r e a s e  in  d 3 2 t o  0 . 5 4  p m  a t  R  =  
1 0 0 .  S im i la r  r e s u l t s  h a v e  b e e n  r e p o r t e d  b y  D i c k i n s o n  e t  a l .
( 1 9 9 3 )  w h o  o b s e r v e d  a n  in c r e a s e  in  d ia m e t e r  o f  ( 3 - la c t o g lo b u l in -  

s t a b i l i z e d  e m u l s i o n  d r o p le t s  o n  t h e  a d d i t io n  o f  S p a n  8 0  ( s o r b i t a n  
m o n o o l e a t e )  a t  m o la r  r a t io s  o f  R  >  5 0 .  T h i s  h a s  b e e n  a t t r ib u te d  
t o  i n c i p i e n t  d e s t a b i l i z a t i o n  o f  t h e  o i l - w a t e r  e m u l s i o n  b y  t h e  l i 
p o p h i l i c  e m u ls i f i e r .

S u r f a c e  p r o t e in  c o n c e n t r a t io n  ( r  m g / m 2)  w a s  p l o t t e d  a s  a  
f u n c t i o n  o f  c o n c e n t r a t io n  o f  a d d e d  S M  ( F i g .  6 ) .  T h e r e  w a s  in 
c o m p l e t e  p r o t e in  d i s p l a c e m e n t  f r o m  t h e  d r o p le t  s u r f a c e  b y  t h e  
o i l - s o l u b l e  s u r fa c ta n t .  P a r t ia l  p r o t e in  d i s p l a c e m e n t  b y  o i l - s o l u b l e  

s u r f a c t a n t  ( i n  p a r t ic u la r  m o n o g l y c e r i d e s  a n d  p h o s p h o l i p i d s )  h a s  
b e e n  w e l l  d o c u m e n t e d  ( O o r t w i j n  a n d  W a ls t r a ,  1 9 7 9 ;  D i c k i n s o n  
e t  a l . ,  1 9 8 9 b ,  1 9 9 3 ;  H e e r t j e  e t  a l . ,  1 9 9 0 ;  C o u r t h a u d o n  e t  a l . ,  
1 9 9 I d ;  K r o g ,  1 9 9 1 ) .  C o m p a r i s o n  o f  d a t a  s h o w n  ( F i g .  6  a n d  F i g .  
2 )  in d ic a t e  th a t  t h e  o i l - s o l u b l e  s u r f a c t a n t ,  S M ,  w a s  n o t  a s  e f f e c 
t i v e  a s  t h e  w a t e r - s o l u b l e  s u r f a c t a n t ,  P S M ,  in  d i s p l a c i n g  p r o t e in  
f r o m  t h e  d r o p le t  s u r f a c e .  O o r t w i j n  a n d  W a ls t r a  ( 1 9 7 9 )  a n d  C o u r 
t h a u d o n  e t  a l .  ( 1 9 9 1 a )  a l s o  r e p o r t e d  a  m o r e  p r o n o u n c e d  d i s 
p l a c e m e n t  o f  m i l k  p r o t e in  b y  w a t e r - s o l u b l e  s u r f a c t a n t s  a s  
c o m p a r e d  t o  o i l - s o l u b l e  s u r f a c t a n t s .
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Fig. 6—Effect of SM on the protein surface concentration F {mg 
m 2) in oil-in-water emulsions (20 wt% soya oil, deionized water, 
pH 7) containing various concentrations of sodium caseinate. The
surface concentration is plotted as a function of the concentration 
of added SM: •  0.25 wt% sodium caseinate; o 0.5 wt% sodium 
caseinate; ■ 1.0 wt% sodium caseinate; □ 2.0 wt% sodium casein
ate.

A s  w i t h  P S M  ( F ig .  3 ) ,  w e  c o u l d  c o m b i n e  r e s u l t s  f r o m  a l l  
e m u l s i o n s  in  o n e  f ig u r e  ( F i g .  7 ) .  T h i s  o n c e  a g a in  s u g g e s t e d  th a t  

t h e  e m u l s i o n s  m a d e  w i t h  p r o t e in  a l o n e  w e r e  d i f f e r e n t  in  th e ir  
b e h a v io u r ,  b e c a u s e  o f  t h e  s p r e a d in g  o f  t h e  c a s e i n a t e .  C o m p a r i 
s o n  o f  r e s u l t s  ( F i g .  3  a n d  F i g .  7 )  s h o w s  th a t  S M  h a d  l e s s  i n f lu 
e n c e  o n  c o n f ig u r a t io n  o f  p r o t e in  th a n  P S M  a t  t h e  l o w e r  p r o t e in  

c o n c e n t r a t io n s .  T h e  c o m b i n e d  c u r v e  s h o w s  g r a p h i c a l l y  th a t  
t h e r e  w a s  v i r t u a l l y  n o  r a t io  o f  S M  t o  p r o t e in  la r g e  e n o u g h  t o  

r e s u l t  in  c o m p l e t e  d i s p l a c e m e n t  o f  t h e  p r o t e in .
P r o p o r t i o n s  o f  c a s e i n s  a t  t h e  e m u l s i o n  d r o p le t  s u r f a c e  w e r e  

p lo t t e d  a s  a  f u n c t i o n  o f  t h e  a m o u n t s  o f  a d d e d  S M  a t  d i f f e r e n t  
p r o t e in  c o n c e n t r a t i o n s  ( F i g .  8  a - d ) .  T r e n d s  w e r e  q u i t e  s i m i l a r  t o  
t h o s e  o b s e r v e d  f o r  P S M  ( F i g  4 .  a - d ) .  In  t h e  a b s e n c e  o f  s u r f a c 
ta n t ,  p r e f e r e n t ia l  a d s o r p t io n  o f  p - c a s e i n  a t  t h e  d r o p le t  s u r f a c e  

o c c u r r e d  in  e m u l s i o n s  c o n t a i n i n g  <  1 .0  w t %  s o d i u m  c a s e i n a t e .  
A t  t h e  h i g h e s t  c o n c e n t r a t i o n  o f  p r o t e in  u s e d  in  t h i s  e x p e r i m e n t  

( 2 . 0  w t % )  t h e  c a s e i n s  w e r e  a d s o r b e d  a t  t h e  d r o p le t  s u r f a c e  a c 
c o r d i n g  t o  t h e ir  p r o p o r t io n s  in  t h e  b u lk  p h a s e .  T h e  a d d i t io n  o f  
S M  ( F i g .  8 d )  d id  n o t  a l t e r  t h e  p r o p o r t io n s  o f  i n d iv id u a l  c a s e i n s  
a d s o r b e d  a t  t h e  e m u l s i o n  d r o p le t  s u r f a c e .  I n  e m u l s i o n s  c o n t a i n 
in g  0 . 2 5  o r  0 .5  w t %  s o d i u m  c a s e i n a t e  a n d  <  0 . 6  w t %  a d d e d  S M ,  
t h e r e  w a s  a  m a r k e d  p r e f e r e n c e  f o r  p - c a s e i n  a t  t h e  d r o p le t  s u r 
f a c e .  T h i s  p r e f e r e n t ia l  a d s o r p t io n  o f  P - c a s e i n  w a s  l e s s e n e d ,  w i t h  
a  c o r r e s p o n d i n g  i n c r e a s e  in  p r o p o r t io n  o f  a s- c a s e i n  a t  t h e  in t e r 
f a c e  w i t h  a d d e d  S M  c o n c e n t r a t i o n s  o f  >  0 . 8  w t% . S M  h a d  t h e  
m o s t  e f f e c t  o n  t h e  in t e r f a c i a l  p r o t e in  c o m p o s i t i o n  in  e m u l s i o n s  
c o n t a i n i n g  1 .0  w t %  s o d i u m  c a s e i n a t e  ( F i g .  8 c ) .  A s  t h e  a m o u n t  

o f  S M  w a s  in c r e a s e d  in  t h e s e  s y s t e m s ,  t h e  p r e f e r e n c e  f o r  p -  
c a s e i n  f o r  t h e  d r o p le t  s u r f a c e  w a s  s u b s t a n t i a l l y  r e d u c e d .  T h e r e

R
Fig. 7—Composite plot of surface concentration T (mg m 2) 
against SM-to-protein molar ratio (R) in all of the emulsions: •
0.25 wt% sodium caseinate; o  0.5 wt% sodium caseinate; ■ 1.0 
wt% sodium caseinate; and □ 2.0 wt% sodium caseinate.

w a s  n o  p r e f e r e n c e  f o r  P - c a s e i n  a t t h e  in t e r f a c e  in  e m u l s i o n s  
c o n t a i n i n g  a d d e d  c o n c e n t r a t i o n s  o f  >  0 . 8  w t %  S M .

O n e  im p o r t a n t  a p p l i c a t i o n  o f  l o w - m o l e c u l a r  w e i g h t  s u r f a c 
t a n t s  i s  t h e  w e a k e n i n g  o f  p r o t e i n - f a t  b i n d i n g  t o  c a u s e  a g g l o m 
e r a t io n  o f  fa t  g l o b u l e s  in  w h i p p a b l e  e m u l s i o n s  s u c h  a s  i c e  c r e a m  
m i x  o r  w h i p p e d  c r e a m  ( B e r g e r ,  1 9 7 6 ;  D a r l i n g  a n d  B ir k e t t ,
1 9 8 7 ) .  T h i s  l e a d s  t o  p r o d u c t s  w i t h  h i g h  m e l t  r e s i s t a n c e  a n d  a  

s m o o t h  t e x t u r e  ( G o f f  a n d  J o r d a n ,  1 9 8 9 ) .  O u r  r e s u l t s  s u g g e s t  th a t  
t h e  w a t e r - s o l u b l e  s u r f a c t a n t  P S M ,  w h i c h  c a n  c a u s e  g r e a t e r  p r o 
t e i n  d i s p l a c e m e n t ,  s h o u l d  c a u s e  m o r e  f a t  d e s t a b i l i z a t i o n  in  s u c h  

s y s t e m s  t h a n  S M .  G o f f  a n d  J o r d a n  ( 1 9 8 9 )  d e m o n s t r a t e d  th a t  
P S M  p r o d u c e d  s i g n i f i c a n t l y  m o r e  f a t  d e s t a b i l i z a t i o n  in  s t a n d a r d  
i c e  c r e a m  m i x  th a n  d id  S M .

R e s e a r c h  i s  n e e d e d  o n  t h e  c o m p e t i t i v e  a d s o r p t io n  b e t w e e n  

s o d i u m  c a s e i n a t e  a n d  a  m ix t u r e  o f  s u r f a c t a n t s ,  s i n c e  m o s t  f o o d  
e m u l s i o n s  i n v o l v e  a  c o m b i n a t i o n  o f  e m u l s i f i e r s .  It w o u l d  b e  o f  
s p e c i a l  in t e r e s t  t o  s t u d y  P S M ,  S M  a n d  m o n o -  a n d  d i g l y c e r i d e s ,  
s i n c e  t h e s e  s u r f a c t a n t s  a r e  c o m m o n l y  u s e d  in  f o o d  e m u l s i o n s .

CONCLUSIONS
B o t h  t h e  w a t e r - s o l u b l e  s u r f a c t a n t , P S M  a n d  t h e  o i l - s o l 
u b le  s u r f a c t a n t ,  S M  c o u l d  p a r t ia l ly  d i s p l a c e  s o d i u m  c a s e i n a t e  
f r o m  t h e  o i l - w a t e r  e m u l s i o n  in t e r f a c e .  O f  t h e  t w o  s u r f a c t a n t s ,  
P S M  w a s  t h e  m o r e  e f f e c t i v e  in  r e d u c i n g  p r o t e in  s u r f a c e  c o n 
c e n t r a t io n .  T h e  c o m p o s i t i o n  o f  c a s e i n  a t  t h e  d r o p le t  s u r f a c e  w a s  
i n d e p e n d e n t  o f  s u r f a c t a n t  t y p e .  T h e  m o s t  s u r f a c e - a c t i v e  c a s e i n  
( P - c a s e i n )  p r e d o m in a t e d  t h e  in t e r f a c e  in  t h e  a b s e n c e  o f  s u r f a c 
ta n t  in  e m u l s i o n s  c o n t a i n i n g  <  1 .0  w t %  s o d i u m  c a s e i n a t e .  T h e  
p r e f e r e n c e  f o r  p - c a s e i n  a t  t h e  d r o p le t  s u r f a c e  w a s  s u b s t a n t ia l ly  
r e d u c e d  in  t h e  p r e s e n c e  o f  s u r f a c t a n t ,  e s p e c i a l l y  in  e m u l s i o n s  
s t a b i l i z e d  b y  0 .5  a n d  1 .0  w t %  s o d i u m  c a s e i n a t e .  A t  a n  a d d e d

Volume 60, No. 5, 1995—JOURNAL OF FOOD SCIENCE— 1129



CO M PETITIVE ADSO RPTIO N IN EM ULSIONS . . .

R R

R
0 10 20 30 40 50 1 0 15 2 0 25

Fig. 8—Effect of SM on the interfacial composition of caseins in oil-in-water emulsions (20 wt% soya oil, deionized water, pH 7).
The proportion of each casein at the emulsion droplet surface (as % of total casein) is plotted as a function of both the concentration 
of added SM and the emulsifier-to-protein molar ratio R: •  a s-casein; a  0-casein; ■ «-casein; (a) 0.25 wt% sodium caseinate; (b) 0.5 
wt% sodium caseinate; (c) 1.0 wt% sodium caseinate; (d) 2.0 wt% sodium caseinate.

s o d i u m  c a s e i n a t e  c o n c e n t r a t i o n  o f  2 . 0  w t % , p r e f e r e n t ia l  a d s o r p 
t io n  o f  ( 3 - c a s e in  w a s  n o t  o b s e r v e d  e i t h e r  in  t h e  p r e s e n c e  o r  a b 
s e n c e  o f  s u r fa c ta n t .
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m a t i o n  d u r i n g  h e a t i n g  a t  h i g h  i o n i c  s t r e n g t h .  T h i s  b e h a v i o r  
i l l u s t r a t e d  t h e  i m p o r t a n c e  o f  t h e  c o m p o s i t i o n  o f  f r e e  p r o t e i n  

in  t h e  e m u l s i o n  w i t h  r e s p e c t  t o  h e a t  s t a b i l i t y  a n d  a l s o  c o n 
f i r m e d  t h e  f u n c t i o n  o f  e m u l s i o n  d r o p l e t s  in  f a c i l i t a t i n g  g e l  

f o r m a t io n .
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Power Absorption During Microwave Heating of Emulsions
and Layered Systems

S H E R Y L  A .  B A R R I N G E R ,  K .  G A N A P A T H Y  A Y A P P A ,  E U G E N I A  A .  D A V I S ,  H .  T E D  D A V I S ,  a n d  J O A N  G O R D O N

----------------------------  ABSTRACT ----------------------------
M i c r o w a v e  o v e n  h e a t i n g  r a t e s  o f  v a r i o u s  o i l - i n - w a t e r  e m u l s i o n s ,  w a t e r -  
i n - o i l  e m u l s i o n s ,  a n d  l a y e r e d  s y s t e m s  w e r e  c o m p a r e d .  E m u l s i o n s  h e a t e d  
f a s t e r  t h a n  c o r r e s p o n d m g  l a y e r e d  s y s t e m s ,  w h i c h  h e a t e d  f a s t e r  t h a n  a  
c a l c u l a t e d  w e i g h t e d  a v e r a g e  o f  i n d i v i d u a l  c o m p o n e n t s .  D i f f e r e n c e s  w e r e  
a t t r i b u t e d  t o  i n c r e a s e d  p o w e r  a b s o r p t i o n  c a u s e d  b y  t h e  l a r g e  n u m b e r  o f  

i n t e r f a c e s  o c c u r r i n g  in  e m u l s i o n s ,  o r  b y  a  s i n g l e  i n t e r f a c e  i n  t h e  l a y e r e d  
s y s t e m ,  a n d  b y  r e s o n a n t  a b s o r p t i o n  o f  m i c r o w a v e  r a d i a t i o n ,  w h i c h  is  
d e t e r m i n e d  b y  d i e l e c t r i c  p r o p e r t i e s .  T h e  t y p e s  a n d  p r o p o r t i o n s  o f  e m u l 
s i o n s  d e t e r m i n e d  t h e  n u m b e r  o f  i n t e r f a c e s .  T h e  d i e l e c t r i c  p r o p e r t i e s  a n d  
s a m p l e  s i z e  d e t e r m i n e d  in  w h i c h  s a m p l e s  r e s o n a n t  a b s o r p t i o n  o c c u r r e d .

K e y  W o r d s :  e m u l s i o n s ,  o i l - w a t e r ,  l a y e r e d ,  h e a t  t r a n s f e r ,  m i c r o w a v e

INTRODUCTION
T h e  m i c r o w a v e  o v e n  h a s  m a n y  c o m m e r c i a l  a n d  c o n s u m e r  
u s e s ,  e s p e c i a l l y  f o r  h e a t in g  f o o d s .  A n  e m u l s i o n  i s  a  c o m m o n  

f o o d  s y s t e m  th a t  f o r m s  t h e  b a s i s  o f  s a la d  d r e s s i n g s ,  c a k e s ,  s a u 
s a g e s  a n d  m a n y  o t h e r  f o o d s .  U n d e r s t a n d in g  h o w  a n  e m u l s i o n  
h e a t s  in  a  m i c r o w a v e  o v e n  c a n  b e  o f  a d v a n t a g e  b e c a u s e  o f  th e  

w i d e  u s a g e  o f  m i c r o w a v e  s y s t e m s .
T h e  h e a t in g  r a te  o f  a  m u l t i c o m p o n e n t  s y s t e m ,  s u c h  a s  a n  

e m u l s i o n ,  h a s  n o t  b e e n  t h o r o u g h l y  s t u d i e d  in  t h e  m i c r o w a v e  
o v e n .  F r o m  k n o w l e d g e  o f  c o n v e n t i o n a l  h e a t i n g ,  w e  m a y  p r e d ic t  

th a t  t h e  h e a t i n g  r a te  o f  a n  e m u l s i o n  w o u l d  e q u a l  t h e  h e a t i n g  r a te  
o f  t h e  w e i g h t e d  a v e r a g e  o f  o i l  a n d  w a te r .  T h a t  i s ,  t h e  h e a t  c a 
p a c i t y  w o u l d  b e  t h e  m a j o r  d e t e r m in a n t .  H o w e v e r ,  t h e  f u n d a 
m e n t a l  n a tu r e  o f  e n e r g y  a b s o r p t io n  b y  t h e  s a m p l e  in  t h e  m ic r o -  

w a v e  o v e n  i s  d i f f e r e n t  f r o m  th a t  in  t h e  c o n v e n t i o n a l  o v e n .  

M a x w e l l ’s  f i e ld  e q u a t io n s  ( M a x w e l l ,  1 8 8 1 )  p r e d ic t  th a t  a t  e v e r y  
in t e r f a c e ,  p a r t o f  th e  m i c r o w a v e  r a d ia t io n  i s  r e f le c t e d .  A n  e m u l 
s i o n  c o n s i s t s  o f  d r o p le t s  d i s p e r s e d  in  a  c o n t in u o u s  p h a s e ,  w i t h  a n  
in t e r f a c e  a r o u n d  e v e r y  d r o p le t .  T h e r e f o r e ,  t h e  a b s o r p t io n  o f  p o w e r  

s h o u ld  b e  d i f f e r e n t  f o r  a n  e m u l s i o n ,  w h ic h  h a s  m a n y  in t e r f a c e s ,  
th a n  f o r  p u r e  o i l  o r  w a t e r ,  w h i c h  h a s  o n l y  a n  e x t e r n a l  in t e r f a c e .  
S a s a k i  e t  a l .  ( 1 9 8 8 )  r e p o r t e d  t h e  h e a t i n g  r a te s  o f  o i l ,  w a t e r  a n d  

e m u l s i o n s  in  a  m i c r o w a v e  o v e n .  T h e y  c o n c l u d e d  th a t  t h e  p o w e r  
a b s o r p t io n  o f  t h e  e n t ir e  s y s t e m  e q u a l e d  t h e  p o w e r  a b s o r b e d  b y  
t h e  w a t e r  p lu s  th a t  a b s o r b e d  d u e  to  t h e  in t e r f a c ia l  a r e a ,  w h i c h  

c o u l d  b e  c l o s e l y  a p p r o x im a t e d  b y  m e a s u r in g  o n l y  th e  p o w e r  
a b s o r p t io n  o f  t h e  w a t e r  p h a s e .  A t  th a t  t im e  t h e y  d id  n o t  h a v e  
a n  e x p l a n a t i o n  a s  t o  w h y  a n  in t e r f a c e  i n c r e a s e d  p o w e r  a b s o r p 
t io n .

W h e t h e r  th e  c o n t in u o u s  p h a s e  i s  o i l  o r  w a t e r  w i l l  a l s o  a f f e c t  
a n  e m u l s i o n ’s  h e a t in g  r a te . T h e  e l e c t r o s t a t i c  s o lu t io n  fo r  th e  e l e c 
tr ic  f i e ld  in s id e  a  d r o p  (S tr a t to n ,  1 9 4 1 )  in d ic a t e s  th a t  t h e  e le c t r ic
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f i e ld  d e p e n d s  o n  w h ic h  c o m p o n e n t  i s  th e  c o n t in u o u s  p h a s e .  In  a n  

o i l - i n - w a t e r  e m u l s i o n ,  th e  e l e c t r i c  f i e ld  in s id e  t h e  o i l  d r o p le t  
w o u l d  b e  e n h a n c e d  o v e r  th e  f i e ld  in  t h e  c o n t in u o u s  w a t e r  p h a s e .  
In  th e  r e v e r s e  e m u ls io n ,  w a t e r - in - o i l ,  th e  f i e ld  in s id e  th e  w a t e r  

d r o p le t  w o u l d  b e  r e d u c e d  o v e r  t h e  f i e ld  in  th e  c o n t i n u o u s  o i l  
p h a s e .  B e c a u s e  o f  t h i s  d i f f e r e n c e  in  e l e c t r i c  f i e ld ,  th e  t w o  e m u l 
s i o n s  s h o u ld  h a v e  d i f f e r e n t  d ie le c t r i c  v a lu e s .  T h o m a s  e t  a l .  ( 1 9 9 0 )  
f o u n d  t h i s  w a s  tr u e  f o r  e m u l s i o n s  in  t h e  g ig a h e r t z  r a n g e ,  b u t  t h e y  

d id  n o t  g o  a s  l o w  a s  2 4 5 0  M H z ,  th e  f r e q u e n c y  o f  h o m e  m ic r o -  

w a v e  o v e n s .
P r e v i o u s  w o r k  ( B a r r i n g e r  e t  a l . ,  1 9 9 4 )  o n  h e a t i n g  r a t e s  o f  o i l  

a n d  w a t e r  i n d i c a t e s  th a t  f o r  s a m p l e s  w i t h  g i v e n  d i e l e c t r i c  p r o p 
e r t i e s ,  s a m p l e  s i z e  d e t e r m in e s  w h i c h  h e a t  t r a n s f e r  m e c h a n i s m s  
d o m i n a t e  d u r in g  h e a t in g .  T h e y  f o u n d  th a t  f o r  s a m p l e s  in  w h i c h  

t h e  b e a k e r  r a d iu s  w a s  la r g e  c o m p a r e d  t o  t h e  w a v e l e n g t h  o f  r a 
d ia t io n  w i t h i n  t h e  s a m p l e ,  h e a t i n g  r a te  w a s  c o n t r o l l e d  b y  t h e r m a l  
p r o p e r t i e s ,  e s p e c i a l l y  h e a t  c a p a c i t y .  F o r  s a m p l e s  o n  t h e  o r d e r  

o f ,  o r  s m a l l e r  th a n ,  th a t  w a v e l e n g t h ,  t h e  d o m in a n t  e f f e c t s  w e r e  
t h e  r e f l e c t i o n s  a n d  w a v e  in t e r f e r e n c e s  th a t  o c c u r  a s  e l e c t r o m a g 
n e t i c  r a d ia t io n  in t e r a c t e d  w i t h  t h e  s a m p le .

In  o u r  i n v e s t i g a t i o n ,  e m u l s i o n s  w e r e  h e a t e d  in  t h e  m i c r o w a v e  

o v e n .  M o s t  e x p e r i m e n t s  w e r e  d o n e  w i t h  2 0 - g  s a m p l e s  s o  th a t  
e l e c t r o m a g n e t i c  in t e r a c t io n s  w o u l d  b e  d o m in a n t .  O i l - l a y e r e d - o n -  

w a t e r  s a m p l e s  w e r e  a l s o  h e a t e d  in  th e  m i c r o w a v e  o v e n .  O u r  
o b j e c t i v e  w a s  t o  s t u d y  t h e  u n d e r l y i n g  m e c h a n i s m  f o r  t h e  h e a t i n g  
r a te  b y  v a r y i n g  t h e  p r o p o r t io n s  o f  o i l  t o  w a t e r  a n d  t y p e  o f  e m u l 
s i o n ,  in  c o m p a r i s o n  to  a  la y e r e d  s y s t e m .

MATERIALS & METHODS
Oil-in-water ( o / w )  a n d  w a t e r - i n - o i l  ( w / o )  e m u l s i o n s  w e r e  p r e p a r e d  
w i t h  v a r i o u s  a m o u n t s  o f  w a t e r .  X a n t h a n  g u m  a n d  e m u l s i f i e r s  w e r e  a d d e d  

a s  s t a b i l i z e r s .  X a n t h a n  g u m  ( K e l t r o l  T ,  K e l c o  D i v i s i o n  o f  M e r c k  a n d  
C o .  I n c . ,  R a h w a y  N J )  w a s  d i s s o l v e d  in  t h r e e  t i m e s  i t s  w e i g h t  o f  o i l  
( M a z o l a ,  B e s t  F o o d s ,  E n g l e w o o d  C l i f f s ,  N J )  a n d  t h e n  a d d e d  a t  a  1 %  
l e v e l  t o  d i s t i l l e d  w a t e r .  T h e  s o l u t i o n  w a s  m i x e d  f o r  5  m i n  w i t h  a  h a n d  
m i x e r  ( m o d e l  4 1 6 6 ,  B r a u n ,  L y n n f i e l d ,  M A )  t o  h y d r a t e  t h e  g u m .  T h e  

e m u l s i f i e r  w a s  d i s s o l v e d  in  t h e  o i l .  F o r  o / w  e m u l s i o n s ,  p o l y s o r b a t e  ( P o -  
l y c o n  T 6 0 ,  H u m k o  C h e m i c a l  D i v i s i o n  o f  W i t c o  C o r p o r a t i o n ,  M e m p h i s  
T N )  w a s  u s e d  a t  0 . 2 %  o f  t h e  o i l ,  t h e  l e v e l  r e c o m m e n d e d  f o r  o / w  s a l a d  
d r e s s i n g s .  F o r  w / o  e m u l s i o n s ,  s a t u r a t e d  m o n o g l y c e r i d e  ( D i m o d a n  P V K ,  
G r i n d s t e d  P r o d u c t s  I n c ,  I n d u s t r i a l  A i r p o r t ,  K a n s a s )  w a s  u s e d  a t  1 %  o f  
t h e  o i l ,  t h e  m i n i m u m  n e e d e d  to  f o r m  a  s t a b l e  e m u l s i o n .

T h e  o i l - e m u l s i f i e r  a n d  w a t e r - g u m  p h a s e s  ( h e r e a f t e r  r e f e r r e d  t o  a s  t h e  
o i l ,  a n d  w a t e r ,  p h a s e s )  w e r e  m i x e d  2  m i n  w i t h  t h e  h a n d  m i x e r .  T h e  
m i x e r  w a s  s e t  o n  th e  h i g h e s t  s e t t i n g  to  p r o d u c e  a  m e d i u m  e m u l s i o n  a n d  
t h e  l o w e s t  s e t t i n g  to  p r o d u c e  a  c o a r s e  e m u l s i o n .  T h e  f in a l  e m u l s i o n  w a s  
d e g a s s e d  f o r  3 0  m i n  u n d e r  2 5  m m H g  v a c u u m  a n d  h e l d  a t  4 ° C .  T o  d e 
t e r m i n e  e m u l s i o n  d r o p l e t  s i z e ,  s a m p l e s  w e r e  o b s e r v e d  u n d e r  a  m i c r o 
s c o p e .  E m u l s i o n s  w e r e  c l a s s i f i e d  a s  c o a r s e  i f  d r o p l e t s  h a d  a  d i a m e t e r  o f  
<  200  p m  a n d  m e d i u m  i f  a l l  d r o p l e t  d i a m e t e r s  w e r e  <  10 p m .

A  s e c o n d  s e t  o f  e m u l s i o n s  w a s  p r e p a r e d  w i t h  1 %  N a C l  a d d e d  t o  t h e  
w a t e r  p h a s e .  A  t h i r d  s e t  w a s  p r e p a r e d  b y  l a y e r i n g  t h e  o i l  p h a s e  o n  t o p  
o f  t h e  w a t e r  p h a s e  w i t h o u t  m i x i n g .

S a m p l e s  ( e m u l s i o n ,  w a t e r  o r  o i l )  w e r e  p l a c e d  in  b e a k e r s  a n d  r e f r i g 
e r a t e d  t o  4 ° C .  F o r  5 0 %  o i l  5 0 %  w a t e r  s a m p l e s ,  2 0 ,  3 0 ,  5 0 ,  1 0 0 .  2 0 0 .  
3 0 0 ,  4 0 0 ,  5 0 0 ,  6 0 0 ,  a n d  7 0 0 g  s a m p l e s  w e r e  u s e d .  T h e y  w e r e  t h e n  p l a c e d  
in  t h e  c e n t e r  o f  a  h o u s e h o l d  m i c r o w a v e  o v e n  ( M o d e l  1 2 8 5 ,  L i t t o n ,  M i n 
n e a p o l i s ,  M N )  w i t h  a  m e a s u r e d  o u t p u t  o f  6 0 0 W .  S a m p l e s  w e r e  h e a t e d  
to  a n  e n d  t e m p e r a t u r e  o f  5 5 ° C .  T h e  t i m e  r e q u i r e d  to  r e a c h  t h i s  e n d  
t e m p e r a t u r e  w a s  d e t e r m i n e d  f o r  e a c h  s a m p l e .  A t  t h e  e n d  o f  h e a t i n g ,  
s a m p l e s  w e r e  s t i r r e d  3 0  s e c  t o  d e t e r m i n e  t h e  f in a l  t e m p e r a t u r e .  F r o m  th e
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i n i t i a l  a n d  f in a l  t e m p e r a t u r e s ,  t h e  a v e r a g e  h e a t i n g  r a t e  w a s  d e t e r m i n e d .  
I n i t i a l  a n d  f in a l  t e m p e r a t u r e s  w e r e  m e a s u r e d  w i t h  a  t h e r m o c o u p l e .  T h e  

a v e r a g e  a n d  s t a n d a r d  d e v i a t i o n  o f  h e a t i n g  r a t e s  w a s  p l o t t e d ,  t h o u g h  in  
m a n y  c a s e s  s t a n d a r d  d e v i a t i o n s  w e r e  v e r y  s m a l l .

T h e  d i e l e c t r i c  p r o p e r t i e s  w e r e  m e a s u r e d  u s i n g  a  d i e l e c t r i c  p r o b e  
( m o d e l  8 5 0 7 0 A  H e w l e t t - P a c k a r d  C o . ,  S a n t a  R o s a ,  C A ) .  T h e  s p e c i f i c  
h e a t ,  t h e r m a l  c o n d u c t i v i t y ,  a n d  d e n s i t y  w e r e  c a l c u l a t e d  b a s e d  o n  a  

w e i g h t e d  a v e r a g e  o f  w a t e r  a n d  o i l .  T h e  v a l u e s  f o r  w a t e r  a n d  o i l  w e r e  
t h o s e  o f  E a r l e  ( 1 9 7 3 . )  T h e  h e a t  t r a n s f e r  c o e f f i c i e n t  w a s  m e a s u r e d  e x 
p e r i m e n t a l l y  f o r  s t i l l  a i r .

THEORY
When microwave radiation reaches an interface between two 
media with different dielectric properties, a fraction of the en
ergy is reflected, with the remainder transmitted into the second 
media. The percent transmitted power at an interface, or the ratio 
of transmitted power, Ptnuis, to the incident power, Plnc, can be 
calculated from the transmission coefficient between medium 1 
and medium 2, T, 2, and the wavelength within the medium, \ s, 
for medium 1 and medium 2:

P  X
*  trans __ / r y  \ 2  ^ s l

P.„„ ~ 12 X, ( 1)

where T, 2 is

T ,2 =
4(<*,2 + (V)

(a, + a 2)2 + (P, + p2)2

a, the phase factor is:

2 t t

(2)

(3)

and P, the attenuation factor is:

P

w2k' (VV1 + fe) " 0
(4)

where \ 0 is the wavelength in free space, or 12.24 cm at 2450 
MHz. The wavelength within the sample, \ s, is determined from 
the dielectric properties, k ' and k ":

V f V \ M 9 '+ >
(5)

The dielectric properties are the real portion, k ' ,  and imaginary 
portion, k " ,  of the relative complex permittivity, k *.

The electric field inside a dispersed droplet, E,, can be cal
culated from (Stratton, 1941):

E, =
3 E„

(Ü JÜ 2E  +  2 )

V ' h„,v '

( 6 )

where Ec is the field outside the drop, K'drop the dielectric 
constant of the discontinuous phase and K'bU|k the dielectric con
stant of the continuous phase. Calculated for our system, in an 
o/w emulsion the field inside a droplet is 1.477E0 while for a 
w/o emulsion the field inside a droplet is 0.089Eo. This accounts 
for the difference seen in the measured dielectric properties for 
the two types of emulsions.

RESULTS & DISCUSSION
M e a s u r e d  a v e r a g e  h e a t i n g  r a t e s  were compared (Fig. 1) 
for the oil-in-water emulsions, water-in-oil emulsions and lay
ered system with and without added NaCl. Results for the me

dium emulsions are presented, as the heating rates for coarse 
and medium emulsions were similar. Emulsions that had con
centrations of dispersed phase greater than those shown were 
not stable and could not be tested.

Oil-in-water emulsions, no NaCl added
The average heating rates for oil-in-water emulsions increased 

as concentration cf dispersed phase (oil) increased (Fig. la.) In 
conventional heat transfer, the average heating rate for a sample 
can be estimated by calculating the weighted average of indi
vidual components, assuming no interactions. Therefore, the heat
ing rate of the two phases: water and oil; were measured 
separately. The heating rate for an emulsion calculated as the 
weighted average of these two components is shown as the dot
ted line (Fig. la.) If these emulsions were being heated conven
tionally, their average heating rates would be expected to fall 
along this line. However, the heating rate for emulsions in the 
microwave oven was much higher than this prediction (Fig. la). 
The heating rate of the emulsion varied from 3°C/sec to almost 
6°C/sec while the weighted average decreased from 3°C/sec, for 
the water phase alone, to <l°C/sec over the same concentration 
range.

An alternative theory to predict the heating rate of an emul
sion was proposed by Sasaki et al. (1988) based on studies with 
100, 200, and 500-g samples. They suggested that the power 
absorption of an emulsion is approximately the same as an 
equivalent volume of water. Thus the heating rate of emulsions 
would be the same as the heating rate of water. While this gives 
a closer prediction than conventional heating theory, it predicts 
a heating rate of 3cC/sec while the emulsions were actually heat
ing at 3 to 6°C/sec. Neither of these predictions were accurate 
for 20-g samples in the microwave oven (Fig. la). At all water 
concentrations, the oil-in-water emulsion heated faster than ei
ther the weighted average of oil and water heating rates or pure 
water.

For the most concentrated emulsion that was stable, 80% oil 
in 20% water, the measured heating rate was 4.7 times the rate 
predicted from conventional heating (Fig. la). Also, the emul
sion heated faster than the oil layered on top of the water system 
of the same composition (Fig. lc). Thus, predictions for the 
heating rate of an emulsion in the microwave oven based on its 
components without considering the configuration of the com
ponents could greatly underestimate the rate.

The reason for this is that the heating rate was affected by 
two variables for these samples. The convective heat transfer 
between the sample and surrounding air was negligible in these 
experiments, so the power absorption could be expressed as P 
= mCpp (AT/At). The mass, m, was identical for all samples. 
The density, p, was so similar for oil and water that little error 
is introduced if the density is assumed to be identical. The heat
ing rate, AT/At, was measured in the experiment. The remaining 
variables were the power absorption, P, and heat capacity, Cp. 
Heating rate differences between samples must therefore be de
pendent on differences in either heat capacity or power absorp
tion.

Sample heat capacity will affect heating rate. An emulsion 
with a lower water content will have a lower Cp due to the larger 
volume of low heat capacity oil. This would result in an increase 
in heating rate if the power absorption was the same. However, 
this explains only 8.6% of the heating rate increase for the emul
sions with the highest concentrations of oil, and even less for 
other emulsions.

The power absorption also affects the heating rate and it ap
pears that this was the primary effect unique to microwave heat
ing. Sasaki et al. (1988) proposed that part of the power ab
sorption of an emulsion was due to the water-oil interfacial area. 
Comparing the heating rate of the emulsions (Fig. la) to the 
layered systems (Fig. lc), samples with identical composition, 
but as an emulsion instead of layered, could have up to 53% 
increase in heating rate. Given that the composition was iden-
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Fig. 1—Measured average heating rates for changing water-to- 
oil proportions. Systems with and without added sodium chlo
ride are compared, (a) oil-in-water emulsions; (b) water-in-oil 
emulsions; (c) oil layered on water. Error bars represent one 
standard deviation.

t i c a l ,  t h e  in c r e a s e  in  h e a t i n g  r a te  m u s t  h a v e  b e e n  c a u s e d  b y  
c h a n g e s  in  c o n f o r m a t i o n .  F o r m a t io n  o f  a n  e m u l s i o n  c r e a t e d  a  
la r g e  n u m b e r  o f  d r o p le t s  d i s p e r s e d  in  a  c o n t i n u o u s  p h a s e .  S u r 
r o u n d in g  e v e r y  d r o p le t  w a s  a n  in t e r f a c e ,  a n d  a t  e v e r y  o i l - w a t e r  
in t e r f a c e ,  5 3 %  o f  t h e  r a d ia t io n  w a s  r e f l e c t e d  ( c a l c u l a t e d  f r o m  
E q . 1 ). T h e s e  m u l t ip l e  in t e r n a l  r e f l e c t io n s  w o u l d  in c r e a s e  th e  p e r 
c e n t  o f  a v a i l a b l e  p o w e r  a b s o r b e d  b e f o r e  t h e  r a d ia t io n  e x i t s  th e  
s a m p l e  s i n c e  t h e  in t e r n a l  p a t h le n g t h  in c r e a s e d .  T h i s  w o u l d  in 
c r e a s e  t h e  to t a l  p o w e r  a b s o r p t io n  o v e r  th a t  f o r  a  s a m p l e  w h e r e  
n o  r e f l e c t i o n s  o c c u r ,  g i v e n  th a t  t h e  a m o u n t  o f  p o w e r  a v a i l a b l e  
w a s  n o t  l im i t i n g .  T h i s  r e s u l t e d  in  t h e  o b s e r v e d  s a m p l e  h e a t in g  
r a te  b e i n g  h ig h e r  th a n  e x p e c t e d  ( F ig .  l a ) .

A n o t h e r  d e t e r m in a n t  o f  p o w e r  a b s o r p t io n  i s  t h e  s a m p l e ’ s  d i 
e l e c t r i c  p r o p e r t i e s .  T h e  d i e l e c t r i c  p r o p e r t i e s  o f  v a r i o u s  e m u l 
s i o n s  w e r e  m e a s u r e d  a n d  u s e d  t o  c a l c u l a t e  t h e  t h e o r e t i c a l  h e a t 
i n g  r a te .  T h a t  r a te  w a s  c a l c u l a t e d  f r o m  a  m o d e l  u s i n g  M a x w e l l ’s  
f i e l d  e q u a t i o n s  to  d e t e r m in e  t h e  p o w e r  a b s o r p t io n  w i t h in  a n  in 
f in i t e  c y l i n d e r  o f  h o m o g e n e o u s  m a t e r ia l ,  w i t h  t h e  m e a s u r e d  d i 
e l e c t r i c  p r o p e r t i e s ,  p l a c e d  in  a  u n id ir e c t io n a l  m i c r o w a v e  f i e l d  
( A y a p p a  e t  a h ,  1 9 9 2 ) .  T h e  m o d e l i n g  w a s  d o n e  t o  s h o w  t h e  h e a t 
i n g  r a te  o f  t h e  e m u l s i o n s  in  r e l a t io n  t o  e a c h  o t h e r ,  t h e r e f o r e  th e  
i n c i d e n t  p o w e r  l e v e l  w a s  a r b it r a r i ly  s e t  a t  4 5 , 0 0 0  W / c m 2. T h a t  
l e v e l  i s  s o  h i g h  th a t  n o  o n e  c o u l d  m i s t a k e n l y  t h in k  th a t  t h i s  w a s  

a n  a t t e m p t  t o  p r e d ic t  a c t u a l  h e a t i n g  r a te s .  T h e  m o d e l  a s s u m e d

t h e  e m u l s i o n  t o  b e  a  h o m o g e n e o u s  m a t e r ia l  w i t h  n o  in t e r n a l  
in t e r f a c e s .  T h u s ,  th e  m o d e l  e l i m i n a t e d  th e  e f f e c t s  o f  in t e r n a l  

r e f l e c t i o n s  a n d  o n l y  e x a m i n e d  t h e  e f f e c t s  o f  c h a n g i n g  d ie l e c t r i c  
p r o p e r t ie s .

B a r r in g e r  e t  a l .  ( 1 9 9 4 )  d e m o n s t r a t e d  th a t  f o r  a  s a m p l e  w i t h  
g i v e n  d ie l e c t r i c  p r o p e r t i e s ,  th e  p o w e r  a b s o r p t io n  a n d  h e a t i n g  
r a te s  a r e  o s c i l l a t o r y  f o r  d i f f e r e n t  b e a k e r  r a d i i .  T h a t  i s ,  a  s l i g h t  
c h a n g e  in  b e a k e r  r a d iu s  c o u l d  g i v e  a  la r g e  c h a n g e  in  h e a t in g  
r a te .  In  o u r  e x p e r i m e n t s  t h e  b e a k e r  s i z e  w a s  h e l d  c o n s t a n t  b u t  
s a m p l e s  w i t h  d i f f e r e n t  d i e l e c t r i c  p r o p e r t i e s  w e r e  t e s t e d .  In  b o t h  
s i t u a t i o n s ,  a  r e s o n a n t  c o n d i t i o n  w a s  c r e a t e d  f o r  c e r t a i n  c o m b i 
n a t io n s  o f  b e a k e r  s i z e  a n d  d ie l e c t r i c  p r o p e r t i e s .  P o w e r  a b s o r p 
t i o n  m a x i m a  o c c u r  w h e r e  t h e  c o m b i n a t i o n  o f  b e a k e r  r a d iu s  a n d  

d ie l e c t r i c  p r o p e r t i e s  c a u s e  c o n s t r u c t i v e  w a v e  in t e r f e r e n c e  w i t h i n  
t h e  s a m p l e  t o  b e  a t  a  m a x im u m .  P o w e r  a b s o r p t io n  m i n i m a  o c c u r  
w h e r e  d e s t r u c t iv e  w a v e  in t e r f e r e n c e  i s  a t a  m a x im u m .

T h e o r e t i c a l  p e a k s  o f  p o w e r  a b s o r p t io n  o c c u r  a t  2 0 ,  4 0  a n d  
7 0 %  w a t e r  ( F i g .  2 ) ,  s im i la r  to  p e a k s  s h n w n  e x p e r i m e n t a l l y  a t  
2 0  a n d  4 0 %  w a t e r  in  t h e  o / w  h e a t i n g  d a ta  ( F i g .  l a ) .  T h u s ,  th e  
d i e l e c t r i c  p r o p e r t i e s  c a u s e d  s o m e  s a m p l e s  t o  h e a t  m o r e  r a p id l y ,  
d u e  t o  c o n s t r u c t i v e  w a v e  in t e r f e r e n c e ,  th a n  w o u l d  b e  o t h e r w i s e  
e x p e c t e d .  T h e  d i e l e c t r i c  p r o p e r t i e s  a n d  in t e r f a c ia l  r e f l e c t i o n s  
c o m b i n e d  t o  p r o d u c e  a  h ig h e r  h e a t i n g  r a te  f o r  e m u l s i o n s  th a n  
f o r  t h e  c o r r e s p o n d i n g  la y e r e d  s y s t e m .
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Fig. 2—Theoretical average heating rate of oil-in water emulsions 
for changing water-to-oil proportions.

Water-in-oil emulsions, no NaCl added
T h e  h e a t in g  r a te  o f  t h e  w / o  e m u l s i o n s  ( F i g .  l b )  i n c r e a s e d  a s  

p e r c e n t  w a t e r  i n c r e a s e d ,  a p p a r e n t ly  l e v e l i n g  o f f  a t  3 0 %  w a t e r  

w h e r e  t h e  e m u l s i o n  d e s t a b i l i z e d .  T h i s  w a s  o p p o s i t e  o f  r e s u l t s  
w i t h  o / w  ( F ig .  l a ) ,  w h e r e  t h e  h e a t i n g  r a te  g e n e r a l l y  d e c r e a s e d  
w i t h  in c r e a s i n g  w a t e r  c o n t e n t .  T h e  d a t a  c a n  a l s o  b e  in t e r p r e t e d  

a s  i n c r e a s e d  p o w e r  a b s o r p t io n  w i t h  a n  i n c r e a s e d  c o n c e n t r a t io n  

o f  d i s p e r s e d  p h a s e .  I n  b o t h  t y p e s  o f  e m u l s i o n s ,  i n c r e a s e d  c o n 
c e n t r a t io n  o f  d i s p e r s e d  p h a s e  in c r e a s e d  t h e  h e a t i n g  r a te .  A s  t h e  
c o n c e n t r a t io n  o f  d i s p e r s e d  p h a s e  in c r e a s e d ,  t h e  n u m b e r  o f  in 
t e r f a c e s ,  a n d  t h u s  in t e r f a c ia l  r e f l e c t i o n s ,  in c r e a s e d .  T h i s  w o u l d  
i n c r e a s e  p o w e r  a b s o r p t io n  a n d  c o n s e q u e n t l y  h e a t i n g  r a te .

T o  fu r t h e r  i l lu s t r a t e  t h e  i m p o r t a n c e  o f  t h e  n u m b e r  o f  in t e r 
f a c e s  o n  h e a t i n g  r a te ,  c o m p a r e  t h e  t w o  t y p e s  o f  e m u l s i o n s  a t  
2 0 %  w a t e r  ( F ig .  l a  a n d  l b ) .  F i g u r e  3  i l lu s t r a t e s  s c h e m a t i c a l l y  

t h e  d i f f e r e n c e  in  p a c k i n g  f o r  t h e s e  t w o  e m u l s i o n s  w i t h  id e n t i c a l  
c o m p o s i t i o n ,  e x c e p t  f o r  t y p e  o f  e m u l s i f i e r ,  b u t  d i f f e r e n t  c o n f i g 
u r a t io n .  T h e  o / w  e m u l s i o n  i s  s o  t i g h t l y  p a c k e d  th a t  t h e  d r o p le t s  

a r e  d i s t o r t e d .  T h e  w / o  e m u l s i o n  h a s  d i s p e r s e d  d r o p le t s  s e p a r a t e d  
b y  la r g e  a m o u n t s  o f  o i l .  F o r  t h e s e  s a m p l e s ,  t h e  w / o  e m u l s i o n  
( F ig .  l b )  h e a t e d  a t  4 3 %  o f  t h e  r a te  o f  t h e  o / w  e m u l s i o n  o f  t h e  

s a m e  c o n c e n t r a t i o n  ( F i g .  l a ) .  T h e  o i l  t o  w a t e r  p r o p o r t io n s  w e r e  
t h e  s a m e  f o r  t h e s e  e m u l s i o n s ,  h o w e v e r  t h e  n u m b e r  o f  in t e r f a c e s  
w e r e  d i f f e r e n t ,  r e s u l t i n g  in  v e r y  d i f f e r e n t  h e a t in g  r a te s .  A d d i 
t i o n a l l y ,  t h e  d i e l e c t r i c  p r o p e r t i e s  o f  th e  e m u l s i o n s  w e r e  d i f f e r e n t .

T h e  i m p o r t a n c e  o f  d i e l e c t r i c  p r o p e r t i e s  in  d e t e r m i n i n g  t h e  
h e a t i n g  r a te  c a n  b e  s e e n  b y  c o m p a r i n g  h e a t i n g  r a t e s  o f  s a m p l e s  

w i t h  t h e  s a m e  n u m b e r  o f  i n t e r f a c e s .  I f  n u m b e r  o f  in t e r f a c e s  w e r e  
t h e  o n l y  e f f e c t ,  w e  w o u l d  e x p e c t  th a t  a  2 0 %  w a t e r  in  8 0 %  o i l  

( w / o )  e m u l s i o n  w o u l d  h e a t  a t  t h e  s a m e  r a te  a s  a  2 0 %  o i l  in  8 0 %  
w a t e r  ( o / w )  e m u l s i o n .  H o w e v e r  t h e  o / w  e m u l s i o n  h e a t e d  1 .5  

t i m e s  f a s t e r  ( F i g .  l a )  th a n  t h e  w / o  e m u l s i o n  a t  t h e  s a m e  c o n 
c e n t r a t io n  o f  d i s p e r s e d  p h a s e  ( F ig .  l b ) .  T h i s  i s  m o s t  l i k e l y  b e 
c a u s e  t h e  d i e l e c t r i c  v a l u e s  f o r  t h e  t w o  s a m p l e s  w e r e  d i f f e r e n t  
( F i g .  4 ) .  T h e  d i e l e c t r i c  c o n s t a n t  w a s  2 ,  d i e l e c t r i c  l o s s  o f  0 .1  f o r  
w / o ,  w h i l e  f o r  o / w  t h e  d i e l e c t r i c  c o n s t a n t  w a s  9 ,  d i e l e c t r i c  l o s s  
o f  2 .  T h i s  d i f f e r e n c e  in  d i e l e c t r i c  v a l u e s  r e s u l t e d  in  a  d i f f e r e n c e  

in  h e a t in g  r a te .
T h e  n a t u r e  o f  t h e  c o n t i n u o u s  p h a s e  c a n  a l s o  b e  s h o w n  to  

a f f e c t  h e a t i n g  r a te .  C o m p a r in g  t w o  s a m p l e s  w i t h  i d e n t i c a l  c o m 
p o s i t i o n  a n d  n u m b e r  o f  i n t e r f a c e s ,  5 0 %  o i l  a n d  5 0 %  w a t e r  ( F ig .  
l a  a n d  b ) ,  t h e  c o n f ig u r a t io n  o f  t h e  c o m p o n e n t s  s t i l l  a f f e c t e d  th e  
s a m p l e  h e a t in g  r a te .  T h e  o / w  e m u l s i o n  h e a t e d  1 3 %  f a s t e r  th a n  
t h e  w / o  e m u l s i o n .  T h e o r e t i c a l l y  f r o m  E q .  ( 6 ) ,  w h e n  o i l  i s  th e

o  3 7
O  O  
_  ^  O  O
O  O  
O  O

o / w  e m u ls io n : w / o  e m u ls io n :
80%  o il in  20%  w a te r 2 0 %  w a te r in  80 %  o il

Fig. 3—Two emulsions with the same composition but different 
continuous phase. Packing of droplets is very different for the two 
cases.
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Fig. 4—Measured dielectric constant (k") and loss (k") for the oil- 
in-water and water-in-oil emulsions for changing water-to-oil 
proportions.

c o n t i n u o u s  p h a s e  i t  s h i e l d s  t h e  w a t e r  d r o p le t s  a n d  r e d u c e s  th e  
e l e c t r i c  f i e l d  w i t h i n  t h e  d r o p  t o  0 . 0 7 5 3  t i m e s  t h e  f i e l d  in  t h e  o i l  
p h a s e .  W h e n  w a t e r  i s  t h e  c o n t i n u o u s  p h a s e ,  t h e  f i e l d  w i t h i n  th e  
o i l  d r o p  i s  e n h a n c e d  t o  1 .4 8  t i m e s  t h e  f i e l d  in  t h e  w a t e r  p h a s e .  
T h is  d i f f e r e n c e  in  in t e r n a l  e l e c t r i c  f i e l d  a f f e c t s  t h e  p o w e r  a b 
s o r p t io n  o f  t h e  s a m p l e  a n d  t h u s  t h e  h e a t i n g  r a te .

Layered system, no NaCl added
T h e  o i l - i n - w a t e r  e m u l s i o n  ( F ig .  l a )  h a d  a  g r e a t e r  h e a t i n g  r a te  

th a n  t h e  la y e r e d  s y s t e m  ( F i g .  l c ) .  H o w e v e r ,  a  m u c h  la r g e r  i n 
c r e a s e  o c c u r r e d  b e t w e e n  t h e  h e a t i n g  r a te  o f  t h e  l a y e r e d  s y s t e m  
( F i g .  l c )  a n d  t h e  w e i g h t e d  a v e r a g e  o f  in d i v i d u a l  c o m p o n e n t s  
( d o t t e d  l i n e ,  F i g .  l a ) .  T h e  r e v e r s e  e m u l s i o n ,  w a t e r - i n - o i l  ( F ig .  
l b ) ,  h a d  a  h e a t i n g  r a te  s i m i l a r  t o  t h e  l a y e r e d  s y s t e m  ( F i g .  l c ) ,  
b u t  s t i l l  f a s t e r  th a n  t h e  w e i g h t e d  a v e r a g e  ( d o t t e d  l i n e ,  F i g .  l a ) .  
T h is  d e m o n s t r a t e d  th a t  e v e n  o n e  in t e r f a c e  c o u l d  g r e a t l y  a f f e c t  
t h e  h e a t i n g  r a te .  T h e  o i l - w a t e r  in t e r f a c e  t h e o r e t i c a l l y  r e f l e c t s  
5 3 %  o f  t h e  r a d ia t io n ,  g r e a t l y  i n c r e a s i n g  t h e  p o w e r  a b s o r p t io n  
w i t h i n  t h e  s a m p l e .  E a c h  s u c c e s s i v e  in t e r f a c e  c o n t i n u e d  t o  a d d  
r e f l e c t i o n s  b u t  t h e  e f f e c t  o n  h e a t i n g  r a te  s h o u l d  b e c o m e  s m a l l e r  
a s  t h e  n u m b e r  o f  in t e r f a c e s  in c r e a s e d  b e c a u s e  t h e  p o w e r  a b 
s o r p t io n  c o u l d  o n l y  b e  i n c r e a s e d  t o  t h e  m a x i m u m  p o w e r  a v a i l 
a b le .  T h i s  c a n  b e  s h o w n  b y  c h a n g i n g  t h e  s a m p l e  s i z e  ( F ig .  5 ) .

A s  s a m p l e s  i n c r e a s e d  in  s i z e ,  a  g r e a t e r  p e r c e n t a g e  o f  t h e  r a 
d ia t io n  w a s  a b s o r b e d  b y  t h e  s a m p l e ,  e v e n  i f  t h e r e  w e r e  n o  in 
te r n a l  i n t e r f a c e s .  T h e r e f o r e ,  t h e  a d d i t io n  o f  i n t e r f a c e s  s h o u ld
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Fig. 5— Measured average heating rate for an oil-in-water emul
sion, layered system and weighted average with 50-50 oil and 
water. Samples are compared for various sizes.
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Fig. 6—Measured average heating rates of oil-in-water emulsions 
for changing water to oil proportions. A coarse (droplet diameter 
up to 200 pm) and medium (droplet diameter less than 10 pm) 
emulsion are compared.

h a v e  a  s m a l l e r  e f f e c t  o n  t h e  h e a t i n g  r a te  o f  la r g e  s a m p l e s ,  th a n  
o n  t h e  h e a t i n g  r a te  o f  s m a l l  s a m p l e s  ( F ig .  5 ) .  T h e  h e a t i n g  r a te s  
w e r e  c o m p a r e d  f o r  a  5 0 - 5 0  o i l  a n d  w a t e r  s a m p l e ,  c o n f i g u r e d  a s  
a n  o / w  e m u l s i o n ,  a s  a  l a y e r e d  s y s t e m ,  a n d  c a l c u l a t e d  f o r  th e  
a v e r a g e  o f  t h e  in d iv id u a l  c o m p o n e n t s ;  w i t h  t h e  t o t a l  s a m p l e  s i z e  
r a n g in g  f r o m  2 0 g  t o  7 0 0 g  ( F i g .  5 ) .  A t  t h e  s m a l l e r  s a m p l e  s i z e s ,  
t h e  e m u l s i o n  h e a t e d  f a s t e r  th a n  t h e  l a y e r e d  s y s t e m ,  w h i c h  h e a t e d  
f a s t e r  th a n  t h e  w e i g h t e d  a v e r a g e .  A s  s a m p l e  s i z e s  in c r e a s e d ,  th e  
d i f f e r e n c e  b e t w e e n  t h e  t h r e e  s a m p l e s  d e c r e a s e d  u n t i l  t h e y  w e r e  
a l l  h e a t i n g  a t  a  s i m i l a r  r a te .

w a t e r  p h a s e ,  w h i l e  h a v i n g  l i t t l e  e f f e c t  o n  d r o p le t  s i z e .  T h e r e f o r e ,  
t h e  N a C l  w a s  a d d e d  t o  t e s t  t h e  im p o r t a n c e  o f  d i e l e c t r i c  p r o p 
e r t i e s  a s  c o m p a r e d  t o  in t e r f a c ia l  r e f l e c t i o n s .  N a C l - w a t e r  h e a t e d  

f a s t e r  th a n  p u r e  w a t e r  w h e n  la y e r e d  u n d e r  o i l  ( F i g .  l c ) .  T h i s  

w a s  e x p e c t e d ,  a s  t h e  a d d i t io n  o f  s a l t s  i n c r e a s e d  t h e  d i e l e c t r i c  
l o s s  w h i c h  s h o u l d  i n c r e a s e  h e a t i n g  r a te .  I f  t h e  n a t u r e  o f  th e  

i n d iv id u a l  c o m p o n e n t s  w e r e  t h e  m o s t  im p o r t a n t  f a c t o r  t o  th e  
h e a t in g  r a te ,  t h e  N a C l - w a t e r  e m u l s i o n s  w o u l d  h e a t  f a s t e r  t h a n  

th e  n o - N a C l  e m u l s i o n s .  W h e n  t h e  N a C l - w a t e r  a n d  o i l  w e r e  m a d e  
in t o  a n  e m u l s i o n ,  h o w e v e r ,  t h e  r e s u l t i n g  h e a t i n g  r a t e s  w e r e  o n ly  
s l i g h t l y  h ig h e r ,  o r  t h e  s a m e  a s  t h e  n o - N a C l  e m u l s i o n s  ( F i g .  l a  

a n d  b ) .  T h i s  w a s  tr u e  f o r  b o t h  o / w  a n d  w / o  e m u l s i o n s .  T h e  
e l e v a t e d  p o w e r  a b s o r p t io n  d u e  t o  in t e r f a c e s  a p p e a r e d  t o  h a v e  a  

l a r g e r  e f f e c t  th a n  i n d iv id u a l  h e a t i n g  r a t e s  o f  t h e  c o m p o n e n t s .

Droplet size
C h a n g i n g  t h e  d r o p le t  s i z e  o f  t h e  e m u l s i o n  c h a n g e d  t h e  h e a t i n g  

r a te  s l i g h t l y  ( F ig .  6 ) .  T h e  m e d i u m  e m u l s i o n  h a d  m o r e  i n t e r f a c e s ,  
t h u s  s h o u l d  a b s o r b  m o r e  p o w e r ,  b u t  t h e  d i e l e c t r i c  p r o p e r t i e s  
w e r e  a l s o  c h a n g e d  w h i c h  c h a n g e d  t h e  w a v e  in t e r f e r e n c e  e f f e c t s .  
A l s o ,  t h e  d i f f e r e n c e  in  d r o p le t  d ia m e t e r s  b e t w e e n  t h e  c o a r s e  (u p  

t o  2 0 0  | i m )  a n d  m e d i u m  ( u n d e r  1 0  p m )  e m u l s i o n  m a y  n o t  b e  

l a r g e  e n o u g h  t o  s h o w  a  d i f f e r e n c e .  T h e  r e s u l t  w a s  th a t  t h e  h e a t 
i n g  r a te  d id  n o t  v a r y  c o n s i s t e n t l y  w i t h  d r o p le t  s i z e .

CONCLUSIONS
T h e  h e a t in g  r a t e  o f  a  m u l t i c o m p o n e n t  s a m p l e  in  t h e  m i c r o -  

w a v e  o v e n  i s  r e l a t e d  t o  t h e  c o n f i g u r a t i o n  o f  c o m p o n e n t s  a s  w e l l  
a s  t h e  n a t u r e  o f  t h e  c o m p o n e n t s .  A  s a m p l e  w i t h  m u l t i p l e  in t e r 
f a c e s  h e a t s  f a s t e r  th a n  o n e  w i t h  o n l y  a  f e w  in t e r f a c e s ,  d u e  to  
i n c r e a s e d  p o w e r  a b s o r p t io n  f r o m  t h e  la r g e  n u m b e r  o f  r e f l e c t i o n s  
a t  t h o s e  in t e r f a c e s .  T h e r e f o r e ,  w i t h o u t  c h a n g i n g  t h e  f o r m u la t io n ,  
t h e  h e a t i n g  r a te  o f  a  s a m p l e  m a y  b e  i n c r e a s e d  b y  i n c r e a s i n g  th e  
n u m b e r  o f  i n t e r f a c e s .  T h e  d ie l e c t r i c  p r o p e r t i e s  m a y  a l s o  d e t e r 
m i n e  h e a t i n g  r a te  b y  c r e a t i n g  a  r e s o n a n t  c o n d i t i o n  w h e r e  p o w e r  

a b s o r p t io n  i s  m a x i m u m  f o r  c e r t a i n  s a m p l e s .  C o n t r o l l i n g  s a m p l e  
s i z e ,  r e l a t i v e  t o  d i e l e c t r i c  p r o p e r t i e s ,  c a n  a l s o  i n c r e a s e  h e a t i n g  
r a te .  H o w e v e r ,  in c r e a s i n g  t h e  d i e l e c t r i c  p r o p e r t i e s  o f  o n e  p h a s e ,  
s u c h  a s  b y  t h e  a d d i t io n  o f  N a C l ,  m a y  n o t  g r e a t l y  i n c r e a s e  th e  
o v e r a l l  h e a t i n g  r a te  w h e n  o t h e r  f a c t o r s  h a v e  a  l a r g e r  e f f e c t .  B e t 
te r  u n d e r s t a n d in g  o f  s u c h  e f f e c t s  w i l l  e n a b l e  p r o d u c t  c o n f i g u 
r a t io n s  t o  o p t i m i z e  t h e  h e a t i n g  r a te  d e s i r e d .
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Microwave-Heating Temperature Profiles for Thin Slabs 
Compared to Maxwell and Lambert Law Predictions

S H E R Y L  A .  B A R R I N G E R ,  E U G E N I A  A .  D A V I S ,  J O A N  G O R D O N ,  K .  G A N A P A T H Y  A Y A P P A ,  a n d  H .  T E D  D A V I S

-------------------------  ABSTRACT -------------------------
S l a b s  o f  a g a r  g e l  w e r e  h e a t e d  in  a  m i c r o w a v e  o v e n .  T e m p e r a t u r e s  w e r e  
m e a s u r e d  a t  v a r i o u s  d e p t h s  i n t o  t h e  s a m p l e  t o  e x p e r i m e n t a l l y  d e t e r m i n e  

t h e  i n t e r n a l  t e m p e r a t u r e  p r o f i l e .  T h e s e  w e r e  c o m p a r e d  t o  p o w e r  a n d  t e m 
p e r a t u r e  p r o f i l e s  p r e d i c t e d  f r o m  L a m b e r t ’s  l a w ,  M a x w e l l ’s  f i e ld  e q u a 
t i o n s  a n d  a  C o m b i n e d  e q u a t i o n .  L a m b e r t ’s  l a w  a n d  t h e  C o m b i n e d  e q u a 
t i o n  p r e d i c t e d  a  m u c h  s l o w e r  h e a t i n g  r a t e  t h a n  f o u n d  e x p e r i m e n t a l l y ,  

w h i l e  M a x w e l l ’s  f i e l d  e q u a t i o n s  g a v e  a  m u c h  m o r e  a c c u r a t e  p r e d i c t i o n .  
B e c a u s e  o f  t h e  i n t e r n a l  s t a n d i n g  w a v e s  t h a t  a r e  c r e a t e d ,  a  s m a l l  v a r i a t i o n  
in  s a m p l e  t h i c k n e s s  c o u l d  m a k e  a  l a r g e  d i f f e r e n c e  i n  h e a t i n g  r a t e  f o r  
t h i n  s a m p l e s .

K e y  W o r d s :  a g a r  g e l ,  h e a t  p e n e t r a t i o n ,  L a m b e r t ’s  l a w ,  M a x w e l l ’s  F i e l d ,  
m i c r o w a v e

INTRODUCTION
W it h  i n c r e a s i n g  m i c r o w a v e  o v e n  u s e  t h e r e  i s  a  n e e d  t o  p r e 
d i c t  t h e  t e m p e r a t u r e  p r o f i l e  in  a  m i c r o w a v e  h e a t e d  f o o d  s a m p l e .  
H e a t  g e n e r a t io n  c a n  b e  m o d e l e d  u s i n g  e i t h e r  L a m b e r t ’s  l a w  o r  
t h e  m o r e  r ig o r o u s  s o l u t i o n  o f  M a x w e l l ’s  e q u a t i o n s  t o  d e t e r m in e  

t h e  m i c r o w a v e  p o w e r  t e r m . B o t h  s e t s  o f  e q u a t i o n s  h a v e  b e e n  
r e p o r t e d  in  h e a t i n g  p r o f i l e  p r e d i c t i o n s  ( d e  W a g t e r ,  1 9 8 4 ;  J ia  a n d  
J o l l y ,  1 9 9 2 ;  O h l s s o n  a n d  B e n g t s s o n ,  1 9 7 1 ;  P a d u a ,  1 9 9 3 ;  S t u c h l y  

a n d  H a m i d ,  1 9 7 2 ) .
L a m b e r t ’ s  l a w  p r e d ic t s  a n  e x p o n e n t i a l l y  d e c a y i n g  a b s o r p t io n  

o f  e n e r g y  a s  a  f u n c t i o n  o f  d e p t h  in t o  t h e  s a m p l e .  It i s  v a l i d  f o r  

s e m i - i n f i n i t e  s a m p l e s  o n l y  s i n c e  a l l  r e f l e c t i o n s  a r e  n e g l e c t e d .  A n  
a p p r o x im a t io n  o f  t h e  p e r c e n t  r a d ia t io n  t r a n s m i t t e d  a t  t h e  a ir -  

s a m p le  in t e r f a c e  h a s  to  b e  d e t e r m in e d  e x p e r i m e n t a l ly .  T h i s  i s  
g e n e r a l ly  d o n e  b y  m e a s u r in g  t h e  h e a t in g  r a te  o f  a  b e a k e r  o f  w a t e r  
a n d  c a l c u la t in g  t h e  p o w e r  a b s o r b e d  b y  th e  s a m p le  ( O h l s s o n  a n d  

B e n g t s s o n ,  1 9 7 1 ;  S t u c h l y  a n d  H a m i d ,  1 9 7 2 ;  M u d g e t t ,  1 9 8 6 ) .  
T h i s  c a lo r im e t r i c  d e t e r m in a t io n  in t r o d u c e s  e r r o r s  a s  it  i s  b a s e d  
o n  t h e  a s s u m p t i o n  th a t  a l l  t r a n s m i t t e d  e n e r g y  i s  a b s o r b e d ,  w h i c h  

m a y  n o t  b e  tr u e  f o r  t h in  s a m p l e s .
M a x w e l l ’ s  e q u a t i o n s  ( M a x w e l l ,  1 8 8 1 )  p r e d ic t  t h e  a b s o r p t io n  

o f  e n e r g y ,  i n c o r p o r a t in g  r e f l e c t i o n s  a t  t h e  f r o n t  a n d  b a c k  s u r 
f a c e s  a n d  a l l  in t e r n a l  i n t e r f a c e s .  W a v e  i n t e r a c t io n s  a r e  i n c lu d e d ,  
s o  th a t  in t e r n a l  s t a n d i n g  w a v e s  a r e  c a l c u l a t e d ,  a n d  t h e  e l e c t r i c  

f i e l d  d i s t r ib u t io n  a n d  a b s o r b e d  p o w e r  a r e  c o n s i s t e n t l y  e v a lu a t e d .  
L a m b e r t ’s  l a w  i s  a  s i m p l i f i c a t i o n  o f  t h e  e l e c t r o m a g n e t i c  in t e r 
a c t i o n s  a n d  i s  f r e q u e n t ly  u s e d  in  p r e d i c t i v e  m o d e l s  b e c a u s e  t h e  

c a l c u l a t i o n s  a r e  m u c h  s i m p l e r  th a n  f o r  M a x w e l l ’s  f i e l d  e q u a 

t io n s .
T h e  p e n e t r a t io n  d e p t h  i s  d e f i n e d  a s  t h e  d e p t h  a t  w h i c h  t h e  

p o w e r  h a s  d e c a y e d  t o  e  1 o f  i t s  in i t i a l  v a l u e  a t  t h e  f r o n t  in t e r f a c e
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a n d  i s  t h e  in v e r s e  o f  E q . ( 2 )  ( T h e o r y  s e c t i o n ) .  F o r  e x a m p l e ,  th e  
p e n e t r a t io n  d e p t h  o f  w a t e r  i s  3 . 6  c m .  F o r  s a m p l e s  t h i c k e r  th a n  

s e v e r a l  p e n e t r a t io n  d e p t h s ,  in t e r n a l  r e f l e c t i o n s  b e c o m e  n e g l i g i b l e  
b e c a u s e  a l l  t r a n s m it t e d  r a d ia t io n  i s  a b s o r b e d .  A y a p p a  e t  a l .  ( 1 9 9 1 )  

c o m p a r e d  th e  p o w e r  d i s t r ib u t io n s  p r e d ic t e d  b y  M a x w e l l ’s  e q u a 
t io n s  a n d  L a m b e r t ’s  l a w  a n d  s h o w e d  th a t  th e  t w o  f o r m u la t io n s  
p r e d ic t e d  id e n t ic a l  p o w e r  p r o f i l e s  f o r  s a m p l e s  t h ic k e r  t h a n  2 . 7  
t i m e s  t h e  p e n e t r a t io n  d e p t h .  F o r  t h in n e r  s a m p l e s ,  M a x w e l l ’ s  

e q u a t i o n s  p r e d ic t e d  a  v e r y  d i f f e r e n t  p r o f i l e  f r o m  L a m b e r t ’ s  l a w  
b e c a u s e  t h e  r a d ia t io n  r e f l e c t e d  b a c k  t h r o u g h  t h e  s a m p l e  f r o m  
t h e  fa r  in t e r f a c e  i n c r e a s e d  t h e  o v e r a l l  p o w e r  a b s o r p t io n .  T h e o 
r e t i c a l l y ,  n e g l e c t i n g  t h e s e  b a c k  r e f l e c t i o n s  f o r  t h in  s la b s ,  a s  h a p 
p e n s  w i t h  L a m b e r t ’ s  l a w ,  in t r o d u c e s  l a r g e  e r r o r s  ( F u  a n d  
M e t a x a s ,  1 9 9 2 ) .  E x p e r i m e n t a l l y ,  t h e  i n c l u s i o n  o f  w a v e  in t e r a c 
t i o n s  w a s  n e c e s s a r y  t o  e x p l a i n  t h e  h e a t i n g  r a te s  o f  s m a l l  c y l i n 
d e r s  o f  w a t e r  ( B a r r i n g e r  e t  a l . ,  1 9 9 4 )  a n d  e m u l s i o n s  ( B a r r i n g e r  
e t  a l . ,  1 9 9 5 ) .

T h e  t h e o r e t i c a l  d e p t h  a t  w h i c h  L a m b e r t ’ s  a n d  M a x w e l l ’ s  

e q u a t i o n s  c o n v e r g e  i s  7 . 8  c m  f o r  a g a r .  F e w  f o o d s  h e a t e d  in  t h e  
m i c r o w a v e  o v e n  a r e  th a t  t h i c k .  T h e r e f o r e  t w o  s a m p l e  t h i c k 
n e s s e s  r e a s o n a b l e  f o r  a n  e n t r e e  in  t h e  m i c r o w a v e  o v e n  w e r e  
t e s t e d  t o  d e t e r m in e  h o w  d i f f e r e n t  t h e  p r e d i c t i o n s  w e r e  f o r  s u c h  

s a m p l e s .
T h e  o b j e c t i v e  o f  o u r  r e s e a r c h  w a s  t o  d e t e r m i n e  e x p e r i m e n 

t a l l y  i f  M a x w e l l ’ s  f i e l d  e q u a t io n s  p r e d i c t e d  h e a t i n g  r a te s  s i g n i f 
i c a n t l y  b e t t e r  th a n  L a m b e r t ’s  l a w  f o r  t h in  s a m p l e s .  M e a s u r e d  

t e m p e r a t u r e s  w e r e  c o m p a r e d  t o  t h o s e  p r e d i c t e d  b y  L a m b e r t ’ s  
l a w ,  M a x w e l l ’s  e c u a t i o n s  a n d  a  C o m b i n e d  e q u a t io n .  T h e  C o m 
b in e d  e q u a t io n  w a s  a  l im i t in g  f o r m  o f  L a m b e r t ’s  l a w  d e r iv e d  
f r o m  M a x w e l l ’s  e q u a t io n s .  I t  n e g l e c t s  in t e r n a l  r e f l e c t i o n s  b u t  

a c c o u n t s  f o r  r e f l e c t i o n s  a t  t h e  i n c i d e n t  f a c e  o f  t h e  s a m p l e .  T h e  
C o m b i n e d  e q u a t io n  w a s  u s e d  t o  t e s t  w h e t h e r  a  c a l c u l a t e d  t r a n s 
m i s s i o n  v a l u e  w o u l d  g i v e  a  m o r e  a c c u r a t e  a p p r o x i m a t i o n  th a n  
L a m b e r t ’ s  l a w  w i t h o u t  in t r o d u c in g  t h e  c o m p l e x i t i e s  o f  in t e r n a l  

r e f l e c t i o n s .

THEORY
Power from Lambert’s law

L a m b e r t ’s  l a w  p r e d ic t s  th a t  t h e  p o w e r  a b s o r b e d  p e r  u n i t  v o l 
u m e ,  P L( z )  a t  a  g i v e n  d e p t h  z  is :

P L( z )  =  2 I ,( 3 e ~ 2(iz ( 1 )

w h e r e  I, i s  t h e  t r a n s m it t e d  p o w e r  i n t e n s i t y  a n d  (3 i s  t h e  

a t t e n u a t io n  fa c to r :

W 2 k '  (VV1 + (7 ) “ 0
(3 = ----------------- -------------------  (2)

A-o

X0 i s  t h e  w a v e l e n g t h  in  f r e e  s p a c e ,  o r  1 2 . 2 4  c m  a t  2 4 5 0  M H z .  
T h e  d i e l e c t r i c  p r o p e r t i e s  a r e  t h e  r e a l  p o r t io n ,  k ',  a n d  i m a g i n a r y  
p o r t io n ,  k " , o f  t h e  r e l a t i v e  c o m p l e x  p e r m i t t i v i t y ,  k * . L a m b e r t ’s  
l a w  i s  s t r i c t ly  v a l i d  f o r  s e m i - i n f i n i t e  s a m p l e s  a n d  r e q u ir e s  a n  

e s t i m a t e  o f  t h e  t r a n s m i t t e d  p o w e r  f lu x .

Power from Maxwell’s equations for a slab
M a x w e l l ’s  e q u a t io n s  c a n  b e  s o l v e d  f o r  t h e  a b s o r b e d  m ic r o -  

w a v e  p o w e r ,  P M( z ) .  F o r  a  s la b  o f  t h i c k n e s s  L  e x p o s e d  to  r a d i-
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Table 1—Physical and thermal properties of agar gel
Property Value for 2% agara gel
Specific heat, Cp, J/kg-K 4200
Thermal conductivity, k, W/m-K .60
Density, p , kg/m3 1070
Dielectric Constant, k ’ 73.6
Dielectric Loss, k " 11.5
Penetration depth, Dp, cm 2.9
Heat transfer coefficient, h, W/m2°C 4
a Difco, Detroit, Ml.

ation of intensity E incident from the left face of the sample 
(Ayappa et al., 1991):

1
P M(z) =  -  0 )£ok"E:T2

/ e~2pz -  2Re~2|iL cos(8 + 2 a (L -z )) +
V 1 —2R2e~2(iLcos(28 + 2aL) + R4e-4'1L '

(3)

0 < z < L

where a  is the phase factor, (3 the attenuation factor and k " the 
relative dielectric loss for the slab. £0 is the free space dielectric 
constant and to = 2-irf, where f  is the frequency of radiation. 
For food samples we assumed that the magnetic permeability 
was equal to that of free space. T, the transmission coefficient 
at the sample-air interface, is:

T =
4a„2

( a 0 +  a ) 2 +  P2
(4)

where the subscript 0 denotes air. (3 is defined in Eq. (2) and a, 
the phase factor, is:

a
2tt

(5)

where the wavelength within the sample, \ s, is determined from 
the dielectric properties of that sample, k ' and k ":

=

The reflection coefficient, R, is:

R = J k Z “E±H
' ( a 0 +  a ) 2 +  p 2

8, the phase angle for the reflection coefficient, is:

8 = tan 1
/ 2(ap0 -  a0P)2 \
Ha o2 +  Po2) -  ( a 2 +  P V

(6)

(7)

(8)

Power from Combined equation

The Combined equation is obtained from Eq. (3) by taking 
the limit of the slab thickness L going to infinity. The power,
Pc(z), is:

Pc(z) = ~ u>£0K"E2T2e~2|3z (9)

This is a form of Lambert’s law that requires a knowledge of 
the incident field intensity, E, however unlike Lambert’s law it 
incorporates reflections at the incident face of the sample. Equa
tion (9) is referred to as the Combined equation throughout this 
report.

The incident electric field E in Eq. (3) and (9) is related to 
the incident power flux I, of Eq. (1) by:

I, =  ^ c e 0E2 (10)

where c is the velocity of light.

M A T E R IA L S  & M E T H O D S

Agar gels were prepared by dissolving 2% agar (Difco, Detroit MI) 
in hot distilled water and allowing the gels to cool to 4°C in slabs. The 
slabs were cut to 7.2 by 3.4 cm to match the entry port on the microwave 
oven, which was a continuation of the waveguide from the magnetron. 
The slabs were sliced to a thickness of 0.9 cm or 3.0 cm with a custom 
cheese slicer.

Gels were heated in a custom microwave oven designed by Hung 
(1980). The microwave radiation from the magnetron traveled along a 
waveguide, passed through the entry port and immediately impinged upon 
the sample. This was done to make the power as unidirectional on the 
sample as possible. Radiation that passed through the sample without 
being absorbed was absorbed by a water load placed in the oven cavity. 
The water load minimized reflections within the oven cavity, which 
might cause radiation to reflect upon the sample from the back. Oven 
cavity reflections would make the radiation less unidirectional.

The power level measured by a watt meter in the waveguide, was set 
to 40 W transmitted and the samples were heated for 7 min. Tempera
tures were measured along the center axis of the sample, at various 
depths parallel to the microwave radiation, using phosphor-tipped fiber 
optic probes (Model 750, Luxtron Corporation, Santa Clara, CA). For 
the 0.9 cm samples, temperatures were measured every 1 mm, while for 
the 3.0 cm samples they were measured every 3 mm. The heating rates 
at one or two locations were measured on each run, with multiple runs 
averaged to determine the entire temperature-time profile. At least three 
measurements were taken at each location. The averages and standard 
deviations were then plotted vs location within the sample.

The dielectric properties were measured using a dielectric probe 
(model 85070A Hewlett-Packard Co., Santa Rosa, CA.) The specific heat 
and thermal conductivity were measured by differential scanning calo
rimetry and a thermal line probe method, respectively. The heat transfer 
coefficient was calculated by measuring the internal temperature of a 
block of aluminum, of the same dimensions as the thinnest sample, as 
it warmed from 4°C to room temperature in still air and plotting the log 
of the unaccomplished temperature change vs time. The density was de
termined by weighing the sample and measuring its volume by displace
ment.

Power and temperature profiles were predicted using a computer model 
based on Maxwell’s equation, Lambert's law or a Combined equation to 
determine the microwave power term. The Combined equation was the 
same as Lambert’s law with an additional term added from Maxwell’s 
equations to calculate the transmitted power based on incident power. 
The predictions assumed uniform plane waves incident unidirectionally 
on a homogeneous infinite slab with no moisture migration (Ayappa et 
al., 1991).

The assumption of unidirectional radiation on an infinite slab pre
sented some problems. An infinite slab centered within the oven cavity 
would not receive unidirectional radiation since reflections from the 
walls would cause radiation to be incident from all directions. This 
would be a large deviation from the model predictions. An infinite slab 
placed next to the entry port would receive almost unidirectional radia
tion, but a large portion of the sample would receive no radiation at all 
since the sample would be larger than the entry port. This caused large 
errors due to thermal conductivity to the cold portions of the sample. 
Thus, a compromise was to use a slab equal in size to the entry port, 
placed directly next to the entry port. This insured much more uniform 
radiation, incident across the entire sample surface. Edge focusing effects 
were minimized because the radiation was only incident on the front 
face of the sample and not from the sides along the edge.

Lambert’s law requires that the power transmitted into the sample be 
measured experimentally. This was done by measuring the heating rate 
of a 1 L beaker of water and calculating the power required to heat at 
that rate. Assuming an isolated system, the absorbed power, P, was P = 
mCp (AT/At), where m was lOOOg, Cp was 4.19 J/g°C, and AT/At was 
the measured heating rate. The power based on this measurement was 
4550W. The incident power flux used for the theoretical modeling using 
Maxwell’s and the Combined equations was the 40W of measured in
cident power, divided by the area of the entry port, or 16400 W/m2. The 
physical properties of the agar gel are listed in Table 1.

To determine if there was a statistical difference between predictions 
and measured temperatures, the x2 values were determined (Fienberg, 
1981):
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Fig. 1—Theoretical power absorption profiles for a slab of 3.0 cm 
thickness. The power is incident from the left.
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Fig. 2—Theoretical and experimental temperature profiles for a 
slab of 3.0 cm thickness after 7 min heating. The power is inci
dent from the left.

( f o  -  f e ) 2 (11)

where f0 was the observed, or experimental value, and fe, was the 
expected, or predicted value. The f  values are the difference in temper
ature between the start and end of heating, °C, at a given location for a 
given run. The x2 value was used to accept or reject the hypothesis that 
measured and predicted temperatures were the same, at p < 0.05.

R E S U L T S  &  D IS C U S S IO N  

Agar gel, 3.0 cm sample
The theoretical power absorption profile, during microwave 

heating, of a 3.0 cm thick slab of agar was constant throughout 
the tests because the dielectric properties were assumed to be 
temperature independent. A cross-section of the sample, (Fig. 1) 
shows the theoretical power absorbed as related to depth into 
the sample. Lambert’s law predicted an exponential decay of 
energy with depth into the sample. The Combined equation had 
a similar shape because it also neglected internal reflections.

u

Fig. 3—Temperature differences between measured values in the 
3.0 cm samples after 7 min, and those predicted by (a) Maxwell's 
equations; (b) the Combined equation; and (c) Lambert's law.

However, the curve was shifted upwards because this equation 
calculates the value for the transmitted power instead of using 
an experimental value, as for Lambert’s law. Maxwell’s equa
tions predicted a v/eak standing wave pattern caused by the re
flection of energy from the back surface of the sample. This 
standing wave approximated the exponential decay predicted by 
the Combined equation.

From the theoretical power profile, theoretical temperature 
profiles were calculated for each of the three equations for the 
period of heating. These temperatures were compared to exper
imentally measured temperatures. The predicted and measured 
temperatures were predicted (Fig. 2) at the end of the run, after 
7 min heating.
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Fig. 4—Theoretical power absorption profiles for a slab of 0.9 cm 
thickness. The power is incident from the left.
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Fig. 5—Theoretical and experimental temperature profiles for a 
slab of 0.9 cm thickness after 7 min of heating. The power is
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The predictions based on Maxwell’s equations were close to 
the measured temperatures for the interior and back surface of 
the slab. Overall, the Combined equation predicted lower tem
peratures and the temperatures predicted by Lambert’s law were 
even lower. The x2 was used to determine if the difference be
tween experimental and each predicted temperature rise during 
heating was significant. After 7 min. of heating, x2Maxweii was
30.4, x2Lambe„ was 131 and x2combmed was 45.9. For a p < 0.05 
with 29 degrees of freedom, x2 is 42.3. Thus, the Maxwell pre
diction could not be rejected as different from measured tem
peratures. The predictions based on the other two equations were 
statistically different from the measured temperatures. There
fore, Maxwell’s equations were the only ones to predict the ex
perimentally verified temperature rise.

The differences between measured temperatures and those 
theoretically predicted for that time and location were compared 
(Fig. 3.) A plot of the difference in temperature between exper
imental tests and predictions based on Maxwell’s equations (Fig.

0 Experimental - Maxwell’s

Depth, cm
Fig. 6—Temperature differences between the measured temper
ature values in the 0.9 cm thick slabs after 7 min heating, and 
those predicted by (a) Maxwell's equations; (b) the Combined 
equation; and (c) Lambert's law.

3a), was compared with predictions based on the Combined 
equation (Fig. 3b) and Lambert’s law (Fig. 3c). This figure dem
onstrates how well the predictions based on equations matched 
experimental measurements. After 7 min heating, none of the 
equations predicted the measured temperatures exactly; how
ever, Maxwell’s equations predicted 100% of the measured tem
peratures to ±  10°C, while Lambert’s law predicted 83% and 
the Combined equation predicted 97% to ±  10°C. Additionally, 
the Lambert law prediction was lower than all experimentally 
measured temperatures, demonstrating that Lambert’s law under
estimated the heating rate of thin samples (Fig. 3).

A limitation of the model was that it did not incorporate mois
ture migration during heating. Since the samples lost weight
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Fig. 7—Predicted temperatures after 7 min of heating for agar 
slabs varying by up to 1 mm in thickness: (a) for 0.9 cm and (b) 
for 3.0 cm.

during heating, and appeared dry on the side facing the micro- 
wave radiation, loss of water most likely occurred. This loss of 
water would decrease the dielectric properties and result in a 
lower heating rate than predicted. If moisture migrated from the 
front to the back of the sample, the heating rate would decrease 
at the front of the sample and increase towards the back. Alter
nately, if moisture migrated from the front of the sample to the 
air, the heating rate would decrease at the front of the sample. 
Since the power absorption at the front would be lower, a 
stronger field would reach the back of the sample, increasing its 
heating rate. Either situation could explain the observed exper
imental heating profile.

Agar gel, 0.9 cm sample
The theoretical power absorption profile, during microwave 

heating, for a 0.9 cm thick slab of agar was evaluated (Fig. 4). 
The predicted power absorption profiles for the Combined equa
tion and Lambert’s law were identical for the 0.9 and 3.0 cm 
samples (Fig. 1 and 4), but the Maxwell prediction was very 
different for the two samples. In the 0.9 cm agar slab, much of 
the radiation reached the back surface of the sample unabsorbed, 
and so was reflected back into the sample, giving rise to a strong 
standing wave in the power absorption predicted using Max
well’s equations. At the front and back of the sample were pre
dicted peaks of absorption while near the center the power 
absorption was lower than predictions by Lambert’s law or the 
Combined equation, due to destructive interference. However,

the average power absorption for the sample was much higher 
for the Maxwell prediction than for the other two because of 
the power absorbed from the reflected wave.

The power profiles were used to predict temperature profiles 
throughout the experiment and these temperatures were compared 
to experimental temperatures. After 7 min of heating, Maxwell’s 
equations predicted much higher temperatures than did the other 
equations (Fig. 5). The internal temperature profile predicted by 
Maxwell’s equations was nearly constant throughout the sample 
and did not show the standing wave pattern evident in the power 
profile, due to the large effect of thermal conductivity in thin 
slabs. Lambert’s law and the Combined equation predicted tem
peratures lower than any experimentally measured temperatures. 
After 7 min heating, x2Maxweii was 36.2, x2Li„„ben was 534 and 
X2combincd was 137. The x2 value (p < 0.05), 43 degrees of free
dom, was 58.9. Thus, statistically the Maxwell prediction could 
not be rejected as different from the measured temperatures, 
while the other predictions were different.

The difference between each measured temperature and the 
temperature theoretically predicted for that time and location, 
was plotted for the 0.9 cm sample (Fig. 6). Lambert’s law and 
the Combined equation predict temperatures much lower than 
measured experimentally. This underestimation of the tempera
ture rise during heating could be explained by these equations 
predicting a power absorption profile that was lower than the 
experimental profiles. This underprediction of the power ab
sorption profile would be caused by neglecting to include the 
reflection of energy that occurred at the far interface. The Max
well prediction fell between the highest and lowest measured 
temperature increases. This indicated that the temperature rise, 
and thus the power absorption, was predicted in the correct range. 
After 7 min of heating, Maxwell’s equations predicted 91% of 
the measured temperatures to ±  10°C. Lambert’s law predicted 
only 7% to ± 10°C while the Combined equation predicted 64% 
to ±  10°C.

The three equations were compared to determine how impor
tant reflections were to accurately predict heating in the micro- 
wave oven. Lambert’s law did not incorporate any reflections 
and so, as expected, gave the least accurate prediction of ex
perimental temperature rise. The Combined equation incorpo
rated the reflection at the front face, eliminating the need to 
experimentally determine transmitted power. This equation im
proved temperature predictions over those by Lambert’s law. 
Maxwell’s equations incorporated the reflections at the front and 
back faces of the sample, providing the most accurate prediction 
of internal electric field. Maxwell’s equations gave the most ac
curate prediction of heating in the microwave oven.

If internal reflections have a large effect, as predicted by the 
Maxwell equations, errors in slicing the sample to the correct 
thickness would create a wide variability in the data. A slightly 
thicker or thinner sample would have a different internal tem
perature profile which would greatly increase or decrease the 
sample heating rate. The predicted temperature profiles within 
the sample were compared using Maxwell’s equations (Fig. 7), 
after 7 min of heating. In the 0.9 cm sample, decreasing the 
thickness by 1 mm greatly increased the final predicted temper
ature profile while increasing thickness decreased the heating 
rate, but not as much (Fig. 7a). In the 3.0 cm sample, changing 
the sample thickness by 1 mm had a much smaller effect on 
predicted temperature (Fig. 7b). Decreasing the thickness in
creased its heating while increasing the thickness decreased the 
heating, but the change in predicted temperature profile was not 
as sharp as for the 0.9 cm sample.

Changing the thickness of the 0.9 cm slab by 1 mm, (thicker 
or thinner), changed the predicted end temperature by up to 38 
°C, or do bled the heating rate. For the 3.0 cm slab, the maxi
mum variation for a 1 mm change in thickness was 4°C. This 
indicated that for thin slabs, a small change in thickness could 
make a large difference in final temperature. For thicker sam
ples, a change in thickness had a smaller effect on the internal 
temperature profile. Lambert’s law and the Combined equation
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did not predict a dependence on sample thickness because they 
did not account for the energy reflected from the far interface.

CONCLUSIONS
Maxwell’s equations could be used to accurately predict the 
final measured temperature profiles in thin slabs. Predictions 
based on equations that did not incorporate internal reflections, 
such as Lambert’s law or the Combined equation, were in error. 
Thus it is important, especially in thin slabs, to include internal 
reflections in theoretical models. Such internal reflections cause 
slabs of similar thicknesses to heat at very different rates, due 
to different internal standing wave patterns. The use of Max
well’s equations showed an advantage in predicting temperature 
profiles, but further work is necessary to incorporate mass trans
port of fluid into the predictive models. This should make pre
dictions more accurate. These temperature predictions can be 
useful in formulating samples that would result in more, or less, 
uniform heating, as required.
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Plasmin Inactivation with Pulsed Electric Fields

HUMBERTO VEGA-MERCADO, JOSEPH R. POWERS, GUSTAVO V. BARBOSA-CÁNOVAS, and BARRY G. SWANSON

------------------------------------  A B S T R A C T  ------------------------------------
Plasmin (fibrinolysin E.C.3.4.21.7), an indigenous enzyme in bovine 
milk, added to simulated milk ultrafiltrate (SMUF) at 100 (ig/mL (pH 
6.11 and ionic strength 0.056 M) was treated at 10°C and 15°C with 
pulsed electric fields (HVPEF) of 15, 30 and 45 kV/cm and number of 
pulses 10, 20, 30, 40 and 50. The plasmin activity measured using a 
commercial assay, was reduced 90% after 50 pulses at both 30 and 45 
kV/cm and at a processing temperature of 15°C. Similar inactivation was 
obtained when plasmin (100 pg/mL) in SMUF was heated at 40°C for 
15 min. Inactivation of the enzyme depended on the number of pulses 
applied during treatment, intensity of the applied field, and processing 
temperature.

Key Words: plasmin, milk, inactivation, pulsed electric fields

I N T R O D U C T IO N

Plasmin (fibrinolysin E.C.3.4.21.7) or milk alkaline protease is 
an indigenous enzyme in bovine milk (Kaminogawa et al., 1972; 
Eigel, 1977; Grufferty and Fox, 1988). Plasmin and plasmino
gen are components of the proteolytic enzyme system in bovine 
blood. They pass from the blood to the milk via the mammary 
glands. Activation of plasminogen results in formation of plas
min. Plasminogen activators and plasmin inhibitors also appear 
in the milk. The activators of plasminogen are associated with 
the casein micelles in milk while the plasmin inhibitors are 
found only in the serum phase (Grufferty and Fox, 1988). Plas
min activity results in production of y-caseins and proteose- 
peptones from (3-caseins (Bastian et al., 1991; Eigel, 1977; 
Kohlmann et al., 1991). The concentration of plasmin in milk 
is related to several factors including the stage of lactation, breed 
of cows, age of cows, mastitis and storage temperature (Rich
ardson, 1983b; Grufferty and Fox, 1988; Politis et al., 1989a, 
b).

The proteolytic activity of plasmin promotes several changes 
in milk. These include a decrease of viscosity of casein disper
sions prepared from milk (Grufferty and Fox, 1988) and an in
crease in the amount of soluble protein due to the formation of 
peptides (Grufferty and Fox, 1988). An increase in rennet co
agulation time also occurs with an increase in (3-casein hydrol
ysis during cheese ripening (Humbert and Alais, 1979; 
Richardson and Pearce, 1981) and gelation of UHT milk (Gruf
ferty and Fox, 1988; Kohlmann et al., 1991). Pasteurization de
creases initial plasmin activity in milk (Korycka-Dahl et al., 
1983; Richardson, 1983a), but the proteolytic activity increases 
during storage of processed milk (Humbert and Alais, 1979; 
Korycka-Dahl et al., 1983; Richardson, 1983a). The increase in 
proteolytic activity can be explained by the destruction of in
hibitors of plasminogen activators during heating (Richardson, 
1983a). The use of (3-lactoglobulin as an inhibitor of plasmin 
has been reported by Bastian et al. (1993).

Factors which affect activity of the enzyme are temperature, 
reaction time, enzyme concentration, nature of substrate, and 
thermostability of the enzyme and inhibitors (Visser, 1981). In
activation of plasmin in milk is a function of pH during heating,
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logical System s Engineering Dept, and Authors Powers and 
Swanson are with the Food Science & Human Nutrition Dept., 
Washington State Univ., Pullman, WA 99164-6120. Address in
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decreasing plasmin stability with an increase in pH (Richardson, 
1983a; Grufferty and Fox, 1988). Kaminogawa et al. (1972) 
reported a rapid decrease of plasmin activity after heating a buf
fer solution (pH 7.0) containing the enzyme at 40 to 80°C for 
10 min. In addition, the stability of plasmin is lower in a non
micelle system than in a micellar casein dispersion (Grufferty 
and Fox, 1988).

In the 1920s and 1930s, the use of electric treatments to pas
teurize milk was widely studied (Beattie and Lewis, 1925; Fet- 
terman, 1928; Moses, 1938). The earlier objective was to heat 
the milk by passing current through the product (ohmic heating). 
Sale and Hamilton (1967) demonstrated the nonthermal lethal 
effect of electric fields on bacteria such as Escherichia coli, 
Staphylococcus aureus, Micrococcus lysodeikticus, Sarcina lu- 
tea, Bacillus subtilis, Bacillus cereus, Bacillus megaterium, and 
Clostridium welchii, and yeasts such as Saccharomyces cerevi- 
siae and Candida utilis. Similar results were reported by Sato 
et al. (1988), Mizuno and Hori (1988), Zhang et al. (1995) and 
Pothakamury et al. (1995).

The main effect of an electric field on microorganisms is an 
increase in membrane permeability because of compression and 
poration. Cell breakdown or inactivation is achieved because of 
osmotic imbalance across the cell membrane induced by pora
tion. Reduction of up to 9 log cycles (9D) for Escherichia coli 
(E. coli) was obtained with pulsed electric fields of 50 kV/cm 
(Zhang et al., 1995).

Gilliland and Speck (1967) reported the inactivation of trypsin 
and protease from B. subtilis using an electric field of 31.5 
kV/cm. Castro (1994) reported the inactivation of alkaline phos
phatase in simulated milk ultrafiltrate (SMUF) by applying an 
electric field of 20 kV/cm. The inactivation mechanism for the 
enzymes proposed by Gilliland and Speck (1967) was an oxi
dative reaction of key components induced by electric fields as 
a function of treatment time.

Our objective was to examine the feasibility of using pulsed 
electric fields (PEF) in the inactivation of plasmin in simulated 
milk ultrafiltrate based upon limited information available on the 
effects of PEF on enzymatic activity. The variables included 
number of pulses, electric field strength and processing temper
ature.

M A T E R IA L S  &  M E T H O D S  
P la sm in  so lu tio n  an d  s im u la te d  m ilk  u ltra filtra te

Plasmin E.C.3.4.21.7 from bovine plasma (Sigma Chemical, St. Louis, 
MO, 80 mg freeze-dried sample) was reconstituted with 10 mL of 1 mM 
HC1 and frozen in 1-mL vials at —35°C until used. Simulated milk ul
trafiltrate (SMUF) provided a casein micelle-free medium with electrical 
and chemical properties similar to milk. SMUF consists of lactose (50 
g), potassium phosphate monobasic (1.58 g), tri-potassium citrate (0.98 
g), tri-sodium citrate (1.79 g), calcium chloride (1.32 g), magnesium 
citrate (0.38 g), potassium carbonate (0.30 g), and potassium chloride 
(1.08 g) in 1L deionized water. SMUF was diluted with deionized water 
to modify electrical properties in the proportion 1:2 (v/v). The solution 
was filtered through a 0.22-pm sterile filter and stored in sterile bottles. 
The pH of SMUF was 6.11 with an ionic strength of 0.056 M. An 
experimental SMUF/plasmin solution was prepared by mixing a portion 
of the reconstituted plasmin solution and diluted SMUF to a final con
centration of 100 pg/mL plasmin. The solution was stored at 4°C while 
inactivation experiments were conducted.

P u lsed  e lec tr ic  fie ld s (P E F )
A continuous flow chamber (Fig. 1) consisting of two parallel stainless 

steel electrodes and a polysulfone spacer was used to apply the PEF
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Fig. 1—High voltage continuous treatment chamber.

Actual Plate

Well No. Description
1,2 50 pulses
3,4 Control
5,6 10 pulses
7,8 20 pulses
9, 10 30 pulses
11, 12 40 pulses

^  O 0  N 
©  0  ©  0

©  ©  ©  ©  
v  © © ^

Fig. 2—Plasmin activity immediately af
ter PEF treatments at 10°C, 15 kV/cm.

treatments. The temperature was controlled by passing cooling water 
through built-in heat exchangers on the electrodes. SMUF (15 mL) was 
placed in a closed-loop system consisting of a reservoir, peristaltic pump, 
and a chamber.

Experimental conditions were: constant flow rate: 45 mL/min; proc
essing temperature: 10 or 15°C measured using a thermocouple attached 
to the surface of the heat exchanger; electric fields: 15, 30 or 45 kV/cm 
measured with an oscilloscope (Hewlett Packard 54520A, Colorado 
Springs, CO); number of pulses: 10, 20, 30, 40 or 50; pulse rate: 1 
pulse/10 sec (0.1 Hz); and, pulse duration: 2 psec.

Thermal inactivation of plasmin

A sample of SMUF/plasmin solution (5 mL) was placed in a test tube 
and heated at a preselected temperature of 40, 60 or 80°C. The temper
ature was measured with a glass thermometer immersed in the solution. 
Plasmin activity was determined after 5, 10, 15, 20, 25, 30 and 50 min 
during the heating period. An aliquot of 100 pL was removed at the 
specified intervals, cooled in ice, and immediately tested for activity.

Relative activity of plasmin

The proteolytic activity of plasmin was determined using Bio-Rad  
Protease A ctivity G el Tablets™ (BIO-RAD, Life Science Group, Rich
mond, CA). Two gel tablets were dissolved in 15 mL water. The solution 
was heated in boiling water for three min until all agar was melted; then 
it was poured into a standard polystyrene 100 X 15 mm petri dish. The 
gel contained bovine casein in Tris-buffered saline at pH 7.4. Twelve 
wells of 6.35 mm diameter were punched in the gel using a glass tube.

Plasmin solution (25 pL) was placed in the wells and incubated at 
25°C for 24 hr. Acetic acid (3% v/v) was used to precipitate the casein 
in the gel and to enhance the clear zone around the wells produced by 
plasmin activity. The change in plasmin activity was determined as 
change in capacity of the enzyme to hydrolyze casein in the gel, which 
was related to the width of clear zone in the gel. The reduction in pro
teolytic activity was estimated as the % reduction in clear zone (%RCZ):

% RCZ =  (D,„ -  D„)/(Djn -  Dwcll) (1)

where Din is the clear zone diameter of 100 pg/mL plasmin control, Dtr 
is the diameter of the clear zone for treated plasmin after 24 hr incu-
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1,2 50 pulses
3,4 Control
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7,8 20 pulses
9, 10 30 pulses
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Fig. 3— Plasmin activity im m ediately af
ter PEF treatm ents at 15°C, 15 kV/cm .

70.00 T

bation, and Dwcll is the well diameter. A completely random design was 
used for collection of experimental data. Each inactivation test was rep
licated, and each time two wells were used to test activity of the enzyme. 
Data were analyzed using the general linear model of SAS® (SAS In
stitute, Inc., 1990).

R E S U L T S  & D IS C U S S IO N  
P E F  inactivation of plasmin

Examples of the effects of PEF on plasmin activity were com
pared (Fig. 2 and 3) where the activity of the enzyme was char
acterized by color changes in the casein gel. The clear zones 
around the wells represented the solubilization of casein by plas
min after 24 hr incubation at 25°C. Plasmin activity, expressed 
as a function of the clear zone size decreased 90% when treated 
at both 30 and 45 kV/cm, 15°C and 50 pulses. The reduction in 
clear zone size, which followed first-order reaction kinetics, in
creased with an increase in number of pulses, temperature, and 
electric field (Fig. 4 and 5). Analysis of variance demonstrated 
that number of pulses, electric field and temperature were sig
nificant in the inactivation of plasmin (p < 0.01). These results 
suggested a synergistic effect between selected factors in the 
inactivation rate of plasmin.

PEF-treated plasmin solutions showed no significant changes 
in activity after 24 hr storage at 4°C (Table 1) which suggested 
a permanent inactivation of the enzyme when exposed to pulsed

T a b l e  1 —Activity of plasmin after PEF treatments
Treatment Clear zone diameter (mm)a
kV/cm-°C A B
Control 13 13

15-10 10 10
30-10 9 9
45-10 9 8
15-15 10 10
30-15 7 8
45-15 7 7

a A—Assayed immedia:ely after PEF treatment, 50 pulses. B—Stored 24 hr at 4°C 
after PEF treatment prior to assay.

electric fields. The inactivation mechanism of plasmin under 
PEF may be explained in terms of charge and configuration 
changes due to t ie electrostatic nature of plasmin as a protein 
(Sharp and Honig, 1990; Robertson and Astumian, 1990).

Therm al inactivation of plasmin

The thermal inactivation of plasmin in SMUF (pH 6.11 and 
I =  0.056 M) was obtained within 5 min at 60 and 80°C while 
15 min were required at 40°C (Fig. 6). Results were very specific 
for the experimental conditions considered in this work because 
SMUF is an ionic, casein micelle-free medium. The absence of
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Time (minutes)
Fig. 6—Thermal inactivation of plasmin at 40, 60 and 80°C.

th e  c a s e i n  m i c e l l e  w o u l d  d e c r e a s e  h e a t  s t a b i l i t y  o f  t h e  p la s m in  
( G r u f f e r t y  a n d  F o x ,  1 9 8 8 ) .  N o t e  th a t  t h e  e x p e r i m e n t a l  s o l u t i o n  
( S M U F / p l a s m i n )  o n l y  c o n t a i n e d  p l a s m i n  a n d  n o t  p l a s m i n o g e n .  

T h e  la t t e r  w o u l d  h a v e  p r o m o t e d  p r o t e o l y t i c  a c t i v i t y  d u r in g  h e a t  
t r e a t m e n t s  d u e  t o  i n a c t i v a t i o n  o f  p l a s m i n  in h ib i t o r s  in  s y s t e m s  
s u c h  a s  m i l k  ( H u m b e r t  a n d  A l a i s ,  1 9 7 9 ;  G r u f f e r t y  a n d  F o x ,
1 9 8 8 ) .  T h e r m a l  i n a c t i v a t i o n  w a s  m o r e  l i k e l y  r e l a t e d  t o  c o n f o r 
m a t i o n a l  c h a n g e s  a n d  c h e m i c a l  r e a c t i o n s  w i t h in  t h e  e n z y m e  
w h e n  h e a t e d  ( A h e m  a n d  K l i b a n o v ,  1 9 8 5 )

T h e  t e m p e r a t u r e - in a c t iv a t io n  r e l a t io n s h ip  d u r in g  P E F  tr e a t 
m e n t  o f  p l a s m i n  w a s  d i f f e r e n t  f r o m  r e l a t i o n s h i p s  o b s e r v e d  d u r 
i n g  t h e r m a l  in a c t i v a t i o n .  P r o c e s s i n g  t e m p e r a t u r e s  ( < 1 5 ° C )  b e l o w  

r o o m  te m p e r a t u r e  ( v s  4 0  t o  8 0 ° C  d u r in g  t h e r m a l  t r e a t m e n t )  w e r e  
s u i t a b l e  t o  in a c t i v a t e  p l a s m i n  u s i n g  P E F  w i t h  a  to t a l  t r e a t m e n t  
t im e  o f  1 0 0  |0. s e c .  T h u s ,  t h e  i n a c t i v a t i o n  o f  p l a s m i n  u s i n g  P E F ,  
a s  w e  p e r f o r m e d  it ,  c o u l d  b e  c o n s i d e r e d  a  n o n t h e r m a l  p r o c e s s .

CONCLUSION

Plasmin activity w a s  r e d u c e d  w h e n  e x p o s e d  t o  h i g h - i n t e n s i t y  
p u l s e d  e l e c t r i c  f i e l d s .  R e d u c t i o n  o f  p r o t e o l y t i c  a c t i v i t y  o f  p l a s 
m in ,  in  a n  i o n i c  m e d i u m  s u c h  a s  S M U F ,  i s  a  f u n c t i o n  o f  n u m b e r  

o f  p u l s e s ,  e l e c t r i c  f i e l d  s t r e n g t h  a n d  p r o c e s s i n g  t e m p e r a t u r e .  T h e  
m o s t  im p o r t a n t  a s p e c t  o f  s u c h  t r e a t m e n t  w a s  th a t  t h e  i n a c t i v a t io n  
o c c u r r e d  a t  1 5 ° C  w h i c h  c o u l d  b e  c o n s i d e r e d  a  n o n t h e r m a l  

p r o c e s s  c o m p a r e d  t o  i n a c t i v a t i o n  o f  p l a s m i n  a t  4 0 ° C  f o r  1 5  m in  
u s i n g  h e a t  t r e a t m e n t s .  P u l s e d  e l e c t r i c  f i e l d s  h a v e  th e  p o t e n t ia l  
f o r  i n a c t i v a t i o n  o f  p r o t e o l y t i c  e n z y m e s  in  f o o d s .

REFERENCES
Ahem, T.J. and Klibanov, A.M. 1985. The mechanism of irreversible enzyme 

inactivation at 100°C. Science 228: 1280-1283.
Bastian, E.D., Brown, R.J., and Emstrom, C.A. 1991. Plasmin activity and 

milk coagulation. J. Dairy Sci. 74: 3677-3685.
Bastian, E.D., Hansen, K.G., and Brown, R.J. 1993. Inhibition of plasmin by 

p-lactoglobulin using casein and a synthetic substrate. J. Dairy Sci. 76: 
3354-3361.

Beattie, J.M. and Lewis, F.C. 1925. The electric current (apart from the heat 
generated). A bacteriological agent in the sterilization of milk and other 
fluids. J. of Hygiene 24: 123-137.

Castro, A.J. 1994. Pulsed electric field modification of activity and denatur- 
ation of alkaline phosphatase. Ph.D. Thesis. Washington State Univ., Pull
man, WA.

Eigel, W.N. 1977. Effect of bovine plasmin on otsl-B and a-A caseins. J. Dairy 
Sci. 60: 1399-1403.

Fettermann, J.C. 1928. The electrical conductivity method of processing 
milk. Agrie. Eng. 9: 107-108.

Gilliland, S.E. and Speck, M.L. 1967. Mechanism of the bactericidal action 
produced by electrohydraulic shock. Applied Microbiology 15: 1038-1044.

Grufferty, M.B. and Fox, P.F. 1988. Milk alkaline proteinase. J. Dairy Res. 
55: 609-630.

Humbert, G. and Alais, C. 1979. Review of the progress of dairy science: The 
milk proteinase system. J. Dairy Res. 46: 559—571.

Kaminogawa, S., Mizobuchi, H., and Yamauchi, K. 1972. Comparison of bo
vine milk protease with plasmin. Agr. Biol. Chem. 36: 2163-2167.

Kohlmann, K.L., Nielsen, S.S., and Ladisch, M.R. 1991. Effects of a low con
centration of added plasmin on ultra-high-temperature processed milk. J. 
Dairy Sci. 74: 1151-1156.

Korycka-Dahl, M., Dumas, B., Chene, N., and Martal, J. 1983. Plasmin ac
tivity in milk. J. Dairy Sci. 66: 704-711.

Mizuno, A. and Hori, Y. 1988. Destruction of living cells by pulsed high- 
voltage application. IEEE Trans, and Ind. Applic. 24: 387-394.

Moses, B.D. 1938. Electric pasteurization of milk. Agre. Eng. 19: 525-526.
Politis, I., Lachancyé V., Block, E., and Turner, J.D. 1989a. Plasmin and 

plasminogen in bovine milk: A relationship with involution? J. Dairy Sci. 
72: 900-906.

Politis, I., Ng Kwai Hang, K.F., and Giroux, R.N. 1989b. Environmental 
factors affecting plasmin activity in milk. J. Dairy Sci. 72: 1713-1718.

Pothakamury, U.R., Vega-Mercado, H., Zhang, Q., Barbosa-Cánovas, G.V., 
and Swanson, B.G. 1995. Effect of growth stage and temperature effect on 
the inactivation of E. coli by pulsed electric fields. Food Res. Int. (Sub
mitted)

Richardson, B.C. 1983a. The proteinases of bovine milk and the effect of 
pasteurization on their activity. N.Z.J. Dairy Sci. Technol. 18: 233-245.

Richardson, B.C. 1983b. Variation of the concentration of plasmin and plas
minogen in bovine milk with lactation. N.Z.J. Dairy Sci. Technol. 18: 247- 
252.

Richardson, B.C. and Pearce, K.N. 1981. The determination of plasmin in 
dairy products. N.Z.J. Dairy and Technol. 16: 209-220.

Robertson, B. and Astumian, R.D. 1990. Frequency dependence of catalyzed 
reactions in a weak oscillatory field. J. Chem. Phys. 94: 7414-7419.

SAS Institute, Inc. 1990. SAS Procedures Guide. Third edition. Version 6. 
SAS Institute, Inc., Cary, NC

Sale, A.J.H. and Hamilton, W.A. 1967. Effect of high electric fields on mi
croorganisms. I. Killing of bacteria and yeasts. Biochim. Biophys. Acta 148: 
781-788.

Sato, M., Tokita, K. Sadakata, M., and Sakai, T. 1988. Sterilization of mi
croorganisms by high-voltage pulsed discharge under water. Kagaku Ho- 
gaku Ronbunshu 4: 556-557.

Sharp, K.A. and Honig, B. 1990. Electrostatic interactions in macromole
cules: Theory and applications. Annu. Rev. Biophys. Biophys. Chem. 19: 
301-332.

Visser, S. 1981. Proteolytic enzymes and their action on milk proteins. A 
review. Neth. Milk Dairy J. 35: 65-88.

Zhang, Q., Qin, B., Barbosa-Cánovas, G.V., and Swanson, B.G. 1995. Inac
tivation of E. coli for food pasteurization by high-intensity-short duration 
pulsed electric fields. J. Food Proc. Press. 19: 103-108.

Ms received 4/23/94; revised 3/25/95; accepted 4/16/95.

This work was funded by the AASERT Program (U.S. Department of Defense); the U.S. 
Army Natick Research, Development, & Engineering Center; and the Bonneville Power Ad
ministration (U.S. Department of Energy).

1146—JOURNAL OF FOOD SCIENCE— Volume 60, No. 5, 1995



Degradable Wheat Gluten Films: 
Preparation, Properties and Applications

T.J. HERALD, R. GNANASAMBANDAM, B.H. MCGUIRE, and K.A. HACHMEISTER

----------------------------  ABSTRACT ----------------------------
Degradable films from spray-dried (SD) and flash-dried (FD) wheat glu
ten prepared at various pHs, salt levels, temperatures, and shearing times 
were compared. Differences were observed in properties of the films 
related to processing conditions. Films prepared from SD wheat gluten 
were thicker, and had higher tensile strengths and Young’s moduli. SD 
wheat gluten solutions applied as coating material resulted in Grade A- 
quality shell eggs maintaining quality for 30 days at room temperature. 
Additionally, SD wheat gluten coating increased the water stability of 
starch-based packaging.

Key Words: wheat gluten, films, biodegradable, shearing time

INTRODUCTION
A cost-effective degradable film or coating that extends 
food product shelf life and preserves quality may have advan
tages in the food industry. Films are used in the confectionery, 
fruits and vegetables, meat, and pharmaceutical industries. One 
research area involving edible film application is multilayer bar
riers (Fennema et al., 1993). Such technology may be useful for 
multicomponent perishable food items such as pizza and pie. 
Separation of frozen dough from tomato sauce partitioned by a 
layer of edible film improves product quality by reducing con
tact and moisture transfer during frozen storage.

Several polymers, including polysaccharides, proteins, lipids 
or a combination have been used to produce edible films and 
coatings (Kester and Fennema, 1986; Gennadios and Weller, 
1991; Avena-Bustillos and Krochta, 1993; McHugh et al.,
1994). However, a major disadvantage of these films is their 
high water vapor permeability that is undesirable in edible coat
ings or packaging materials. Wheat proteins contribute both 
elastic and cohesive properties that are useful characteristics for 
non-food products such as garbage bags (Wall and Beckwith, 
1969; Aydt et al., 1991). Wheat proteins also can be utilized as 
edible coatings for several food applications. In shell eggs, coat
ings prepared from degradable polymers and oils impeded mi
crobial invasion and increased shell strength (Meyer and 
Spencer, 1973; Tryhnew et al., 1973). Degradable films and 
coatings from wheat gluten may provide new channels for mar
keting wheat gluten.

Researchers have reported spray-dried (SD) wheat gluten as 
a source for degradable films (Gennadios and Weller, 1992; 
Gennadios et al., 1993). However, flash-dried (FD) wheat gluten 
has not been reported as a material for preparation of degradable 
films and coatings. The flash-drying process produces larger size 
particles that may form films with different mechanical and bar
rier properties. The objectives of our study were to compare 
mechanical and barrier properties of films using SD and FD 
wheat gluten and to investigate applications of such wheat glu
ten films.

Authors Herald, McGuire, and Hachmeister are with the Dept, of 
Foods Nutrition, Kansas State Univ., Manhattan, K S  66502. A u
thor Gnanasambandam is with the Dept, of Food Science, Univ. 
of Arkansas, Fayetteville, A R  72703.

MATERIALS & METHODS
Gluten film preparation

SD and FD wheat gluten samples were donated by Midwest Grain 
Products, Inc. (Atchison, KS). The particle size of the wheat gluten was 
determined by passing it through a 200 mesh screen. About 98% of SD 
wheat gluten and 70% of FD wheat gluten passed through the 200 mesh 
screen. Overall, particle size of SD wheat gluten was smaller than that 
of FD wheat gluten. Films were prepared from a solution of 18% gluten 
(18g/l 00 mL w/v), 85 mL 95% ethanol, 45 mL distilled deionized water 
(ddH,0), 6.2g glycerol, and either 0.1 or 0.5M magnesium sulfate 
(MgSOj). The solution was stirred in a beaker on a hot plate for 5 min, 
and the pH of the solution was adjusted to either 3.3 with glacial acetic 
acid or 10.0 with 6N ammonium hydroxide. The film-forming solution 
was sheared for 5 or 10 min using a Brinkmann Homogenizer on setting 
4 (model PT 10/35, Switzerland). The sheared film-forming solution was 
heated while stirred to 40°C or 80°C and was centrifuged (model CL, 
International Equipment Co., Needham Heights, MA) at speed setting 3 
for 5 min. Centrifugation removed insoluble gluten, thus improving film 
clarity. Protein solubility may influence film formation. Variables studied 
included pH, salt level, shearing and temperature. Film-forming solution 
supernatant (50 mL) was immediately cast on a rectangular polyethylene 
mold (15 cm X 28 cm). The film-forming solution was dried overnight 
at room temperature, and films were peeled manually on the following 
day.

Film thickness

Film thickness was measured using a micrometer (Fisher Scientific, 
Pittsburgh, PA). Film strips were placed within the micrometer, and the 
gap reduced until first indication of contact was noted. Measurements 
were taken at five different locations on the film (± 1 0  |lm) and the 
mean value was used to calculate apparent water vapor permeability 
(WVPapp) and tensile strength.

Electrophoresis

Film-forming solutions were concentrated on a rotory evaporator (Bu- 
chi R-l 10, Brinkmann Instruments., Westbury, NY). During evaporation, 
the water bath was i<ept at room temperature with the flask rotating on 
a medium/high setting. The film-forming solutions were maintained on 
the evaporator until emission of volatiles ceased, resulting in a thick and 
viscous protein solution. From each concentrated sample, a 1-g sample 
was removed for protein determination using the Kjeldahl method 
(AOAC, 1988).

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS- 
PAGE) was performed using a II Dual Slab Cell (Bio-Rad Laboratories, 
Richmond, CA) anc following the procedure of Laemmli (1970). Gels 
were stained with Coomassie blue R-250 for 30 min and destained using 
a solution of ddH,0:methanol:acetic acid (5:4:1) for at least 3 hr.

Apparent water vapor permeability (WVPlpp)

Degradable film samples were placed over the open mouth area of 
metal cups (open mouth area of cup = 33 cm2) and secured between a 
rubber gasket and a metal plate to permit water vapor transfer. After 
initial weights were recorded, the cups were placed in a temperature- 
and humidity-controlled chamber (model 3940, Forma Scientific, Inc., 
Marietta, OH). Measurements were taken at 30-min intervals for 10 hr 
at 23°C and 55% relative humidity (Labuza and Contreras-Medellin, 
1981; Park and Chinnan, 1990). WVPapp was calculated by the method 
reported by McHug.i et al. (1993).
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Fig. 1—Electrophoregram of spray-dried (SD) and flash-dried (FD) 
wheat gluten film-forming solutions resolved on 12% polyacryl
amide gel.

a1, 2, 9 = molecular weight standards
b3 = FD, pH 6.8
c4 = FD, pH 3.3
d5 = FD, pH 10.0
e6 = SD, pH 10.0
f7 = SD, pH 3.3
98 = SD, pH 6.8

Tensile strength and Young’s modulus

Tensile strength was calculated from peak stress divided by the film 
cross sectional area. Young’s modulus was calculated by the ratio of 
stress over strain at zero slope. Barbell-shaped strips 110 mm long X 
25 mm wide with a 10 mm tapered width at the center were cut from 
the sample film. An Instron Universal Testing Instrument (model no. 
4502, Instron Engineering Corp. Canton, MA) was used to measure the 
amount of uniaxial force necessary to pull each strip apart. Film strips 
were placed between grips on the universal testing machine. Initial grip 
separation was 35 mm, with a crosshead speed of 25 mm/min.

Applications

Egg shell coating. One-day-old eggs from Single Comb White Leg
horn hens were used. The treatments were a control (uncoated) and coat
ings of mineral oil or S D  wheat gluten protein. Based on the film’s 
physical and barrier properties S D  wheat gluten was used in the appli
cation. Oil-coated shell eggs were supplied by a local egg processor. 
Three eggs for each replication were immersed for 1 min in a 250 mL 
beaker containing the pH 10 SD wheat gluten coating solution. Haugh 
unit index, a measure of egg internal quality, was measured on days 1, 
3, 5, 7, 10, 14, 21, and 28 at room temperature.

Degradable packing material. Starch-based packing material (Kan
sas State University, Manhattan, KS) was coated with a SD wheat gluten 
solution (pH 3.3). After the solution was applied via an aerosol bottle, 
the “ peanuts” were allowed to dry for 48 hr at room temperature prior 
to analysis. A texture analyzer (model TAXT2, Texture Technologie 
Corp., Scarsdale, NY) was used to determine the strength of the starch- 
based coated particles. The probe was lowered at 0.5mm/sec until the 
“ peanut”  was punctured, and the force in grams was recorded. The 
cylindrical-shaped, starch-based, coated “ peanuts”  deteriorated to a flat 
and fragmented mass after immersion in water. The time to reach this 
qualitative condition was considered a measure of the water stability of 
the peanuts.

Statistical analysis

Each replication included preparation and triplicate evaluation of films 
at all levels of factorial combinations (pH, salt level, temperature, and 
shearing time). Three replications were performed; each replication rep
resented a block. Mean comparisons were made when main effects were 
significant (P <  0.05). A completely randomized design was followed 
for studies involving applications. Least square means procedure was

used to compare means when the effects were significant P <  0.05) 
(SAS, 1985).

RESULTS & DISCUSSION
Protein content

SD and FD wheat gluten contained 71.66 and 69.25% protein, 
respectively. SD wheat gluten film-forming solutions at pH 3.3 
contained 6.51% protein and at pH 10.0 had 10.52% protein. 
The FD solutions of wheat gluten contained 6.03% protein at 
pH 3.3 and 9.68% at pH 10.0. The FD and SD film-forming 
concentrates prepared for electrophoresis had similar protein 
contents of *“60.67% at pH 3.3 and 40.38% at pH 10.0. The 
lower protein content in the film-forming solutions compared to 
the protein concentrates was attributed to the insoluble SD or 
FD wheat gluten that was centrifuged out prior to casting. The 
majority of the insoluble protein might have been glutenin, 
which is insoluble in ethanol.

Electrophoresis
FD and SD wheat gluten film-forming solutions had gliadin 

bands similar to those reported by Lookhart and Albers (1988). 
Because gliadin is ethanol soluble and glutenin is not, gliadin is 
assumed to be the major contributor to film formation. In ad
dition, Lookhart and Albers (1988) indicated that higher molec
ular weight glutenins were attached to gliadin and, therefore, 
were not removed during initial purification steps. FD wheat 
gluten film-forming solutions at pH 3.3 exhibited a less intense 
band at «M W  100,000 than those at pH 10.0 indicating a loss 
of solubility of that fraction at the lower pH. SD wheat gluten 
film-forming solutions at pH 3.3 did not exhibit a band at «M W
66,000, and the 3 bands in the range MW 10.000 to 200.000 
were less intense (Fig. 1). The FD and SD wheat gluten film
forming solutions exhibited less intense bands at pH 3.3 than a: 
pH 10.0. This suggested that a decrease in protein solubility 
occurred under acidic conditions as a result of protein denatur- 
ation.

Film thickness
Effects of main factor variables (pH, salt concentration, tem

perature, shearing time) on the properties of FD and SD wheat 
gluten films were compared (Table 1). Films prepared from both 
sources at pH 10.0 were thicker than those from pH 3.3 solu
tions. The film solutions prepared from SD wheat gluten with 
0.5M MgS04 produced thicker films than those made with 0.1M 
MgS04. The higher salt concentration provided additional ions 
that reacted with the gluten protein and decreased electrostatic 
attraction between protein molecules. Wall and Beckwith (1969) 
reported that wheat gluten was insoluble in water at neutrality, 
but could be dissolved in acid or alkali at low ionic strengths. 
Increased solubility at higher ionic strength (0.5M or 0.1M) 
might be the reason for increased thickness of SD wheat gluten 
films. However, such effect was not observed in FD wheat glu
ten films, probably due to decreased solubility of FD wheat glu
ten. Neither temperature nor shearing time influenced film 
thickness of FD wheat gluten films.

Tensile strength and Young’s modulus
Both FD and SD wheat gluten films prepared at pH 3.3 had 

more tensile strength than those prepared at pH 10.0. This cor
related with improvement in dispersion of gluten proteins in the 
film solutions, especially glutenin. At a lower pH, fewer proteins 
are dissolved, and molecular structures unfold because of a sur
plus of positive electrostatic charges (Wall and Huebner, 1981). 
Higher salt concentration (0.5M) and higher temperature (30°C) 
resulted in a decrease in tensile strength for both FD and SD 
wheat gluten films. Salting out of proteins can occur at sal: 
levels of 0.5M. The reduction in protein solubility at 0.5M
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Table 1—Comparison of specific mechanical and barrier properties of wheat gluten films as affected by chemical and physical treatments
Sample Treatment Film thickness 

(pm)
Tensile strength 

(MPa)
Young's modulus 

(MPa)
WVPappc E-9 

(g/msPa)
FDd pH

10.0 209b 0.49a 7.22a 1.0289
3.3 118a 1.82b 16.90b 5.096b

M gS04
0.1M 162 1.35b 10.67 8.281
0.5M 166 0.96a 13.46 7.097

Temperature
40 156 1.55b 12.35 6.582
80 173 0.76a 11.77 8.797

Shearing time 
5 min 162 0.97a 8.15a 8.700

10 min 166 1.34a 15.97b 6.677

SD d pH
10.0 212b 0.94a 17.57a 4.947a
3.3 168a 3.41b 28.74b 8.85b

M gS04
0.1M 178a 3.29b 25.11 8.45
0.5M 202b 1.06a 21.20 5.35

Temperature
40 185 2.67b 27.82 7.67
80 195 1.68a 18.49 6.12

Shearing time 
5 min 180a 2.38a 17.55a 5.73

10 min 200b 1.97a 28.76b 8.07
ab Mean values in the sam e colum n with different superscripts for each sam ple and treatment are significantly different (P <  0.05) 
c W VP =  Water Vapor Permeability
d FD and S D  are flash-dried and spray-dried wheat gluten, respectively.

Table 2—Comparison of specific mechanical and barrier properties of plas
tic wrap and flash-dried (FD) and spray-dried (SD) wheat gluten films

Parameter FD film SD film Plastic Wrap
Film thickness (pm) 167b 189c 30a
WVPappd (g/msPa) 7.70 X  10 9a 7.10 X  10 9a 3.09 X 10 13b
Tensile strength (MPa) 1.19b 2.12c 0.06433
Young's modulus (MPa) 12.32a 24.67b 11.83a
a'c Mean values in the sam e row followed by different superscripts are significantly 

different (P <  0.05). 
d W VP =  Water vapor permeability.

MgS04 reduced the amount of protein in the film-forming so
lution and subsequently decreased film tensile strength. Reduc
tion in tensile strength of wheat gluten protein at 80°C may be 
a result of plasticizers decreasing intermolecular forces along 
the protein molecule. High temperature reduces hydrogen and 
hydrophobic bonding leading to protein unfolding. Greater op
portunity for plasticizer distribution throughout the film and sub
sequent reduction in tensile strength might occur. Conversely, 
Gennadios and Weller (l 992) reported tensile strength measured 
at 40°C was greater than at 25°C because more water evapo
rated, decreasing the potential for water to act as plasticizer. At 
40°C less protein unfolding occurs; therefore, water acting as a 
plasticizer would be of greater importance. An increase in shear
ing time from 5 to 10 min did not affect tensile strength of films. 
Gennadios et al. (1993) reported that the tensile strength was 
higher at pH 10.0 than at pH 3.3. Differences in film thickness 
and glycerol concentration may have been responsible for the 
contrasting results.

Films prepared from both FD and SD wheat gluten at pH
10.0 were two times more elastic than those prepared at pH 3.3 
(Table 1). The smaller Young’s modulus, the greater the elastic 
deformation for a given stress. In an alkaline environment, di
sulfide bonds are reduced to sulfhydryl groups, thus allowing 
the film to stretch further. Gennadios and Weller (1992) reported 
that elasticity was affected in an alkaline pH. This basic struc
tural change in gluten proteins might affect other properties of 
films. The loss in the electrophoretic band at 66,000 MW at pH
3.3 might have been responsible for the difference in mechanical 
properties. Gontard et al. (1992) reported that wheat gluten so
lutions with pH <4.0 produced softer films with lower cohesive 
structures. Film-forming solutions sheared for 10 min prior to 
casting exhibited a significant increase in Young’s modulus.

This might have been a result of an increase in polymerization. 
The distribution of plasticizer and its interaction with polymers 
affect certain mechanical properties of films. Gennadios et al.
(1993) reported similar trends using different glycerol levels. 
Glycerol decreases intermolecular interactions that might result 
in less brittle films. Temperature and salt level did not affect 
Young’s modulus. The flash-drying process produced larger par
ticles and decreased the packing density. Therefore there was 
less particle to particle interaction which decreased elastic prop
erties and increased plasticity. McHugh and Krochta (1994) con
cluded that type and level of plasticizer influenced tensile 
properties of whe> protein films. Temperature did not affect the 
mechanical properties. Increasing shearing time from 5 to 10 
min resulted in a significant increase in Young’s modulus.

SD wheat gluten films exhibited a higher tensile strength than 
did the FD wheat gluten films (Table 2). Higher solubility of 
SD wheat gluten compared to FD wheat gluten was expected 
due to relatively lower heat denaturation of SD wheat gluten 
during the drying process. A better polymer orientation during 
film formation due to increased solubility might result in con
ditions conducive for protein-protein interactions. This may be 
the reason for higher tensile strength for SD films. Brandenburg 
et al. (1993) reported that alkali-treated soy protein isolate gave 
higher elongation and improved film appearance. Modification 
of protein structure by chemical, physical, or enzymatic means 
might improve the barrier properties of protein films. Enzyme- 
catalyzed crosslinking was usefiil in producing whey protein 
films with improved mechanical properties (Mahmoud and Sav- 
ello, 1993).

Apparent water vapor permeability (WVP,pp)
The ability to withstand high moisture environments is a very 

critical attribute of protein films. McHugh and Krochta (1994) 
concluded that environmental conditions such as temperature 
and relative humidity are major factors for film quality. WVPapp 
was affected by pH of the solution. Both SD and FD wheat 
gluten films prepared at pH 3.3 showed higher WVPapp than 
those prepared at pH 10.0. At lower pH, the unfolding of protein 
molecules and resulting exposure of hydrophilic groups caused 
an increased affinity for water molecules. Gontard et al. (1992) 
reported that pH and ethanol concentration had strong interac-

Volume 60, No. 5, 1995—JOURNAL OF FOOD SCIENCE— 1149



PROPERTIES OF WHEAT GLUTEN FILMS . . .

Fig. 2—Comparison of interior egg quality of uncoated and oil- 
and protein-coated egg shells as determined by Haugh units dur
ing 28 days of storage at room temperature.

Table 3—Effects of dipp;ng time on water stability and strength of pack- 
aging peanuts coated with spray-dried (SD) wheat gluten solution_______
Dipping time (sec) Peak force (g) Water stability (min)

0 550.77a 0.25a
2 1169.57b 3.75b

10 1207.11b 4.03b
30 1316.99b 4.65c

a'c Mean values In the same column followed by different superscripts are significantly 
different (P <  0.05).

tive effects on film opacity, water solubility, and WVPapp, Gen- 
nadios et al. (1993) reported a significant difference in WVPapp 
of films in acidic ccnditions. They suggested that less intermo- 
lecular protein cross-linking occurred because of repulsive 
forces under acidic conditions. Salt concentration, temperature, 
and shearing time did not affect WVPapp of either SD or FD 
wheat gluten films.

Gluten films vs commercially available plastic wrap
Since plastic wraps are commonly used to package food prod

ucts, a commercial plastic wrap was tested and compared to 
gluten films. The plastic wrap exhibited lower WVP3pp than glu
ten films (Table 2). This could be a serious limitation for ap
plications of protein-based, degradable films. The average 
WVPapp for wheat gluten films was 7.4 E-9 g/msPa. Gennadios 
et al. (1993) reported a WVPapp for wheat gluten films of 5.6 
E- l l  g/msPa at 11% relative humidity. The hydrophilic nature 
of protein films limits their effectiveness as water barriers. Mah
moud and Savello (1993) suggested that a glycerol X time in
teraction affected water vapor transferability. WVPapp was not 
affected by any other factors (Table 2). FD wheat gluten films 
had Young’s modul: similar to that of the plastic wrap. Both FD 
wheat gluten film and plastic wrap were more extensible than 
SD wheat gluten films. Plastic wrap and pFl 10.0 FD wheat 
gluten films were more elastic than SD wheat gluten films. Gon- 
tard et al. (1993) reported increased film extensibility from add
ing glycerol. Flowever, this alteration reduced film puncture 
strength, elasticity, and water vapor barrier properties.

The pH 3.3 films were more plastic in nature, stretching to a 
greater extent before rupturing. The plastic wrap and FD wheat 
gluten samples exhibited lower tensile strength compared to the 
SD samples. Young’s modulus was not different between FD 
wheat gluten film and the plastic wrap, suggesting that both 
these films were more elastic than extensible.

Wheat gluten as a coating material
SD wheat gluten was chosen for evaluation as coating ma

terial because it produced a thicker film and was more soluble

than FD wheat gluten. Shell eggs coated with SD wheat gluten 
solution maintained higher interior quality as measured by 
Haugh units (Fig. 2). After 7 days storage at room temperature, 
the oil-coated and uncoated shell eggs changed from Grade A 
to Grade B. In contrast, SD wheat gluten-coated shell eggs 
maintained Grade A quality throughout the study (Fig. 2).

Stability of coated packing material
Starch-based packing materials have been developed as an 

alternative to polystyrene packaging materials. However, de
creased stability of such materials in a humid environment is a 
major limitation. SD wheat gluten-based film solutions were 
used as coating material for such starch-based packing materials. 
Results revealed an improvement in structural integrity and bet
ter water stability after coating (Table 3). Dipping the starch- 
based packaging peanuts in SD wheat gluten solution for 30 sec 
improved stability. “ Peanuts” dipped in SD coating solution for 
2, 10, and 30 sec exhibited greater strength than those not 
cooked as indicated by an increase peak force required. How
ever, the extended effects were not significantly higher when the 
coated “ peanuts” were dipped for >  2 sec.

CONCLUSIONS
W h e a t  g l u t e n  h a s  p o t e n t i a l  as a source of protein-based 
degradable films and coatings. Films prepared from SD and FD 
wheat gluten had differences in properties. Solubility and inter
actions with plasticizers are major factors influencing film prop
erties. Films from wheat gluten compared well with plastic wrap 
for most properties except WVPapp. Gluten-based films showed 
promise as coating materials for perishable and semi-perishable 
foods such as eggs, nuts, and candies. Development of degrad
able films and edible coatings from wheat gluten would enhance 
its utility value and may provide new markets for wheat gluten.
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Zinc Chemical Form in Some Traditional Soy Foods

SAYOKO IKEDA and TOMOMI MURAKAMI

----------------------------  ABSTRACT ----------------------------
The distribution and chemical form of zinc of several foods prepared 
from soybean were analyzed. There was a marked variation among soy 
foods in total zinc, water-soluble zinc, and zinc solubilized on enzymatic 
digestion. Chromatographic analysis indicated several zinc components 
were solubilized on digestion. A significant negative correlation was 
found for % zinc solubilized after the digestion of soy foods to the 
original contents of three components, i.e., protein, phosphorus and cal
cium. Variations among soy foods in chemical form of zinc after diges
tion should be taken into account on evaluating bioavailability of zinc 
from soy foods.

Key Words: zinc, bioavailability, soy foods, soy-meal, soy-milk.

INTRODUCTION

Z inc  is an essential micronutrient for humans. A recommended 
dietary allowance for zinc has been established in several coun
tries. Although widely distributed in foods, a marked variation 
in absorption of zinc has been observed among different foods 
(Sandstrom et al., 1989; Sandstead et al., 1982). Thus bioavail
ability for gastrointestinal absorption of zinc of food has at
tracted much attention. The bioavailability may be affected by 
other dietary factors such as proteins (Stuart et al., 1986), phytic 
acid (O’Dell, 1969), other minerals such as calcium (Forbes, 
1964; Johnson et al., 1982), and dietary fiber (Reinhold et al.,
1976). These findings suggest that the chemical form in which 
dietary zinc is presented to the absorptive cells may have a pro
found influence on bioavailability. Although there are previous 
reports on zinc following digestion of foods (Ikeda, 1990; Ikeda 
et al., 1990; Harzer and Kauer, 1982; Champagne and Phillippy,
1989), it remains uncertain how the chemical form prior to in
testinal absorption may be related to its absorption. Especially, 
it is not clear what chemical forms of dietary zinc may be more 
or less available for absorption.

Soybean (Glycine max (L.) Merrill) is an important edible 
seed. Soybean contains a high level of some essential nutrients 
such as protein and lipid. Soybean also contains a relatively high 
amount of zinc, and thus may be an important dietary source. 
However, bioavailability of zinc of soybean for absorption is 
low (Sandstrom and Cederblad, 1980; Sandstrom et al., 1987). 
In addition, inhibitory factors responsible for reduced availabi
lity of zinc in soybean are a subject of controversy (Maga, 1982; 
Sandstrom et al., 1987; Rackis and Anderson, 1977).

A variety of soy foods are prepared by traditional processing 
such as soy curd, soy-milk, fermented whole soybean around 
the world, especially in the Eastern countries including Japan 
and China. It remains largely unknown whether all the zinc in 
such foods may be less available for absorption. Bioavailability 
of zinc of various traditional soy foods is of particular interest 
to those concerned with soybean as an important source of zinc. 
Chemical forms of zinc in various soy foods and their changes 
on digestion should be clarified.

Our objective was to analyze the distribution and chemical 
forms of zinc in some traditional soy foods in Japan and to 
identify changes in chemical forms of zinc after in vitro enzy
matic digestion of the soy foods.

Authors Ikeda and Murakami are with the Faculty of Nutrition, 
Kobe Gakuin Univ., Nishi-ku, Kobe 651-21, Japan.

MATERIALS & METHODS
Materials

Two different samples of each of various traditional soy foods were 
purchased from two afferent suppliers respectively; and 2 different sam
ples of soybean seec (G lycine max (L.) Merrill var. Tsurunoko), pur
chased from 2 different suppliers. Each of the 2 different samples of soy 
foods and seed were randomly allocated to one of duplicate determina
tions. All determinations were performed in duplicate. Quadruplicate ex
perimental data obtained by duplicate determinations of the two different 
samples of each of soy foods and seed were combined and subjected to 
statistical analysis. Eight different kinds of soy foods were studied. (The 
Japanese names of each soy food are expressed in italics): roasted soy
bean meal, Kinako; whole soybean fermented by Bacillus natto. Natto; 
soy-milk after squeezing soybean mash, Tonyu; an edible residue after 
squeezing soybean mash occurring on preparation of Tofu, Okara; soy
bean curd coagulated with magnesium chloride and calcium sulfate, 
Tofu', dried soy-milk film, rising to surface on heating of soy-milk, Yuba; 
freeze-dried soy curd, Kori-Tofu; and deep-fried soy curd, Abura-Age  
(Watanabe et al., 1974, Wang, 1984, Snyder and Kwon, 1987). The soy 
foods examined had been heated during commercial processing, there
fore were used without further cooking. All soy samples, except for the 
initially-ground samples (Kinako and Okara) and a liquid sample 
(Tonyu), were ground into powder or paste before analysis. Three grind
ing procedures applicable to grinding characteristics of each soy sample 
were selected as follows: 4 solid soy samples (soybean seed, Yuba, Kori- 
Tofu and Abura-Age) were milled into powder by an electrically-driven 
mill; a fermented soy whole sample with a slimy appearance (Natto) was 
chopped up with a knife into paste-like state; and a soy curd sample 
(Tofu) was homogenized into paste in a mortar. Two initially-ground 
samples (Kinako and Okara) and a liquid sample (Tonyu) were used 
without treatment before analysis. An aliquot of each ground sample or 
liquid sample was analyzed.

Determination of mineral elements, protein and moisture

The contents of zinc, calcium and magnesium of samples were deter
mined with a Hitachi 180-70 polarized Zeeman atomic absorption spec
trophotometer. Phosphorus was assayed by the method of Fiske and 
Subbarow (1925). Prior to determining the total contents of these min
erals, the samples were wet-ashed with sulfuric acid and 30% hydrogen 
peroxide prior to analysis. Protein in solid samples was estimated by the 
micro-Kjeldahl methoc (AOAC, 1984) (N X 5.71: FAO, 1947). Protein 
concentration was assayed by the method of Bradford (1976). The total 
contents of mineral elements and protein were expressed on a wet weight 
basis. Moisture conterr was determined using AOAC methods (AOAC, 
1984).

Solubility of zinc, phosphorus, calcium and protein

To obtain information on the distribution of zinc, phosphorus calcium 
and protein in the soy foods examined, these minerals and protein pres
ent in the foods were classified with respect to water solubility. Quad
ruplicate samples of soy foods were extracted with 20-fold volumes 
(V/W) of distilled water for 2 hr at 37°C with shaking, followed by 
centrifugation at 10,000 rpm for 20 min. Finally, the supernatant was 
assayed for zinc, phosphorus, calcium and protein. Another aliquot of 
the supernatant was applied to a Sephadex G-50 column that was pre
equilibrated with distilled water.

In  v itro  proteolytic digestion

Quadruplicate samples of soy foods were subjected to in vitro prote
olytic digestion according to the method of Akeson and Stahmann (1964) 
with a modification (Ikeda, 1984). Pepsin digestion was performed in 
0.06N hydrochloric acid for 3 hr at 37°C with an enzyme-to-protein ratio
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ZIN C  IN  VARIOUS SO Y FOODS . . .

Table 1—Contents of some minerals, total protein, and moisture in various soy foods3

F o o d

Z ln c b P h o sp h o ru s* 1 C a lc iu m 15 M a gn e siu m * 1 T o ta l protein*1 M o istu re

m g/1 0 0 g  fo o d g/1 0 0 g  fo o d

R a w  s o y b e a n  m e a l 3 .2 5  ±  0 .3 1 d 657 ± 8e 104  ±  4* 212  ±  7C 30.1 ±  0.2* 12.7 ±  0 .2 h
Kinako 3 .43  ±  0 .1 6 d 7 2 4 ± 13d 127 ±  3e 2 1 4  ±  13c 3 6 .6 ±  0 .3 e 2.0 +  0.2i
Natto 1.49 ±  0 .0 8 e 345 ± 5* 7 0  ±  2 9 h 77 ±  3* 17.4 ±  0.99 6 0 .9  ±  0.5*
Tonyu 0.52  ±  0.04* 78 + 2 h 22 ±  1' 26  ±  29 4.5 +  0.11 8 9 .4  ±  0 .1 °
Okara 0 .60  ±  0.05* 86 + 40 b 50 ±  1b 30  ±  19 5.1 ±  0.11 7 8 .0  ±  0 .1 °
Tofu 0 .75  ±  0.05* 105 + 19 7 8  ±  39 30  ±  19 7.0 ±  0.2' 8 6 .3  ±  0 .6 d
Yuba 4.08  ±  0 .1 2 c 707 12d 321 ±  11d 195 ±  14° 46.2 ±  0.1d 7.1 +  0.1'
Kori-Tofu 4.37 ±  0 .0 9 c 8 1 5 + 5 ° 6 0 0  ±  16c 101 ±  2 e 49.2 +  0 .7° 6.8 ±  0.1'
Abura-Age 1.83 ±  0 .1 8 e 3 6 3 + 10* 129 ±  7 e 162 ±  5d 15.8 ±  1.1h 49.7  ±  0.39

a Values are means ± S.D. (n=4)
b On a wet weight basis.
<H Mean values within a column not sharing a common superscript are significantly different at p<0.01.

Table 2— S o m e  w a te r -s o lu b le  m in e ra ls  a n d  p ro te in  co n te n t o f  v a r io u s  s o y  f o o d s ab

Z in c P h o s p h o ru s C a lc iu m P ro te in

F o o d m g /1 0 0 g  fo o d  (% ) g/1 0 0 g  fo o d  (% )

R a w  s o y b e a n  m e al 1.38 ± 0 . 1 7C (4 2 .6 e) 4 7 .1 ± 1.1e (7.2e) 12.1 ± 2 . 4 e (11.6*) 3 .69  ± 0 .0 7 °  { 12.3d :
Kinako 0 .8 6 ± 0 .0 6 d (25.0*) 6 7 .2  ±  2 .9 C (9.3d) 19.5 ±  1.3d (1 5 .4e) 0 .1 0 ± 0 .0 1 9  (0 .3 e)
Natto 0 .2 2 ± 0 .0 8 e* (1 4 .6 0 h) 5 5 .8 +  1.3d (16 .2C) 4.6 ± 0 .6*9 (6.69) 0 .07  ± 0 .0 1 9  (0 .4 e)
Tonyu 0.32  ±  0 .0 1 e (6 1 .7 °) 7 .7  +  0.69*1 (9 .8 d) 1 1 .7 ± 0 .1 e (53.0°) 1 .4 6 ± 0 .1 0 d (32.5°)
Okara 0.31 ± 0 .0 2 e (5 1 .9 d) 4 . 4 ± 0 . 1 hl (5.1*) 6.1 ± 0 .4 * (12.3*) 0 .6 8 ± 0 .0 3 e (13 .3d )
Tofu 0 .1 3 ± 0 .0 2 e* (16.7*0) 2 .6 ± 0 .1 ' (2.59) 2 2 .9 + 1 .0 ° (2 9 .3 d) 0 .0 8 ± 0 .0 1 9  (1 .2 ei
Yuba 0.31 ± 0 .0 3 e (7.7bl) 10.4 ±  0.99 (1 .5 b) 1 3 .3 ± 0 .9 e (4.19) 0 .5 8 ± 0 .0 1 e (1.2«:
Kori-Tofu 0 .0 4  ± 0 .0 5 * (1.0 ') 14.3  ± 0 .4 *  (1.89 b) 2 .6  +  0.29 (0 .4 h) 0 .38  ± 0 .0 2 *  (0 .8 e;
Abura-Age 0 .2 3 ± 0 .0 4 e* (1 2 .6 9 h) 5 . 3 ± 0 . 4 hl (1 .5 h) 6.8 ± 0 .8 * (5.39) 0 .1 6 ± 0 .0 2 9  <1.0e:

a On a wet weight basis.
b Values are means ± S.D. (n=4). Values in parenthesis indicate means of per cent of each water-soluble component to the total content of soy foods. 
c_i Values within a column that do not share a common superscript are significantly different at p<0.01.

of 1:100. Immediately after peptic digestion, an appropriate volume of 
2M Tris-HCl buffer (pH 8.0) was added to the digestion mixtures to 
adjust to pH 8.0. Pancreatin solution was then added to their digestion 
mixtures at an enzyme-to-protein ratio of 1:20, and incubated for an 
additional 20 hr at 37‘C (pH 8.0). The final concentration of Tris-HCl 
buffer in the digestion mixtures was 0.2M. Sodium azide was added to 
the digestion medium to a final concentration of 0.025% to prevent 
growth of microorganisms. Immediately after digestion, the suspensions 
were placed in an ice-cold vessel to diminish enzymatic action and then 
clarified by centrifugation (10,000 rpm, 20 min). Blank tests of the di
gestion were performed with the above two enzymes in the absence of 
the foods. The content of zinc in the soluble digesta was determined by 
subtraction of the food-free blank. Aliquots of the soluble digestate were 
applied to a Sephadex G-50 column, pre-equilibrated with 0.1M Tris- 
HCl buffer (pH 8.0).

Chromatography

Gel filtration chromatography was performed on a Sephadex G-50 
column (1.6 X 95 cm), pre-equilibrated with 0.1M Tris-HCl buffer (pH 
8.0) or distilled water A fraction collector (Pharmacia Fine Chemicals 
FRAC-100) was used to collect 4.0 mL fractions that were subsequently 
analyzed for zinc, protein and phosphorus. The distribution of compo
nents in eluates from the chromatographic column was assayed as fol
lows: zinc, by atomic absorption spectrophotometric procedure: protein, 
by A280 measurements; peptide, by the colorimetric method using 2,4,6- 
trinitrobenzenesulfonic acid (Habeeb, 1966); and phosphorus, by the 
method of Bartlett (1959).

Statistical analysis

Data were subjected to analysis of variance and significance of means 
was tested by Tukey’s multiple range test (p <  0.01) (Steel and Torrie, 
1980).

RESULTS & DISCUSSION
Contents of mineral elements and protein in various soy foods

The contents of zinc, phosphorus, calcium, magnesium, total 
protein and moisture on a wet weight basis were compared in 
various soy foods (Table 1). There was a variation in total zinc 
content among soy foods examined: it ranged from 0.52 mg to 
4.37 mg/lOOg fresh weight. Kori-Tofu contained the highest

level of zinc and Tonyu, the lowest. There was also variation in 
other minerals.

Distribution and chemical forms of zinc in various soy foods
Water-soluble zinc, phosphorus, calcium and protein were 

compared on various soy foods (Table 2). A variation in water- 
soluble zinc was noted, with the % water-soluble zinc in a range 
from 1.0% to 61.7%. Raw soybean meal, Tonyu and Okara had 
a high proportion of water-soluble zinc to total zinc; whereas 
Natto, Tofu, Yuba and Abura-Age, a low proportion. Less water- 
soluble zinc was found in Kori-Tofu, freeze-dried Tofu, as com
pared with Tofu. This was interesting because Kori-Tofu is made 
by freeze-drying Tofu. Saio (1973) suggested that the sponge
like texture of Kori-Tofu may be prepared from Tofu, through 
the formation of disulfide bonds of soy protein during drying. 
In view of zinc nutrition, it was noticed that the majority of zinc 
in Kori-Tofu became insoluble, perhaps through binding to in
soluble components such as protein, during drying.

Chromatographic elution profiles of water extracts of various 
soy foods were compared on Sephadex G-50 (Fig. 1). Most 
water-soluble zinc in raw soybean meal eluted in a fraction with 
a molecular weight of 1 to 2 kDa (A in Fig. 1). A similar result 
was observed with Kinako (B in Fig. 1), Tofu (D in Fig. 1) and 
Yuba (E in Fig. 1). Unlike raw soybean meal, the majority of 
water-soluble zinc in Natto (C in Fig. 1) and Kori-Tofu (F in 
Fig. 1) was eluted with several different components. The water- 
soluble zinc of Kori-Tofu emerged as five distinguishable com
ponents (F in Fig. 1), whereas most of water-soluble zinc of 
Natto distributed in several non-distinguishable components 
with molecular weights of around 1 to 8 kDa (C in Fig. 1). The 
results (Table 2 and Fig. 1) suggest that processing of soybean 
to its various products affects the distribution and chemical 
forms of zinc in the products.

Zinc released on in  v itro  digestion of soy foods
Percent zinc released after the in vitro peptic and pancreatic 

digestion of various soy foods was compared (Table 3). A sig
nificant (p <  0.01) variation in percent zinc released on diges-
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Fig. 1—Gel filtration chromatographic elution profiles of water extracts of various soy foods on Sephadex G-50. (A) Raw soybean
meal; (B) Kinako; (C) Natto; (D) Tofu; (E) Yuba; (F) K o r i-T o fu .--------o-------- , Zinc;--------, phosphorus;..........., absorbance at 280 nm;
and —----------, absorbance at 420 nm after incubation with TNBS.

tion was found among soy foods, with the percent soluble zinc 
ranging from 2.7% to 97.0%. A high percent of zinc was re
leased on digestion of Tonyu, Okara and Tofu, whereas a low 
percent of zinc was released on digestion of Yuba and Kori- 
Tofu. Generally, bioavailability of minerals for absorption is 
closely associated with its solubility in the intestinal tract. These 
findings indicate that the enzymatic digestion of soy foods, ex
cept for raw soybean meal and Kori-Tofu, increases the solu
bility of zinc. On the other hand, although the zinc in some soy 
foods, i.e. Yuba, Abura-Age, Kinako, have low solubility after 
digestion, these foods may contribute more bioavailable zinc on 
an absolute basis to the diet than foods with highly soluble zinc, 
i.e. Tonyu, Okara.

Zinc released on digestion as related to other components
Relationships of percent zinc released on the in vitro digestion 

of soy foods to total protein (A in Fig. 2), total phosphorus (B 
in Fig. 2), total calcium (C in Fig. 2) and total magnesium (D 
in Fig. 2) were compared on a wet weight basis. Interestingly, 
there was a significant (P <  0.01) negative correlation between 
% zinc released on digestion of soy foods (Table 2) and their 
original total protein contents, correlation coefficient —0.88 (A 
in Fig. 2). There was also a significant (P <  0.01) negative 
correlation between % soluble zinc released on digestion of soy 
foods (Table 2) and their original total phosphorus, correlation 
coefficient —0.87 (B in Fig. 2). A weakly but significant (P <  
0.05) correlation between percent soluble zinc released on di
gestion and the original content of total calcium was also found, 
correlation coefficient —0.78 (C in Fig. 2). Substantially no cor
relation was found between % soluble zinc released on digestion 
and the original content of total magnesium (D in Fig. 2).

Bioavailability of zinc from soybeans is low (Sandstrom and 
Cederblad, 1980; Sandstrom et al., 1987). Some dietary factors 
such as protein, phytic acid, some minerals and dietary fiber, 
may adversely affect zinc bioavailability (Sandstrom et ah, 
1987; Stuart et ah, 1986; O’Dell, 1969; Zhou et ah, 1992;

Table 3—Zinc released on the in vitro digestion of various soy foods

Food
Zinc released on digestion3*5 

mg zinc/100g food (%)
Raw soybean meal 1.38 ± 0.05c (42.4f)
Kinako 1.41 ± 0.03c (41.2f)
Natto 0.53 ±  0.08ef (35.4f)
Tonyu 0.51 ±  0.03ef (97.0e)
Okara 0.42 ±  0.02f (70.1e)
Tofu 0.61 ±  0.03de (80.7d)
Yuba 0.62 ± 0.08de (15.19)
Kori-Tofu 0.12 ± 0.029 (2.7h)
Abura-Age 0.70 ± 0.06d (38.5f)
a On a wet weight basis.
b Values are means ± S.D. (n=4). Values in parenthesis indicate means of percent of 

each zinc released on the digestion of soy foods to their total zinc contents. 
c'h Values within a column that do not share a common superscript are significantly 

different at p<0.01.

Forbes, 1964; Johnscn et ah, 1982; Reinhold et ah, 1976). Phytic 
acid may inhibit absorption of dietary zinc in the intestinal tract 
through its ability tc bind and precipitate zinc (O’Dell, 1969). 
However, no conclusive evidence for clarification of the mech
anism responsible for reduced availability of zinc in the gastro
intestinal tract has been reported. In addition, phytic acid 
accounts for the majority of the total phosphorus in soybean 
(Erdman, 1979; Reddy et ah, 1982). Considerable attention has 
been substantially pa:d to improve zinc availability by reduction 
of phytic acid from soybean (Zhou et ah, 1992; Moeljopawiro 
et ah, 1988). A negative correlation of % zinc released on di
gestion to the total phosphorus (B in Fig. 2) was of interest. 
Especially, Kori-Tofu had the lowest level of zinc released on 
digestion among the soy foods examined (Table 3). The reduced 
% zinc released in K ori-Tofu may be attributable to the presence 
of the highest levels of total phosphorus (Table 1). Evidence 
suggests that the protein of soybean may reduce assimilation of 
endogenous zinc (Sandstrom and Cederblad, 1980; Sandstrom 
et ah, 1987). In addition, zinc of soybean may become less 
available by formation of a phytate-protein-zinc complex 
(Rackis and Andersen, 1977). The Standard Tables of Food
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P h o s p h o r u s  ( m g /1 0 0 g )  M a g n e s i u m  (m g /K X )g )

Fig. 2—Relationships between percent zinc released on the in  v it r o  digestion of soy foods to each total zinc, and the original contents 
of their some components. (A) Total protein; (B) total phosphorus; (C) total calcium; and (D) total magnesium. The contents of all the 
components were expressed on a wet weight basis.

Composition in Japan (Resources Council, Science and Tech
nology Agency, Japan, 1984) have shown a variation in protein 
digestibility by humans among traditional soy foods, e.g., Yuba 
exhibited higher protein digestibility; and Kinako, lower. There
fore, there was substantially no correlation of observed, percent 
zinc released on the digestion of soy foods (Table 3) to the 
previously-reported protein digestibility on humans (Resources 
Council, Science and Technology Agency, Japan, 1984). This 
suggests that solubilization of zinc on digestion of soy foods 
may be not directly associated with protein digestibility. How
ever, it is known that calcium supplementation of corn-soy hog 
rations can cause zinc deficiency in hogs (Tucker and Salmon,
1955). Many other studies with animals have also indicated that 
calcium reduced the availability of zinc of soybean (Forbes, 
1964; Heth and Hoekstra, 1965). The observed correlation of 
percent zinc released on digestion of soy foods to their total 
calcium contents (C in Fig. 2), agreed with previous in vivo 
reports.

Our study (Fig. 2) indicated that % zinc released on digestion 
of soy foods to each total zinc exhibited a significantly negative 
correlation to the original contents of total protein, phosphorus 
and calcium. These findings suggest that protein, phosphorus 
and calcium may be important factors affecting solubilization of 
zinc in the gastrointestinal tract. The negative correlations re
ported here (A to C in Fig. 2) agreed with in vivo studies, which 
show inhibitory effects on zinc absorption of phytic acid 
(O’Dell, 1969), protein (Sandstrom et al., 1987; Stuart et al.,

1986) and calcium (Tucker and Salmon, 1955; Heth and Hoek
stra, 1965; Likuski and Forbes, 1965).

Distribution of zinc released on the digestion of various soy foods
Chromatographic elution profiles of the soluble digests from 

various soy foods on in vitro enzymatic digestion were com
pared on Sephadex G-50 (Fig. 3). Zinc in the soluble digests of 
all soy foods (A to F and H in Fig. 3). except for Kori-Tofu (G 
in Fig. 2), eluted with one major protein-like peak having a 
molecular weight of 1 to 2 kDa. A variation in compositions, 
including peptide and phosphorus, of the observed major zinc 
peaks among various soy foods (A to F and H in Fig. 3) was 
observed. Zinc in the soluble digests of Kori-Tofu consisted of 
4 different peak fractions with molecular weights of 1 to 2 kDa, 
4 kDa, 5 kDa and 22 kDa respectively (G in Fig. 2).

Current evidence suggests that some amino acids such as his
tidine and cysteine may improve absorption by forming soluble 
complexes with zinc and thus preventing formation of insoluble 
hydroxides (Greger, 1989). Some dietary constituents such as 
phytic acid and calcium may exhibit inhibitory effects on zinc 
absorption through coprecipitating with zinc (Sandstead, 1982).
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Fig. 3—Gel filtration chromatographic elution profiles of the soluble digesta from various soy foods on in vitro enzymatic digestion 
on Sephadex G-50. (A) Raw soybean meal; (B) Natto; (C) Tonyu; (D) Okara; (E) Tofu; (F) Yuba; (G) Kori-Tofu; (H) Abura-Age.
--------o--------, Zinc;--------, phosphorus;........... , absorbance at 280 nm; a n d --------- —•—, absorbance at 420 nm after incubation with
TNBS.
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ERRATUM NOTICE

*J. Food Science (Vol. 60, No. 3, 1995), pages 541- 
546— Ascorbic acid and 5-methyltetrahydrofolate losses 
in vegetables with cook/chill or cook/hot-hold 
foodservice systems by Peter G. Williams, Helena 
Ross, and Jennie C. Brand Miler. Dr. P.G. Williams, 
senior author, advises that when two tables were 
combined at the request o f the reviewers, the “ Warm
holding”  data (last two columns of Table 11, page 545) 
were not reordered to correspond correctly with the 
vegetables as listed. The corrected version of Table 11 
is printed herewith, with apology from the authors for 
any inconvenience to JFS readers.

Table 11—Vitamin losses in cooked vegetables during chilled storage 
(%/day) and warm-holding (%/hr)___________________________

Chilled storage (3°C) Warm-holding (71°C)
Vegetable Vitamin C 5MeTHF Vitamin C 5MeTHF
Carrots 14.9 6.7 33.1 10.3
Pumpkin 10.8 9.9 23.8 13.8
Mashed potato 8.4 6.7 24.1 15.2
Steamed potato 8.2 6.4 15.5 9.5
Silverbeet 7.3 1.5 28.3 27.7
Broccoli 3.3 0.3 29.6 13.6
Peas 2.2 1.9 30.8 8.0

Mean 7.9 4.8 26.4 14.0
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G u i d e l i n e s  f o r  t h e  P r e p a r a t i o n  a n d  R e v i e w  o f  

S e a f o o d  T e c h n o l o g y - R e l a t e d  P a p e r s
by the IFT Seafood Technology Division

□ The Seafood Technology Division o f the Institute of Food Technologists has prepared the following guidelines 
for use by authors in preparing seafood technology-related manuscripts for publication in Journal o f  Food Science, 
as well as for use by reviewers when evaluating the suitability o f such manuscripts for publication. These 
guidelines— prepared by Joe M. Regenstein and approved by the Seafood Technology Division executive 
committee— are intended to supplement the “ Style Guide for Research Papers”  published in Journal o f  Food 
Science 59: 1367-1370 (1995).

Papers reporting seafood technology-related data should include the following information:

I. Species studied
A. Common name (local name)
B. Market name (from the Food and Drug 

Administration List)
C. Genus and species (if recently changed, then also 

previous name, e.g. Salmo gairdneri to 
Onchorhynchus mykiss for rainbow trout and 
steelhead)

II. Harvesting information
A. Location
B. Time o f year
C. If available, type o f  equipment used to catch
D. Whether bled at sea
E. Whether gutted at sea
F. Physical condition o f the fish (e.g. feeding or 

spawning, fat or starved)
G. Size o f fish (weight and length)
H. Whether any special way o f “ killing/stunning” 

was used

III. Approximate age of fish
Year class 
Time since caught 
If commercial, source 
How transported to the lab

IV. How stored (e.g., ice in 0-2°C cooler, ice in 2-4°C cooler)
A. Ice
B. Ambient environment

V. Processing history
At what stage was it gutted? Was the belly fully 
cleaned, e.g., the swim bladder removed? Was the 
kidney tissue actively removed? Was the black lining 
of the belly flaps removed? Provide other processing 
history in sufficient detail to understand what was 
done to the fish.

VI. Additional information for aquacultured fish
A. Formulation o f diet(s)
B. Whether fed or fasted before harvest
C. Water temperature
D. Active slaughter? If so, what?
E. Dissolved oxygen in the water
F. Recirculating system vs single pass. More 

information about the source and quality o f the 
water

G. Any drugs used on the fish
H. Other husbandry issues that might affect the 

quality o f the fish

VII. Portion of the fish sampled

VIII. Additional information that may be helpful
A. Were matched fillets used?
B. If available, the real fluctuation in the storage 

unit, e.g., in the freezer
C. Details about salt, beyond just the words “ sea 

salt:”  Some idea o f the standard the salt met. 
For salt fish experiments, some microbiological 
information about the quality o f the salt is 
necessary

D. More details o f the microbiology: Consideration 
o f adding salt to the media and why the 
particular temperature was used for standard 
plate counts

E. Whether fillets are boneless and/or skinless. Also 
what parts w ere trimmed. Identify steaks by their 
thickness and whether samples are from before 
the anus (i.e., with part o f the belly flap) or after 
the anus

F. Packaging: Material used, thickness, vacuum, 
etc.

IX. Appropriate vs inappropriate content for Journal of Food Science
A. By-product utilization studies are appropriate
B. Use o f products in animal diets is probably 

inappropriate
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