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DETERMINATION OF ERYTHROCYTE 
PORPHYRINS BY EPI-ILLUMINATION 
FLUORESCENCE MICROSCOPE WITH 

CAPILLARY ELECTROPHORESIS

Y  J. Y a o , S. F . Y . L i *

D e p a r tm e n t o f  C h e m is try  
N a tio n a l U n iv e rs ity  o f  S in g a p o re  

K e n t R id g e , R e p u b lic  o f  S in g a p o re  0 5 1 1

A B S T R A C T

A  m ic e l la r  e le c tro k in e tic  c a p illa ry  c h ro m a to g ra p h ic  (M E K C ) 
m e th o d  is  d e sc r ib e d  fo r  th e  s im u lta n e o u s  d e te rm in a tio n  o f  z in c  
p ro to p o rp h y r in  (Z n P P ) a n d  p ro to p o rp h y r in  (P P ) in  w h o le  b lo o d . 
R e p ro d u c ib il i ty  o f  m ig ra t io n  t im e s  a n d  p e a k  a re a s  o f  Z n P P  a n d  
P P  h a v e  b e e n  sh o w n  to  im p ro v e  s ig n if ic a n tly  w i th  th e  u se  o f  a n  
in te rn a l  s ta n d a rd .

E ry th ro c y te  p o rp h y r in s  w e re  e x tra c te d  f ro m  w h o le  b lo o d  w ith  
N ,N -d im e th y lfo rm a m id e  (D M F ), fo llo w e d  by  s a m p le  c le a n u p  a n d  
p re c o n c e n tra t io n  o n  C -1 8  c a r tr id g e s . A n a ly tic a l re c o v e rie s  o f  th e  
p o rp h y r in s  w e re  b e t te r  th a n  8 8 % . A n  e p i- i l lu m in a tio n  
f lu o re sc e n c e  m ic ro sc o p e  w a s  u se d  fo r  th e  d e te c tio n  o f  th e se  
p o rp h y rin s . L im its  o f  d e te c tio n  w e re  fo u n d  to  b e  50  n M  a n d  8 
n M  fo r  Z n P P  a n d  P P , re sp e c tiv e ly .

1
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2 Y A O  A N D  L I

I N T R O D U C T I O N

N a tu ra lly  o c c u r r in g  p o rp h y r in s  a re  in te rm e d ia te  m e ta b o lite s  o f  h em e  
b io sy n th e s is . D is tu rb a n c e s  in  th e  b io sy n th e s is , c a u se d  b y  in b o rn  o r  a c q u ire d  
d e fe c ts  o f  th e  c o r re s p o n d in g  e n z y m e s , g iv e  r ise  to  a  fa m ily  o f  d ise a se  c a lle d  
p o rp h y ria . D e p e n d in g  on  th e  b re a k  o f  th e  m e ta b o lic  p a th w a y , d if fe re n t 
p o rp h y r in s  a re  a c c u m u la te d  in  b o d y  f lu id s  a n d  tis su es . C e r ta in  d is e a se s  su c h  as  
le ad  in to x ic a tio n  a n d  iro n  d e f ic ie n c y  a n e m ia 1 re su lt in  p ro to p o rp h y r in  (P P ) 
a c c u m u la t in g  in  th e  re d  b lo o d  c e lls  a s  th e  Z n -p ro to p o rp h y r in  c h e la te  (Z n P P ), 
w h ile  in  th e  c a se  o f  e ry th ro p o ie tic  p ro to p o rp h y r ia , th e  u n c h e la te d  P P  
a c c u m u la te s2. H en c e , e ry th ro c y te  p o rp h y r in  p ro f ile  is a n  im p o r ta n t d ia g n o s tic  
to o l fo r  th e  d e te c tio n  o f  s u c h  h e m a to lo g ic a l d iso rd e rs .

S e p a ra tio n  a n d  q u a n t ita tiv e  a n a ly s is  o f  p o rp h y r in s  e x tra c te d  fro m  
h u m a n  e x c re ta  a n d  b io lo g ic a l t is su e s  h a v e  b e e n  c o n v e n tio n a lly  p e r fo rm e d  by 
h ig h  p e r fo rm a n c e  liq u id  c h ro m a to g ra p h y  (H P L C ) w ith  f lu o re sc e n c e  d e te c tio n 3'
5. D if fe re n t o rg a n ic  so lv e n ts  h a v e  b e e n  u se d  fo r  th e  e x tra c tio n  o f  Z n P P  a n d  P P  
in  w h o le  b lo o d 6' 12. S o lv en t sy s te m s  w h ic h  in c lu d e d  m in e ra l a c id  in  th e  
e x tra c t in g  so lv e n t d is so c ia te  Z n  fro m  Z n P P 6'8, a n d  s e p a ra te  e x tra c tio n  
p ro c e d u re s  w e re  r e q u ire d  fo r  Z n P P  a n d  P P 8. O th e r  so lv e n t sy s tem s  su c h  a s  
a c e to n e -D M S O  m ix tu re 9, a q u e o u s  a c e to n e 10, a n d  a q u e o u s  e th a n o l12 h a v e  
su c ce ss fu lly  b e e n  u se d  fo r  th e  s im u lta n e o u s  e x tra c t io n  o f  Z n P P  a n d  P P  f ro m  
w h o le  b lo o d . T o  d a te , th e re  h a s  b e e n  n o  u sa g e  o f  N ,N -d im e th y lfo rm a m id e  
(D M F ) a s  th e  e x tra c t in g  so lv en t. In  th is  p a p e r , a  m e th o d  e m p lo y in g  D M F  as 
a n  e x tra c tin g  so lv e n t fo r  e ry th ro c y te  p o rp h y r in s  a n d  m ic e l la r  e le c tro k in e tic  
c a p illa ry  c h ro m a to g ra p h y  (M E K C ) c o u p le d  w ith  e p i- i l lu m in a tio n  f lu o re sc e n c e  
m ic ro sc o p e  d e te c tio n  fo r th e ir  s e p a ra tio n  w a s  d e sc r ib e d

E X P E R I M E N T A L

M a te r ia l s

P ro to p o rp h y r in  IX  (P P ) a n d  3 -c y c lo h e x y la m in o - l-p ro p a n e s u lfo n ic  
a c id  (C A P S ) w ere  o b ta in e d  fro m  S ig m a  (S t. L o u is , M O , U S A ). M e so p o rp h y r in  
IX  (M P ) w a s  fro m  P o rp h y r in  P ro d u c ts  (L o g a n , U T , U S A ), a n d  z in c  
p ro to p o rp h y r in  IX  (Z n P P ) f ro m  A ld r ic h  (M ilw a u k e e , W I, U S A ). S o d iu m  
d o d ec y l s u lp h a te  (S D S ) w as  p u rc h a s e d  f ro m  F lu k a  (B u ch s , S w itz e r la n d ) , a n d  
H P L C -g ra d e  D M F  w as f ro m  B D H  (P o o le , E n g la n d ) . A ll o th e r  c h e m ic a ls  u se d
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w e re  o f  a n a ly t ic a l- r e a g e n t  g ra d e . T h e  e le c tro p h o re s is  b u f fe r  so lu t io n s  w e re  
p re p a re d  w ith  M il l i -Q  tr e a te d  w a te r  (M illip o re , B e d fo rd , M A , U S A ) a n d  
f i l te re d  th ro u g h  a  0 .4 5  p m  m e m b ra n e  (W h a tm a n , A rb o r  T e c h n o lo g ie s , A n n  
A rb o r , M I, U S A ). D isp o sa b le  so lid  p h a s e  e x tra c t io n  c a r tr id g e s  u se d  w e re  S ep - 
P a k  L ig h t  C -1 8  c a r tr id g e s  a n d  S e p -P a k  P lu s  C -1 8  c a r tr id g e s  c o n ta in in g  120 m g  
a n d  3 3 0  m g , re sp e c tiv e ly , o f  90  p m  so rb e n t (W a te rs  A sso c ia te s , M ilfo rd , M A , 
U S A ). D is p o s a b le  sy r in g e s  w e re  u se d  to  d e l iv e r  liq u id s  th ro u g h  th e  e x tra c t io n  
c a r tr id g e s .

Capillary Electrophoresis

C E  w a s  p e r fo rm e d  o n  65  p m  i.d . fu se d  s il ic a  c a p il la r ie s  f ro m  
P o ly m ic ro  T e c h n o lo g ie s  (P h o e n ix , A Z , U S A ). T h e  d e te c to r  sy s te m  w a s  s im ila r  
to  th a t  d e s c r ib e d  p re v io u s ly 13. I t c o n s is te d  o f  a  N ik o n  L a b o p h o t-2 A  e p isc o p ic  
f lu o re sc e n c e  m ic ro sc o p e  (N ik o n  C o rp ., T o k y o , Ja p a n )  w ith  a  100 W  h ig h  
p re s s u re  m e rc u ry  la m p  a s  th e  e x c ita tio n  so u rce . W a v e le n g th  s e le c tio n  w as  
a c c o m p lis h e d  th ro u g h  a f i l te r  b lo c k  c o m p ris in g  o f  a n  e x c ita t io n  f i l te r ,  a  
d ic h ro ic  m ir ro r ,  a n d  a  b a r r ie r  f ilte r . E x c i ta t io n  w a v e le n g th  o f  4 0 5  n m  w a s  
s e le c te d  w ith  a n  in te r fe re n c e  f i l te r  (1 0  n m  b a n d w id th , C V I L a s e r  C o rp ., 
A lb u q u e rq u e , N M , U S A ). T h e  d ic h ro ic  m ir r o r  re f le c ts  r a d ia t io n  b e lo w  5 6 0  n m  
a n d  re f ra c ts  r a d ia t io n  ab o v e  5 8 0  n m , a n d  th e  b a r r ie r  f i l te r  t r a n s m its  r a d ia t io n  
lo n g e r  th a n  5 9 0  n m . A  s il ic o n  p h o to d e te c to r  (M o d e l H C 2 2 0 -0 1 , H a m a m a ts u  
C o rp ., J a p a n )  w a s  e m p lo y e d  fo r  th e  d e te c tio n  o f  f lu o re sc e n c e  s ig n a l. D a ta  
a c q u is i t io n  w a s  p e r fo rm e d  o n  a  H e w le tt  P a c k a rd  3 3 9 0 A  in te g ra to r  (P a lo  A lto , 
C A , U S A ). S a m p le  in je c t io n  w a s  p e r fo rm e d  h y d ro d y n a m ic a lly  a t  a  h e ig h t  
d if fe re n c e  o f  10 c m  fo r  15 s, c o r re s p o n d in g  to  a n  in je c te d  s a m p le  v o lu m e  o f  
a p p ro x im a te ly  10 n L . S e p a ra tio n s  w e re  a c c o m p lish e d  a t  a m b ie n t  te m p e ra tu re  
u s in g  a  S p e llm a n  R H R 3 0  h ig h  v o lta g e  p o w e r  su p p ly  (P la in v ie w , N Y , U S A ).

N e w  c a p il la r ie s  w e re  r in se d  w ith  w a te r  fo r  30  m in , fo llo w e d  b y  I N  
N a O H  fo r 10 m in , a n d  0 .1 N  N a O H  fo r a n o th e r  30  m in . A fte r  a  sh o r t  w a sh  
w ith  w a te r , th e  c a p illa ry  w'as f i l le d  w ith  th e  e le c tro p h o re s is  b u ffe r. W h e n  p e a k  
b r o a d e n in g  o r  n o isy  b a s e lin e  w a s  o b se rv e d , th e  c a p illa ry  w a s  r in s e d  
su c c e ss iv e ly  w ith  IN  HC1 (2  m in ) , w 'a ter (2 m in ) , 0 .2 N  N a O H  (5 m in ) , w a te r  (2 
m in ) , a n d  f in a l ly  s ta b iliz e d  w ith  e le c tro p h o re s is  b u ffe r  to  re s to re  to  i ts  o r ig in a l  
p e r fo rm a n c e . A t th e  e n d  o f  th e  d ay , th e  ab o v e  w a s h in g  p ro c e d u re  w a s  re p e a te d , 
e x c e p t th a t  th e  N a O H  so lu tio n  w 'as le ft in  th e  cap illa ry ' o v e rn ig h t .
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Porphyrin Standards

S ta n d a rd  s to c k  so lu t io n s  o f  M P , P P  a n d  Z n P P  w e re  p re p a re d  by  
d is s o lv in g  a p p ro x im a te ly  1 m g  o f  e a c h  o f  th e  re sp e c tiv e  p o rp h y r in  in  1 m L  o f  
D M F . T h e  c o n c e n tra t io n s  o f  th e  p o rp h y r in  so lu t io n s  w e re  d e te rm in e d  f ro m  
th e ir  a b s o rp tiv ity 14. A s th e  p o rp h y r in s  a re  p h o to se n s it iv e , a l l p o rp h y r in  
so lu t io n s  w e re  p ro te c te d  f ro m  lig h t  w h e n e v e r  p o ss ib le  a n d  w e re  s to re d  a t  

-2 0 ° C .

Blood Samples

W h o le  b lo o d  f ro m  a  h e a lth y  su b je c t w a s  tr e a te d  w ith  d is o d iu m  

e th y le n e d ia m in e te tr a a c e ta te  (E D T A ) a n d  s to re d  in  th e  d a rk  a t  -2 ()°C . S p ik e d  
b lo o d  s a m p le s  w e re  p re p a re d  b y  a d d in g  a p p ro p r ia te  v o lu m e s  (n o t m o re  th a n  10 
p L ) o f  s ta n d a rd  so lu t io n s  c o n ta in in g  Z n P P  a n d  P P  to  5 0 0  p L  o f  w h o le  b lo o d .

Extraction Procedures

S p ik e d  b lo o d  (1 0 0  p L ) w a s  p re d ilu te d  w ith  2 0 0  p L  o f  0 .5 N  a c e tic  a c id  
a n d  th e n  e x tra c te d  w ith  1500  p L  o f  D M F  c o n ta in in g  M P  a s  th e  in te rn a l  
s ta n d a rd . E x tr a c t io n  w a s  a c h ie v e d  w ith  v o r te x  m ix in g  fo r  1 m in  a n d  
s o n ic a t in g  in  a n  ic e -w a te r  b a th  fo r  5 m in . T h e  p ro te in  p re c ip i ta te  w a s  p a c k e d  
b y  c e n tr ifu g a tio n  a t  2 0 0 0 g  fo r  5 m in . T h e  y e llo w ish  s u p e rn a ta n t  w a s  th e n  
tra n s fe r r e d  to  a  c le a n  p o ly p ro p y le n e  v ia l.

S a m p le  c le a n u p  a n d  p re c o n c e n tra tio n  w e re  c a r r ie d  o u t o n  a  C -1 8  
c a r tr id g e . T h e  c a r tr id g e  w a s  f ir s t  a c tiv a te d  w ith  2 m L  o f  m e th a n o l fo llo w e d  b y  
c o n d i t io n in g  w ith  1 m L  o f  0 .5 N  a c e tic  ac id . T h e  s u p e rn a ta n t  f ro m  th e  b lo o d  
e x tra c t  (1 .5  m L ) w a s  d ilu te d  w ith  2 m L  o f  0 .5 N  a c e tic  a c id  to  lo w er th e  so lv e n t 
s tr e n g th  o f  th e  s a m p le  so lu tio n . T h is  so lu tio n  w a s  lo a d e d  o n to  th e  c a r tr id g e  a t  
a  f lo w  ra te  o f  ca. 3 m L /m in , a n d  th e  c a r tr id g e  w a s  th e n  w a sh e d  w ith  1 m L  o f  
w a te r  a n d  1 m L  o f  2 0 %  a q u e o u s  D M F . M o s t o f  th e  w a te r  r e m a in in g  in  th e  
so rb e n t w a s  re m o v e d  by  fo rc in g  10 m L  o f  a i r  th ro u g h  th e  c a r tr id g e  u s in g  a 
d isp o s a b le  sy r in g e . T h e  re ta in e d  p o rp h y r in s  w e re  th e n  s lo w ly  e lu te d  w ith  a b o u t
0 .3  m L  (2  x  0 .1 5  m L ) o f  D M F .
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RESULTS AND DISCUSSION

Electrophoretic Separations

T h e  s e p a ra tio n  o f  th e  d ic a rb o x y lic  p o rp h y r in s  w a s  p e r fo rm e d  u s in g  
o n e  se t o f  th e  o p tim iz e d  c o n d itio n s  a c h ie v e d  e m p lo y in g  th e  o v e r la p p in g  
re so lu t io n  m a p p in g  sc h e m e , d e s c r ib e d  in  o u r  p re v io u s  p a p e r 15. B a s e lin e  
re so lu t io n  o f  th e  p o rp h y r in s  w a s  o b ta in e d  w ith  a  20  m m o l/L  C A P S  b u f fe r  (p H  
1 0 .8 ) c o n ta in in g  2 0  m m o l/L  S D S  a n d  8 %  (v /v ) D M F , a s  sh o w n  in  F ig . 1. 
F ro m  e le c tro p h e ro g ra m s  o f  e q u im o la r  m ix tu re  o f  Z n P P  a n d  P P  in  D M F , th e  
f lu o re sc e n c e  o f  P P  w a s  fo u n d  to  b e  h ig h e r  th a n  th a t  o f  Z n P P  (d a ta  n o t sh o w n ). 
In  fa c t, th e  ra t io  o f  th e  f lu o re sc e n c e  p e a k  a re a s  o f  P P  to  Z n P P  w a s  fo u n d  to  b e  
a p p ro x im a te ly  3. T h e  d if fe re n c e  in  th e ir  f lu o re sc e n c e  is  m a in ly  d u e  to  th e  
d if fe re n c e  in  th e  e x c ita tio n  m a x im u m  o f  Z n P P  a n d  P P . In  th is  s tu d y , 
f lu o re sc e n c e  d e te c tio n  w a s  s e le c te d  w ith  a n  e x c ita tio n  w a v e le n g th  o f  4 0 5  n m , 
w h ic h  g iv e s  a  m a x im u m  f lu o re sc e n c e  fo r  P P  , w h e re a s  Z n P P  e m its  m a x im a lly  
a t  a n  e x c ita tio n  w a v e le n g th  o f  4 1 7  n m .

T a b le  1 sh o w s th e  m ig ra t io n  t im e  re p ro d u c ib ility  fo r  th e  p o rp h y rin s . 
W h e n  th e  c a p il la ry  w a s  f lu sh e d  w ith  e le c tro p h o re s is  b u ffe r  b e tw e e n  ru n s , th e  
ru n - to - ru n  re la tiv e  s ta n d a rd  d e v ia tio n s  (R S D ) fo r  th e  m ig ra tio n  tim e s  o f  Z n P P  
a n d  P P  w e re  m o re  th a n  1%  fo r  8 c o n se c u tiv e  ru n s . A  d r if t  to w a rd s  lo n g e r  
m ig ra t io n  tim e s  a n d  a  g ra d u a l b ro a d e n in g  o f  th e  p o rp h y r in  p e a k s  w e re  a lso  
o b se rv ed . T h e  s itu a tio n  d id  n o t im p ro v e  w ith  re p le n is h m e n t o f  th e  
e le c tro p h o re s is  b u ffe r  a t  b o th  e le c tro d e s . I t  w a s  b e l ie v e d  th a t  th e  m ig ra t io n  
d r if t  w as , in  la rg e  p a r t ,  d u e  to  a d s o rp tio n  o f  th e  p o rp h y r in s  o n to  th e  c a p illa ry  
w a ll , a s  n o te d  b y  o th e r  w o rk e rs 16,17. T o  re s to re  th e  p e r fo rm a n c e , th e  c a p il la ry  
w a s  w a sh e d  w ith  IN  HC1 (2 m in )  a n d  0 .2 N  N a O H  (5 m in ) , a n d  r in s in g  w ith  
w a te r  in  b e tw e en . H o w ev er, a s  a  re s u lt  o f  su c h  a c id  a n d  a lk a l in e  w a sh e s , th e  
e le c tro o sm o tic  f lo w  v a r ie d  c o n s id e ra b ly , a n d  th e  d a y -to -d a y  R S D  fo r  th e  
m ig ra t io n  t im e s  w e re  g re a te r  th a n  3% . U n d e r  su c h  c irc u m s ta n c e s , re lia b ili ty  o f  
p e a k  id e n tif ic a tio n  b a s e d  o n  m ig ra t io n  t im e  w as  p o o r. B e s id e s  v a r ia t io n s  in  th e  
e le c tro o s m o tic  f lo w , o th e r  fa c to rs  s u c h  a s  te m p e ra tu re  f lu c tu a tio n s  d u e  to  Jo u le  
h e a tin g  a n d  in a d e q u a te  te m p e ra tu re  co n tro l w o u ld  a lso  c o n tr ib u te  to  m ig ra t io n  
ir re p ro d u c ib il i ty . T o  im p ro v e  a n a ly te  id e n tif ic a tio n  a n d  m ig ra t io n  
re p ro d u c ib ilty  in  c a p illa ry  e le c tro p h o re s is , th e  u se s  o f  m ig ra t io n  in d e x e s 18 a n d  
n o rm a liz a tio n  o f  th e  m ig ra t io n  tim e  o f  th e  a n a ly te s 18,19 h a v e  b e e n  re p o rte d . In  
th is  s tu d y , th e  a p p ro a c h  o f  n o r m a l iz in g  m ig ra t io n  tim e  b y  d iv id in g  th e  
m ig ra tio n  t im e  o f  th e  p o rp h y r in s  by  th e  m ig ra t io n  t im e  o f  a  re fe re n c e  s ta n d a rd
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w a s  u til iz e d . M P  w a s  u se d  as  th e  re fe re n c e  s ta n d a rd ,  a n d  th e  R S D  v a lu e s  fo r  
th e  re p ro d u c ib ili ty  o f  th e  n o rm a liz e d  m ig ra t io n  t im e s  a re  p re s e n te d  in  T a b le  1. 
I t  is  c le a r ly  e v id e n t th a t  th e  m ig ra tio n  t im e  r e p ro d u c ib ili ty  w a s  g re a tly  
im p ro v e d  w ith  th e  u se  o f  n o rm a l iz e d  m ig ra tio n  tim es . D a y -to -d a y  R S D  v a lu e s  
r a n g e d  f ro m  0 .2  - 0 .6 4 % , c o r re s p o n d in g  to  a  m in im u m  o f  4 - fo ld  im p ro v e m e n t.

Table 1

Reproducibilities of the Migration Times and Peak Areas of ZnPP and PP, 
With and Without Normalization.

(D
ZnPP PP 

Migration Times in Min ( %  RSD)

R u n - to - ru n  (n  =  8) 
D a y - to -d a y  (n  =  8)

7 .8 1 ( 1 .1 )  9 .1 5 (1 .1 )  
7 .8 2  (3 .1 )  9 .2 6  (3 .4 )

(ID
Normalized Migration Times 

(% RSD)a

R u n - to - ru n  (n  =  8) 
D a y - to -d a y  (n  =  8)

0 .8 9  (0 .2 6 )  1 .05  (0 .1 2 )  
0 .8 9  (0 .6 4 )  1 .05 (0 .2 0 )

(HD %  RSD for Absolute Peak Areas

n  =  5 12 .6  12.5

(IV) % RSD for Normalized Peak Areas“

n  =  5 4 .3  2.1

a  M ig ra t io n  tim e s  a n d  p e a k  a re a s  w e re  n o rm a liz e d  by  d iv id in g  b y  th o se  o f  
M P .
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In  a d d i t io n  to  im p ro v e m e n t in  m ig ra t io n  re p ro d u c ib ility , M P  c o u ld  
a lso  se rv e  a s  a n  in te rn a l  s ta n d a rd  in  q u a n t ita tio n . R u n - to - ru n  v a r ia t io n s  a n d  
q u a n t i ta t io n  e r ro rs  d u e  to  d if fu s io n  d u r in g  in je c t io n 20'21, a c c id e n ta l  
h y d ro d y n a m ic  f lo w  (c a u se d  b y  u n e q u a l s a m p le  a n d  b u ffe r  e le v a tio n s ) , su rg in g  
o f  so lu t io n s  in  th e  c a p illa ry  d u e  to  c h a n g in g  o f  th e  e le c tro ly te  re se rv o irs , a n d  
th e  l ik e  c o u ld  b e  m in im iz e d  b y  th e  u se  o f  a n  in te rn a l  s ta n d a rd 22. M P  w a s  
c h o s e n  a s  th e  in te rn a l  s ta n d a rd  a s  i t  is n o t n a tu ra l ly  o c c u r r in g  in  w h o le  b lo o d , 
a n d  w a s  w e ll s e p a ra te d  f ro m  th e  p o rp h y r in s  o f  in te re s t,  s u c h  th a t  i t  d o e s  n o t 
in te r fe re  w i th  p o rp h y r in  q u a n t ita tio n . T h e  s tru c tu ra l r e se m b la n c e  b e tw e e n  M P , 
P P  a n d  Z n P P  (a ll c o n ta in  2 c a rb o x y lic  a c id  g ro u p s )  im p lie s  th a t  th e i r  m ig ra t io n  
c h a ra c te r is tic s  w o u ld  p o ss ib ly  b e  s im ila r . T h e  la rg e  R S D  v a lu e s  o b se rv e d  fo r  
th e  p e a k  a re a s  o f  Z n P P  a n d  P P  (T a b le  1) c o u ld  b e  p a r t ly  a t tr ib u ta b le  to  th e  
a d s o rp tio n  o f  th e  p o rp h y rin s . W h e n  th e  ra tio s  o f  th e  p e a k  a re a s  o f  th e  a n a ly te s  
to  th a t  o f  th e  in te rn a l  s ta n d a rd  w e re  ta k e n  a s  re sp o n se s , R S D  v a lu e s  d ro p p e d  
c o n s id e ra b ly , in  a g re e m e n t w ith  l i te ra tu re  R S D  v a lu e s  fo r  a n a ly se s  w ith  
in te rn a l  s ta n d a rd  (e .g ., c o m p a r is o n  w ith  T a b le  1 in  ref. 22).

Extraction of Blood

D if fe re n t so lv e n ts  h a v e  b e e n  e m p lo y e d  fo r  th e  e x tra c t io n  o f  e ry th ro c y te  
p o rp h y rin s . S o lv e n ts  su c h  a s  D M S O -a c e to n e  m ix tu re 9, a q u e o u s  a c e to n e 10 a n d  
a q u e o u s  e th a n o l12 h a v e  b e e n  u sed . A tte m p ts  to  a d o p t th e se  e x tra c t io n  m e th o d s  
w ith  a n a ly s is  b y  M E K C  w e re  h o w ev e r, n o t su c ce ssfu l. In  th e  c a se  o f  D M S O - 
a c e to n e  m ix tu re , w h o le  b lo o d  w a s  f ir s t  p re d ilu te d  w ith  a q u e o u s  a c e t ic  a c id  
b e fo re  e x tra c t in g  w ith  D M S O -a c e to n e  m ix tu re 9. W h e n  th e  s u p e rn a ta n t  w as  
in je c te d  in to  th e  M E K C  sy stem , b ro a d  p e a k s  w e re  o b se rv e d , p ro b a b ly  d u e  to  th e  
p H  g ra d ie n t  e x is t in g  a c ro ss  th e  b o u n d a r ie s  b e tw e e n  th e  a c id ic  s a m p le  z o n e  a n d  
th e  a lk a l in e  e le c tro p h o re s is  b u ffe r. It w a s  a lso  n o te d  th a t  b ro a d e r  p e a k s  w e re  
o b ta in e d  fo r  p o rp h y r in s  d is so lv e d  in  a q u e o u s  a c e to n e  a n d  a q u e o u s  e th a n o l,  
c o m p a re d  to  p o rp h y r in s  d is so lv e d  in  D M F . I t a p p e a re d  th a t  th e  c h o ic e  o f  
s a m p le  so lv e n t to  b e  in je c te d  h a s  a n  e ffec t o n  th e  p e a k  e ffic ien cy . D M F  is  a  
s tro n g  so lv e n t fo r  th e  p o rp h y rin s , is  w a te r  m isc ib le , a n d  is  su ita b le  fo r  o u r  
M E K C  a n a ly s is . T o  d a te , th e re  h a s  b e e n  n o  re p o r t  o n  th e  u se  o f  D M F  a s  th e  
e x tra c t in g  so lv e n t. T h e  fe a s ib ili ty  o f  e x tra c t in g  e ry th ro c y te  p o rp h y r in s  w ith  
D M F  w a s  th u s  e v a lu a te d  in  th is  in v e s tig a tio n .

U n sp ik e d  b lo o d  a n d  b lo o d  s a m p le s  sp ik e d  w ith  Z n P P  a n d  P P  w ere  
e x tra c te d  w ith  d if fe re n t v o lu m e s  o f  D M F  c o n ta in in g  M P  a s  th e  in te rn a l  
s ta n d a rd . A fte r  c e n tr ifu g a tio n , th e  y e llo w ish  e x tra c ts  w e re  d ire c tly  in je c te d  in to
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th e  c a p illa ry  c o lu m n . P e a k  a re a s  o f  Z n P P  a n d  P P  re la tiv e  to  th a t  o f  M P  w e re  
c a lc u la te d  a n d  c o m p a re d  w ith  th o se  o f  th e  s ta n d a rd s , ta k in g  in to  a c c o u n t th e  
a m o u n ts  o f  Z n P P  a n d  P P  e x tra c te d  f ro m  u n sp ik e d  b lo o d . T h e  a n a ly tic a l 
re c o v e rie s  o f  th e  p o rp h y r in s  o b ta in e d  w ith  d if fe re n t v o lu m e s  o f  D M F  a re  
s u m m a r iz e d  in  T a b le  2. A s c a n  b e  seen , la rg e r  v o lu m e s  o f  D M F  re su lte d  in  
h ig h e r  a n a ly tic a l re c o v e r ie s  o f  th e  p o rp h y rin s . R e co v e rie s  g re a te r  th a n  9 4 %  
w e re  o b ta in e d  w h e n  e x tra c te d  w ith  1.5 m L  o f  D M F . B e s id e s  a c tin g  a s  a n  
e x tra c tio n  so lv e n t, D M F  a lso  p re c ip ita te s  p ro te in a c e o u s  m a te r ia ls  f ro m  th e  
b lo o d . W ith  sm a lle r  v o lu m e s  o f  D M F , th e  b lo o d  p ro te in s  w e re  p ro b a b ly  n o t 
p re c ip i ta te d  su ffic ie n tly  a n d  th u s  in te r fe re d  w ith  th e  p o rp h y rin s ' reco v ery . 
A lth o u g h  f i l t r a t io n  is  n o t re q u ire d , a t te m p ts  w e re  m a d e  to  re m o v e  f in e  p a r t ic le s  
p o ss ib ly  p re s e n t  in  th e  su p e rn a ta n t  so lu tio n s , to  p re v e n t c lo tt in g  o f  th e  
c a p illa ry . P o o r  re c o v e r ie s  o f  th e  p o rp h y r in s  w e re  o b ta in e d  w h e n  
p o ly te tra f lu o ro e th y le n e  (P T F E ) f i l te rs  w e re  u sed . A b o u t 5 0 %  o f  Z n P P  a n d  P P  
w e re  r e ta in e d  o n  th e  f ilte r , w h ile  o n ly  a b o u t 3 8 %  w a s  re c o v e re d  fo r  M P . 
S im ila r  o b se rv a tio n s  w e re  a lso  re p o r te d  w h e n  p o rp h y r in  so lu tio n s  w e re  f i l te re d  
th ro u g h  N y lo n  m e m b ra n e s 23-24. O th e r  f i l te r  w h ic h  h a s  lo w e r a ff in ity  fo r  
p o rp h y r in s  w a s  re c o m m e n d e d , i f  th e  f i l t r a t io n  s te p  w a s  d e e m e d  n e c e s sa ry 24.

Table 2

Effect of Volume of DMF on the Analytical Recovery 
of Porphyrins Added to Normal Blood.

% Recovery

Volume of DMF (mL) ZnPP (220 pmol added) PP (50 pmol added)

0 .3
0 .7
1.5 94  98

62
74

78
84

D e sp ite  th e  q u a n t i ta t iv e  a n a ly tic a l rec o v e ry  a c h ie v a b le  w ith  D M F  
e x tra c tio n , th e re  a re  d ra w b a c k s  o f  d ire c t in je c tio n  o f  th e  s u p e rn a ta n t  so lu tio n . 
T h e  c a p illa ry  su ffe re d  fro m  sh o r t  c o lu m n  life  a s  th e  p e r fo rm a n c e  o f  th e  
c a p illa ry  d e te r io ra te d  b e y o n d  r e s to ra tio n  a f te r  a b o u t 6 0  in je c tio n s . T h is  w as  n o t 
o b se rv e d  w ith  in je c t io n s  o f  p o rp h y r in  s ta n d a rd s . A lth o u g h  n o  o th e r  f lu o re s c e n t 
c o m p o u n d s  o r  f lu o re sc e n c e  q u e n c h in g  c o m p o u n d s  w h ic h  in te r fe re d  w ith  th e  
e le c tro p h e ro g ra m s  w e re  o b se rv e d , i t  a p p e a re d  th a t  c o m p o u n d s  c a p a b le  o f  
in te ra c t in g  w ith  th e  c a p illa ry  w a ll a n d  sh o r te n in g  th e  life  o f  th e  c a p illa ry  w e re
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s im u lta n e o u s ly  b e in g  e x tra c te d . T h e  y e llo w ish  c o lo u r  o f  th e  e x tra c t  a lso  
su g g e s te d  th e  p re se n c e  o f  o th e r  U V -a b so rb in g  su b s ta n c e s . In  a d d itio n , th e  u se  
o f  la rg e  v o lu m e s  o f  D M F  in e v ita b ly  re su lts  in  th e  d i lu t io n  o f  th e  p o rp h y r in  
c o n c e n tra tio n , h a m p e r in g  d e te c tio n  e s p e c ia lly  fo r  s a m p le s  c o n ta in in g  lo w  
c o n c e n tra t io n s  o f  p o rp h y rin s . A  so lu t io n  to  b o th  p ro b le m s  is  to  p e r fo rm  sa m p le  
c le a n u p  a n d  p re c o n c e n tra t io n  o n  a  so lid  p h a s e  e x tra c tio n  (S P E ) c a r tr id g e . 
S o lid  p a r t ic u la te s  c o u ld  a lso  b e  re m o v e d  f ro m  th e  s a m p le  so lu t io n s  a f te r  
p a s s in g  th ro u g h  th e  c a r tr id g e s .

E x t r a c t io n  w i th  S a m p le  C le a n u p

S a m p le  p re p a ra t io n  o n  S P E  c a r tr id g e s  h a v e  b e e n  re p o r te d  fo r  
p o rp h y r in s  e x tra c te d  f ro m  u r in e ,  fa e c e s  a n d  tis su e s24'26. H o w ev e r , n o  su c h  
tr e a tm e n t  o n  e ry th ro c y te  p o rp h y r in s  h a s  b e e n  p e rfo rm e d . T h e  c o n d i tio n s  fo r  
q u a n t i ta t iv e  e x tra c tio n  o f  e ry th ro c y te  p o rp h y r in s  a n d  s u b se q u e n t s a m p le  
c le a n u p  o n  c o m m e rc ia lly  a v a ila b le  C -1 8  c a r tr id g e s  w e re  in v e s t ig a te d  in  th is  
s tu d y . T h e  p e r fo rm a n c e  o f  tw o  d if fe re n t so rb e n t c a p a c itie s , 3 3 0  m g  (S e p -P a k  
P lu s )  a n d  120 m g  (S e p -P a k  L ig h t)  w e re  c o m p a re d . S u p e rn a ta n ts  o f  sp ik e d  
b lo o d  e x tra c te d  w ith  1.5 m L  o f  D M F  w a s  f ir s t  d ilu te d  w ith  2 m L  o f  0 .5 N  a c e tic  
a c id  b e fo re  lo a d in g  in to  th e  C -1 8  c a r tr id g e . T h e  p u rp o se  o f  th e  d i lu t io n  s te p  is 
to  m o d ify  th e  p o la rity ' o f  th e  so lv e n t so  th a t  p o rp h y r in s  w o u ld  b e  r e ta in e d  o n  th e  
C -1 8  c a r tr id g e . U p o n  lo a d in g  o f  th e  s a m p le  so lu tio n , a  d a r k  re d  b a n d  w as  
fo rm e d  n e a r  th e  in f lo w  o f  th e  c a r tr id g e . N o  m o v e m e n t o f  th e  b a n d  w a s  
o b se rv e d  w ith  su b se q u e n t w a s h in g  w ith  w a te r  a n d  2 0 %  a q u e o u s  D M F  so lu tio n . 
W h e n  e lu te d  w ith  D M F , th e  re d  b a n d  d if fu se d  in to  b ro a d e r  b a n d s ,  in d ic a t in g  
d if fe re n tia l  e lu tio n . N o  s ig n a ls  w e re  o b ta in e d  f ro m  th e  f ir s t  120 m L  a n d  3 5 0  
m L  o f  e lu a te s  f ro m  th e  S e p -P a k  L ig h t  c a r tr id g e  a n d  S e p -P a k  P lu s  c a r tr id g e ,  
re sp e c tiv e ly . T h e s e  v o lu m e s  w e re  n e e d e d  to  d isp la c e  th e  re s id u a l w a te r  f ro m  
th e  c a r tr id g e s  a n d  to  m o v e  th e  p o rp h y r in  b a n d  fu r th e r  d o w n  th e  c a r tr id g e s .  T o  
e lu te  th e  re ta in e d  p o rp h y r in s ,  6 0 0  m L  o f  D M F  w a s  n e e d e d  fo r  th e  S e p -P a k  P lu s  
c a r tr id g e , w h ile  m o s t o f  th e  p o rp h y r in s  w e re  d e te c te d  in  e lu a te s  o f  3 0 0  m L  fo r  
th e  S e p -P a k  L ig h t  c a r tr id g e . T h e  e lu a te s  w e re  s lig h tly  y e l lo w ish  in  co lo r, w ith  
m o s t o f  th e  p ig m e n ts  s ti ll  r e ta in e d  o n  th e  c a r tr id g e s , d e m o n s tr a t in g  th e  
e ffe c tiv e n e ss  o f  th e  S P E  c a r tr id g e s  in  r e m o v in g  m o s t o f  th e  m a tr ix  c o m p o n e n ts . 
T h e  S e p -P a k  L ig h t  c a r tr id g e  w a s  ju d g e d  to  b e  s u p e r io r  a s  th e  a n a ly te s  c o u ld  b e  
r e ta in e d  a n d  c o lle c te d  w ith  h a l f  th e  v o lu m e  o f  e lu a n t  n e e d e d  fo r  th e  S e p -P a k  

P lu s  c a r tr id g e .
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In  m o s t o f  th e  p re v io u s  s tu d ie s , b lo o d  s a m p le s  w e re  p re d ilu te d  w ith  a n  
a p p ro p r ia te  aq u e o u s  so lu t io n  to  a c h ie v e  a  m o re  c o m p le te  e x tra c tio n 9,12. R o ss i 
e t a l .9 re p o r te d  a  b e t te r  e x tra c tio n  e ffic ien c y  w h e n  th e  b lo o d  w a s  p re d ilu te d  w ith
0 .5 N  a c e tic  ac id , in s te a d  o f  w a te r . In  o u r  s tu d y , D M F  e x tra c tio n  o f  u n sp ik e d  
b lo o d , w ith  a n d  w ith o u t p re d ilu tio n  w ith  a c e tic  a c id , fo llo w ed  b y  sa m p le  
c le a n u p  w ere  c o m p a re d . W ith  p re d ilu tio n , e x tra c tio n  e f f ic ie n c ie s  o f  Z n P P  a n d  
P P  w e re  b o th  in c re a se d , w ith  a  c o n s id e ra b le  in c re a se  in  th e  c a se  o f  Z n P P . T h e  
in c re a se  is  p re su m a b ly  a t tr ib u ta b le  to  th e  ly s in g  o f  th e  e ry th ro cy te s , r e le a s in g  
th e  m o re  s tro n g ly  b o u n d  Z n P P 27. T h e  s u p e rn a ta n ts  f ro m  D M F  e x tra c tio n  w ith  
p re d ilu t io n  w ith  a c e tic  a c id , h o w ev e r, g av e  r ise  to  b ro a d  p e a k s  w h e n  in je c te d  
d ire c tly  in to  th e  M E K C  sy stem , p ro b a b ly  d u e  to  th e  p H  d if fe re n c e s  e x is t in g  a t 
th e  b o u n d a r ie s  b e tw e e n  th e  s a m p le  z o n e  a n d  th e  e le c tro p h o re s is  b u ffe r. H e n c e  
w ith  s a m p le  c le a n u p , e x c h a n g e  o f  th e  s a m p le  so lu tio n  to  o n e  th a t  is  m o re  
a p p ro p r ia te  fo r  in je c t io n  c o u ld  b e  p e rfo rm e d . T h e  c o lu m n  life  o f  th e  c a p illa ry  
w a s  a lso  p ro lo n g e d  a s  a  c o n se q u e n c e  o f  s a m p le  c le a n u p . M o re  th a n  120 
in je c t io n s  c o u ld  b e  c a r r ie d  o u t w ith  re a so n a b le  p e rfo rm a n c e  o f  th e  c a p illa ry .

A n a ly tic a l re c o v e rie s  o f  Z n P P  a n d  P P  f ro m  th e  S e p -P a k  L ig h t  
c a r tr id g e  w ere  f ir s t  e v a lu a te d  w ith  s ta n d a rd  p o rp h y r in  so lu t io n s  in  D M F , 
fo llo w in g  th e  w a s h in g  a n d  e lu tio n  s te p s  d e s c r ib e d  u n d e r  E x p e r im e n ta l.  N e a r  
q u a n t ita tiv e  re c o v e r ie s  (>  9 5 % ) o f  th e  p o rp h y r in s  w e re  o b ta in e d , in d ic a t in g  
m in im u m  lo ss  o f  a n a ly te s  f ro m  th e  w a s h in g  s tep  a n d  th e  e ffe c tiv e n e ss  o f  D M F  
e lu tio n . N e x t, a n a ly tic a l re c o v e rie s  o f  p o rp h y r in  s ta n d a rd s  sp ik e d  in to  n o rm a l 
b lo o d , to g e th e r  w ith  th e  c o n c e n tra tio n s  o f  Z n P P  a n d  P P  o r ig in a lly  p re s e n t  in  
th e  b lo o d  s a m p le  w e re  d e te rm in e d  b y  th e  m e th o d  o f  s ta n d a rd  a d d itio n s . A  
se r ie s  o f  n o rm a l b lo o d  s a m p le s  sp ik e d  w ith  p o rp h y r in  s ta n d a rd s  w e re  p re p a re d  
fo r  th e  c a l ib ra t io n  p lo t. T h e se  b lo o d  s a m p le s  w e re  th e n  su b je c ted  to  th e  
e x tra c tio n  p ro c e d u re s  a n d  a n a ly se d  b y  M E K C . T h e  ra tio s  o f  th e  p e a k  a re a s  o f  
Z n P P  o r  P P  to  th a t  o f  M P  w e re  p lo tte d  a g a in s t  th e  a m o u n t o f  p o rp h y r in s  ad d ed . 
C o r re la tio n  b e tw e e n  th e  re la tiv e  p e a k  a re a s  a n d  th e  a m o u n t o f  a d d e d  
p o rp h y r in s  w e re  g e n e ra lly  g o o d  in  th e  c o n c e n tra tio n  ra n g e  o f  0 .0 3 5  - 0 .6 7  
p m o l/L  fo r  P P , a n d  0 .1 6  - 2 .9  p m o l/L  fo r  Z n P P . D u e  to  th e  h ig h e r  f lu o re sc e n c e  
o f  P P  th a n  Z n P P , c o n s id e ra b ly  lo w er c o n c e n tra t io n  ra n g e  w as  s tu d ie d  fo r  th e  
e x tra c tio n  re c o v e rie s  o f  P P . C o r re la tio n  co e ffic ie n t v a lu e s  o f  a t  le a s t 0 .9 9 3  
w e re  o b ta in e d  fo r  b o th  th e  Z n P P  a n d  P P  lin e s . E x tra p o la t io n  o f  th e  lin e s  to  th e  
h o r iz o n ta l a x is  g a v e  a  m e a su re  o f  th e  p o rp h y r in s  c o n te n t in  n o rm a l b lo o d . T h e  
Z n P P  v a lu e  w a s  fo u n d  to  b e  0 .2 7  p m o l p e r  l i te r  o f  w h o le  b lo o d , a n d  P P  w a s  
fo u n d  to  b e  0 .0 3  p m o l p e r  l i te r  o f  w h o le  b lo o d . T h e se  v a lu e s  fa ll in to  th e  ra n g e  
re p o r te d  in  l i te r a tu re 9. T o  c a lc u la te  th e  a n a ly tic a l re c o v e rie s  o f  th e  p o rp h y r in s ,  
re la tiv e  p e a k  a re a s  o f  e x tra c te d  Z n P P  a n d  P P  w ere  c o m p a re d  to  th o se  fo r  th e
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s ta n d a rd  so lu tio n s , c o r re c te d  fo r  th e  a m o u n t o f  p o rp h y r in s  a lre a d y  p r e s e n t  in  
th e  b lo o d . T h e  a n a ly tic a l re c o v e rie s  a re  sh o w n  in  T a b le  3. T h e  re c o v e r)’ v a r ie d  
f ro m  88  - 100% . T h e  re p ro d u c ib ili t ie s  fo r  th e  e x tra c tio n  re c o v e ry  o f  Z n P P  a n d  
P P  w e re  e v a lu a te d  by  r e p e a tin g  5 a n a ly se s  o n  b lo o d  s a m p le s  f ro m  o n e  n o rm a l 
h u m a n  su b jec t. R S D  v a lu e s  w e re  a b o u t 6 %  fo r  b o th  p o rp h y rin s .

Table 3

Analytical Recovery of ZnPP and PP Added to Normal Blood. 

Compound Added Amount (pmol) % Recovery a

Z P 70 88
2 4 0 99
590 92

P P 15 96
501 100
120 98

a  S p ik e d  b lo o d  s a m p le s  w e re  p re d ilu te d  w ith  0 .5 N  a c e tic  a c id , e x tra c te d  w ith  
D M F , c le a n e d  u p  on  S e p -P a k  L ig h t  c a r tr id g e s , a n d  a n a ly se d  by  M E K C , as  
d e s c r ib e d  u n d e r  E x p e r im e n ta l.  T h e  re su lts  re p re se n t th e  a v e ra g e  o f  t r ip l ic a te  
e x tra c tio n s . T h e  c o n c e n tra t io n s  o f  e n d o g e o u s  Z n P P  a n d  P P  w e re  su b tra c te d  
p r io r  to  c a lc u la t in g  rec o v e rie s .

F ig . 2 sh o w s a n  e le c tro p h e ro g ra m  o f  a  b lo o d  e x tra c t f ro m  a  n o rm a l 
a d u l t  f e m a le  h u m a n  su b jec t. T h e  s lig h t d if fe re n c e  in  th e  m ig ra t io n  t im e s  o f  th e  
p o rp h y r in s  in  F ig s  1 a n d  2 w a s  p ro b a b ly  d u e  to  m a tr ix  e ffec ts . 
C o p ro p o rp h y r in  I, w h ic h  w a s  e x tra c te d  in  so m e  b lo o d  sa m p le s811, w a s  n o t 
d e te c te d  in  th is  s tu d y  I ts  p re se n c e  , h o w e v e r, w o u ld  n o t c a u se  a n  in te r fe re n c e  
p ro b le m , a s  i t  m ig ra te s  b e tw e e n  Z n P P  a n d  M P  in  o u r  e le c tro p h o re tic  
c o n d itio n s . T h e  l im its  o f  d e te c tio n  (L O D ) d e te rm in e d  f ro m  th e  a c tu a l 
in je c t io n s  o f  lo w  c o n c e n tra tio n s  o f  th e  p o rp h y r in s  w 'ere fo u n d  to  b e  50  n m o l/L  
a n d  8 n m o l/L  fo r  Z n P P  a n d  P P , re sp e c tiv e ly , a t  a  s ig n a l- to -n o is e  ra tio  o f  3. 
W ith  a n  in je c t io n  v o lu m e  o f  a p p ro x im a te ly  10 n L , th e  m in im u m  d e te c ta b le  
a m o u n ts  fo r  Z n P P  a n d  P P  w e re  a b o u t 5 0 0  a m o l a n d  8 0  am o l, re sp e c tiv e ly . 
F u r th e r  im p ro v e m e n t in  th e  L O D  fo r  Z n P P  c o u ld  b e  a c h ie v e d  w ith  th e  p ro p e r  
c h o ic e  o f  e x c ita t io n  w a v e le n g th . A n  e x c ita tio n  f i l te r  c e n te re d  a t  4 1 0  n m  a n d  
w id e r  b a n d w id th  (e .g ., 20  n m )  sh o u ld  su ff ic ie n tly  c o v e r  th e  ra n g e  o f  e x c ita t io n
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3

2

b 5 10

Time / min

F ig u re  1. O p tim iz e d  M E K C  s e p a ra tio n  o f  Z n P P , P P  a n d  M P . C o n d itio n s : 
b u ffe r , 2 0  m m o l/L  C A P S  (p H  10 .8), 2 0  m m o l/L  S D S , 8 % D M F ; c a p illa ry , 65 
m m  i.d . x  6 7 .2  c m  (4 5 .2  c m  to  th e  d e te c to r) ; a p p lie d  v o lta g e , 21 kV . P eak s : 1 
=  Z n P P  (0 .2  m m o l/L ) , 2 =  M P  (0 .0 5  m m o l/L ), a n d  3 =  P P  (0 .0 7  m m o l/L ).

F ig u re  2. E le c tro p h e ro g ra m  o f  a  n o rm a l a d u lt  fe m a le  b lo o d  ex tra c t. 
E le c tro p h o re tic  c o n d itio n s  a n d  p e a k  id e n tit ie s  sa m e  as  in  F ig . 1.

w a v e le n g th s  r e q u ire d  fo r  m a x im u m  f lu o re sc e n c e  o f  Z n P P  a n d  PP . 
N e v e rth e le s s , th e  s e n s itiv ity  a c h ie v e d  w ith  e p i- i l lu m in a tio n  f lu o re sc e n c e  
m ic ro sc o p y  d e te c tio n  w a s  c o m p a ra b le  to  th o se  re p o r te d  u s in g  c a p illa ry  
e le c tro p h o re s is  /  la s e r - in d u c e d  f lu o re sc e n c e  sy s te m 16, a n d  a p p ro a c h in g  th o se  
re p o r te d  fo r  H P L C  /  f lu o re sc e n c e  s y s te m 17.

2

3

Time / min
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C O N C L U S I O N S

T h is  p a p e r  d e m o n s tra te d  th a t  s im u lta n e o u s  e x tra c t io n  o f  Z n P P  a n d  P P  
f ro m  b lo o d  sa m p le s  w a s  p o ss ib le  w ith  D M F . W ith  s a m p le  c le a n u p  o n  a  C - 18 
S P E  c a r tr id g e ,  q u a n t i ta t iv e  a n a ly tic a l re c o v e r ie s  o f  Z n P P  a n d  P P  o f  g re a te r  th a n  
8 8 %  w e re  ac h ie v e d . A lth o u g h  th e  e x tra c ts  w e re  s lig h tly  y e l lo w ish  in  co lo r, 
e ffec tiv e  s e p a ra t io n  c o u p le d  w ith  sp e c if ic  f lu o re sc e n c e  d e te c tio n  p e rm it te d  
a n a ly s is  o f  th e  p o rp h y r in s  w ith  v e ry  l i t t le  in te r fe re n c e  b y  e n d o g e n o u s  
co m p o u n d s . T h e  p o rp h y r in s  w e re  id e n tif ie d  by  th e ir  n o rm a l iz e d  m ig ra t io n  
tim e s , w ith  r e s p e c t to  th a t  o f  a n  in te rn a l  s ta n d a rd , M P . T h e  C -1 8  c a r tr id g e  
a c te d  a s  a  g u a rd  c o lu m n  to  p ro te c t th e  c a p illa ry  f ro m  u n d e s ira b le  a d s o rp tio n  o f  
c o n ta m in a n ts ,  th u s  a id in g  in  p ro lo n g in g  th e  c o lu m n  life . I t  a lso  im p ro v e d  th e  
s e n s it iv i ty  o f  th e  m e th o d  b y  p re c o n c e n tra t in g  th e  a n a ly te s . T h e  L O D s  o b ta in e d  
fo r  Z n P P  a n d  P P  w e re  50  n m o l/L  a n d  8 n m o l/L , re sp e c tiv e ly .
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QUANTITATIVE HPTLC DETERMINATION OF 
SALICYCLIC ACID IN TOPICAL ACNE 

MEDICATIONS

Ja so n  R . M c L a u g h lin , Jo se p h  S h e rm a

D e p a r tm e n t o f  C h e m is try  
L a fa y e tte  C o lleg e  

E a s to n , P e n n s y lv a n ia  1 8 0 4 2 -1 7 8 2

ABSTRACT

A  m e th o d  w a s  d e v e lo p e d  fo r  d e te rm in a tio n  o f  sa lic y lic  a c id  in  
a n t i- a c n e  p h a rm a c e u tic a l  p re p a ra t io n s  in v o lv in g  s e p a ra t io n  o n  a  
p re a d s o rb e n t h ig h  p e r fo rm a n c e  th in  la y e r  c h ro m a to g ra p h y  
(H P T L C ) s il ic a  g e l p la te  w ith  f lu o re sc e n t p h o sp h o r , d e te c tio n  by  
f lu o re sc e n c e  q u e n c h in g , a n d  q u a n t if ic a tio n  b y  d e n s ito m é tr ie  
s c a n n in g . S a lic y lic  a c id  w a s  d ire c tly  d e te c te d  a n d  q u a n tif ie d  o n  

th e  p la te  a t  le v e ls  a s  lo w  a s  1 p g , a n d  n o  in te r fe re n c e  w as  
e n c o u n te re d  fro m  o th e r  in g re d ie n ts  in  th e  m e d ic a tio n  

fo rm u la tio n s .

T h e  m e th o d  w as  a p p l ie d  to  th e  a n a ly s is  o f  a  
c o m m e rc ia l  g e l p re p a ra t io n  w ith  a  la b e l v a lu e  o f  2 .0 %  sa lic y lic  
ac id , a n d  a n  a v e ra g e  v a lu e  o f  9 9 .2 %  o f  th e o re tic a l w a s  o b ta in e d  
(n = 1 6 ) . A c c u ra c y  w a s  v a l id a te d  b y  a n a ly s is  o f  a  1 0 %  b e n z o y l 
p e ro x id e  a n t i- a c n e  g e l sp ik e d  w ith  2 %  sa lic y lic  ac id , a n d  
recovery ' a v e ra g e d  1 0 0 .0 %  (n = 1 0 ). T h e  c o e ffic ie n ts  o f  v a r ia t io n  
fo r th e  a n a ly se s  w e re  3 .9  a n d  5 .6 % , re sp e c tiv e ly . A d v a n ta g e s  o f  
th e  n ew  H P T L C  m e th o d  a re  d isc u sse d .

17
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INTRODUCTION

I n  e a r l ie r  s tu d ie s , q u a n t i ta t iv e  h ig h  p e r fo rm a n c e  th in  la y e r  
c h ro m a to g ra p h y  (H P T L C ) m e th o d s  w ere  d ev e lo p e d  fo r  th e  a c tiv e  in g re d ie n ts  
s u lfu r1 a n d  b e n z o y l p e ro x id e 2 in  a  v a r ie ty  o f  to p ic a l o in tm e n t,  c re a m , a n d  
liq u id  p h a rm a c e u tic a l  p re p a ra t io n s  fo r  c o n tro l o f  ac n e . O th e r  a c n e  m e d ic a tio n s  
c o n ta in  sa lic y lic  a c id  as  th e  a c tiv e  in g re d ie n t,  a n d  in  th is  p a p e r  w e  re p o r t  an  
H P T L C  m e th o d  w ith  s c a n n in g  d e n s ito m e try  fo r  th e ir  a n a ly s is . T h e  o ffic ia l 
m e th o d s  fo r  d e te rm in a tio n  o f  sa lic y lic  a c id  ra w  m a te r ia l  a n d  fo rm u la te d  
p h a rm a c e u tic a l p ro d u c ts  in v o lv e  t i t r a t io n  w ith  so d iu m  h y d ro x id e , u l tr a v io le t  
sp e c tro p h o to m e try , o r  h ig h  p e r fo rm a n c e  c o lu m n  liq u id  c h ro m a to g ra p h y .3,4 T h e  
q u a n t i ta t iv e  H P T L C  m e th o d , w h ic h  is  b a s e d  o n  s e p a ra tio n  o f  sa lic y lic  a c id  o n  
p re a d s o rb e n t s i l ic a  g e l p la te s  c o n ta in in g  f lu o re sc e n t in d ic a to r , d e te c tio n  b y  
f lu o re sc e n c e  q u e n c h in g , a n d  in situ d e n s ito m e tr ic  s c a n n in g  a t  2 4 4  n m , h a s  
a d v a n ta g e s  o v e r  th e  e a r l ie r  m e th o d s  a n d  is  sh o w n  to  b e  su ffic ie n tly  ra p id , 
a c c u ra te , a n d  p re c is e  fo r  u se  in  ro u tin e  p h a rm a c e u tic a l an a ly s is .

EXPERIMENTAL

Standard Solution

A  s ta n d a rd  so lu t io n  (1 .0 0  p g /p L )  w a s  p re p a re d  b y  d is s o lv in g  2 5 .0  m g  
o f  re a g e n t g ra d e  sa lic y lic  a c id  (A ld r ic h  C h e m ic a l C o .)  in  re a g e n t  g ra d e  
m e th a n o l in  a  25  v o lu m e tr ic  fla sk .

Thin Layer Chromatography

H P T L C  w a s  c a r r ie d  o u t o n  10 x  20  c m  W h a tm a n  L H P K D F  h ig h  
p e r fo rm a n c e  s il ic a  g e l p la te s  w ith  19 la n e s , p re a d s o rb e n t s p o tt in g  a re a , a n d  
f lu o re sc e n t p h o s p h o r  (c a ta lo g  no . 4 8 0 6 7 1 1 ) . S ta n d a rd  a n d  s a m p le  so lu t io n s  

w e re  a p p l ie d  to  th e  p re a d s o rb e n t u s in g  a  10 p L  D ru m m o n d  d ig ita l  
m ic ro d isp e n s e r . P la te s  w e re  d ev e lo p e d  w ith  n -p e n ty l fo rm a te -c h lo ro fo rm -  
fo rm ic  a c id  (2 :7 :1 )  fo r  a  d is ta n c e  o f  7 c m  b e y o n d  th e  s il ic a  g e l p re a d so rb e n t 
in te r fa c e  in  a  p a p e r - lin e d , s o lv e n t- s a tu ra te d  C a m a g  tw in  tro u g h  c h a m b e r  a n d  
th e n  d r ie d  in  a  fu m e  h o o d . S e p a ra te d  sa lic y lic  a c id  z o n e s  w e re  d e te c te d  by  
in s p e c tio n  u n d e r  2 5 4  n m  U V  lig h t  in  a  v ie w in g  c a b in e t a n d  s c a n n e d  u s in g  a 
S h im a d z u  C S -9 3 0  d e n s ito m e te r  in  th e  s in g le -b e a m  re f le c ta n c e  m o d e  a t  2 4 4  
n m . T h is  w a v e le n g th  o f  m a x im u m  a b s o rp tio n  w a s  o b ta in e d  b y  a n  in situ
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sp e c tra l s c a n  o f  a  6 .0 0  p g  s ta n d a rd  z o n e  b e tw e e n  2 0 0  a n d  3 7 0  nm .

Analysis of Samples

T h e  m e d ic a tio n  a n a ly z e d  to  te s t th e  n ew  m e th o d  w a s  a  g e l w ith  a  la b e l 
d e c la ra tio n  o f  2 %  sa lic y lic  a c id  p u rc h a s e d  in  a  lo ca l p h a rm a c y  w ith o u t 
p re sc r ip tio n . A p p ro x im a te ly  5 0 0  m g  o f  th e  s a m p le  w as  a c c u ra te ly  w e ig h e d  in to  
a  15 m l v ia l ,  a n d  12.5 m l o f  m e th a n o l w a s  a d d e d  b y  p ip e t. T h e  s a m p le  w as  
d is so lv e d  by  v ig o ro u s  sh a k in g .

A  sp ik e d  a c n e  g e l m e d ic a tio n  h a v in g  1 0 %  b e n z o y l p e ro x id e  a s  th e  
a c tiv e  in g re d ie n t  a n d  m a n y  o th e r  in g re d ie n ts  in  c o m m o n  w ith  th e  sa lic y lic  a c id  
m e d ic a tio n  w a s  u se d  to  te s t  th e  a c c u ra c y  o f  th e  n ew  m e th o d . T h e  sp ik e d  
s a m p le  w a s  p re p a re d  by  w e ig h in g  5 0 0  m g  o f  th e  g e l a n d  10 .0  m g  o f  sa lic y lic  
a c id  in to  a  15 m l v ia l  a n d  d is s o lv in g  in  12 .5  m l o f  m e th a n o l. A  c a lib ra t io n  
c u rv e  w a s  d e te rm in e d  f ro m  th e  s c a n  a re a s  a n d  sp o tte d  w e ig h ts  o f  2 .0 0 , 4 .0 0 , 
a n d  6 .0 0  p L  a l iq u o ts  o f  th e  1 .00  p g /p L  s ta n d a rd  u s in g  a  Q u a tt ro  c u rv e -f it t in g  
p ro g ra m  o n  a n  IB M -P C .

T h e  p e rc e n t sa lic y c lic  a c id  in  th e  u n k n o w n  w as d e te rm in e d  b y  sp o tt in g  

d u p lic a te  4 .0 0  p L  a l iq u o ts  o f  th e  s ta n d a rd  a n d  d u p lic a te  5 .0 0  p L  a l iq u o ts  o f  th e  

sa m p le , w h ic h  w o u ld  c o n ta in  a  th e o re tic a l v a lu e  o f  4 .0 0  p g  o f  sa lic y lic  a c id  
a c c o rd in g  to  th e  la b e l v a lu e . T h e  w e ig h t  o f  sa lic y lic  a c id  in  th e  s a m p le  w a s  
c a lc u la te d  b y  m u lt ip ly in g  th e  w e ig h t o f  sa lic y lic  a c id  in  th e  s ta n d a rd  z o n e s  

(4 .0 0  p g )  by  th e  ra tio  o f  th e  a v e ra g e  s a m p le  p e a k  a re a  to  th e  a v e ra g e  s ta n d a rd  
p e a k  a re a . P e rc e n t sa lic y lic  a c id  w as  c a lc u la te d  b y  d iv id in g  th e  w e ig h t  o f  

sa lic y lic  a c id  by  th e  w e ig h t o f  s a m p le  in  th e  5 .0 0  p L  a l iq u o t a n d  m u lt ip ly in g  

th e  q u o tie n t  by  100.

T h e  m e th o d  w a s  v a l id a te d  by  a n a ly z in g  th e  sp ik e d  s a m p le  a s  d e s c r ib e d  
ab o v e  a n d  c a lc u la t in g  rec o v e ry  by  c o m p a r in g  th e  a m o u n t d e te rm in e d  
e x p e r im e n ta lly  w ith  th e  th e o re tic a l 2 .0 0 %  fo rtif ic a t io n  lev e l. A  b la n k  
c o n ta in in g  5 0 0  m g  o f  s a m p le  w ith o u t  sp ik e  w a s  a lso  a n a ly z ed .

RESULTS AND DISCUSSION

M e th a n o l c o m p le te ly  d is s o lv e d  th e  sa lic y lic  a c id  in  th e  s ta n d a rd  a n d
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sa m p le s , b u t  o th e r  in so lu b le  s a m p le  in g re d ie n ts  s e ttle d  to  th e  b o tto m  o f  th e  
v o lu m e tr ic  f la sk s  a n d  d id  n o t in te r fe re  w ith  sp o ttin g . S a lic y lic  a c id  p ro d u c e d  a 
t ig h t  b a n d  w ith  R f 0 .7 1  a c ro ss  th e  la n e  o f  th e  h ig h  p e r fo rm a n c e  p re a d s o rb e n t 
s i l ic a  g e l p la te  w h e n  v ie w e d  u n d e r  2 5 4  n m  U V  lig h t. D e sp ite  th e  p re se n c e  o f  
m a n y  in g re d ie n ts  in  th e  m e d ic a tio n s  a n a ly z e d , in c lu d in g  C a rb o m e r  9 4 0 , d io c ty l 
so d iu m  su lfo su c c in a te , d is o d iu m  E D T A , p h e n o x y e th a n o l, tr ie th a n o la m in e , a n d  
p o ly g ly c e ry lm e th a c ry la te , o n ly  o n e  a d d i t io n a l  f lu o re sc e n c e -q u e n c h e d  z o n e , 
w ith  a n  R f o f  0 .6 1 , a p p e a re d  in  s a m p le  c h ro m a to g ra m s , a n d  i t  d id  n o t in te r fe re  
w ith  s c a n n in g  th e  sa lic y lic  a c id  zo n e . T h e  b e n z o y l p e ro x id e  in  th e  sp ik e d  
s a m p le  m ig ra te d  n e a r  th e  so lv e n t f ro n t b e c a u s e  o f  th e  h ig h  s tr e n g th  (p o la r ity )  
o f  th e  m o b ile  p h a s e  c o m p a re d  to  m e th y le n e  c h lo r id e -m e th a n o l (1 :1 ), w h ic h  
g a v e  a n  R f v a lu e  o f  0 .5 0  fo r  b e n z o y l p e ro x id e  o n  th e  sa m e  la y e r .2

T h e  c a l ib ra t io n  c u rv e  w a s  r e p e a te d  m a n y  t im e s  a n d  fo u n d  to  h a v e  a  
ty p ic a l l in e a r ity  c o r re la tio n  c o e ffic ie n t ( r  v a lu e )  o f  0 .9 3 , w ith  a  ra n g e  o f  0 .8 3 -

0 .9 7 , fo r  2 -6  p g /s p o t o f  sa lic y lic  ac id . I n  o rd e r  to  s im p lify  a n d  o p tim iz e  th e  
re lia b ili ty  o f  th e  a n a ly s is , q u a n t if ic a tio n  w a s  p e r fo rm e d  b y  c o m p a r in g  th e  
s a m p le  w ith  a  s in g le  s ta n d a rd  h a v in g  a  s im ila r  z o n e  a re a  w ith in  th e  l in e a r  
ra n g e , r a th e r  th a n  c o n s tru c tin g  a  n e w  c a lib ra t io n  c u rv e  o n  e a c h  p la te . 
S ta n d a rd s  a n d  s a m p le s  w e re  a lw a y s  c h ro m a to g ra p h e d  to g e th e r  o n  e a c h  p la te  to  
c o r re c t fo r  in e v ita b le  s lig h t  la y e r  v a r ia tio n s . T h e  le a s t in te n se  z o n e  th a t  c o u ld  
b e  re p ro d u c ib ly  s c a n n e d  w a s  1 .00  p L  o f  s ta n d a rd  (1 .0 0  p g ) , w h ic h  p ro d u c e d  a  
s c a n  a r e a  o f  a b o u t 100 0  c o u n ts . T h e  2 4 4  n m  m a x im u m  a b s o rp tio n  d e te rm in e d  
f ro m  a n  in situ s p e c tra l  m e a s u re m e n t w a s  q u ite  d if fe re n t f ro m  th e  2 7 0 -2 8 0  n m  
d e te c to r  s e tt in g  u s e d  in  H P L C .4

F o u r  d if fe re n t s a m p le s  o f  th e  sa lic y lic  a c id  m e d ic a tio n  w ith  a  2 .0 %  
la b e l v a lu e  w e re  a n a ly z e d  fo u r  t im e s  e a c h , fo r  a  to ta l  o f  16 an a ly se s . T h e  
o v e ra ll  a v e ra g e  o b ta in e d  w a s  1 .9 8 %  sa lic y lic  a c id , 9 9 .2 %  o f  th e  la b e l v a lu e . 
S ta n d a rd  d e v ia tio n  v a lu e s  fo r  th e  re p lic a te  a n a ly se s  a v e ra g e d  3 .9 % . A s  a  
f u r th e r  m e a su re  o f  p re c is io n , th e  p e rc e n t  d if fe re n c e  b e tw e e n  th e  sc a n  a re a s  o f  
th e  d u p lic a te  sa m p le s  a n d  s ta n d a rd s  sp o tte d  in  e a c h  a n a ly s is  w a s  ty p ic a lly  
a b o u t 3 % , w ith  a  ra n g e  o f  0 .4  to  9% .

F o u r  d if fe re n t p o r tio n s  o f  th e  b e n z o y l p e ro x id e  g e l, sp ik e d  w ith  2 .0 0 %  
sa lic y lic  a c id , w e re  e a c h  w a s  a n a ly z e d  tw o  o r  th re e  tim e s  ( to ta l  o f  10 an a ly se s) . 
R e co v e ry  o f  th e  sp ik e  a v e ra g e d  1 0 0 .0 %  w ith  a  5 .6 %  s ta n d a rd  d e v ia tio n , w h ic h  
v e r if ie s  th e  a c c u ra c y  o f  th e  m e th o d  a n d  th e  v a lu e  o b ta in e d  fo r  th e  a n a ly s is  o f  
th e  u n k n o w n . B la n k s  a n a ly z e d  in  th e  fo r tif ie d  s a m p le  a s sa y s  d id  n o t sh o w  th e  
p re se n c e  o f  a n y  in te r fe re n c e s  a t  th e  R  o f  th e  a n a ly te .
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T h e  q u a n t i ta t iv e  H P T L C  m e th o d  d e sc r ib e d  h a s  h ig h  sa m p le  
th ro u g h p u t b e c a u s e  u p  to  e ig h t  d u p lic a te  s a m p le s  c a n  b e  a n a ly z e d  o n  a  s in g le  
p la te  a lo n g  w ith  th e  re q u ir e d  d u p lic a te  s ta n d a rd s , a n d  it h a s  a d e q u a te  
se n s itiv ity , s e lec tiv ity , a c c u ra c y , a n d  p re c is io n  fo r  ro u tin e  u se  in  a  
p h a rm a c e u tic a l  a n a ly tic a l la b o ra to ry . It is  m o re  se lec tiv e  th a n  th e  e a r l ie r  
sp e c tro sc o p ic  a n d  t i t r a t io n  m e th o d s  b e c a u s e  o f  th e  se p a ra tio n  step . In  c o n tra s t  
to  H P L C , in so lu b le , in a c tiv e  in g re d ie n ts  d o  n o t h a v e  to  b e  f i l te re d  p r io r  to  T L C  
b e c a u se  th e  la y e r  is  n o t reu se d , a n d  a n  in te rn a l  s ta n d a rd  is  n o t r e q u ire d  b e c a u se  
sa m p le s  a n d  s ta n d a rd s  a re  se p a ra te d  u n d e r  e s se n tia lly  id e n tic a l c o n d itio n s  on  
th e  sa m e  p la te . O th e r  ty p e s  o f  s a m p le s  c a n  b e  a n a ly z e d  u s in g  th e  sa m e  b a s ic  
p ro c e d u re  u n le s s  a n  in te r fe r in g  f lu o re sc e n c e -q u e n c h e d  z o n e  m ig ra te s  w ith  th e  
sa lic y lic  a c id -z o n e . I t  is  o n ly  re q u ire d  to  d is so lv e  th e  sa lic y lic  a c id  c o m p le te ly  
in  m e th a n o l a t  a  c o n c e n tra t io n  th a t  a llo w s  a n  a l iq u o t o f  s a m p le  b e tw e e n  1 a n d  

10 p L  to  p ro d u c e  a  se p a ra te d  z o n e  w ith  a  s c a n  a re a  s im ila r  to  th e  4  p L  
s ta n d a rd .
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ABSTRACT

M o rp h in e  a n d  its  s ix te e n  se m isy n th e tic  d e r iv a tiv e s  o f  
p h a rm a c o lo g ic a l  in te re s t  w e re  su b je c te d  to  p la n a r  
c h ro m a to g ra p h y . A d e q u a te  s ta tio n a ry  a n d  m o b ile  p h a s e s  fo r  
b o th  e lu tio n  a n d  d isp la c e m e n t c h ro m a to g ra p h y  w e re  fo u n d . A ll 
th e se  c o m p o n e n ts  c a n  b e  s e p a ra te d  by  e lu t io n  m o d e  o f  
d e v e lo p m e n t. A t th e  sa m e  tim e , se v e ra l m o rp h in e  d e r iv a tiv e s  
c a n  b e  th e  m e m b e r  o f  d is p la c e m e n t tra in .  E x p e r im e n ts  a n d  
re su lts  u s in g  e i th e r  s t r a ig h t-p h a s e  o r  re v e rse  p h a s e  
c h ro m a to g ra p h y  w ith  b o th  e lu tio n  a n d  d is p la c e m e n t ty p e s  o f  
d e v e lo p m e n ts  a re  d e ta ile d .
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INTRODUCTION

D is p la c e m e n t c h ro m a to g ra p h y  is  b a s e d  o n  th e  w e ll  k n o w n  
p h e n o m e n o n  th a t  th e  m o re  s tro n g ly  re ta rd e d  c o m p o u n d s  c a n  d isp la c e  th e  le s s  
s tro n g ly  r e ta rd e d  o n e s , a s  i t  h a s  b e e n  k n o w n  fo r  a  lo n g  t im e 1. In  1 9 4 3 , T is e l iu s  
c la s s if ie d  c h r o m a to g ra p h ic  s e p a ra tio n  a c c o rd in g  to  th e  m o d e  o f  d e v e lo p m e n t, 
su c h  a s  e lu tio n , f ro n ta l  a n d  d isp la c e m e n t c h ro m a to g ra p h y 2, w h ic h  w a s  w id e ly  
u se d  in  th e  fo r tie s  a n d  e a r ly  f if t ie s  f c r  s e p a ra t io n  o f  v a r io u s  c o m p o u n d s , s u c h  a s  
p ro te in s ,  p e p tid e s , a m in o  a c id s , e tc .3"5.

T h e  o v e rw h e lm in g  m a jo r ity  o f  th e se  s e p a ra tio n s  w a s  d o n e  u s in g  
c o lu m n  a r r a n g e m e n t  o f  th e  s ta tio n a ry  p h a s e , a n d  th is  c o lu m n  d is p la c e m e n t 
c h ro m a to g ra p h y  w a s  a d o p te d  to  th e  h ig h  p e r fo rm a n c e  liq u id  c h r o m a to g ra p h ic  
c o n d i tio n s  b y  H o rv a th  e t a l. in  1 9 8 16 w h e n  th e y  s e p a ra te d  n u m e ro u s  ty p e s  o f  
o rg a n ic  c o m p o u n d s  u s in g  h ig h  p e r fo rm a n c e  d isp la c e m e n t c h ro m a to g ra p h y . A t 
th e  s a m e  tim e , th e ir  e x p e r im e n ts  a n d  p u b lic a t io n s  h a v e  s ta r te d  a n  e s s e n tia l  
b o o m  o f  d isp la c e m e n t s e p a ra tio n s  fo r  p re p a ra t iv e  p u rp o se s . In  1982 , 
d isp la c e m e n t c h ro m a to g ra p h y  o n  p la n a r  a r r a n g e m e n t  o f  th e  s ta tio n a ry  p h a s e  
w a s  u s e d  to  sc o u t th e  o p tim u m  c o n d itio n s  fo r  h ig h  p e r fo rm a n c e  d is p la c e m e n t 
s e p a ra t io n s 7, a n d  th is  e f fo r t w a s  c o n tin u e d  th ro u g h  th e  '8 0 s8"12.

S p a c e r  d isp la c e m e n t th in  la y e r  c h ro m a to g ra p h y  (S D -T L C ) e m p lo y s  
sp o ts  o r  b a n d s  o f  c o m p o n e n t( s )  w h ic h  a re  in s e r te d  b e tw e e n  th e  tw o  d is p la c e d  
c o m p o n e n ts  to  im p ro v e  th e ir  s e p a ra tio n s . T h e re b y  re so lu t io n  o f  d is p la c e m e n t 
th in  la y e r  c h ro m a to g ra p h y  o f  so m e  d ru g s  a n d  m e ta b o lite s  w a s  in c re a se d , a n d  
th e  d e te c tio n  o f  th e  tin y  b a n d s  o f  th e  d isp la c e d  c o m p o n e n ts  w a s  m a d e  e a s ie r  
w ith o u t  th e  u se  o f  th e  sp a ce rs .

D e ta i le d  a c c o u n ts  o n  th e  d is p la c e m e n t c h ro m a to g ra p h y  o f  e e d y s te ro id s  
( in s e c t m o u lt in g  h o rm o n e s  th a t  c a n  b e  fo u n d  in  in se c ts  a n d  a lso  in  p la n ts )  w e re  
p u b lis h e d  to  d e m o n s tra te  th e  s e p a ra t in g  p o w e r  o f  p la n a r  d is p la c e m e n t 
c h ro m a to g ra p h y , a s  w e ll a s  th e  a p p lic a t io n  o f  fo rc e d  f lo w  d e v e lo p m e n t a t  
p la n a r  d isp la c e m e n t c h ro m a to g ra p h y .13"15

O u r  re c e n t re s e a rc h 16 h as  b e e n  fo cu se d  o n  th e  c h r o m a to g r a p h ic  
b e h a v io u r  o f  m o rp h in e  a n d  th e ir  d e r iv a tiv e s  w ith  p h a rm a c o lo g ic a l  in te r e s t17. 
T o  d e te rm in e  h y d ro p h o b ic i ty  o f  m o rp h in e  d e r iv a tiv e s , a  se r ie s  o f  re v e rse  p h a s e  
a n d  s tr a ig h t  p h a s e  T L C  p la te s  w e re  ch e c k e d , so m e  o f  th e m  w e re  o r ig in a te d  
f ro m  c o m m e rc ia l  so u rce s , o th e rs  w e re  h o m e -m a d e 16. O u r  in v e s t ig a t io n s  w e re  
e x p a n d e d  to  f in d  c o n d itio n s  fo r  d isp la c e m e n t c h ro m a to g ra p h y .
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Table 1

The Structures of Compounds that Were Investigated 

............. Substituents, such as - -

Compound R i r 2 R r R4
N 7-8 6 3 14

M o rp h in e (B ) -c h 3 = -O H -O H -H
A z id o m o rp h in e (C ) - c h 3 D H -n h 3 -O H -H
E C A M (D ) -C H 2-c P r D H -n h 3 -O -E t -H
14 -H y d ro x y -d ih y d ro -

m o rp h in e (E ) -M e t D H -O H - -O H -O H
D ih y d ro m o rp h in e (F ) -M e t D H -O H - -O H -H
N o ra z id o -e th y l-

m o rp h in e (G ) -H D H -N 3 -O -E t -H
C A M (H ) -C H 2-cP r D H -N 3 -O H -H

1 4 -H y d ro x y -az id o -
c o d e in e (I) -M e t D H -n 3 -O -M e t -O H

14 -H y d ro x y -a z id o -
m o rp h in e (J) -M e t D H -n 3 -O H -O H

E th y lm o rp h in e (K ) -M e t = -O H -O -E t -H

N o ra z id o m o rp h in e (L ) -H D H -N 3 -O H -H

6 -A m in o -d ih y d ro -
m o rp h in e (M ) -M e t D H -n h 2 -O H -H

N o rm o rp h in e (N ) -H = -O H -O H -H

N a lo rp h in e (0) -a lly l = -O H -O H -H

C o d e in e (P ) -M e t = -O H -O -M e t -H

A z id o c o d e in e (Q ) -M e t D H -N 3 -O -M e t -H

14 H y d ro x y -d ih y d ro -
c o d e in e (R ) -M e t -D H -O H -O -M e t -O H

A b b r.: D H : d ih y d ro -cP r: -cy c lo p ro p y l

-M et: -m e th y l -E t: -e th y l

d o u b le  b o n d
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F ig u re  1. T h e  s tru c tu re  o f  m o rp h in e  a n d  its  d e r iv a tiv e s . T h e  su b s t itu e n ts  a re  
l is te d  in  T a b le  1.

E X P E R I M E N T A L

S ta tio n a ry  p h a s e s  w e re  p u rc h a s e d  f ro m  E. M e rc k  (D a rm s ta d t, 
G e rm a n y ). T L C  p la te s  s il ic a  g e l 6 0  ¥2sa p re -c o a te d  o n  g la ss , 2 0 x 2 0  cm , la y e r  
th ic k n e s s  0 .2 5  m m  (A rt. N o . 5 7 1 5 ) , a n d  T L C  p la te s  R P -1 8  F 254S, p re -c o a te d  o n  
g la ss , 2 0 x 2 0  cm , la y e r  th ic k n e s s  0 .2 5  m m  (A rt. N o. 1 5 3 8 9 ) w e re  u sed .

M o b ile  p h a s e s  fo r  d is p la c e m e n t d e v e lo p m e n t c o n ta in e d  
tr ie th a n o la m in e  (a lt .,  R e a n a l, B u d a p e s t, F lu n g ary ) o r  te tra b u ty la m m o n iu m  
c h lo r id e  (p ra c t. ,  K a t. N o . 8 6 8 7 0 , F lu k a , B u c h s , S w itz e r la n d )  fo r  s tr a ig h t  p h a s e  
o r  re v e rse  p h a s e  d is p la c e m e n t c h ro m a to g ra p h y , re sp e c tiv e ly . S o lv e n ts  w e re  
p u rc h a s e d  f ro m  c o m m e rc ia l  so u rce s  in  th e  h ig h e s t  a v a ila b le  q u a lity .

M o rp h in e  a n d  its  se m isy n th e tic  d e r iv a tiv e s  w e re  k in d  g if ts  o f  
A lk a lo id a  P h a rm a c e u tic a l W o rk s  (T is z a v a sv a ri ,  H u n g a ry ). T h e  s tru c tu re s  o f  
m o rp h in e  d e r iv a tiv e s  u se d  fo r  s e p a ra tio n s  a re  g iv e n  in  F ig . 1 a n d  T a b le  1.

A ll T L C  d e v e lo p m e n ts  w e re  p e r fo rm e d  in  g la s s  c h a m b e rs  (D e sa g a , 
H e id e lb e rg . G e rm a n y )  a t  a m b ie n t te m p e ra tu re . A fte r  d e v e lo p m e n ts , th e  T L C  
p la te s  w e re  d r ie d  a n d  sp o ts  w e re  v isu a lly  d e te c te d  a t  d a y l ig h t  a s  w e ll a s  u n d e r  
U V  lig h t  o f  2 5 4  n m  (u s in g  U V  la m p  o f  D e sa g a ) .



DISPLACEMENT TLC OF MORPHINE & DERIVATIVES 27

RESULTS

F ig . 2 g iv e s  th e  s e p a ra tio n  o f  m o rp h in e  d e r iv a tiv e s  u s in g  e lu tio n  ty p e  
d e v e lo p m e n t o n  s il ic a  s ta tio n a ry  ( s tr a ig h t)  p h a s e  a n d  w ith  se v e ra l d if fe re n t 
r u n n in g  sy s tem s.

F ig u re  2. R F  v a lu e s  th a t  c h a ra c te r iz e  th in  la y e r  c h ro m a to g ra p h y  o f  m o rp h in e  
a n d  i ts  d e r iv a tiv e s  o n  s il ic a  s ta tio n a ry  p h a s e  u s in g  c h lo ro fo rm -m e th a n o l-w a te r  
(7 :5 :1 , v /v ) , t-b u ta n o l-a m m o n ia -w a te r -m e th a n o l  (2 0 :1 :4 :2 , v /v )  a n d  e th y l 
a c e ta te -m e th a n o l-a m m o n ia  (1 8 :2 :1 , v /v )  m o b ile  p h a se s . B . C , D , ..., R  re fe r  th e  
c o m p o u n d s  g iv e n  in  T a b le  1.

F ig . 3 g iv e s  T L C  o f  m o rp h in e  d e r iv a tiv e s  u s in g  n -b u ta n o l-0 .2  M  
h y d ro c h lo r ic  a c id -w a te r -m e th a n o l  (2 0 :1 :4 :2 , v /v ) ; so m e  sp o ts  w e re  d isp la c e d , 
o th e rs  w e re  e lu te d  b y  th e  m o b ile  p h a se . T h e  e lu te d  sp o ts  w e re  b o th  u n d e r  a n d  
o v e r  th e  d is p la c e r  f ro n t.

F ig s . 4 -6  g iv e  d isp la c e m e n t c h ro m a to g ra p h y  o f  m o rp h in e  d e r iv a tiv e s  
o n  s il ic a  u s in g  c h lo ro fo rm , d ic h lo ro m e th a n e , d ic h lo ro e th a n e  c a r r ie r  a n d  
t r ie th a n o la m in e  d isp la c e r .

F ig . 7 g iv e s  d is p la c e m e n t d e v e lo p m e n t o n  re v e rse  p h a s e  s ta t io n a ry  
p h a se . N o t a l l  th e  m o rp h in e  d e r iv a tiv e s  w e re  d is p la c e d  by  th e  d is p la c e r  f ro n t,
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as  se v e ra l c o m p o n e n ts  re m a in e d  b e h in d  th e  d is p la c e r  fro n t.

DISCUSSION

T h in - la y e r  c h ro m a to g ra p h y  o f  m o rp h in e  a n d  its  d e r iv a tiv e s  h a s  b e e n  
w id e ly  u se d  to  d if fe re n tia te  th e se  c o m p o u n d s  (fo r  rev iew s, se e 19' 20). R u n n in g  
sy s te m s  w ith  th re e  o r  m o re  so lv e n ts  c a n  b e  p re fe re n tia lly  u sed , a n d  th e  p ro p e r  
c h o ic e  o f  th e  m o b ile  p h a s e  c a n  b e  m a d e  in  k n o w le d g e  o f  th e  m a in  
c o m p o n e n t(s )  to  b e  b e s t s e p a ra te d  f ro m  th e  o th e rs . M o re o v e r, th e  u se  o f  se v e ra l 
a n a ly se s  in  v a r io u s  ru n n in g  so lv e n ts  c a n  im p ro v e  b o th  th e  q u a l i ta t iv e  a n d  
q u a n t i ta t iv e  e v a lu a tio n  o f  th e  re su lts .  T h e  R F v a lu e s  in d ic a te d  in  F ig . 2. sh o w  
th a t  p ra c tic a lly  a n y  m o rp h in e  d e r iv a tiv e s  c a n  b e  w e ll se p a ra te d , a n d  th e  
id e n tif ic a tio n  o f  th e  m o rp h in e  d e r iv a tiv e s  c a n  b e  a d e q u a te ly  d o n e  u s in g  a ll 
th r e e  d if fe re n t m o b ile  p h a s e s  g iv e n  h e re .

A n o th e r  p o ss ib il i ty  is  to  u se  a n  a d e q u a te  ra tio  o f  th e  m ix tu re s  o f  n -  
b u ta n o l-a c e tic  a c id -w a te r -m e th a n o l  a n d  n -b u ta n o l-a m m o n ia -w a te r -m e th a n o l21. 
T h e re b y  c h a n g in g  th e  ra tio  o f  th e  ru n n in g  so lv e n ts  c o n ta in in g  a c id ic  (a c e tic  
a c id )  a n d  b a s ic  (a m m o n ia )  c o n s titu e n ts , th e  d if fe re n t c o m p o u n d s  sh o w  
d iv e rg in g  d e p e n d e n c e , w h ic h  a lso  se rv e s  fo r  th e  o p tim iz a tio n  o f  s e p a ra tio n s . It 
is  im p o r ta n t  to  a v o id  th e  u se  o f  n o n v o la ti le  c o m p o n e n ts , s u c h  a s  s o d iu m -  o r  
p h o s p h a te  io n  c o n ta in in g  b u ffe rs , b e c a u se  o f  th e ir  v e ry  l im ite d  m ig ra t io n  w ith  
th e  m o b ile  p h a s e  th ro u g h  th e  s il ic a  s ta tio n a ry  p h a se . In  th is  ca se , th e  v a r io u s  
m o rp h in e  d e r iv a tiv e s  m ig ra te  w ith  v e ry  d if fe re n t  R f v a lu e s , a n d  th e  d is p la c e r  
c a n  b e  e a s ily  re m o v e d  f ro m  th e  z o n e s  o f  c o m p o n e n ts  w h ic h  a re  e lu te d  b y  th e  
d is p la c e r  ( th a t  is  th a t  c o m p o n e n ts  m ig ra te  s lo w e r  th e n  th e  d isp la c e r  f ro n t, 
th e re b y  th e ir  z o n e s  a re  c o n ta m in a te d  w ith  th e  d isp la c e r) .

F ig . 3 sh o w s T L C  o f  m o rp h in e  d e r iv a tiv e s  o n  s il ic a  u s in g  n -b u ta n o l-
0 .  2 M  h y d ro c h lo r ic  a c id -w a te r -m e th a n o l (2 0 :1 :4 :2 , v /v )  m o b ile  p h a se . W h ile  
so m e  m o rp h in e  d e r iv a tiv e s  w e re  e lu te d  w ith  th e  m o b ile  p h a s e s , s e v e ra l 
c o m p o n e n ts  b e c o m e  p a r t  o f  th e  d is p la c e m e n t t r a in ,  th a t  is  th e y  w e re  d isp la c e d  
b y  th e  d is p la c e r  tr a in .  T h is  sy s tem  h a s  tw o  b a s ic  a d v a n ta g e s . F irs t  o f  a l l ,  th e  
e lu te d  c o m p o n e n ts  w e re  e i th e r  b e h in d  o r  a h e a d  o f  th e  d is p la c e r  f ro n t. T h e re b y , 
th e  w h o le  p la te  w a s  w e ll u t i l iz e d  by  th e  c o m p o n e n ts  sh o w in g  v a r io u s  m o b ility . 
T h e  se c o n d  a d v a n ta g e  is  re la te d  to  th e  c o m p o s itio n  o f  th e  d is p la c in g  sy s tem ,
1. e. a l l  c o m p o n e n ts  o f  th e  m o b ile  p h a s e  c a n  b e  e a s ily  re m o v e d  i f  a n y  o n e  o f  th e  
s e p a ra te d  c o m p o n e n ts  is  to  b e  p re p a re d . A t th e  sa m e  tim e , th is  sy s te m
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F ig u re  3. T h in  la y e r  c h ro m a to g ra p h y  o f  m o rp h in e  a n d  its  d e r iv a tiv e s  o n  s il ic a  
s ta tio n a ry  p h a s e  u s in g  n -b u ta n o l-h y d ro c h lo r ic  a c id -w a te r -m e th a n o l (2 0 :1 :4 :2 , 
v /v )  m o b ile  p h ase .

(n .b u ta n o l-0 .2 M  h y d ro c h lo r ic  a c id -w a te r -m e th a n o l (2 0 :1 :4 :2 , v /v ))  is  r a th e r  
s e n s itiv e  to  th e  c h a n g e s  o f  te m p e ra tu re , w h ic h  sh o u ld  b e  k e p t  a t  22  +  2 °C , fo r  
re p ro d u c ib le  re su lts .

F ig s. 4 , 5 , a n d  6  g iv e  d is p la c e m e n t c h ro m a to g ra m  o f  th e  m o rp h in e  
d e r iv a tiv e s  (see  T a b le  1.) o n  s il ic a  s ta tio n a ry  p h a s e  u s in g  c h lo ro fo rm , 
d ic h lo ro m e th a n e  a n d  d ic h lo ro e th a n e  c a r r ie rs ,  re sp e c tiv e ly . N e ith e r  m o rp h in e , 
n o r  a n y  o f  th e  m o rp h in e  d e r iv a tiv e s  sh o w e d  a n y  m ig ra t io n  w h e n  th e  p la in  
c a r r ie r  w a s  u se d  a s  m o b ile  p h a s e  (n o t sh o w n ), h o w ev e r, a l l o f  th e s e  c o m p o n e n ts  
m ig ra te d  w h e n  th e  a d e q u a te  a m o u n t o f  t r ie th a n o la m in e  d is p la c e r  w a s  a d d e d  to  
th e  m o b ile  p h a se . N e ith e r  c a r r ie r  w a s  se lec tiv e  w ith  a n y  o f  th e  m o rp h in e  
d e r iv a tiv e s , a s  n o ra z id o m o rp h in e ,  n o rm o rp h in e  a n d  6 -a m in o -d ih y d ro m o rp h in e  
w ere  n o t d isp la c e d  b y  th e  tr ie th a n o la m in e  u s in g  e i th e r  c h lo ro fo rm , o r
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d ic h lo ro m e th a n e  o r  d ic h lo ro e th a n e , w h ile  a ll o th e r  c o m p o u n d s  w e re  d is p la c e d  
b y  tr ie th a n o la m in e .

F ig u re  4. T h in  la y e r  d is p la c e m e n t c h ro m a to g ra p h y  o f  m o rp h in e  d e r iv a tiv e s  o n  
s il ic a  u s in g  c h lo ro fo rm  c a r r ie r  a n d  t r ie th a n o la m in e  d isp la c e r .

T h e  ra t io  o f  d is p la c e r  to  c a r r ie r  w a s  5 :9 5 , 3 :9 7  a n d  1 0 :9 0  (v /v ), in  th e  
e x p e r im e n ts  p re s e n te d  in  F ig s . 4 , 5 a n d  6 , re sp e c tiv e ly . H o w ev e r , d is p la c e r s  
w ith  lo w e r  (1 :9 9  v /v )  a n d  h ig h e r  (2 0 :8 0 )  ra t io  c o u ld  a lso  g e n e ra te  fu lly  
d e v e lo p e d  d is p la c e r  t r a in  a f te r  a  re la tiv e ly  sh o r t  d e v e lo p m e n t o f  th e  d is p la c e r  
f ro n t  (n o t sh o w n ).

P la n a r  d is p la c e m e n t c h ro m a to g ra p h y  h a s  h i th e r to  b e e n  r e s tr ic te d  to  
th e  u se  o f  s t r a ig h t  s ta t io n a ry  p h a s e s  ( s il ic a 9-14 a n d  a lu m in a  la y e rs 12). F ig . 7 
p re s e n ts  d is p la c e m e n t th in  la y e r  c h ro m a to g ra p h y  o f  s o m e  m o rp h in e  d e r iv a tiv e s  
o n  re v e rse  p h a s e  s ta tio n a ry  p h a s e , th a t  is  o n  T L C  p la te s  R P -1 8  F 254S (E . 
M e rc k ). O u r  e ffo rts  to  g e n e ra te  d isp la c e d  b a n d s  u s in g  n o n -p o la r  s ta t io n a ry
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F ig u re  5. T h in  la y e r  d is p la c e m e n t c h ro m a to g ra p h y  o f  m o rp h in e  d e r iv a tiv e s  o n  
s il ic a  u s in g  d ic h lo ro m e th a n e  c a r r ie r  a n d  t r ie th a n o la m in e  d isp la c e r .

p h a s e s  h a v e  e a r l ie r  b e e n  u n su c c e ss fu l,  a l th o u g h  se v e ra l o th e r  re v e rse  p h a s e  
p la te s  w e re  tr ie d , su c h  a s  o th e r  c o m m e rc ia lly  a v a ila b le  re v e rse  p h a s e  T L C  
p la te s  a s  w e ll a s  h o m e  m a d e , p a ra f f in -c o a te d  s il ic a  p la te s . A lth o u g h  th e  
p a ra f f in  im p re g n a te d  s il ic a  p la te s  w e re  su c ce ss fu lly  u se d  a t  th e  d e te rm in a tio n  
o f  h y d ro p h o b ic ity  o f  m o rp h in e  d e r iv a tiv e s , d isp la c e m e n t c h ro m a to g ra p h y  o n  
th e se  p la te s  h a s  n e v e r  g iv e n  a d e q u a te  re su lts . T h e  b a s ic  p ro b le m  w a s  th a t  
m o rp h in e  a n d  its  d e r iv a tiv e s  d id  n o t m ig ra te , b u t  re m a in e d  in  th e  p la c e  o f  th e ir  
o r ig in .

W e  su p p o se  th a t  n o n -m ig ra t io n  o f  th e se  sp o ts  is  re la te d  to  th e  l im ite d  
w e tta b ility  o f  th e se  p la te s  w ith  a q u e o u s -o rg a n ic  m o b ile  p h a s e s , a n d  th e  sp e c ia l 
su rfa c e  c h a ra c te r is t ic s  o f  th e  n o n -p o la r  s ta tio n a ry  p h a s e s  o n  th e  T L C  p la te s  R P - 
18 F 254S (M e rc k )  so m e h o w  c irc u m v e n te d  th e  p ro b le m  o f  to o  s tro n g  a d s o rp tio n
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o f  m o rp h in e  d e r iv a tiv e s  to  th e  su rfa c e  o f  th e  s ta tio n a ry  p h a se , lik e  w ith  th e  
w e tta b il i ty  o f  th e  R P -1 8  s ta tio n a ry  p h a s e  w ith  a q u e o u s  e lu e n t (w h e re  th e  
p e rc e n ta g e  o f  w a te r  is  ev e n  h ig h e r  th a n  8 0 % ).
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F ig u re  6. T h in  la y e r  d isp la c e m e n t c h ro m a to g ra p h y  o f  m o rp h in e  d e r iv a tiv e s  o n  
s il ic a  u s in g  d ic h lo ro e th a n e  c a r r ie r  a n d  t r ie th a n o la m in e  d isp la c e r .

T h e  u se  o f  re v e rse  p h a s e  s ta tio n a ry  p h a s e s  fo r  d isp la c e m e n t 
c h ro m a to g ra p h y  h a s  re c e n tly  fo u n d  n e w  im p o r ta n t  a p p lic a tio n s  fo r  th e  
s e p a ra tio n  o f  m a c ro m o le c u le s , su c h  a s  p e p tid e s , p ro te in s  a n d  n u c le ic  a c id s  o n  a  
p re p a ra tiv e  sc a le 24'29. P re p a ra tiv e  (e .g . in d u s tr ia l)  s c a le  se p a ra tio n s  r e q u ire  
o p tim iz a tio n  o f  th e  c o n d itio n s  o f  d is p la c e m e n t c h ro m a to g ra p h y  w h ic h  c a n  b e  
c o n v e n ie n tly  d o n e  u s in g  p la n a r  s ta tio n a ry  p h ases . R e c e n tly , re v e rse  p h a s e  
p la n a r  d is p la c e m e n t c h ro m a to g ra p h y  h a s  b e e n  p e rfo rm e d  w ith  fo rc e d -flo w  o f  
th e  m o b ile  p h a s e 30. T h e re b y  th e  d e v e lo p m e n t o f  th e  d is p la c e m e n t t r a in  is  
fa s te r , m o re  e ffec tiv e  a n d  m o re  re p ro d u c ib le , th a n  p ro p a g a tio n  o f  th e  m o b ile  
p h a s e  b y  c a p illa ry  fo rces.
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F ig u re  7. R e v e rse  p h a s e  th in  la y e r  d is p la c e m e n t c h ro m a to g ra p h y  o f  m o rp h in e  
d e r iv a tiv e s  o n  R P -1 8  F 254 S T L C  p la te s  u s in g  1 0 %  (w /v )  te tr a b u th y la m m o n iu m  
c h lo r id e  d is p la c e r  in  a c e to n itr i le -w a te r  (3 0 :7 0  v /v )  c a r r ie r .
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ABSTRACT

T h e  e x p e r im e n ta l d e s ig n  m e th o d o lo g y  h a s  a llo w e d  to  o p tim iz e  
th e  c h ro m a to g ra p h ic  s e p a ra tio n  o f  p o la r  p e s tic id e  m o le c u le s  
(c a rb o fu ra n , h y d ro x y c a rb o fu ra n  a n d  a ld ic a rb )  b y  H P L C , o w in g  to  
th e  d e te rm in a tio n  o f  m a th e m a tic a l  e q u a tio n s . S eco n d  d e g re e  
e q u a tio n s  h a v e  b e e n  e la b o ra te d , d e p e n d e n t u p o n  in je c te d  v o lu m e , 
e lu e n t f lo w  a n d  e lu e n t c o m p o s itio n . T h e se  e q u a tio n s  h a v e  
a llo w e d  u s  to  p lo t  Iso re sp o n se  C u rv e s  w h ic h  a re  u se d  to  e a s ily  
v is u a liz e  a n d  o p tim iz e  s e p a ra tio n s . In te ra c tio n s  b e tw e e n  e lu e n t 
f lo w  a n d  p o la r i ty  a re  e m p h a s iz e d .

INTRODUCTION

G e n e ra lly , th e  a n a ly s t h a s  to  p e r fo rm  m a n y  e x p e r im e n ts  in  o rd e r  to  
f in d  o p tim a l p ra c t ic a l  c o n d itio n s  fo r  th e  d e v e lo p m e n t o f  p e s tic id e  re s id u e  

a n a ly tic a l m e th o d s .
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T h e  c h ro m a to g ra p h ic  a n a ly s is  d e p e n d s  o n  m a n y  fac to rs ; th e ir  
in f lu e n c e s  a re  n o t e a s ily  c o n tro l le d . T h e  p ra c tic a l c o n d itio n s  fo r  o p tim a l 
s e p a ra tio n  o f  s im ila r  m o le c u le s  a re  u su a lly  d e te rm in e d  by  in d e p e n d a n t  o r  s te p -  
b y -s te p  v a r ia t io n s  o f  fac to rs . O w in g  to  th e  p u rp o se d  m e th o d o lo g y , a  c h e a p e r  
a n d  m o re  d ir e c t  s tra te g y  c a n  b e  fo llo w ed , w h ic h  is  a n  in te re s t in g  a l te rn a t iv e  to  
a  S im p le x  m e th o d o lo g y . U n til  n o w , e x p e r im e n ts  p la n n in g  m e th o d o lo g y  w a s  
n o t o f te n  a p p l ie d  to  th e  o p tim iz a tio n  o f  r e s id u e  a n a ly s is .1

A n  a p rio r i e x p e r im e n ta l  d e s ig n  m e th o d o lo g y  h a s  b e e n  p la n n e d  in  
o rd e r  to  d e te rm in e  m a th e m a tic a l e q u a tio n s  a p p lic a b le  to  th e  s e p a ra t io n s  o f  
o rg a n ic  re s id u e s  b y  c la s s ic  c h ro m a to g ra p h ic  te c h n iq u e s  (H ig h  P e r fo rm a n c e  
L iq u id  C h ro m a to g ra p h y ) ; se p a ra tio n s  o f  c a rb a m a te  in se c t ic id e  re s id u e s  w e re  
th e n  p e r fo rm e d  u s in g  th e  p re v io u s  e q u a tio n s .

T H E  D E S I G N  O F  E X P E R I M E N T A L  M E T H O D O L O G Y

T a b le  1

E x p e r im e n ta l  M a t r i x  o f  23 P la n

A B C Y

T e s t  1 -1 -1 -1 y i
T e s t 2 +1 -1 -1 y2
T e s t  3 -1 +1 -1 y3
T e s t  4 +  i +1 -1 y4
T e s t  5 -1 -1 +1 y5
T e s t 6 +1 -1 +1 y6
T e s t 7 -1 +  1 +1 y7
T e s t 8 +1 +  1 +1 y8
L ev e l -1 a a ’ a ”
L ev e l +1 b b - b ”

F o r  th e  A  fac to r, th e  v a lu e  a  is  se t a t  lev e l -1 a n d  
b  a t  le v e l + 1 ; fo r  B , th e  v a lu e  a ’ is  se t a t  le v e l -1 
a n d  b ’ is  se t a t  lev e l + 1 ; fo r  C , th e  v a lu e  a ” is  se t 
a t  lev e l -1 a n d  b ” a t  lev e l + 1 .
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T h e  e ffec ts  o f  fa c to rs  w h ic h  c o u ld  m o d ify  th e  s e p a ra tio n  a re  m e a su re d , 
th e ir  in te ra c t io n s  a re  d isp lay e d , a n d  th o se  w h ic h  a ffe c t th e  re su lts  a re  p o in te d  
ou t. In  a  se co n d  tim e , a n a ly tic a l e x p re s s io n s  o f  in f lu e n c e s  a re  se t u p  a n d  u se d  
to  d e te rm in e  th e  b es t c o m b in a tio n  o f  e x p e r im e n ta l co n d itio n s .

W e b rie f ly  d e sc r ib e  th e  m e th o d , r e fe r in g  to  c i te d  l i te ra tu re  fo r  g e n e ra l 
ju s t i f ic a t io n .2'3,4-5 T h e  d if fe re n c e  y  b e tw e e n  r e te n tio n  tim e s  o f  2 m o le c u le s , 
d is t in g u is h e d  b y  H P L C , is  g o v e rn e d  by k  fa c to rs  (A , B , C ...) , fo r  in s ta n c e  
e lu e n t m ix tu re  p o la r i ty , in je c te d  v o lu m e , etc . E a c h  fa c to r  h a s  b e e n  b ro u g h t to  2 
v a lu e s  ( lev e ls  a  (-1 ) a n d  b  (+ 1 )) , c o r re s p o n d in g  to  th e  l im its  o f  a  re a so n a b le  
v a r ia tio n  in te rv a l. So, 2 e x p e r im e n ts  h a d  to  b e  p e r fo rm e d  (T a b le  1). T h e  
in f lu e n c e s  o f  th e  fac to rs , a n d  th e ir  in te ra c t io n s  h a v e  b e e n  e v a lu a te d  a s  th e  h„ 
co e ffic ien ts . F o r  in s ta n c e , w ith  3 fac to rs , th e  h n c o e ffic ie n ts  a re  lis te d  as  
fo llo w s:

h A =  l /8 ( -  y l +  y2  - y3 +  y 4  - y5  +  y 6  - y7  +  y8 ) 
h B =  l /8 ( -  yl - y2  +  y3 +  y4  - y5  - y6  +  y 7  +  y8 ) 
h e  =  l/8 ( -  y l - y2  - y3 - y4  +  y5  +  y6  +  y 7  +  y8 ) 
hAB =  l /8 ( +  y l - y2  - y3  +  y4  +  y5  - y6  - y7  +  y8 ) 
h AC=  l /8 ( +  y l - y2  +  y3 - y4  - y5  +  y6  - y 7  +  y8 ) 
h BC = l /8 ( +  y l +  y2  - y3 - y4  - y S  - y 6  +  y 7  +  y8 )
Iiabc =  1/8 (-  y l +  y 2  +  y3 - y 4  +  y5  - y 6  - y7  +  y8 )
H  =  l /8 ( +  y l +  y2  +  y3 +  y4  +  y5 +  y6  +  y7  +  y8 )

h A, h B, h e  d isp la y  e ffec ts  o f  th e  A , B , C  fa c to rs , re sp e c tiv e ly .
1 ^ ,  h AC, h Bc  c h a ra c te r iz e  f irs t d e g re e  in te ra c t io n s  b e tw e e n  A  a n d  B , A  a n d  C, 
B  a n d  C , re sp ec tiv e ly .
Iiabc  c h a ra c te r iz e s  th e  se co n d  d e g re e  in te ra c t io n  b e tw e e n  A , B  a n d  C. 
y l, y 2 , ..., y8  a re  re su lts  fo r  te s t  1, te s t  2 , . . . ,  te s t 8, re sp ec tiv e ly .
H  is  th e  a v e ra g e  o f  th e  resu lts .

T h e re  is  a n  in te ra c t io n  b e tw e e n  2 fa c to rs , A  a n d  B , fo r  in s ta n c e , i f  th e  
e ffec t o f  A  d e p e n d s  o n  th e  lev e l o f  B . a n d  vice-versa. T h e  c a lc u la t io n  o f  th e  
g lo b a l e ffec t o f  A  (h A) re su lts  f ro m  8 m e a s u re d  re sp o n se s  y;. T h e  v a r ia n c e  
a n a ly s is  o f  th e  re su lts  a l lo w s  u s  to  d e te rm in e  i f  th e  o b se rv e d  e ffec t c a n  b e  
e x p la in e d  by  m e a s u re m e n t u n c e r ta in t ie s  o r  i f  i t  is  s ig n if ic a n t . T h e  v a r ia n c e  
a n a ly s is  is  d e sc r ib e d  in  d e ta il in  th e  l i te r a tu re .6’7 T h e n , th e  re sp o n se  is 
e x p re sse d  a s  a  l in e a r  m a th e m a tic a l e q u a tio n , fo r  in s ta n c e , in  th e  e v e n t o f  3 
s ig n if ic a n tly  in f lu e n tia l  fa c to rs , w ith o u t s ig n if ic a n t in te ra c t io n s :
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Y  =  H  +  h A * A  +  h B * B  +  h c * C

o r, w h e n  in te ra c t io n s  a re  s ig n if ic a n t:

Y  =  H  +  h A * A  +  h B * B  + h c  * C  +  hAB * A B  +  h AC * A C  +  h u e  * B C  

+  IIabc * A B C

T a b le  2

V a l id a t io n  A ssa y

A B C Y
L e v e l -1 a a ’ a ” y i
L e v e l +1 b b ’ b ” y4
LC'vel 0 d = (a + b )/2 d ’= ( a ’+ b ’)/2 d ” = (a ” + b ” )/2 y5
L e v e l x c c ’ c ” y6
- K x < + 1 a < c < b a ’< c ’< b ’ a ” < c ” < b ”

F o u r  e x p e r im e n ts  w e re  p e rfo rm e d , s e tt in g  a , b , c  a n d  d  v a lu e s  to  A , a ’, b ’
c* a n d  d ’ to  B , a ” , b ” , c ” a n d  d ” to  D . (a , b , c, d , a ’, b \  c ’, d ’, a ” , b ” , c ” , 

d ” ) e [ - l ;  + 1 ],

T o  v a l id a te  th is  m a th e m a tic a l  e q u a tio n , a n  a d d i t io n a l  e x p e r im e n t se t 
h a s  to  b e  c a r r ie d  o u t, in  w h ic h  n ew  v a lu e s  h a v e  b e e n  a f fe c te d  to  fa c to rs , in s id e  
o f  th e  p re v io u s  in te rv a ls ,  fo r  e x a m p le  0  a n d  c  (T a b le  2). I f  th e  v a lu e  b e tw e e n  
th e  e x p e r im e n ta l  re sp o n se  a n d  th e  c a lc u la te d  o n e  d o e s  n o t  e x c e e d  5 % , th e  
l in e a r  e q u a tio n  is  c o n f irm e d , a n d  c a n  b e  u se d  to  c h o o s e  th e  b e s t v a lu e s  o f  th e  
fac to rs . In  th e  o p p o s ite  ca se , a  c o m p le m e n ta ry  e x p e r im e n t se t, a ls o  c a lle d  
centered composite plan, h a s  to  b e  p e rfo rm e d . In  T a b le  3, a n  e x p e r im e n ta l  
m a tr ix  fo r  th e  s tu d y  o f  3 fa c to rs  h a s  b e e n  p la n n e d . I t c o n ta in s  m a in  te s ts  
( fa c to rs  a re  f ix e d  a t  le v e ls  o f  - 1 a n d  +  1), s ix  c e n te re d  p o in ts  ( lev e l 0 ) , r e p a ire d  

fo r  s ta tis t ic a l  r e s u lts  t r e a tm e n t,  a n d  a  p o in ts  ( fa c to rs  a r e  f ix e d  a t  le v e ls  - a  a n d  

+  a ): th e  a  v a lu e  a n d  th e  n u m b e r  o f  c e n te re d  p o in ts  d e p e n d  o n  k ( fa c to rs  
n u m b e r) . In  a  th re e  fa c to rs  p la n , a  =  1.6. F ro m  th e  e ffe c ts  m a tr ix  o f  th e  
c e n te re d  c o m p o s ite  p la n , a  m o re  c o m p le x  m a th e m a tic a l e q u a tio n  ( q u a d ra t ic  
o n e )  c a n  b e  b u i l t  up :

Y  =  ao+ aiA + a2B + a3C + â AB + a5AC + aéBC + a7A2 + agB2 +a9C2
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Table 3

Centered Composite Plan: Experimental Matrix

A B C Y

T e s t 1 -1 -1 -1 y i
-T est 2 +1 -1 -1 y2
T e s t 3 -1 +1 -1 y3
T e s t 4 +1 +  1 -1 y4
T e s t  5 -1 -1 +1 y5
T e s t 6 +1 -1 +1 y6
T e s t 7 -1 +  1 +1 y7
T e s t 8 +1 +1 +1 y8
T e s t 9 0 0 0 y9
T e s t 10 0 0 0 y lO

T es t 11 0 0 0 y l l
T e s t 12 0 0 0 y i 2
T e s t 13 0 0 0 y  13
T e s t 14 0 0 0 y l4
T e s t 15 - a 0 0 y i s
T e s t 16 + a 0 0 y l 6
T e s t 17 0 -a 0 y i 7
T e s t 18 0 +a 0 y l 8

T e s t  19 0 0 - a y  19

T e s t  20 0 0 + a y 20

L ev e l - a d d ’ d ”
L ev e l -1 a a ’ a ”
L ev e l 0 (a+ b )/2 ( a ’+ b ’)/2 (a ” + b ” )/2
L e v e l +1 b b ’ b ”

L e v e l + a e e ’ e ”

A  ro u tin e  s c ie n tif ic  c a lc u la to r  is  e n o u g h  to  ru n  m a tr ix  c a lc u la t io n s ,8 
as  d e s c r ib e d  b e lo w , a, c o e ffic ie n ts  a re  c a lc u la te d  f ro m  th e  m a tr ix  w ith  rea l 
v a lu e s , a s  r e p o r te d  in  T a b le  4.
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T a b le  4

E f f e c ts  M a t r i x  o f  t h e  C e n te r e d  C o m p o s i te  P la n  (X ) 
(Y ) : M a t r i x  o f  M e a s u r e d  R e s p o n s e s ,  

y  =  (y9  + y ! 0  + y l l  +  y ! 2  +  y ! 3  +  y ! 4 ) /6

------ (X )------  (Y )

A B C AB AC BC A2 B2 c 2

T1 a a’ a" aa’ aa” a’a” aa a’a’ a”a” y i
T2 b a’ a” ba' ba” a’a” bb a’a’ a”a” y2
T3 a b’ a” ab’ aa” b’a” aa b’b’ a”a” y3
T4 b b' a" bb’ ba” b’a” bb b’b’ a”a" y4
T5 a a’ b" aa' ab” a’b” aa a’a’ b”b” ys
T6 b a’ b" ba' bb” a’b” bb a’a’ b”b" y6
T7 a b' b" ab’ ab” b’b” aa b’b’ b”b” y7
T8 b b’ b” bb' bb” b’b" bb b’b’ b”b” y8

T9 (a+b)/2 (a+b)/2 (a’+b’)/2 (a+b)/2 (a’+b’)/2 (a"+b”)/2
(a+b)/2 (a’+b’)/2 (a”+b")/2 * * * * * * y9

(a’+b')/2 (a”+b”)/2 (a”+b”)/2 (a+b)/2 (a’+b’)/2 (a”+b")/2

T15 d d (a’+b')/2 (a’+b’)/2 (a”+b”)/2
d (a’+b’)/2 (a"+b”)/2 * * * dd * * y is

(a’+b’)/2 (a”+b")/2 (a”+b”)/2 (a’+b’)/2 (a”+b")/2

T16 e e (a'+b’)/2 (a'+b')/2 (a"+b")/2
e (a'+b')/2 (a”+b”)/2 * * * ee * * y16

(a'+b’)/2 (a”+b")/2 (a”+b”)/2 (a'+b’)/2 (a”+b")/2

T17 (a+b)/2 (a+b)/2 d’ (a+b)/2 (a”+b”)/2
(a+b)/2 d' (a”+b")/2 * * * * d’d’ * y17

d’ (a”+b")/2 (a”+b”)/2 (a+b)/2 (a”+b”)/2

T18 (a+b)/2 (a+b)/2 e’ (a+b)/2 (a”+b”)/2
(a+b)/2 e’ (a”+b")/2 * * * * e’e’ * y18

e’ (a”+b")/2 (a"+b")/2 (a+b)/2 (a”+b”)/2

T19 (a+b)/2 (a+b)/2 (a'+b')/2 (a+b)/2 (a'+b’)/2
(a+b)/2 (a’+b’)/2 d" * * * * * d”d” y19

(a'+b')/2 d” d" (a+b)/2 (a'+b')/2

T20 (a+b)/2 (a+b)/2 (a’+b’)/2 (a+b)/2 (a'+b')/2
(a+b)/2 (a'+b')/2 e” * * * * * e”e” y20

(a'+b')/2 e” e” (a+b)/2 (a'+b')/2
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[A]

a o
a i

a 2

a 3

a n

A  =  ( X 1 X ) ! X 'Y

A  =  a, c o e ffic ie n ts  m a tr ix  X  =  te s ts  m a tr ix
X ' =  t ra n s p o s e d  te s ts  m a tr ix  X 1 =  in v e rte d  te s ts  m a tr ix
Y  =  re sp o n se s  m a tr ix

T h e  q u a d ra t ic  e q u a tio n  h a s  to  b e  v a l id a te d  b e fo re  u s in g  it  to  c h o o se  th e  
b e s t v a lu e s  o f  th e  fac to rs .

T h e  p ro c e ss  c a n  r e q u ire  v a r ia b le  c h a n g e s , n ew  s tu d y  in te rv a ls , o r  th e  
sp lit o f  th e  k fa c to rs  s tu d y  in to  2 s tu d ie s  o f  k' a n d  k" fa c to rs  (k ' +  k "  =  k).

dt b e in g  th e  d if fe re n c e  o f  th e  r e te n tio n  tim e s , a n d  t th e  a v e ra g e  
a n a ly s is  tim e , th e  o p tim a l c h ro m a to g ra p h ic  se p a ra tio n  o f  2  m o le c u le s  M  a n d  M ' 

is  re a c h e d  f i t t in g  w ith  th e  h ig h e s t v a lu e  o f  th e  ~  ra tio  ( th e  h ig h e s t s e p a ra tio n  

a s so c ia te d  w ith  th e  lo w es t a n a ly s is  tim e).

A p p lic a tio n s  to  c a rb a m a te  re s id u e  a n a ly s is  a re  rep o rted .

EXPERIMENTAL

C a rb o fu ra n  (C A R ), h y d ro x y c a rb o iu ra n  (O H C ) a n d  a ld ic a rb  (A L D ) a re  
p o la r  p e s tic id e s  b e lo n g in g  to  th e  N -m e th y lc a rb a m a te  c h e m ic a l fa m ily  (F ig u re
l ) . 9 R e s id u e  a n a ly s is  w a s  u su a lly  d e s ig n e d  b y  H P L C .101112

Products and Materials

- a c e to n itr i le , m e th a n o l , H P L C  g ra d e , S .D .S . (P e y p in , F ra n c e ) ,
- d e io n iz e d  w a te r , S e ra i S y s tem  (G ro sse ro n , S t H e rb la in , F ra n c e ) ,
-  so d iu m  h y d ro x id e , a n a ly tic a l g ra d e , O si (P a ris , F ra n c e ) ,



44 ROUBERTY AND FOURNIER

0
0
II C K H N -C .à

CRHN-CE u1
3 0 X- 0  CH.

/ CH3 Xf o r  Xu Y  CH
----- CHg OH

carbofuran hydroxycarbofuran

CH,
I 3

CHoS—C—CH=N—0 —C— NHCH,j I || 3

aldicarb

F ig u re  1. C a rb o fu ra n  (C A R ), H y d ro x y c a rb o fu ra n  (O H C ) a n d  A ld ic a rb  (A L D ).

- h y d ro c h lo r ic  a c id , a n a ly tic a l g ra d e , O si,
-  o -p h th a ld ia ld e h y d e  (O P A ), a n a ly tic a l g ra d e , F lu k a  (B u c h s , S w itz e r la n d ) ,
-  so d iu m  te tra b o ra te ,  d e c a h y d ra te , a n a ly tic a l g ra d e , O si,
-  h e l iu m  N 5 5 , l 'A i r  L iq u id e  (P a ris , F ra n c e ) ,
- s ta n d a rd s : c a rb o fu ra n , a ld ic a rb , 9 9 .8 % , C lu z e a u  In fo  L a b o  (S te  F o y , F ra n c e ) ,

h y d ro x y c a rb o fu ra n , p u re , B a y e r  (F R G ).

S y rin g e s , 25  a n d  1000  p L , H a m ilto n  (R en o , N E , U S ).

HP EC

- in je c to r , U 6 K , W a te rs  (M ilfo rd , M A , U S ),
- c h ro m a to g ra p h  6 0 0 E  M u lt is o lv e n t D e liv e ry  S y stem , W a te rs ,
-  d e te c to r , 4 7 0  S c a n n in g  F lu o re sc e n c e  D e te c to r , W a te rs ,
-  in te g ra to r ,  7 4 0  D a ta  m o d u le , W a te rs ,
- p u m p s , P C R S , W a te rs ,
- te m p e ra tu re  c o n tro l le r ,  T C M , W a te rs ,

- s ta in le s s  s te e l c o lu m n , L ic h ro so rb  R P -1 8  (5 p m ) , 2 5 0  m m  x  4 .6  m m  I. D .,
M e rc k  (D a rm s ta d t,  F R G ),

- s ta in le s s  s te e l p re -c o lu m n , L ic h ro so rb  R P - 18 (5 p m ), 2 .5  m m  x  4 .6  m m  I. D .,
M e rc k .

P o s t-c o lu m n  d e r iv a t iz a t io n  w a s  u se d  to  d e te c t C A R , O H C  a n d  A L D . 
T h e  e lu a te  w a s  c o n tin u o u s ly  m ix e d  w ith  so d iu m  h y d ro x id e  0 .1  N  a t  8 0 ° C , a n d
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th e n  O P  A  r e a g e n t  (1 0 0  m g /L , in  s o d iu m  te tra b o ra te  a q u e o u s  so lu t io n  (2 0  g /L ))  
w a s  a d d e d  a t  2 5 °C  (re f. 12, 13). T h e  N -m e th y lc a rb a m a te s  d e r iv a t iz a t io n  
re a c tio n  se q u e n c e  is  p re s e n te d  F ig u re  2. F lu o re sc e n t p ro d u c ts  re su lte d , w h ic h  
w e re  d e te c te d

F ig u re  2. P o s t-c o lu m n  d e r iv a t iz a t io n  o f  N -m e th y lc a rb a m a te s . T h e  r e a c tio n  
y ie ld s  a  h ig h ly  f lu o re sc e n t c o m p o u n d  w h ic h  is  u se d  to  d e te c t lo w  c a rb a m a te  

c o n c e n tra tio n s  (1 p g /L ) .

T h e  c h ro m a to g ra p h ic  p a ra m e te rs  w ere :
- c o lu m n  te m p e ra tu re : 3 0 °C ,
- e lu e n t sp a rg e : H e, 50  m L /m in ,
- so d iu m  h y d ro x y d e  p u m p  flow : 0 .5  m L /m in ,
- O P A  r e a g e n t  p u m p  flow : 0 .5  m L /m in ,
- e x c ita tio n  w a v e le n g th : 3 3 9  n m ,
- e m is s io n  w a v e le n g th : 4 4 5  n m ,
- h y d ro ly s is  te m p e ra tu re : 8 0 °C .
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M ix tu re  so lu t io n s  o f  C A R , O H C  a n d  A L D  [3 x  25  p g /L  ( in je c te d  

v o lu m e : 4 0 0  p L ), a n d  3 x  5 0 0  p g /L  ( in je c te d  v o lu m e : 20  R L )] w e re  p re p a re d  in  
a c id if ie d  w a te r  (p H  4 ) /  m e th a n o l /  a c e to n itr i le  m ix tu re  (4 5 /1 0 /4 5 ) . In je c tio n s  
w e re  sp a c e d  1 h o u r  a p a r t ,  in  o rd e r  to  re a c h  th e  s ta tio n a ry  ra te ; in je c t io n s  w e re  
r e p e a te d  th re e  tim e s .

R E S U L T S

T h e  s tu d ie d  fa c to rs  w ere :
- in je c te d  v o lu m e  (A )
- e lu e n t  f lo w  (B )
- c o m p o s itio n  (p o la r ity )  o f  t e rn a ry  e lu e n t m ix tu re  (C )

T h e  c o m p o s itio n  o f  te rn a ry  e lu e n t m ix tu re s  (w a te r  /  a c e to n itr i le  /  
m e th a n o l)  h a s  b e e n  e x p re s se d  as  a  p o la r i ty  c o e ffic ie n t, d u e  to  th e  fo llo w in g  

a rb it ra ry  p co e ffic ie n ts : p water =  1.0 , p me*anoi =  0 9  a n d  p aCeton.tnie =  0 5 .  S o, in  
th is  sc a le , th e  p o la r i ty  o f  th e  m ix tu re  o f  w a te r , m e th a n o l a n d  a c e to n itr i le  
(4 5 /1 0 /4 5  v /v /v )  is  0 .7 6 5 .

T h e  m e a su re d  re sp o n se s  w ere:

aldicarb retention lime - hydroxycarbofuran retention time 
0.5 (aldicarb retention time + hydroxycarbofuran retention time)

carbofuran retention time - aldicarb retention time 
0.5 (aldicarb retention time + carbofuran retention time)

A  c h ro m a to g ra m  is  d isp la y e d  F ig u re  3.

T h e  e ffec ts  m a tr ix  is  re c o rd e d  T a b le  5, c h o s e n  v a lu e s  o f  - 1 a n d  +  1 le v e ls  a re  
in d ic a te d . T h e y  a g re e  w ith  u su a l c h ro m a to g ra p h ic  p a ra m e te r  ra n g e s . T h e  
e ffec ts  v a lu e s  re p o r te d  in  T a b le  6  re su lt  f ro m  th e  c a lc u la t io n  p ro c e s s  o f  h„ 
c o e ff ic ie n ts  d is c u s se d  ab o v e ; th e  fo llo w in g  l in e a r  e q u a tio n s  h a v e  b e e n  d e d u c e d :
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m

t o

F ig u re  3. H P L C  c h ro m a to g ra m ; h y d ro x y c a rb o fu ra n  (2 ), a ld ic a rb  (3 ) a n d  
c a rb o fu ra n  (4). T h e  fa c to rs  A , B  a n d  C  a re , re sp e c tiv e ly , se t a t  th e  fo llo w in g  

v a lu es : 2 1 0  p L , 0 .7 5  m L /m in  a n d  0 .7 6 5 .

(1) =  0 .324  -  0 .0 1 2 A  +  0 .0 1 5B  +  0 .181C  -  0 .0 1 8 A C  +  0 .0 1 9 B C  (1)

y (2 )  = 0 .2 3 1 -  0 .0 0 8 A  +  0 .0 1 7 B  +  0.171C  -  0 .0 0 8 A C  +  0 .0 1 8 B C  (2)

(A , B . a n d  C  in  in te rv a l [- 1; +  1])
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Table 5

Effects Matrix of the HPLC Separation Study

A B C A B A C B C A B C M d t / t ( l ) d t / t ( 2 )
(x lO 3) (x lO 3)

T e s t  1 . . . + + + _ + 1 41± 0 6 3 + 2

T e s t  2 + - - - - + + + 1 5 2 + 1 4 5 8 + 6
T e s t  3 - + - - + + + 133+1 5 7 ± 3

T e s t  4 + + - + - - - + 147±1 6 1 + 1
T e s t  5 - - + + - - + + 5 0 4 + 5 3 8 0 + 6
T e s t  6 + - + - + - - + 4 3 7 + 6 3 5 5 + 0
T e s t  7 - + + - + - + 5 6 6 + 7 4 5 6 + 1 1
T e s t  8 + + + + + + + + 5 1 1 + 4 4 1 8 1 8

L e v e l - 1 20  10 .5 m L / 0 .6 6 5
|tL m in

L e v e l + 1  4 0 0 l.O m L / 0 .8 6 5
HL m in

T a b le  6

Observed Effects

dt/t(l) dt/t(2)

hA -0.012 -0.008
hB 0.015 0.017
hc 0.181 0.171
tiAB 0.002 -0.001
hAC -0.018 -0.008
hBC 0.019 0.018
hABc 0.001 0.002

H  0 .3 2 4  0 .2 3 1

T h e  e ffec ts  (h n) w h ic h  a re  in f lu e n tia l  
a t  5 %  r isk  a re  b o ld  v a lu e s ; o th e r  
e ffec ts  a re  n o t s ig n if ic a n t  a t  4 0 %  risk .
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Table 7

Validation Tests of the Linear Equation 1 (dt/t(l)):
It is not Validated

A 0 -0.5 0 -1
Experimental Conditions B 0 1 0.2 -0.6

C 0 0 0.5 -0.5

Calculated dt/t(l) 0.324 0.345 0.356 0.197

Experimental dt/t(l) 0.236 0.253 0.419 0.233

Deviation (%) 27 26 15 17

Table 8

Validation Tests of the Linear Equation 2 (dt/t(2)):
It is not Validated 

A 0 -0.5 0 -1
Experimental Conditions B 0 1 0.2 -0.6

C 0 0 0.5 -0.5

Calculated dt/t(l) 0.231 0.252 0.322 0.144

Experimental dt/t(l) 0.153 0.171 0.270 0.122

Deviation (%) 34 32 16 22

V a lid a tio n  te s ts  a re  re p o r te d  T a b le s  7  a n d  8. T h e y  d id  n o t s u p p o r t th e  
p re v io u s  e q u a tio n s . So, a  c e n te re d  c o m p o s ite  p la n  o f  e x p e r im e n ts  h a d  to  b e  
p e rfo rm e d  in  o rd e r  to  d e te rm in e  th e  q u a d ra t ic  e q u a tio n s .

T h e  e ffec ts  m a tr ix  o f  th e  c e n te re d  c o m p o s ite  p la n  is  re p o r te d  T a b le  9. 
F ro m  th e  m a tr ix  c a lc u la t io n , th e  fo llo w in g  q u a d ra t ic  e q u a tio n s  h a v e  b e e n  
ex tra c te d :
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1 0 3 A ( i )  =  3.52  +  0.5A  +  0 .70B  - 1 1.36C -  0 .16A B  -  0 .6 1AC -  0 .8 1BC

+ 0 .0 5 A 2 - 0 . 0 2 B 2 + 9 .1 7 C 2 ( U )

1 0 3 f  (2 )  =  3.34 +  0 .2 4 A  +  0 .6 2 B  -  10.85C -  0 .16A B  -  0 .2 4 A C  -  0 .63B C

+ 0 .0 8 A 2 - 0 .0 5 B 2 + 8 .6 4 C 2 ( 2 ’)

A , B  a n d  C  fa c to rs  ra n g e , re sp e c tiv e ly , f ro m  0 .0 2 0  to  0 .4 0 0  m L /m in , 
f ro m  0 .5  to  1 .0  m L /m in  a n d  f ro m  0 .6 6 5  to  0 .8 6 5  (a rb itra ry  u n it) .

R e su lts  o f  th e  v a l id a t io n  te s ts  a re  re c o rd e d  in  T a b le s  10 a n d  11, in  
a g re e m e n t w ith  th e  ab o v e  tw o  e q u a tio n s .

DISCUSSION

T h e  re la t io n s h ip  b e tw e e n  y  ( 1) o r  y  (2 ) a n d  th e  th re e  fa c to rs  ( in je c te d  v o lu m e

(A ), e lu e n t  f lo w  (B ) a n d  e lu e n t p o la r i ty  (C ))  y ie ld s  q u a d ra t ic  e q u a tio n s . T h e  
e lu e n t  c o m p o s itio n  (C ) is  th e  m a in  fa c to r  a c t in g  o n  th e  s e p a ra tio n  o f  th e  3 
m o le c u le s ; th e  c o e ff ic ie n ts  l in k e d  to  th is  fa c to r , i ts  s q u a re  v a lu e  a n d  
in te ra c t io n s  a re  h ig h e r  th a n  o th e r  c o e ffic ie n ts . S o , th e  s e p a ra tio n s  o f  th o se  
m o le c u le s  a re  th o u g h t to  b e  m a in ly  u n d e r  c o n tro l o f  th e  d if fe re n c e  o f  so lv a tio n  
o f  th e  m o le c u le s . In  a  p re v io u s  s tu d y ,14 c o n c e rn in g  th e  H P L C  s e p a ra t io n  o f  
s im a z in e  a n d  a t ra z in e ,  th e  ro le  o f  e lu e n t  p o la r i ty  a n d  e lu e n t  f lo w  h a v e  a lre a d y  
b e e n  e m p h a s iz e d .

A c c o rd in g  to  th e se  e q u a tio n s , th e  H P L C  s e p a ra tio n s  h a v e  b e e n  p lo tte d , 
in  th e  w ay  o f  Iso re sp o n se  C u rv es : F ig u re  4  sh o w s iso re s p o n se  c u rv e s
i l lu s t r a t in g  E q u a t io n  L  a n d  F ig u re  5 sh o w s iso re s p o n se  c u rv e s  i l lu s t r a t in g  
E q u a t io n  2 '. O n  th o se  p lo ts , th e  in je c te d  v o lu m e  (A ) is  se t a t  its  c e n tr a l  v a lu e  
(2 1 0  p L ). Iso re sp o n se  c u rv e s , in  ev e ry  ca se , a re  p a ra b o lic  p o r t io n s  o r  s t r a ig h t  
l in e  se g m e n ts , a s  w o u ld  b e  g e n e ra lly  e x p e c te d .2 T h e y  c a n  b e  u se d  to  d e te rm in e  
p a r a m e te r  c o m b in a tio n s  th a t  le a d  to  a  d e s ire d  s e p a ra tio n . F o r  in s ta n c e ,  w h e n  
th e  in je c te d  v o lu m e  is  2 1 0  p L , th e  e lu e n t f lo w  is  0 .7 5  m L /m in  a n d  th e  e lu e n t  
m ix tu re  c o m p o s itio n  is w a te r  /  m e th a n o l /  a c e to n itr i le  (4 2 /1 0 /4 8 )  (p o la r ity

0 .7 5 ) , y  (1 ) a n d  y  (2 ) a re  e x p e c te d  to  b e  0 .2 0 5  a n d  0 .1 6 0 , re sp e c tiv e ly . T h e

e x p e r im e n ta l  re su lts  a re  0 .2 0 2  a n d  0 .1 6 1 , re sp e c tiv e ly , in  g o o d  a g re e m e n t w ith  
th e  e x p e c te d  o nes.
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Table 9

Effects Matrix of Centered Composite Plan

K A B c AB AC BC A2 B2 C2 dt/t
(1)

dt/t
(2)

i 0.097 0.60 0.705 0.06305 0.06839 0.45825 0.00941 0.4225 0.4970
"2

0.155 0.079

l 0.323 0.60 0.705 0.20995 0.22772 0.45825 0.10433 0.4225
J

0.4970
"2

0.157 0.086

i 0.097 0.90 0.705 0.0873 0.06839 0.6345 0.00941 0.81
J

0.4970
■2

0.174 0.097

l 0.323 0.90 0.705 0.2907 0.22772 0.6345 0.10433 0.81
J

0.4970
-2

0.168 0.091

] 0.097 0.60 0.825 0.0631 0.08003 0.53625 0.00941 0.4225
J

0.6806
'X

0.399 0.305

i 0.323 0.60 0.825 0.2100 0.26648 0.53625 0.10433 0.4225
J

0.6806 0.387 0.304

l 0.097 0.90 0.825 0.0873 0.08003 0.7425 0.00941 0.81
j

0.6806
1

0.398 0.305

l 0.323 0.90 0.825 0.2907 0.26648 0.7425 0.10433 0.81
■J

0.6806
52

0.373 0.294

i 0.210 0.75 0.765 0.1575 0.16065 0.57375 0.0441 0.5625
J

0.5852 0.243 0.163

l 0.020 0.75 0.765 0.015 0.0153 0.57375 0.0004 0.5625 0.5852
52

0.263 0.181

i 0.400 0.75 0.765 0.30 0.306 0.57375 0.16 0.5625
J

0.5852
52

0.230 0.155

i 0.210 0.5 0.765 0.105 0.16065 0.3825 0.0441 0.25
A

0.5852
■2

0.236 0.152

l 0.210 1.0 0.765 0.210 0.16065 0.765 0.0441 1.00
J

0.5852
■2

0.251 0.172

l 0.210 0.75 0.665 0.1575 0.13965 0.49875 0.0441 0.5625
A

0.4422 0.137 0.060

l 0.210 0.75 0.865 0.1575 0.18165 0.64875 0.0441 0.5625
■J

0.7482
3

0.536 0.443

T o  r u n  th e  m a tr ix  c a lc u la t io n , a  c o n s ta n t  v a lu e  (K ) is  n ee d ed . A : in je c te d  

v o lu m e  (p.L). B : e lu e n t f lo w  (m L /m in ) . C : e lu e n t m ix tu re  p o la rity .

A c c o rd in g  to  th e  p lo ts  y  (2 )  =  0 .100  w h en :

1 - (A  =  2 1 0  p L ; B  =  0 .6  c m 3/m in ; C  =  0 .7 2 )  o r
2  - (A  =  2 1 0  p L ; B  =  0 .8  c m 3 /m in ; C  =  0 .6 5 ).
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F ig u re  4. Iso re sp o n se  c u rv e s  r e s u lt in g  fro m  th e  q u a d ra t ic  E q u a t io n  1' ( y  ( l ) ). 

In je c te d  v o lu m e  is  2 1 0  p L . y  ( l )  v a lu e s  a re  re p o r te d  o n  th e  cu rv es.

F ig u re  5. I so re sp o n se  c u rv e s  re s u lt in g  fro m  th e  q u a d ra t ic  E q u a t io n  2 ' ( y  (2 )  )■ 

In je c te d  v o lu m e  is  2 1 0  pL . y  (2 )  v a lu e s  a re  re p o r te d  o n  th e  cu rv e s .
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T h is  e x a m p le  sh o w s th a t  a  v e ry  p o la r  e lu e n t is  n o t re q u ir e d  to  s e p a ra te  C A R  
a n d  A L D  w ell.

Table 10

Validation Tests of the Quadratic Equation 1’ (dt/t(l)): 
The Equation is Validated

A (jxL) 2 1 0 115 2 1 0
Experimental Conditions B (mL/min) 0 .7 5 1.0 0 .8

C 0 .7 6 5 0 .7 6 5 0 .8 1 5

Calculated dt/t(l) 0 .2 4 3 0 .2 5 8 0 .3 6 2

Experimental dt/t(l) 0 .2 4 3 0 .2 5 3 0 .3 5 6

Deviation (%) 0 .0 2 .0 1.7

Table 11

Validation Tests of the Quadratic Equation 2’ (dt/t(2)): 
The Equation is Validated

A  (p .L ) 2 1 0 115 2 1 0

Experimental Conditions B (mL/min) 0 .7 5 1.0 0 .8

C 0 .7 6 5 0 .7 6 5 0 .8 1 5

Calculated dt/t(2) 0 .1 6 4 0 .1 7 5 0 .2 7 8

Experimental dt/t(2) 0 .1 6 3 0 .1 7 1 0 .2 7 0

Deviation (%) 0 .0 2.3 3 .0

CONCLUSION

A c c o rd in g  to  o u r  s tu d y , m a th e m a tic a l  e q u a tio n s  w h ic h  c h a ra c te r iz e  
s e p a ra tio n  o f  m o le c u le s  c o u ld  b e  e s ta b lish e d  q u ic k ly ; o f  co u rse , o th e r  fa c to rs
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(n a tu re  o f  th e  s ta tio n a ry  p h a s e , te m p e ra tu re  o f  th e  c o lu m n ,. . . ) 14 c o u ld  b e  
s tu d ie d . E la b o ra t io n  o f  m a th e m a tic a l e q u a tio n s  a n d  p lo t  o f  iso re s p o n se  c u rv e s  
a r e  e a sy  to  d e r iv e , w ith  s im p le  c o m p u te rs . A  d ir e c t  s tra te g y  fo r  d e te c tin g  
s ig n if ic a n t  c h r o m a to g ra p h ic  p a ra m e te r s  c a n  b e  d e f in e d , u s in g  e x p e r im e n ta l  
d e s ig n .
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CHARACTERIZATION OF 
PROTEINTYPE PROTEINASE INHIBITORS BY 

HIGH PERFORMANCE CAPILLARY 
ELECTROPHORESIS

H . F ro k iæ r ,1 K . M o r te n s e n ,2 H . S o re n se n ,2 S. S o re n s e n 1 
D e p a r tm e n t o f  B io c h e m is try  a n d  N u tr it io n  

T e c h n ic a l U n iv e rs ity  o f  D e n m a rk  
B u i ld in g  2 2 4

D K -2 8 0 0  L y n g b y  (D e n m a rk )
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ABSTRACT

A  m e th o d  b a s e d  o n  h ig h  p e r fo rm a n c e  c a p illa ry  e le c tro p h o re s is  
(H P C E ) h a s  b e e n  d ev e lo p e d  fo r  id e n tif ic a tio n  a n d  q u a n t i ta t iv e  
d e te rm in a tio n  o f  in h ib i to r s  f ro m  le g u m in o u s  seed s. T h e  m e th o d  
a l lo w s  sp e c if ic  c h a ra c te r iz a t io n  o f  K u n itz  so y b e a n  try p s in  
in h ib i to r  (K S T I)  a n d  B o w m a n  B irk  in h ib i to r  (B B I) f ro m  so y b e an  
(Glycine wax., L .) . S ta n d a rd  c u rv e s  fo r  th e  in h ib i to r s  sh o w e d  a 
s a tis fa c to ry  l in e a r i ty  b e tw e e n  n o rm a l iz e d  p e a k  a re a  a n d  s a m p le  
c o n c e n tra tio n , a n d  a  g o o d  re p e a ta b ili ty  o f  th e  m e th o d  w a s  fo u n d . 
Id e n ti f ic a t io n  o f  p ro te in  p e a k s  as  p ro te in a s e  in h ib i to r s  w a s  b a se d  
o n  th e ir  b in d in g  to  t iy p s in .  T h e  sy s tem  a lso  p ro v e d  u se fu l fo r  
d e te rm in a tio n  o f  th e  n u m b e r  a n d  sp e c if ic ity  o f  in h ib i to r  s ite s  o n
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th e  in d iv id u a l in h ib i to r s  a n d  fo r  b in d in g  s tu d ie s  w ith  m o n o c lo n a l 
a n tib o d ie s  a g a in s t  th e  in h ib ito rs .

I N T R O D U C T I O N

P ro te in ty p e  p ro te in a s e  in h ib i to r s  fo r b o th  try p s in  a n d  c h y m o try p s in  a re  
w id e s p re a d  in  p la n ts .1 T h e  in h ib i t io n  o f  th e se  d ig e s tiv e  e n z y m e s  a re  e x p e c te d  
to  a c c o u n t fo r  so m e  o f  th e  a n t in u tr i t io n a l  p ro b le m s  o b se rv e d  w h e n  in h ib i to r s  
a r e  p re s e n t  in  fo o d  a n d  fee d  a n d  e sp e c ia lly  so y b e an  c o n s titu e n ts  h a v e  b e e n  th e  
su b je c t fo r  v a r io u s  in v e s tig a tio n s  in  th is  c o n n e c t io n .2,3

T h e  in h ib i to r s  p re s e n t  in  so y b e an s  a re  d iv id e d  in to  tw o  g ro u p s  o f  
iso in h ib ito r s , th e  B o w m a n  B irk  in h ib i to r s  (B B I) a n d  th e  K u n i tz  so y b e an  try p s in  
in h ib i to r s  (K S T I) .1 B B I is o in h ib ito r s  fo rm  a  g ro u p  o f  a p p ro x im a te ly  e ig h t  
d o u b le h e a d e d  in h ib i to r s  w ith  m o le c u la r  w e ig h ts  o f  8 k D  a n d  h ig h  cy s tin e  
c o n te n ts .4 T h e  K S T I  re p re se n ts  a  g ro u p  o f  th re e  is o in h ib ito r s  w ith  m o le c u la r  
w e ig h ts  o f  2 0 .1  k D  a n d  tw o  d isu lf id e  b r id g e s .5

A s a  w id e  v a r ie ty  o f  is o in h ib ito r s  w ith  d if fe re n t p ro p e r tie s  o f te n  o c c u rs  
in  so y b e an s  a s  w e ll a s  in  o th e r  p la n t  v a r ie t ie s 1, m e a s u re m e n ts  o f  th e  in h ib i to r  
a c tiv i ty  b y  e n z y m a tic  a s say s  d o e s  n o t a lw a y s  p ro v id e  su ff ic ie n t in fo rm a tio n s .3 
T h e  e v a lu a tio n  o f  th e  s ig n if ic a n c e  o f  a  c e r ta in  lev e l o f  in h ib i to r  a c tiv i ty 6 m a y  
a lso  r e q u ire  in fo rm a tio n  on  th e  n u m b e r  a n d  r e la tiv e  a m o u n ts  o f  th e  in d iv id u a l  
in h ib i to r s  a n d  th e ir  sp e c if ic itie s , n u m b e r  o f  in h ib i to r  s ite s  a n d  a f f in i t ie s  fo r  
e n z y m e s .7

F o r  r a p id  e v a lu a tio n  o f  th e  in h ib i to r  c o n te n ts  in  la rg e  n u m b e rs  o f  
sa m p le s , te c h n iq u e s  b a s e d  o n  m o n o c lo n a l a n tib o d ie s  in  e n z y m e  lin k e d  
im m u n o s o rb e n t a s say s  (E L IS A ) h a v e  p ro v e n  u se fu l.8' 10 A s  b a s is  fo r  th e se  ty p e s  
o f  a s sa y s  a n d  fo r  v a r io u s  o th e r  re a so n s  it is  a lso  im p o r ta n t  to  o b ta in  k n o w le d g e  
o n  th e  sp e c if ic ity  o f  th e  m A b  a n d  i f  p o ss ib le  th e  e p ito p e  to  w h ic h  th e  m A b  
b in d s  o n  th e  in h ib i to r . T h e  E L IS A  o ffe rs  th e  p o s s ib il i t ie s  fo r  su c h  a n a ly s e s .11,12 
H o w ev e r, th e  E L IS A  in v o lv e s  h y d ro p h o b ic  in te ra c t io n  o f  th e  f ir s t  la y e r  w ith  th e  
p la s t ic  su r fa c e  o f  th e  m ic ro tite r  w e lls  u se d  fo r  E L IS A . T h is  h y d ro p h o b ic  
in te ra c t io n  h a s  b e e n  su sp e c te d  to  c a u se  p a r tly  d e n a tu ra t io n  o f  th e  p r o te in 13 a n d  
in  a d d i tio n  th e  m o le c u la r  in te ra c t io n  d o es  n o t n e c e s sa r ily  o c c u r  a t  th e  s a m e  r a te  
in  so lu t io n  a s  w h e n  o n e  o f  th e  c o m p o n e n ts  h a s  b e e n  su b je c te d  to  
im m o b iliz a t io n . T h e re  is, th e re fo re , a  n e e d  fo r  s u p p le m e n ta ry  m e th o d s  fo r  
e f f ic ie n t c h a ra c te r iz a t io n  o f  th e  in h ib i to rs . T h e  u se  o f  H P C E  o ffe rs  a  te c h n iq u e  
w ith  th e  p o ss ib il i ty  o f  s tu d y in g  c o m p le x  fo rm a tio n  w ith o u t im m o b il iz a t io n  o r
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la b e ll in g  o f  th e  re a c ta n t  a n d  s ti l l  e m p lo y in g  b u ffe r  c o n d i tio n s  su ita b le  fo r  th e  
b in d in g  re a c tio n s  to  o c c u r .14

P re v io u s ly , w e  h a v e  d e v e lo p e d  a n  H P C E  m e th o d  fo r  s e p a ra t io n  o f  
p ro te in ty p e  in h ib i to r s  o f  p ro te in a s e s  a n d  th e ir  c o m p le x e s  w ith  m o n o c lo n a l 
a n tib o d ie s  a n d  e n z y m e s .7 T h is  H P C E  m e th o d  u se d  M E C C  w ith  c h o la te  
m ic e lle s  a n d  ta u r in e  in  th e  b u ffe r  o r  m o b ile  p h ase . T h e  c h o la te  m ic e lle s  g iv e  
b o th  h y d ro p h o b ic  a n d  io n ic  in te ra c t io n s  w ith  th e  p ro te in s  w h e re a s  th e  a p p lie d  
z w it te r io n , ta u r in e ,  p ro te c ts  a g a in s t  a d s o rp tio n  o f  p ro te in s  to  th e  c a p illa ry  

w a ll .714

T h e  p re s e n t  p a p e r  d e s c r ib e s  u se s  o f  M E C C  w ith  a  b u ffe r  sy s te m  a n d  
p H  su ita b le  fo r  d e ta ile d  c h a ra c te r iz a t io n  o f  p ro te in ty p e  p ro te in a s e  in h ib i to r s . 
T h e  b in d in g  b e tw e e n  th e se  in h ib i to r s  a n d  th e  e n z y m e s , t ry p s in  a n d  
C h y m o try p s in , a s  w e ll a s  th e  m o n o c lo n a l a n tib o d ie s  a g a in s t  th e  in h ib i to r s  a re  
s tu d ie d . T h e  te c h n iq u e  a llo w s  sp e c if ic  d e te rm in a tio n  o f  p ro te in s  w h ic h  h a v e  
b in d in g  s ite s  fo r  th e  e n z y m e s  a n d  e p ito p e s  c o r re s p o n d in g  to  p a ra to p e s  o n  th e  

a n tib o d ie s .
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A p p a r a t u s

T h e  a p p a ra tu s  u se d  w a s  a n  H P 3DC E  (H e w le tt-P a c k a rd , W a ld b ro n n , 
G e rm a n y )  w ith  a  6 1 4  m m  x 0 .0 5  m m  I.D . fu se d -s il ic a  c a p illa ry . D e te c t io n  w a s  
p e r fo rm e d  b y  o n -c o lu m n  m e a su re m e n ts  a t  a  p o s it io n  5 3 0  m m  f ro m  th e  

in je c t io n  e n d  o f  th e  c a p illa ry .

S a m p le s  a n d  R e a g e n ts

B o w m a n  B irk  in h ib i to r  (B B I) f ro m  so y b ean , K u n itz  so y b e an  try p s in  
in h ib i to r  (T y p e  I-S ) (K S T I) , p o rc in e  p a n c re a s  try p s in  a n d  b o v in e  p a n c re a s  
c h y m o try p s in  w e re  o b ta in e d  f ro m  S ig m a  (S t. L o u is , M O , U S A ). M o n o c lo n a l 
a n tib o d ie s  ra is e d  a g a in s t  th e  in h ib i to r s  f ro m  so y b e an  w e re  f ro m  th e  c o lle c tio n  
in  th is  la b o ra to ry .12 T rig o n e ll in a m id e , d is o d iu m  h y d ro g e n p h o sp h a te , c h o lic  
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F ig u re  1. N o rm a liz e d  a re a s  (N A ) m e a su re d  in  t r ip l ic a te  f ro m  e le c tro p h e ro -  
g ra m s  o f  v a ry in g  a m o u n ts  o f  B B I ( ) a n d  K S T I  (O ) .

METHODS

A ll a n a ly se s  w ith  e n z y m e s  w e re  m a d e  w ith  so lu t io n s  o f  e n z y m e s  in  
r u n n in g  b u ffe r  f re sh ly  p re p a re d  f ro m  s ta n d a rd  so lu t io n s  o f  e n z y m e s  in  1 m M  
HC1. T h e  sa m p le s  w e re  in tro d u c e d  f ro m  th e  p o s it iv e  e n d  o f  th e  c a p il la ry  b y  
v a c u u m  in je c t io n  (2  se c ., 25  m b a r) . O n -c o lu m n  d e te c tio n  a t  2 0 0  n m  w a s  
a p p lie d . B u f fe r  so lu t io n s  w e re  f i l te re d  th ro u g h  a  0 .2  p m  m e m b ra n e  f i l te r  
b e fo re  u se . W a s h in g  w ith  0 .1  M  N a O H  fo r  2 m in  a n d  b u f fe r  fo r  5 m in  w e re  
p e r fo rm e d  b e tw e e n  e a c h  an a ly s is .

RESULTS

T h e  a p p lic a b ili ty  o f  H P C E  fo r  q u a n t i ta t iv e  d e te rm in a tio n  o f  in h ib i to r s  
w a s  e v a lu a te d  b y  th e  l in e a r ity  o b ta in e d  w h e n  n o rm a l iz e d  p e a k  a re a s  w e re  
p lo t te d  a g a in s t  s a m p le  c o n c e n tra tio n . T r ip l ic a te  ru n s  w e re  p e r fo rm e d  a t  6 
d if fe re n t  c o n c e n tra t io n s  o f  th e  in h ib i to r s , B B I a n d  K S T I  (F ig . 1). D if fe re n t  
s lo p e s  w e re  fo u n d  d u e  to  d if fe re n t re sp o n se  fa c to rs  o f  th e  in h ib i to r s  a t  2 0 0  n m .
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T h e  lin e a r i ty  s tu d ie s  a lso  in c lu d e d  try p s in , w h ic h  is  a  p ro te in a s e  in h ib i te d  b y  

B B I a n d  K S T I, a - la c ta lb u m in  a s  a  re fe re n c e  p r o te in / in e r t  p ro te in  a n d  a  m a rk e r  
m o le c u le ; t r ig o n e ll in  am id e . T h e  d a ta  o b ta in e d  a re  d isp la y e d  in  T a b le  1 a n d  
th e  p re s e n te d  re la tiv e  s ta n d a rd  d e v ia tio n s  fo r  th e  N A  d e te rm in a tio n s  a re  g iv e n  
a s  th e  h ig h e s t  o f  th e  s ix  re la tiv e  s ta n d a rd  d e v ia tio n s  o b ta in e d . F o r  a l l 
c o m p o n e n ts  te s te d , g o o d  c o r re la tio n  w a s  fo u n d  b e tw e e n  n o rm a l iz e d  p e a k  a re a s  
a n d  s a m p le  c o n c e n tra tio n  (T a b le  1). S im ila r ly , th e  v a r ia t io n  in  m ig ra t io n  t im e  
w a s  ex a m in e d . P e a k  id e n tif ic a tio n  b y  m ig ra t io n  t im e  w a s  s e e n  to  b e  so m e w h a t 
e n h a n c e d  b y  u se  o f  m ig ra t io n  t im e s  re la tiv e  to  th e  in te rn a l  m a rk e rs . In  
a d d itio n , th e  u se  o f  a n  in te rn a l  m a rk e r  p ro v id e s  a  re fe re n c e  fo r  a l ig n m e n t  o f  
e le c tro p h e ro g ra m s  o f  d if fe re n t c o m p o u n d s .

Table 1

Correlation Between Normalized Peak Area (NA) and Sample 
Concentration as well as Relative Standard Deviation (Rel Std Dev, 

Calculated from n Runs) for Migration Time (MT) and Relative Migration
Time (RMT)

Cone. NA=f(C)* NA MT RMT**
range Corr. rel std rel std rel std

(mg/ml) coeff. dev/(n) dev/(n) dev/(n)
Sample ( % ) ( % ) ( % )

B B I 0 .2 5 -2 .0 0 .9 9 7 9 < 9 .9  /(4 ) 0 .5 8 /(2 4 ) 0 .5 3 /(2 4 )
a - la c ta lb u m in 0 .2 5 -2 .0 0 .9 9 3 6 < 1 1 .8 /(3 ) 0 .9 9 /(1 8 ) 0 .6 3 /(1 8 )
K S T I 0 .2 5 -2 .0 1.0000 < 6 .5  /(4 ) 1 .0 2 /(2 4 ) 1 .0 7 /(2 0 )
T ry p s in 0 .2 5 -2 .0 0 .9 9 6 0 < 5 .5  /(3 ) 2 .8 4 /(1 8 ) 2 .0 6 /(1 8 )
T G A 0 .0 6 -0 .5 1.0000 < 7 .5  /(4 ) 0.6 6 /(2 0 )

* C ; C o n c e n tra tio n  o f  s a m p le
* * R M T ; M T  re la tiv e  to  M T  o f  T G A  ( tr ig o n e ll in  a m id e )  u se d  a s  in te rn a l  
s ta n d a rd

T h e  d e s ig n a t io n  o f  p a r t ic u la r  p ro te in  p e a k s  to  in h ib i to r s  w a s  
in v e s tig a te d  b y  th e  a b ili ty  o f  th e  p ro te in  to  fo rm  c o m p le x e s  w ith  th e  p ro te in a s e  
en z y m e s , h e n c e  re s u lt in g  in  a p p e a ra n c e  o f  a  c o m p le x  p e a k  w ith  m ig ra t io n  t im e  
d if fe re n t f ro m  th e  in d iv id u a l c o m p o n e n ts . A ll m ix e d  s a m p le s  w e re  a l lo w e d  to  
fo rm  co m p le x e s  in  5 m M  p h o s p h a te  b u ffe r  a t  p H  7 .5 , a n d  M E C C  o f  th e
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F ig u re  2. C o m p le x  fo rm a tio n  o f  K ST 1 a n d  try p s in  a t  d if fe re n t m ix tu re  ra tio s  o f  
A : K S T I  (2 .4  m g /m l)  +  T G A  (0 .6  n ig /rn l) . E le c tro p h e ro g ra m  E  sh o w s p o rc in e  
try p s in  (2 .7 3  m g /m l)  +  T G A  (0 .2 7  m g /m l) . F o r  B , C  a n d  D  th e  m o la r  ra tio s  o f  
K S T I  to  try p s in  w a s  1.6, 0 .8  a n d  0 .4  re sp e c tiv e ly .

m ix tu re s  w e re  p e r fo rm e d  im m e d ia te ly . F ig . 2 sh o w s re su lts  f ro m  th e  m ix in g  o f  
K S T I  a n d  try p s in  a t  d if fe re n t m o la r  ra tio s  fo llo w ed  by  e le c tro p h o re s is . K S T I  is  
se e n  to  h a v e  o n e  in h ib i to r  s ite  fo r  t ry p s in  a s  th e  N A  o f  th e  c o m p le x  p e a k  d id  
n o t in c re a s e  r e g a rd le s s  o f  w h e th e r  th e  e n z y m e  o r  th e  in h ib i to r  is  p re s e n t  in  a  
m o la r  ex c ess . S e lf  d ig e s tio n  o f  t ry p s in  w a s  in v e s tig a te d  b y  re p e a te d  ru n s  o f  a  
K S T I- t ry p s in  m ix tu re  a t  p H  8 .2 , w h ic h  d id  n o t sh o w  d e g ra d a tio n  o f  th e  
c o m p le x  p e a k  (F ig . 2, C ) d u r in g  m o re  th a n  3 h o u rs .

In  F ig . 3 , th e  b in d in g  b e tw e e n  K S T I a n d  a  m o n o c lo n a l a n tib o d y  
a g a in s t  K S T I  is  sh o w n  a t v a r io u s  m o la r  m ix in g  ra tio s , w ith  th e  m A b -K S T I  
c o m p le x  h a v in g  a  m ig ra tio n  t im e  d if fe re n t f ro m  th o se  o f  th e  in d iv id u a l  
m o le c u le s . A s e x p e c te d , a  m o la r  e x c e s s  ab o v e  2 o f  K S T I  to  m A b  w a s  n e c e s sa ry  
to  o b se rv e  a p e a k  fo r  u n b o u n d  K S T I , im p ly in g  th a t  th e  m A b  b o u n d  tw o  K S T I  
m o le c u le s  p e r  m A b  m o le c u le  (F ig . 3, C).
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F ig u re  3. C o m p le x  fo rm a tio n  o f  K S T I  a n d  a  m o n o c lo n a l a n tib o d y  w ith  
sp e c if ic ity  fo r  K S T I. E le c tro p h e ro g ra m  A  (K S T I (2  m g /m l)  +  T G A  (1 m g /m l))  
sh o w s th e  m ix tu re  u se d  fo r  in c u b a tio n  w ith  th e  m A b . B : K S T L m A b  in  m o la r  
ra tio  o f  3 .6 :1 ; C : K S T I:m A b  in  m o la r  ra tio  1 .8 :1 ; D : m A b  (1 .0 7  m g /m l)  +  T G A  
(0 .6  m g /m l) .

T h e  a b ili ty  o f  K S T I  to  s im u lta n e o u s ly  b in d  try p s in  a n d  th e  m A b  w as  
in v e s tig a te d  by  m ix in g  th e  m A b -K S T I  c o m p le x  f ro m  F ig . 3 w ith  try p s in  a t  
d if fe re n t m o la r  ra tio s  (F ig . 4). T h e  in h ib i to r  s ite  fo r  K S T I  w a s  se e n  to  b e  
d if fe re n t f ro m  th e  m A b  b in d in g  s ite  a s  s im u lta n e o u s  b in d in g  w a s  o b se rv ed .

T h e  c h y m o try p s in - try p s in  in h ib i to r , B B I, w a s  su b je c ted  to  s im ila r  
s tu d ie s , w ith  in c u b a tio n  o f  B B I w ith  c h y m o try p s in  a t  d if fe re n t m o la r  ra tio s  
(F ig . 5). S im ila r ly  to  th e  K S T I-c o m p le x e s , th e  fo rm a tio n  o f  c o m p le x  p e a k s  

re su lte d  in  c h a n g e d  M T s .
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F ig u re  4. S im u lta n e o u s  b in d in g  o f  m A b  a n d  t iy p s in  to  K S T I. A : M ix tu re  o f  
m A b  a n d  K S T I  in  a  m o la r  ra tio  o f  1 :1 .8 . T h e  K S T I  +  T G A  m ix tu re  e m p lo y e d  
in  A , B  a n d  C  a re  id e n tic a l to  F ig . 3, A. B : K S T I :m A b :try p s in  in  a  m o la r  ra tio  
o f  1 :0 .5 6 :1 .5 ; C : K S T I :m A b :try p s in  in  a m o la r  ra tio  o f  1 :0 .5 6 :3 ; D : m A b  (0 .8 4  
m g /m l)  +  try p s in  (0 .5  m g /m l)  +  T G A  (0 .5  m g /m l) ; E : m A b  (1 .0 7  m g /rn l)  +  
T G A  (0 .6  m g /m l) .

DISCUSSION

H P C E  w a s  in v e s tig a te d  fo r  its  a p p lic a b ili ty  a s  a  m e th o d  o f  
c h a r a c te r iz a t io n  o f  p ro te in ty p e  p ro te in a s e  in h ib i to r s . T h e  l in e a r  c o r re la t io n  
sh o w n  b e tw e e n  N A  a n d  th e  c o n c e n tra tio n s  o f  th e  a n a ly te s  (T a b le  1) e n a b le s  th e  
u se  o f  N A  a s  a  m e a s u re  o f  th e  a m o u n t o f  in d iv id u a l p ro te in s . A s  th e  re sp o n se  
fa c to rs  d if fe r  fo r  th e  in d iv id u a l p ro te in s  (F ig . 1), a n  e v a lu a tio n  o f  th e  a m o u n ts  
o f  p ro te in s  in  th e  c o m p le x  p e a k s  f ro m  N A  re q u ire s  k n o w le d g e  o f  th e  re sp o n se  
fa c to r  o f  th e  c o m p le x e s . In s te a d , a n  in te rn a l  m a rk e r , T G A , h a s  b e e n  in c lu d e d  
in  th e  in h ib i to r  s a m p le s  u se d  fo r m ix in g  w ith  o th e r  p ro te in s . T h e  N A  o f  T G A
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F ig u re  5. C o m p le x  fo rm a tio n  o f  B B I w ith  ch y m o try p s in . A : S h o w s th e  
m ix tu re  u se d  fo r  in c u b a tio n  w ith  c h y m o try p s in ; B B I (2 .7 3  m g /m l)  +  T G A  (0 .1  
m g /m l) ; B : B B Ix h y m o try p s in  in  a  m o la r  ra t io  o f 2 .7 : l ;  C : B B T c h y m o try p s in  in  
m o la r  ra tio  1 .4 :1 ; D : B B Ix h y m o try p s in  in  a  m o la r  ra tio  0 .8 :1 ; E : c h y m o try p s in  
(2 .4  m g /m l)  +  T G A  (0 .2  m g /m l) .

w a s  a lso  sh o w n  to  b e  l in e a r ly  c o r re la te d  w ith  th e  c o n c e n tra tio n  (T a b le  1), a n d  
th e  a m o u n t o f  T G A  o b se rv e d  in  a n  e le c tro p h e ro g ra m  w ith  in h ib i to r  p re s e n t  c a n  
th e re fo re  b e  u se d  as  a  m e a su re  fo r  th e  to ta l a m o u n t o f  th e  in h ib i to r  p re s e n t  in  
th e  sa m p le . T h e  u se  o f  a n  in te rn a l  m a rk e r  m a y  p ro v id e  a  b e t te r  d e te rm in a tio n  
o f  th e  m ix in g  ra tio s  th a n  w h e n  c a lc u la te d  f ro m  th e  m ic ro litr e s  a c tu a lly  m ix e d  
d u e  to  th e  e r ro rs  c o r re la te d  to  p ip e tt in g  o f  v o lu m e s  o f  a  few  m ic ro litre s .

In  F ig . 2, th e  c o m p le x  fo rm a tio n  b e tw e e n  K S T I  a n d  p o rc in e  try p s in  is  
illu s tra te d . H ig h  a f f in it ie s  a re  u su a lly  o b se rv e d  fo r  th e  b in d in g  o f  in h ib i to r s  to  
try p s in  a n d  c h y m o try p s in  a n d  th e  re a c tio n  r a te  is  h ig h  r e s u lt in g  in  f a s t  co m p le x  
fo rm a tio n  fo llo w in g  m ix in g  o f  th e  c o m p o u n d s .6,7 W ith  m ix in g  o f  b o v in e  
ch y m o try p s in  a n d  K S T I  n o  c o m p le x  fo rm a tio n  w a s  o b se rv e d , c o n f irm in g  th e  
f in d in g s  th a t  K S T I  d o es  n o t h a v e  a n  in h ib i to r  s ite  fo r  c h y m o try p s in 15 a l th o u g h
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th is  h a s  b e e n  in d ic a te d  in  so m e  s tu d ie s .16 T h e se  re su lts  a lso  in d ic a te  th a t  th e  
sy s tem  n o w  d e v e lo p e d  d o es  n o t fa v o u r  u n sp e c if ic  c o m p le x a tio n .

W h e n  m ix in g  K S T I  w ith  m A b , a  b ro a d  p e a k  w a s  o b se rv e d  (F ig . 3). 
T h is  p e a k  b r o a d e n in g  m a y  b e  d u e  to  a  m ix tu re  o f  m A b  c o m p le x e d  w ith  o n e  o r  
tw o  K S T I  m o le c u le s . W ith  a d d i tio n  o f  t ry p s in  to  th e  m A b -K S T I  m ix tu re ,  a  
n e w  c o m p le x  p e a k  w a s  fo rm e d  w ith  m a rk e d ly  c h a n g e d  M T  a n d  p e a k  sh a p e  
(F ig . 4 , B  a n d  C ). In  a  s a m p le  w ith  try p s in  a n d  m A b , n o  in te ra c t io n  o f  th e  
try p s in  a n d  m A b  w a s  o b se rv e d  (F ig . 4 , D  a n d  E ) , c o n f irm in g  th a t  t ry p s in  b in d s  
to  K S T I  in  th e  K S T I-m A b  co m p lex .

W ith  b in d in g  o f  B B I to  c h y m o try p s in , a  ra n g e  o f  in h ib i to r -e n z y m e  
c o m p le x  p e a k s  a p p e a re d , w h ic h  p o ss ib ly  is  d u e  to  th e  p re se n c e  o f  v a r io u s  
iso fo rm s  o f  B B I a s  w e ll a s  o f  c h y m o try p s in .

In  c o n c lu s io n , M E C C  o ffe rs  a  m e th o d  re q u ir in g  lim ite d  s a m p le  
a m o u n ts  c o m p a re d  to  tr a d i t io n a l  m e th o d s  a n d  w ith  c o m p le x  fo rm a tio n  in  
so lu t io n  w h ic h  c o m p le m e n ts  tra d i t io n a l  m e th o d s  a s  E L IS A  a n d  e n z y m a tic  
a s say s . W ith  th e  a b ili ty  o f  H P C E  to  b e  u se d  fo r  q u a n t i ta t iv e  a n a ly se s  o f  th e  
p ro te in s ,  th e  m e th o d  p re se n te d  e n a b le s  k n o w le d g e  o f  th e  n u m b e r  a n d  sp e c if ic ity  
o f  in h ib i to r  s ite s  o n  th e  in d iv id u a l is o in h ib ito r s  p re s e n t  in  a  g iv e n  s a m p le  a s  
w e ll a s  c h a ra c te r iz a t io n  o f  m A b  b in d in g  to  th e  in h ib i to rs .
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ABSTRACT

T h e  a im  o f  th e  p re se n t w o rk  w a s  to  e v a lu a te  th e  fe a s ib ili ty  o f  
s u p e rc r i t ic a l  f lu id  e x tra c tio n  (S F E ) o f  so m e  g ro w th -p ro m o tin g  
a n a b o lic  s te ro id s  d ire c tly  f ro m  b o v in e  t is su e  s a m p le s  w ith  c a rb o n  
d io x id e  a s  a  su p e rc r i t ic a l  f lu id . T h e  s tu d y  w a s  d iv id e d  in to  tw o  
p h a s e s . T h e  f ir s t  p h a s e  in v o lv e d  th e  o p tim iz a tio n  o f  S F E  
p a ra m e te r s  v e rsu s  rec o v e ry  a n d  re p e a ta b ility . R e su lts  w e re  
o b ta in e d  b y  h ig h  p e r fo rm a n c e  liq u id  c h ro m a to g ra p h y  (H P L C ) o r  
s u p e rc r i t ic a l  f lu id  c h ro m a to g ra p h y  (S F C ). T h e  se co n d  se t o f  
s tu d ie s  c o n s is te d  o f  S F E  f ro m  th e  re a l s a m p le s  m o n ito re d  b y  th e  
c o m b in a tio n  o f  h ig h  p e r fo rm a n c e  liq u id  c h ro m a to g ra p h y

#  P re s e n t a d d re ss : U n iv e rs ity  o f  T u rk u , D e p a r tm e n t o f  B io c h e m is try  a n d  F o o d  
C h e m is try , L a b o ra to ry  o f  F o o d  C h e m is try , F IN -2 0 5 0 0  T u rk u , F in la n d .
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a tm o s p h e r ic  p re s su re  c h e m ic a l io n iz a t io n  m a ss  sp e c tro m e try  
(H P L C /A P C IM S ). T h e  l im it  o f  d e te c tio n  w a s  a b o u t 10 p p b , b u t 
100 p p b  is  th e  p ra c t ic a l  d e te c tio n  l im it  fo r  S F E -H P L C /M S  
a n a ly s is  u n d e r  th e  e x p e r im e n ta l c o n d itio n s  u se d  in  th is  s tudy . 
T h e  re su lts  f ro m  th is  w o rk  su g g e s te d  th a t  S F E  m a y  b e  u se fu l fo r  
iso la tio n  o f  ta rg e t  c o m p o u n d s  fro m  c o m p le x  b io lo g ic a l sa m p le s .

INTRODUCTION

M a n y  s a m p le s  e n c o u n te re d  b y  th e  a n a ly tic a l c h e m is t c o n s is t  o f  t r a c e  
c o m p o n e n ts  in  a  c o m p le x  a n d  in te r fe r in g  m a tr ix . F o r  th e  id e n tif ic a t io n  a n d  
q u a n t i ta t io n  o f  th e s e  c o m p o n e n ts , iso la tio n  f ro m  th e  m a tr ix  is  u su a lly  
n ec essa ry . S a m p le  p re p a ra t io n  m e th o d s  a re  g e n e ra lly  b o th  t im e  a n d  so lv e n t 
c o n s u m in g . A c c o rd in g  to  a  re c e n t su rv ey , tw o  th ird s  o f  th e  a n a ly s is  t im e  is  
d e v o te d  to  s a m p le  p re p a ra t io n  a n d  th is  s te p  a c c o u n ts  fo r  a t  le a s t o n e - th ird  o f  
th e  e r ro rs  g e n e ra te d  d u r in g  th e  p e r fo rm a n c e  o f  a n  a n a ly tic a l m e th o d .’ 
E x tr a c t io n  w ith  s u p e rc r i t ic a l  f lu id s  is  o n e  o f  th e  m o s t ra p id ly  d e v e lo p in g  
m e th o d s  fo r  s e p a ra tio n  su b s ta n c e s  f ro m  v a r io u s  m a tr ic e s . T h e  te rm  d e n s e  g a s  
is  a lso  u se d , b u t  i t  c o v e rs  b o th  th e  liq u id  a n d  su p e rc r i t ic a l  s ta te s  o f  a  f lu id  a n d  
th e  te rm  s u p e rc r i t ic a l  is  a p p lie d  o n ly  w h e n  th e  c r it ic a l  p a ra m e te rs  h a v e  b e e n  
ex c ee d ed . C o m p re h e n s iv e  re v ie w s  o n  p r in c ip le s , th e o ry , te c h n iq u e s  a n d  
a p p l ic a t io n s  o f  su p e rc r i t ic a l  f lu id  e x tra c tio n  (S F E ) h a v e  b e e n  p u b lis h e d .2'6

S u p e rc r it ic a l  f lu id  e x tra c tio n  is a  re la tiv e ly  n ew  a n a ly tic a l iso la tio n  
te c h n iq u e  w h ic h  o ffe rs  a d v a n ta g e s  o f  lo w  te m p e ra tu re  p ro c e ss in g , rec o v e ry  o f  a  
so lv e n t- fre e  e x tra c t,  ra p id  e x tra c tio n  r e s u lt in g  fro m  h ig h  m a ss  tr a n s fe r  d u e  to  
h ig h e r  d iffu s iv ity  a n d  lo w er v isc o s ity  in  c o m p a r is o n  to  o rg a n ic  so lv e n ts .7 T h e  
se le c tiv ity  a n d  so lv e n t p o w e r  d e p e n d  o n  th e  d e n s ity , w h ic h  c a n  b e  v a r ie d  d u r in g  
th e  e x tra c t io n  p ro c e d u re  by  c o n tro l lin g  p re s s u re  a n d  te m p e ra tu re . B y  c h a n g in g  
th e  e x tra c tio n  c o n d itio n s  c la s s -se le c tiv e  e x tra c tio n s  a n d  f ra c t io n a tio n  o f  th e  
e x tra c t  c a n  b e  ac h ie v e d . B y  f a r  th e  m o s t w id e ly  u se d  e x tra c t io n  f lu id  h a s  b e e n  
s u p e rc r i t ic a l  c a rb o n  d io x id e  ( C 0 2)2 I ts  p re fe re n tia l  u se  is  d u e  to  th e  fa c t th a t  it 

is  a n  c h e m ic a lly  in e rt , in e x p e n s iv e , n o n - to x ic  a n d  n o n - f la m m a b le  e x tra c tio n  

g a s  w ith  m ild  c r it ic a l  p a ra m e te rs  ( 3 1 .1 ° C  c r it ic a l  te m p e ra tu re  a n d  7 .3 8  M P a  
c r it ic a l  p re s s u re ) .8 T h is  e n a b le s  th e  a p p lic a tio n  o f  lo w  e x tra c tio n  te m p e ra tu re s  
th e re b y  r e d u c in g  th e  r isk  o f  a n a ly te  d e g ra d a tio n  d u r in g  th e  e x tra c tio n . D u e  to  
th e  g a se o u s  n a tu re  o f  C 0 2 a t low  p re s su re  S F E  c a n  b e  c o m b in e d  w ith  
c h ro m a to g ra p h ic  te c h n iq u e s  rev ie w ed  e .g ., b y  C h e s te r  e t a l . ,6 H a w th o rn e  e t
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a l .,9 J in n o  a n d  S a ito .10 B y  a d d in g  a m o d if ie r  (e.g., M e O H , H 2O ) it  is  p o s s ib le  

to  a d ju s t  th e  so lv a tin g  p o w e r  o f  C O r  M a n y  o th e r  s u p e rc r i t ic a l  f lu id s  h a v e  b e e n  

a lso  u se d  e.g., N 20 ,  S F 6, C H 3O H , H 20  a n d  C H C 1F 2 U' 13

S u p e rc r it ic a l  f lu id  e x tra c t io n  h a s  b e e n  u se d  fo r  in d u s tr ia l- s c a le  s e p a ra t io n s  
a n d  th e  iso la tio n  o f  a  v a r ie ty  o f  c o m p o u n d s .2,4 O n  th e  a n a ly tic a l sc a le  S F E  h a s  
a lso  a t tr a c te d  c o n s id e ra b le  a t te n t io n  a n d  a  v a r ie ty  o f  te c h n iq u e s  h a v e  b e e n  u se d  
fo r  o n - l in e  a n a ly s e s  c o m b in e d  w ith  o th e r  c h ro m a to g ra p h ic  m e th o d s .6 A n  
in c re a s in g  n u m b e r  o f  q u a n t i ta t iv e  a p p l ic a t io n s  o f  S F E  e s p e c ia lly  fo r  th e  
e x tra c tio n  o f  e n v iro n m e n ta l  p o llu ta n ts  h a s  b e e n  re p o r te d  in  re c e n t y e a r s .14"22 
S F E  is  u ti l iz e d  a lso  in  th e  f ie ld  o f  fo o d  sc ie n c e  to  iso la te  n o t o n ly  n a tu ra l  fo o d  
c o m p o n e n ts  su c h  a s  f a t ,23 c h o le s te ro l24 a n d  v o la ti le s 25"26 b u t a lso  n a tu ra l  b u t  n o t 
d e s ira b le  c o m p o n e n ts  lik e  m y c o to x in s27 a n d  o rg a n ic  c o n ta m in a n ts  s u c h  as  
p e s tic id e s  a n d  P A H s .28"32

O n ly  lim ite d  s tu d ie s  h a v e  b e e n  p u b lis h e d  o n  th e  u se  o f  s u p e rc r i t ic a l  f lu id s  
fo r  th e  e x tra c tio n  o f  p o la r  d r u g  re s id u e s  in  th e  b o v in e  tis su es . R a m se y  et a l,33 
h a v e  u se d  th e  c o m b in a t io n  o f  S F E /S F C /M S /M S  fo r  th e  d e te rm in a tio n  o f  
re s id u e s  o f  a  sm a ll  g ro u p  o f  v e te r in a iy  d ru g s  in  f re e z e -d r ie d  p ig ’s k id n e y . T h e  
re su lts  sh o w e d  th e  d e te c tio n  o f  1 m g /k g  o f  sp ik e d  s a m p le s  fo r  th e  fo u r  d ru g s  
d ie th y ls t i lb e s tr01, d ie n e s tro l,  h e x e s tro l a n d  tr im e th o p r im .

T h e  c o m b in a tio n  o f  S F E -H P L C  h a s  b e e n  u se d  fo r  th e  d e te rm in a tio n  o f  
p o la r  d ru g s , s te ro id a l c o m p o u n d s  a n d  s u lfo n a m id e s  fro m  a n im a l fo o d , b lo o d  
p la s m a  a n d  c h ic k e n  tis s u e .34"37 A lso , s o lu b ili ty ’s o f  so m e  s te ro id a l c o m p o u n d s  
h a v e  b e e n  c o n d u c te d  b y  S F E -H P L C .38 T h e  c o n c e n tra t io n  o f  d ru g s  in v e s tig a te d  
in  m o s t p re v io u s  s tu d ie s  w e re , h o w e v e r, so  h ig h  th a t  t ru e  re s id u e  a n a ly s is  is  o u t 
o f  q u e s tio n .

T h e  a im  o f  th e  p re s e n t  s tu d y  w a s  to  d e v e lo p  a u n if ie d  m u lt ire s id u e  
e x tra c t io n  p ro c e d u re  fo r  th e  iso la tio n  o f  e s tro g e n ic  a n d  a n a b o lic  a g e n ts  f ro m  
b o v in e  t is s u e s  u s in g  su p e rc r i t ic a l  f lu id  e x tra c tio n  te c h n iq u e s . T h e  g o a l o f  th is  
w o rk  w a s  a lso  to  e v a lu a te  th e  fe a s ib ili ty  o f  e x tra c t in g  th e s e  g ro w th -p ro m o tin g  
ta rg e t c o m p o u n d s  a t  lo w  p a r ts  p e r  b il l io n  lev e l d ire c tly  f ro m  b o v in e  t is su e  
s a m p le s  w ith  c a rb o n  d io x id e  a s  a  su p e rc r i t ic a l  f lu id . T h e  m e th o d  is  c o m p a re d  
w ith  a  t r a d i t io n a l  th re e -p h a s e  l iq u id - l iq u id  e x tra c t io n  p ro c e d u re  u se d  
p re v io u s ly  fo r  re la te d  s tu d ies . T h e  a n a ly te s  w e re  m o n ito re d  b y  H P L C  a n d  
id e n tif ie d  b y  U V  d e te c tio n  a n d  m a ss  sp e c tro m e try .
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MATERIALS AND METHODS

Chemicals

A ll so lv e n ts , b u f fe rs  a n d  c o m m o n  re a g e n ts  w e re  p u rc h a s e d  f ro m  F is h e r  
S c ie n tif ic  (R o c h e s te r , N Y , U S A ) u n le s s  o th e rw ise  n o te d . A  s ta n d a rd  s to c k  
so lu t io n  o f  th e  se v e n  d ru g s  (5 0 0  p g /  m L  d ic h lro m e th a n e )  w a s  p re p a re d  f ro m  
p u re  s ta n d a rd s  p u rc h a s e d  fro m  S ig m a  C h e m ic a l C o  (S t. L o u is , M O , U S A ). T h e  
d ru g s  w e re  d e x a m e th a s o n e  (D E X ), d ie th y ls t i lb e s tro l (D E S ), m e d ro x y  
p ro g e s te ro n e  (M D P ), m e le n g e s tro l a c e ta te  (M G A ), t r e n b o lo n e  (T B O H ), 
t r ia m c in o lo n e  a c e ta te  (T A C A ) a n d  z e ra n o l (Z E R ). F ig u re  1 sh o w s s tru c tu re s  
o f  th e se  se v e n  g ro w th  p ro m o tin g  d ru g s  in v e s tig a te d  in  th is  s tudy .

Tissue samples

A b o u t 2 0 0  g  o f  b e e f  s te ak , p u rc h a s e d  fro m  a  lo c a l su p p lie r , w a s  
h o m o g e n iz e d  to  a  s m o o th  p a s te  in  a  W a r in g  b le n d e r  (2  m in /fu l l  sp e ed ) . T h e  
p a s te  w a s  sp re a d  o n to  P e tr i  tra y s  a n d  f re e z e -d r ie d  u s in g  a  V irT is  U n i t r a p  II 
(V irT is ,  G a rd in e r ,  N Y , U S A ). T h e  ly o p h il iz e d  t is s u e  s a m p le  w a s  th e n  g ro u n d  
u s in g  a  m o r ta r  &  p es tle . P o r tio n s  o f  th e  p o w d e re d  m u sc le  o r  l iv e r  (1 g )  w e re  
m ix e d  w ith  m e th a n o l  (1 0  m L ) , s p ik e d  w ith  th e  a p p ro p r ia te  q u a n tity  o f  e a c h  
a n a b o lic  c o m p o u n d  b y  u s in g  th e  s ta n d a rd  s to c k  so lu tio n , a llo w e d  to  e q u i l ib ra te  
fo r  o n e  h o u r  w h ils t  b e in g  so n ic a te d  a n d  th e n  e v a p o ra te d  to  d ry n e ss  u n d e r  a  
s tre a m  o f  d ry  n itro g e n . A ll s a m p le s  w e re  th o ro u g h ly  m ix e d  p r io r  to  b e in g  
lo a d e d  in to  th e  S F E  e x tra c tio n  ce ll.

Three-phase liquid-liquid extraction

T h e  liq u id - l iq u id  e x tra c t io n  w a s  c a r r ie d  o u t a c c o rd in g  to  th e  p ro c e d u re  
r e p o r te d  b y  H su  e t  a / .39 a n d  C o v ey  e t a l .40 M u sc le  o r  liv e r  t is s u e  w e re  
h o m o g e n iz e d  in  th e  sa m e  w a y  a s  d e sc r ib e d  ab o v e . F iv e -g ra m  a l iq u o ts  o f  
b o v in e  l iv e r  o r  m u sc le  h o m o g e n a te  w e re  th e n  v o r te x -m ix e d  w ith  10 m L  o f  0 .0 4  
M  N a O A c . T h e  p H  o f  th e  so lu t io n  w a s  b ro u g h t to  4 .2  - 4 .7  w ith  g la c ia l  a c e t ic  

a c id . T h e  e n z y m a tic  h y d ro ly s is  w a s  in i t ia te d  by  a d d in g  100 p L  o f  p -  
g lu c u ro n id a s e  (S ig m a  C h e m ic a l C o ., S t. L o u is , M O , U S A ). A fte r  8  h o u r  o f

e n z y m a tic  h y d ro ly s is  a t  3 7 °C , 20  m L  o f  a c e to n itr i le  w a s  a d d e d  fo llo w e d  by  
m ix in g  o n  a v o r te x  m ix e r  fo r  30  se co n d s . T h e  h o m o g e n a te  w a s  th e n  
c e n tr ifu g e d  (5 0 0 0  rp m  fo r  2 0  m in )  a n d  th e  s u p e rn a ta n t  (3 0  m L ) w a s  th e n
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MELENGESTROL ACETATE 

MW=396

MEDROXYPROGESTERONE

MW=344

TRENBOLONE

MW=270

CHj CH3

DIETHYLSTILBESTROL
MW=268

DEXAMETHASONE 

MW =392

ZERANOL
MW=322

TRIAMCINOLONE ACETONIDE 

MW=434

F ig u re  1. S tru c tu re s  o f  g ro w th  p ro m o tin g  d ru g s  in v e s tig a te d  in  th is  s tudy .

t r a n s fe r r e d  to  a  c le a n  te s t  tu b e . H e x a n e  (8  m L ) a n d  d ic h lo ro m e th a n e  (2  m L ) 
w e re  a d d e d  a n d  m ix e d  by  ro ta t io n  fo r  3 m in u te s . S a m p le s  w e re  th e n  
c e n tr ifu g e d  (2 0 0 0  rp m  fo r  2 m in ) . A  th re e -p h a s e  liq u id  sy s te m  w a s  o b ta in e d . 
T h e  m id d le  la y e r  (1 5  m L  in  a c e to n itr i le )  w a s  tr a n s fe r r e d  to  a  2 0  m L  
s c in t i l la t io n  v ia l  a n d  e v a p o ra te d  to  d ry n e s s  u n d e r  n itro g e n . T h e  liv e r  a n d  
m u sc le  e x tra c ts  w e re  e a c h  d is s o lv e d  in  1 m L  o f  d ic h lo ro m e th a n e  p r io r  to  

an a ly s is .
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Supercritical fluid extraction (SFE)

A  L ee  S c ie n tif ic  S e r ie s  6 0 0  m ic ro -sc a le  E x tra c t io n  S y s tem  (L e e  S c ie n tif ic , 
In c .,  S a lt  L a k e  C ity , U T , U S A ) w a s  u se d  fo r  s a m p le  p re p a ra t io n  w h ile  th e  
a n a ly te s  w e re  a n a ly z e d  b y  h ig h  p e r fo rm a n c e  liq u id  c h ro m a to g ra p h y  (H P L C ) 
c o m b in e d  w ith  U V -d e te c tio n  o r  m a ss -sp e c tro m e try  (M S ).

S a m p le s  w e re  in je c te d  ( s ta n d a rd s  in  th e  so lv e n t)  o r  w e ig h e d  (sp ik e d  tis su e  
s a m p le s )  in to  a  2 m L  e x tra c tio n  c e ll (V a le o  g u a rd  c o lu m n , V a le o  I n s tru m e n ts  
C o . In c . T X , U S A ) lo c a te d  e x te rn a l to  th e  in s tru m e n t. A  r e s tr ic to r  w a s  d ire c te d  
th ro u g h  th e  o v e n  in to  th e  c o lle c tio n  sy s tem  e x te rn a l to  th e  c a p illa ry  S F C  
in s t ru m e n t  (L e e  S c ie n tif ic , In c ., S a lt  L a k e  C ity , U T , U S A ). D u r in g  th e  S F E  

p ro c e d u re  th e  te m p e ra tu re  o f  th e  o v e n  w a s  k e p t  c o n s ta n t  a t  6 0 °C . R e s tr ic to rs  
u se d  in  th is  s tu d y  w e re  c u t to  th e  d e s ire d  le n g th  f ro m  fu se d -s il ic a  tu b in g  
(P o ly m ic ro  T e c h n o lo g ie s , P h o e n ix ,  A Z , U S A ). T h e  G u th r ie - ty p e  r e s tr ic to r  w a s  
h o m e m a d e . A  sc h e m a tic  o f  th e  su p e rc r i t ic a l  f lu id  e x tra c tio n  sy s tem  is  sh o w n  
in  th e  o w n e r ’s m a n u a l  o f  th e  in s tru m e n t. S F C -g ra d e  C 0 2 in  a n  a lu m in u m  

c y lin d e r  w ith  h e l iu m  h e a d  p re s su re  f ro m  S co tt S p e c ia lty  G a se s  
(P lu m b s te a d v ille , P A , U S A ) w a s  u se d  fo r  a l l S F E  e x p e r im e n ts .

A n a ly te s  w e re  c o lle c te d  by  p la c in g  th e  r e s tr ic to r  in to  a  2 m L  a u to  s a m p le r  

v ia l  c o n ta in in g  1 m L  o f  p re c o o le d  (+  5 °C ) m e th a n o l (M eO H ). T h e  c o o lin g  
e ffec t o f  e x p a n d in g  C O 2 w a s  su ffic ie n t to  k e e p  th e  v ia l  co o l to  p re v e n t th e  lo ss  

o f  a n a ly te s . A fte r  th e  e x tra c tio n  s a m p le s  w e re  e v a p o ra te d  to  d ry n e ss  u n d e r  

n itro g e n  a n d  p r io r  to  H P L C  a n a ly s is  th e y  w e re  d is so lv e d  in  100 p L  o f  e lu e n t  
c o n ta in in g  3 0 %  o f  m e th a n o l /a c e to n i tr i le  (5 0 /5 0 )  a n d  7 0 %  m M  a m m o n iu m  
fo rm a te .

High performance liquid chromatography (HPLC)

D isso lv e d  tis su e  e x tra c t  re s id u e  a s  w e ll a s  s ta n d a rd  m ix tu re s  w e re  in je c te d  
in to  a  W a te rs  H P L C  sy stem , M o d e l # 5 1 0  (W a te rs , Inc . M ilfo rd , M A , U S A ) 
u s in g  a  R h e o d y n e  in je c to r, M o d e l #  7 1 2 5  (R h e o d y n e  In c ., C o ta ti , C A  U S A ) 
w ith  a  2 0  m L  sa m p le  loop . A  f ix e d -w a v e le n g th  (2 4 5  n m ) U V -d e te c to r , M o d e l 
# 4 4 0  (W a te rs , In c . M ilfo rd , M A , U S A ) w a s  u se d  fo r m o n ito r in g  th e  se v e n  
d ru g s . T h e  d a ta  w e re  re c o rd e d  o r. a  H e w le tt-P a c k a rd  in te g ra to r ,  M o d e l #  
3 3 9 0 A  (H e w le tt-P a c k a rd , P a lo  A lto , C A , U S A ).

T h e  H P L C  f lo w  ra te  u se d  w a s  1.0 m L /m in  a n d  th e  c o lu m n  u ti l iz e d  in  th is
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sy s tem  w a s  5 c m  x  4 .6  m m  ID , 5 p m , S u p e lc o s il (S u p e lc o , In c . B e lle fo n te , P A , 
U S A ). T h e  m o b ile  p h a s e  w a s  c o m p o se d  o f  m e th a n o l , a c e to n itr i le  a n d  20  m M  
a m m o n iu m  fo rm a te  c o n tro l le d  b y  a  W a te rs  a u to m a te d  g ra d ie n t  c o n tro l le r ,  
M o d e l #  6 8 0  (W a te rs , In c . M ilfo rd , M A , U S A ). T h e  l in e a r  g ra d ie n t  p ro g ra m  
o f  19 m in u te s  w a s  in i t ia te d  w ith  th e  lo w  o rg a n ic  so lv e n t c o m p o s itio n  (5 % ) 
w h ile  th e  f in a l m o b ile  p h a s e  c o m p o s itio n  w a s  m a in ly  th e  m ix tu re  o f  m e th a n o l 
a n d  a c e to n itr i le  (9 5 % ).

Q u a n ti ta t io n  o f  th e  se v en  d ru g s  re c o v e rie s  b y  S F E  f ro m  tis su e  s a m p le s  w a s  
a c c o m p lish e d  b y  c o m p a r is o n  o f  H P L C  p e a k  a re a s  b e tw e e n  th e  a n a ly tic a l 
s ta n d a rd s  o f  th e  d ru g s  a n d  fo r tif ie d  t is su e  s a m p le s  (1 0 0  p p b  o f  th e  e a c h  d ru g ) . 
T r ip l ic a te  s a m p le s  w e re  u se d  fo r  rec o v e ry  a n d  re p e a ta b ility  s tu d ies .

Supercritical Fluid Extraction-Supercritical Fluid Chromatography 
(SFE/SFC)

T h e  m ic ro -sc a le  E x tra c t io n  S y stem  S e rie s  6 0 0  b a se d  o n  c ry o g e n ic  so lu te  
fo c u s in g  c o m b in e d  to  c a p illa ry  S u p e rc r it ic a l  F lu id  C h ro m a to g ra p h y  S e r ie s  6 0 0  
(L e e  S c ie n tif ic , In c ., S a lt  L a k e  C ity , U T , U S A ) w as  u se d  to  d e te rm in e  th e  
o p tim u m  e x tra c tio n  tim e . S a m p le s  w e re  p la c e d  in to  th e  2 n rL  e x tra c t io n  ce ll 
(V a le o  In s tru m e n ts  C o. In c .,  T X , U S A ). D u r in g  th e  S F E  p ro c e d u re  th e  
te m p e ra tu re  o f  th e  S F C  o v e n  w as  m a in ta in e d  a t  6 0 ° C , a n d  th e  c ry o fo c u s in g  T -  
p ie c e  lo c a te d  in s id e  th e  S F C  o v en  w a s  c o o led  by  th e  e x te rn a l  CO ., ta n k . T h e  

te m p e ra tu re  o f  e x tra c tio n  ce ll w a s  6 0 °C . T h re e  su c ce ss iv e  2 0  m in u te  
e x tra c t io n s  w e re  a c c o m p lish e d  f ro m  th e  sa m e  sa m p le  a t  4 0 0  a tm  (1 a tm  =
0 .1 0 1 3 2  M P a ) . A fte r  th e  e x tra c tio n , th e  1 0 -p o rt v a lv e  w a s  sw itc h e d  to  th e  
c o lu m n  p o s it io n  a n d  th e  n o rm a l S F C  ru n  w a s  c o m m e n c e d . A  S B -c y a n o p ro p y l-  

5 0 , 50  m m  x  10 m  fu se d -s ilic a  c a p illa ry  c o lu m n  c o a te d  w ith  a  25  p m  f ilm  
th ic k n e s s  (L e e  S c ie n tif ic , In c ., S a lt  L a k e  C ity , U T , U S A ), w a s  u se d  fo r  th e  
s e p a ra tio n . S F C -g ra d e  c a rb o n  d io x id e  (S c o tt S p ec ia lty  G ases , P lu m s te a d v ille , 
P A , U S A ) w a s  u se d  a s  th e  e x tra c tio n  f lu id  a s  th e  m o b ile  p h a se . T h e  o v e n  
te m p e ra tu re  w a s  k e p t  c o n s ta n t a t  120°C . T h e  f r i t  r e s tr ic to r  w a s  u se d  fo r  th e  
m o b ile  p h a s e  r e s tr ic tio n  p ro v id in g  a n  a v e ra g e  l in e a r  v e lo c ity  o f  1.2 c m /se c  ( a t  
100 a tm ) . T h e  te m p e ra tu re  o f  th e  f la m e  io n iz a t io n  d e te c to r  (F ID ) w a s  3 7 5 °C . 
T h e  s e p a ra t io n  w a s  a c c o m p lish e d  b y  a p p ly in g  a p re s s u re  p ro g ra m  a s  fo llo w s: 
100 a tm  in i t ia l  p re s s u re  h e ld  c o n s ta n t  fo r  10 m in , th e n  r a m p e d  to  4 1 5  a tm  a t  a  
c o n s ta n t  r a m p  ra te  o f  10 a tm /m in .
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Mass Spectrometry (MS)

A  S c ie x  T A G A  6 0 0 0 E  ta n d e m  tr ip le  q u a d ru p o le  m a ss  s p e c tro m e te r  (S c iex , 
T h o rn h i l l ,  O n ta r io ,  C a n a d a )  e q u ip p e d  w ith  a  s ta n d a rd  a tm o s p h e r ic  p re s s u re  
io n iz a t io n  (A P I)  so u rc e  w a s  u se d  in  th e se  e x p e r im e n ts . T h e  h e a te d  p n e u m a tic  
n e b u l iz e r  in te r fa c e  w a s  u se d  fo r  c o m b in e d  h ig h  p e r fo rm a n c e  liq u id  
c h ro m a to g ra p h y /m a s s  sp e c tro m e try  (L C /M S ) e x p e r im e n ts . T o  p ro d u c e
a tm o s p h e r ic  p re s s u re  c h e m ic a l io n iz a t io n  (A P C I)  m a ss  sp e c tra  th e  m a ss  r a n g e d

+
s c a n n e d  w a s  f ro m  m /z  2 5 0 -4 5 0  w h ile  th e  [M + H ] io n  w a s  m o n ito re d  fo r  e a c h  
in d iv id u a l  so lu te  in  th e  s e le c te d  io n  m o n ito r in g  (S IM ) m o d e .

RESULTS AND DISCUSSION

T h e  g o a l o f  th is  w o rk  w a s  to  in v e s tig a te  th e  u se  o f  su p e rc r i t ic a l  f lu id  
e x tra c t io n  ( C 0 2) fo r  th e  iso la tio n  o f  g ro w th  p ro m o tin g  a n a b o lic  s te ro id s  

d ire c tly  f ro m  fo r tif ie d  b o v in e  t is su e  s a m p le s  a n d  to  d e te rm in e  th e m  b y  h ig h  
p e r fo rm a n c e  liq u id  c h ro m a to g ra p h y  c o u p le d  w ith  U V  o r  m a ss  sp e c tro m e try  
d e te c tio n .

T h e  p re s e n t  s tu d y  w a s  d iv id e d  in to  tw o  p h a se s . T h e  f ir s t  p h a s e  o f  
in v e s t ig a t io n  in v o lv e d  s tu d ie s  to  o p tim iz e  th e  e x tra c t io n  p a ra m e te rs  
( te m p e ra tu re , p re s su re , tim e , re s tr ic to r )  v e rsu s  rec o v e ry  a n d  re p e a ta b ility . T h e  
m a tr ix  w a s  a n  in e r t  f i l te r  p a p e r  o r  fo r tif ie d  f re e z e -d r ie d  b o v in e  m u sc le  t is su e  
sa m p le . R e su lts  w e re  o b ta in e d  by  H P L C -U V  o r S F C -F ID . T h e  se c o n d  s e t o f  
s tu d ie s  c o n s is te d  o f  S F E  f ro m  th re e -p h a s e  l iq u id - l iq u id  l iv e r  e x tra c ts  a n d  f ro m  
f re e z e -d r ie d  m u sc le  t is su e  s a m p le  m o n ito re d  b y  H P L C /M S . In  o rd e r  to  g e t 
s a tis fa c to ry  rec o v e ry  a n d  re p e a ta b ili ty  re su lts , a  g o o d  re fe re n c e  m a te r ia l  w as  
re q u ire d . S p ik in g  d ire c tly  o n to  th e  s a m p le  c a n  c a u se  to o  h ig h  re c o v e r ie s .35 
T h e re fo re , sp ik e d  sa m p le s  w e re  p re p a re d  a c c o rd in g  to  R a m se y  e t a l .33 T h e  
d ru g s  w e re  f ir s t  d ilu te d  in  d ic h lo ro m e th a n e  a n d  th e  so lu t io n  w a s  th e n  
th o ro u g h ly  m ix e d  w ith  f re e z e -d r ie d  m a tr ix

S F E  c o n d i tio n s  w e re  o p tim iz e d  fo r  th e  se v e n  d ru g s  b y  s e g n e n tia l ly  v a ry in g  
th e  fo llo w in g  p a ra m e te rs . T e m p e ra tu re : 5 0 , 6 0 , 8 0  a n d  1 0 0 °C ; e x tra c t io n  
p re s su re : 2 5 0 , 3 0 0 , 3 5 0  a n d  4 0 0  a tm  (1 a tm  =  0 .1 0 1 3 2  M P a ) ; e x t ra c t io n  tim e : 
10, 2 0 , 3 0 , 4 0 , 5 0 , 6 0  a n d  120 m in ; re s tr ic to r :  G u th r ie - ty p e  (h o m e m a d e ) , 2 0  c m  
lo n g  x  15 o r  21 m m  ID  lin e a r . T h e  o p tim iz a tio n  w a s  d o n e  b y  k e e p in g  th r e e  o f  
th e  v a r ia b le s  c o n s ta n t  w h ile  v a ry in g  th e  o th e r. T h e  c o lle c te d  a n a ly te s  w e re
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th e n  m e a s u re d  b y  H P L C  w ith  U V  o r  M S  d e te c tio n . S F C -F ID  w a s  a ls o  u s e d  to  
d e te rm in e  th e  o p tim u m  e x tra c tio n  tim e .

T a b le  1

E f f e c t  o f  T e m p e r a t u r e  a n d  R e s t r i c t o r  o n  th e  R e c o v e ry  
o f  t h e  D ru g s  I n v e s t ig a te d

C o m p o u n d 6 0 ° C 8 0 ° C 8 0 ° C 1 0 0 ° C 1 0 0 ° C
21 m m 21 m m 15 m m 15 m m 21 m m

a) a ) a ) b ) b )
% % % % %

D E X 59 93 98 37 65
T B O H 69 109 102 110 68
T A C A 70 80 68 58 69
Z E R 77 85 80 69 72
D E S 68 84 100 67 64
M D P 74 76 68 55 55
M G A 71 77 80 63 61

a) e x tra c t io n  tim e : 6 0  m in ; p re ssu re : 4 0 0  a tm .
b )  e x tra c tio n  tim e : 30  m in ; p re ssu re : 4 0 0  a tm .

In  th e  o p tim iz a tio n  s tu d ie s  th e  s to c k  so lu t io n  (5 0 0  n g  o f  e a c h  c o m p o u n d )  
w a s  d e p o s ite d  o n to  a  p ie c e  o f  f i l te r  p a p e r  lo c a te d  in  th e  e x tra c t io n  v esse l. T a b le  
1 a n d  F ig u re  2 sh o w  th e  re su lts  f ro m  o p tim iz in g  S F E  c o n d itio n s  fo r  re c o v e ry  o f  
th e  se v e n  d ru g s . S F E /S F C -F ID  d a ta  sh o w n  in  F ig u re  2 sh o w  th a t  th e  2 0  m in  
e x tra c t io n  is  n o t su f f ic ie n t to  e x tra c t  a l l  th e  a n a ly te s  a n d  a t  le a s t  4 0  m in  is 
re q u ire d . A  6 0  m in  e x tra c tio n  p ro d u c e d  a b o u t 8 0 %  rec o v e rie s . T h e  th re e  
e x tra c ts  w e re  c a r r ie d  o u t su c ce ss iv e ly  fro m  th e  sa m e  sa m p le . T a b le  1 sh o w s

O
th a t ,  b y  in c re a s in g  th e  e x tra c t io n  te m p e ra tu re  to  80  C , th e  re c o v e r ie s  (e .g . 

D E X ) w e re  a lso  in c re a se d  c o m p a re d  to  th e  re su lts  o b ta in e d  a t  6 0 ° C . A t th e  
sa m e  tim e , h o w ev e r, th e  f a t  c o n ta in e d  in  th e  sa m p le s  c a u se d  d if f ic u lt ie s  w ith  
U V -d e te c tio n . In  th is  s tu d y  a lu m in a  o r  o th e r  a b s o rb e n ts  w e re  n o t u se d  fo r  
r e ta in in g  fa t  in  th e  e x tra c t io n  v esse l. B e c a u se  o f  th is  i t  m ig h t  b e  th a t  th e  
re c o v e rie s  a t 1 0 0 °C  w e re  e v e n  lo w e r  th a n  a t  8 0 ° C  ev e n  th ro u g h  th e  e x tra c tio n  

t im e  a t  1 0 0 °C  w a s  o n ly  3 0  m in . T h e  e ffec t o f  p re s s u re  o n  th e  S F E  re c o v e r ie s  o f  
sev en  d ru g s  w a s  a lso  c o n d u c te d . A lth o u g h  th e  d a ta  a re  n o t p re s e n te d , i t  w as
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Th ird  ex trac tion

F ig u re  2. S F E /S F C -F ID  c h ro m a to g ra m s  o f  sp ik e d  (5 0 0  n g  o f  e a c h  c o m p o u n d )  
th re e -p h a s e  l iq u id - l iq u id  e x tra c t  re s id u e  o f  b o v in e  m u sc le  a f te r  th re e  su c ce ss iv e  
20  m in  e x tra c t io n s  a t  4 0 0  a tm  a n d  6 0 °C .
1 =  m e le n g e s tro l a c e ta te , 2 =  m e d ro x y p ro g e s te ro n e , 3 =  tre n b o lo n e ,
4  =  d ie th y ls t i lb e s tro l ,  5 =  d e x a m e th a so n e , 6  =  z e ra n o l, 7 =  tr ia m c in o lo n e  
a c e to n id e .

fo u n d  o u t th a t  4 0 0  a tm  g a v e  th e  b e s t re c o v e rie s  fo r  a ll th e  d ru g s . T h e  p re s s u re  
l im it  o f  th e  sy s tem  w a s  4 1 5  a tm .

T o  m a in ta in  th e  p re s s u re  in  a  su p e rc r i t ic a l  f lu id  e x tra c t io n  sy s tem , 
re s tr ic to r s  h a v e  to  b e  u se d  a t  th e  o u tle t. T h is  r e s tr ic to r  is o f te n  a  p ie c e  o f  fu se d -
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s il ic a  c a p illa ry  tu b in g  o f  5 -2 5  p m  i.d .. T h e se  m ig h t , h o w ev e r, c a u se  p lu g g in g  
w h e n  th e  s a m p le  m a tr ic e s  c o n ta in  h ig h  c o n c e n tra t io n s  o f  w a te r  o r  fa t. T o  a v o id  
th is  p ro b le m  h e a te d  v a r ia b le  r e s tr ic to rs  h a v e  b e e n  d e s ig n e d  w h ic h  “ se n se ” th e  
p lu g g in g  b e fo re  i t  h a p p e n s .41 D e sp ite  o u r  u se  o f  l in e a r  re s tr ic to rs  in  th is  w o rk  
p lu g g in g  ra re ly  o c c u rre d . T h is  m a y  b e  d u e  to  o u r  u se  o f  f re e z e -d r ie d  sa m p le s  
p r io r  to  S F E . T h e  r e s tr ic to r  ty p e  a lso  h a s  a n  effec t o n  rec o v e rie s . T h e  l in e a r  
re s tr ic to r , 2 0  c m  le n g th  x  21 p m  i.d . p ro d u c e d  th e  b e s t re c o v e rie s  r a n g in g  f ro m  
5 7  %  (D E X ) to  112 %  (T B O H ).

Im p ro v e d  re s u lts  w e re  o b ta in e d  i f  th e  r e s tr ic to r  w a s  p re r in s e d  w ith  a  
s m a ll  a m o u n t o f  m e th a n o l  (1 0 0  m L ). T h is  w a s  e sp e c ia lly  tru e  w ith  T A C A , 
Z E R , D E S  a n d  M D P , w h e re  re c o v e rie s  im p ro v e d  a p p ro x im a te ly  1 0 %  b y  
p r e r in s in g  th e  re s tr ic to r . In  p ra c tic e  th is  p ro c e d u re , h o w ev e r, b e c a m e  
im p ra c tic a l a n d  w a s  d is c o n tin u e d . T h e  G u th r ie - ty p e  r e s tr ic to r  p lu g g e d  ea s ily , 
e s p e c ia lly  w h e n  tis su e  s a m p le s  w e re  u se d  ev e n  th o u g h  it  g a v e  q u ite  g o o d  re su lts  
w ith  p u re  s ta n d a rd s .

T o  d e te rm in e  th e  o p tim u m  c o n d itio n s  fo r  is o la t in g  a ll se v en  
c o m p o u n d s , a  c o m p ro m ise  m u s t b e  m et. T h e  o p tim iz e d  c o n d itio n s  w e re  a s  
fo llo w s: e x tra c t io n  t im e  6 0  m in , e x tra c t io n  te m p e ra tu re  6 0 ° C , e x tra c t io n

p re s s u re  4 0 0  a tm  w ith  a  l in e a r  re s tr ic to r  2 0  c m  x  21 p m  i.d . U s in g  th e se  
o p tim u m  c o n d itio n s , th e  re c o v e rie s  a n d  re p e a ta b ili te s  sh o w n  in  T a b le  2 w e re  
o b ta in e d . S F E  w a s  d o n e  f ro m  sp ik e d  (1 0 0  p p b  o f  e a c h  d ru g )  f re e z e -d r ie d  b o v in e  
m u sc le  t is su e  sa m p le . I t  is  sh o w n  th a t  re p e a ta b ility  a n d  rec o v e ry  w e re  p o o r  
w ith  p o la r  d ru g s  su c h  a s  d e x a m e th a so n e  (D E X ), tr ia m c in o lo n e  a c e to n id e  
(T A C A ) a n d  z e ra n o l (Z E R ) w ith  recover} ' v a ry in g  f ro m  4 4 %  to  58% .

T h e  m o re  n o n  p o la r  d ru g s  in c lu d in g  m e le n g e s tro l a c e ta te  (M G A ), 
m e d ro x y p ro g e s te ro n e  (M D P ) a n d  d ie th y ls t i lb e s tro l (D E S ) re c o v e rie s  w e re  q u ite  
g o o d  v a ry in g  f ro m  83 to  9 1 % . T h e  o v e ra ll re c o v e ry  w a s  6 9 %  w ith  a n  R .S .D . 
o f  1 9 .7 % . T re n b o le n e  (TBOF1) c o u ld  n o t b e  m e a su re d  in  th e se  e x p e r im e n ts ,  
d u e  to  in te r fe re n c e  f ro m  c o e lu tin g  co m p o u n d s . O n e  re a so n  fo r  th e  v a r ia b le  
re c o v e r ie s  m a y  b e  d u e  to  th e  p o s it io n  o f  th e  e x tra c tio n  ce ll. In  th is  w o rk  it  w a s  
p o s it io n e d  h o r iz o n ta l ly  r a th e r  th a n  th e  p re fe r re d  v e r tic a l p o s it io n  to  a c h ie v e  
b e t te r  re c o v e r ie s  a n d  e sp e c ia lly  m o re  re p e a ta b le  re su lts . A t th e  100  p p b  
c o n c e n tra t io n  lev e l re p e a ta b ili ty  w a s  n o t ac c e p ta b le , b u t a t  1 p p m  c o n c e n tra t io n  
le v e l th e  R .S .D . w a s  5 % . R e co v e ry  o f  D E S  w a s  o n ly  3 4 .0  %  w h ic h  is  q u ite  

c o n s is te n t w ith  th e  re su lts  o f  K a r ls s o n  e t a l .36



80 HUOPALAHTI AND HENION

Table 2

Recovery and Repeatability of SFE from Freeze-Dried Muscle Tissue 
Sample. Fortified with 100 ppb of the Drugs.

C o m p o u n d R e c o v e ry
%

R.S.D.
%

n

D E X 57 13.6 3
T A C A 44 17.7 3
Z E R 58 12.1 3
D E S 83 3 4 .0 3
M D P 91 11.2 3
M G A 83 2 9 .5 3

X 6 9 19.7

x =  m e a n  o f  rec o v e rie s

E x tra c t io n  o f  p u re  s te ro id s  f ro m  th e  f i l te r  p a p e r  u s in g  5 %  o f  M e O H  a s  
a  m o d if ie r  g a v e  a  rec o v e ry  o f  ca. 5 0 %  fo r D E X . I t sh o u ld  b e  n o te d  th a t  
in d iv id u a l s a m p le  m a tr ic e s  a ffec t th e  e x tra c tio n  p a ra m e te r s .38 In  th is  w o rk , th e  
m a tr ix  w a s  f re e z e -d r ie d  b o v in e  m u sc le . T h e  m a tr ix  e ffec t is  c le a r ly  sh o w n  in  
F ig u re  3, w h e re  A ) sh o w s th e  H P L C -U V  c h ro m a to g ra m  a f te r  S F E  o f  p u re  
d ru g s  f ro m  f i l te r  p a p e r , B ) sh o w s th e  sa m e  tra c e  a f te r  S F E  o f  sp ik e d  f re e z e -  
d r ie d  m u sc le  t is s u e  s a m p le  a n d  C ) sh o w s th e  H P L C -U V  c h ro m a to g ra m  a f te r  
S F E  o f  sp ik e d  th re e -p h a s e  liv e r  e x tra c t. E v e n  i f  M e O H  is n o t u se d  a s  a  
m o d if ie r  f a t  a n d  f a t- re la te d  c o m p o u n d s  c o e lu te  a n d  in te r fe re  w ith  th e  
in te rp re ta t io n  o f  th e  H P L C -U V  c h ro m a to g ra m  e sp e c ia lly  in  th e  c a se  o f  th e  liv e r  
sa m p le .

Q u ite  o f te n  a n a ly te s  a re  c o lle c te d  d ire c tly  in to  o rg a n ic  s o lv e n t,42 b u t th e y  
c a n  b e  tr a p p e d  f ir s t  o n  so rb e n ts  a n d  a f te r  th a t  d ilu te d  w ith  a  sm a ll  a m o u n t o f  a n  
o rg a n ic  s o lv e n t.43 A n a ly te s  c o u ld  b e  c o lle c te d  a lso  d ire c tly  in to  a  S P E  m in i
c o lu m n  fo r  f u r th e r  s a m p le  p re p a ra t io n .44 In  th is  s tu d y  th e  c o m p o u n d s  w e re  
c o lle c te d  d ire c tly  in to  M e O H  to  s im p lify  th e  c o lle c tio n  sy s tem . N o  lo ss  o f  th e  
ta rg e t  c o m p o u n d s  a p p e a re d  to  o c c u r  u s in g  th is  c o lle c tio n  p ro c e d u re .

F ig u re  4  A ), B ) a n d  C ) sh o w  th e  H P L C /A P I/M S  a n a ly s is  o f  th e  S F E  e x tra c t  
f ro m  f re e z e -d r ie d  m u sc le  t is su e  s a m p le  a n d  th re e -p h a s e  l iq u id - l iq u id  e x t r a c t
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F ig u re  3. H P L C -U V  c h ro m a to g ra m s  o f  A ) S F E  o f  th e  s to c k  so lu t io n  (2 0  n g  o f  
e a c h  c o m p o u n d )  in  f i l te r  p a p e r , B ) S F E  f ro m  sp ik e d  (5 0 0  p p b )  f re e z e -d r ie d  
m u sc le  t is su e  sa m p le , C ) S F E  f ro m  th re e -p h a s e  l iq u id - l iq u id  e x tra c t  f ro m  liv e r  

re s id u e  sp ik e d  to  100 p pb . S F E  c o n d itio n s : 6 0  m in /  6 0 ° C /4 0 0  a tm .
1 =  d e x a m e th a so n e , 2 =  tre n b o lo n e , 3 =  tr ia m c in o lo n e  a c e to n id e , 4  =  z e ra n o l,
5 =  d ie th y ls t i lb e s tro l ,  6  =  m e d ro x y p ro g e s te ro n e , 7 =  m e le n g e s tro l a c e ta te .
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F ig u re  4. (S IM )H P L C -A P IM S  a n a ly s is  o f  A ) f re e z e -d r ie d  m u sc le  t is su e  s a m p le  
sp ik e d  to  100 p p b , B ) th re e -p h a s e  l iq u id - l iq u id  l iv e r  e x tra c t  sp ik e d  to  100 p p b , 
a n d  C ) th re e -p h a s e  l iq u id - l iq u id  l iv e r  e x tra c t  sp ik e d  to  10 p b b  o f  th e  se v e n  
d ru g s .



HPLC/MS OF SOME ANABOLIC AGENTS 83

u n d e r  s e le c te d  io n  m o n ito r in g  (S IM ) c o n d itio n s . In  F ig u re  4 A ) th e  m u sc le  
s a m p le  w a s  s p ik e d  w ith  th e  se v en  d ru g s  a t  th e  lev e l o f  100 p p b  a n d  in  F ig u re  
4 B ) th e  th re e -p h a s e  l iv e r  e x tra c t  re s id u e  w a s  sp ik e d  a t  th e  sa m e  lev e l. T h e  
liv e r  s a m p le  ( th re e -p h a s e  e x tra c t)  in  th e  s tu d y  o f  F ig u re  4 C ) w a s  fo r tif ie d  w ith  
10 p p b  o f  th e  se v e n  d ru g s . A s e x p e c te d  th e  l iv e r  s a m p le  w a s  m o re  c o m p le x  
th a n  th e  m u sc le  sa m p le . It a p p e a rs  th a t  th e  100 p p b  lev e l is  th e  p ra c t ic a l  
d e te c tio n  l im it  fo r  H P L C /M S  a n a ly s is  u n d e r  th e se  e x p e r im e n ta l c o n d i t io n s  fo r  
b o th  sa m p le s . T h e  10 p p b  lev e l (F ig u re  4 C ) w a s  re a c h e d , b u t th e  S /N  ra tio  w a s  
u n sa tis fa c to ry . T h e  id e n tif ic a tio n  o f  z e ra n o l a n d  d ie th y ls t i lb e s tro l w a s  le ss  
c e r ta in ,  b u t fo r  tre n b o le n e , tr ia m c in o lo n e  a c e ta te , m e d ro x y  p ro g e s te ro n e  a n d  
m e le n g e s tro l a c e ta te  th e  10 p p b  lev e l c o u ld  b e  d e te c te d . In  p re v io u s  l i te r a tu re  
re p o r ts  th e  d e te c tio n  l im it  h a s  b e e n  re p o r te d  o n ly  to  1 p p m  fo r  d ie th y ls t i lb e s tro l 
b y  S F E /S F C /M S /M S  w ith  no  d a ta  f ro m  rec o v e ry  a n d  re p e a ta b ili ty .33

C O N C L U S I O N S

T h e  g o a l o f  th is  w o rk  w a s  to  s tu d y  th e  fe a s ib ili ty  o f  s u p e rc r i t ic a l  f lu id  
e x tra c t io n  u s in g  C 0 2 a s  a n  e x tra c t io n  f lu id  to  iso la te  so m e  g ro w th  p ro m o tin g  

c o m p o u n d s  d ire c tly  f ro m  b o v in e  t is su e  s a m p le  a n d  to  a n a ly z e  th e m  b y  
(S IM )H P L C /A P I/M S . C o n v e n tio n a l m e th o d s  fo r  th e  d e te rm in a tio n  o f  th e se  
a n a ly te s  e x is t,  b u t th e y  a re  t im e -c o n s u m in g  w ith  ex c e s s iv e  u se  o f  o rg a n ic  
so lv e n ts  a n d  low  rec o v e rie s .

T h e  re su lts  o f  th is  w o rk  sh o w  th a t  (S IM )H P L C /M S  p ro v id e s  a n  a l te rn a t iv e  
m e th o d  fo r  m o n ito r in g  s e le c te d  a n a b o lic  c o m p o u n d s  iso la te d  f ro m  tis su e  
sa m p le s  b y  S F E . T h e  100 p p b  lev e l w a s  th e  p ra c tic a l d e te c tio n  l im it  fo r  a l l  th e  
d ru g s  in v e s tig a te d  w h ile  th e  10 p p b  lev e l c o u ld  b e  re a c h e d  fo r  so m e . T h e  
d is a d v a n ta g e  o f  th e  s in g le  q u a d ru p o le  m a ss  sp e c tro m e te r  o p e ra t io n  is  th a t  th e re  
is  l i t t le  s tru c tu ra l in fo rm a tio n  a v a ila b le . H o w ev e r , fo r  ta rg e t a n a ly se s  s in g le  
q u a d ru p o le  in s t ru m e n ts  o p e ra te d  u n d e r  se le c te d  io n  m o n ito r in g  (S IM ) 
c o n d i tio n s  c a n  o ffe r  a  fa s t  a n d  re lia b le  m e th o d . F o r  q u a n t i ta t iv e  id e n tif ic a t io n  
ta n d e m  m a ss  sp e c tro m e try  o ffe rs  a d d i tio n a l a n a ly tic a l c a p a b ilitie s .

S u p e rc r it ic a l  f lu id  e x tra c tio n  h a s  so m e d e s ira b le  a n a ly tic a l a d v a n ta g e s  so 
th a t  th is  a p p ro a c h  s till d e se rv e s  m o re  in v e s tig a tio n . O n e  sh o u ld  n o t e x p e c t 
S F E  to  re p la c e  a l l o th e r  fo rm s  o f  s a m p le  p re p a ra t io n  s te p s . S o m e  sa m p le  
c le a n u p  m a y  s till h a v e  to  b e  d o n e  a f te r  o r  b e fo re  su p e rc r i t ic a l  f lu id  e x tra c tio n . 
I t seem s, h o w e v e r, th a t  m o d e rn  S F E  in s t ru m e n ta t io n  w ith  m u lt ip le  e x tra c t io n  
ce lls , h ig h e r  p re s su re  l im its  a n d  m o d if ie r  a d d i tio n  sy s te m s  w ill p ro v id e  m o re
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v e r s a t i l i ty  fo r  th e  iso la tio n  o f  ta rg e t  c o m p o u n d s  f ro m  c o m p le x  b io lo g ic a l 
sa m p le s .
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DETERMINATION OF KETOROLAC IN HUMAN 
PLASMA BY HIGH PERFORMANCE LIQUID 

CHROMATOGRAPHY AFTER AUTOMATED ON
LINE SOLID PHASE EXTRACTION
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ABSTRACT

A n  a u to m a te d  so lid  p h a s e  e x tra c tio n -b a s e d  p ro c e d u re  fo r  th e  
d e te rm in a tio n  o f  k e to ro la c  in  h u m a n  p la s m a  w a s  d e v e lo p e d  a n d  
v a lid a te d . S o lid  p h a s e  e x tra c tio n  o f  k e to ro la c  tro m e th a m in e  a n d  
k e to p ro fe n  ( in te rn a l  s ta n d a rd )  w a s  p e r fo rm e d  o n  d isp o s a b le  C -1 8  
c a r tr id g e s  d ire c tly  f ro m  p la s m a  sa m p le s  s p ik e d  w ith  th e  
c o r re s p o n d in g  s ta n d a rd s  a f te r  d i lu t io n  w ith  sa lin e . A ll 
o p e ra t io n s  w e re  p e r fo rm e d  a u to m a t ic a lly  by  m e a n s  o f  a  
sw itc h in g -v a lv e  a s se m b ly  in  th e  s a m p le  p re p a ra t io n  m o d u le  
(P ro sp e k t sy s te m ), a n d  s a m p le  a n a ly s is  w e re  c a r r ie d  o u t b y  o n  
l in e  c o n n e c tio n  w ith  th e  H P L C  sy stem . L in e a r i ty  o f  th e  
a n a ly t ic a l  m e th o d o lo g y  w a s  a s se sse d  a t  th e  c o n c e n tra t io n  ra n g e  
2 5 -2 5 0 0  n g /m L  k e to ro la c  tro m e th a m in e . H o w ev e r , a c c u ra te  a n d  
p re c is e  d e te rm in a tio n s  a t  5 a n d  10 n g /m L  w e re  o b ta in e d  by  th e  
u se  o f  w e ig h in g  in  c a lib ra t io n  c u rv e  f ittin g . T h e  m e a n  a b so lu te  
re c o v e r ie s  fo r  k e to ro la c  t ro m e th a m in e  a n d  th e  in te rn a l  s ta n d a rd  
w e re  8 7 .7 %  a n d  7 2 .9 %  re sp e c tiv e ly . R e sp e c tiv e  in t r a -  a n d  in te r 
a s sa y  p re c is io n  v a lu e s  w e re  b e lo w  7 .2  a n d  1 8 .0 % , th e  la te r  a t  th e

89
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5 n g /m L  c o n c e n tra t io n  lev e l o f  k e to ro la c  tro m e th a m in e  w h ic h  
w a s  c o n s id e re d  a s  th e  lo w e r  l im it  o f  q u a n t i ta t io n  (3 .4  n g /m L  in  
te rm s  o f  f re e  a c id  fo rm ). In t r a -  a n d  in te r -a s s a y  a c c u ra c y , 
e x p re s se d  a s  r e la tiv e  e r r o r  in  p e rc e n ta g e , w e re  le s s  th a n  9 .5  a n d  
8.8 %  re sp e c tiv e ly . T h e  m in im a l s a m p le  h a n d l in g  a n d  th e
o b ta in e d  p re c is io n  a n d  a c c u ra c y  a t  th e  w id e  ra n g e  o f  
c o n c e n tra t io n  le v e ls  te s te d  m a k e  th is  m e th o d  su ita b le  fo r  ro u tin e  
q u a n t i ta t io n s  o f  k e to ro la c  in  h u m a n  p la sm a .

INTRODUCTION

K e to ro la c  tro m e th a m in e  (K T )  is  a n  o ra lly  a n d  p a re n te ra l ly  a c tiv e  
a g e n t  w ith  p o te n t a n a lg e s ic  a n d  a n t i in f la m m a to ry  a c tiv i ty  a s so c ia te d  w ith  th e  
in h ib i t io n  o f  c ic lo o x y g e n a se .1,2 K T  h a s  b e e n  sh o w n  to  b e  e ffec tiv e  in  th e  
m a n a g e m e n t o f  a c u te  p a in 3,4 as  w e ll a s  in  th e  im p ro v e m e n t o f  o c c u la r  
in f la m m a tio n .5

A n a ly tic a l m e th o d s  fo r  th e  d e te rm in a tio n  o f  k e to ro la c  in  p la s m a  a n d  
o th e r  b io lo g ic a l f lu id s  h a v e  b e e n  d e v e lo p e d  m a in ly  fo r  p h a rm a c o k in e tic  s tu d ie s . 
E x c e p t  fo r  a  m e th o d  in  w h ic h  z in c  s u lp h a te -d e p ro te in iz e d  s e ru m  is  u s e d ,6 th e  
r e c e n tly  r e p o r te d  a n a ly tic a l te c h n iq u e s  c o m b in e  l iq u id - l iq u id  e x tra c tio n  o f  th e  
d ru g  in to  o rg a n ic  so lv e n ts  su c h  as  d ie th y l e th e r  o r  e th y l a c e ta te , w ith  H P L C - 
b a s e d  q u a n t i ta t io n s .7"9 T h e  m o s t c o m m o n  d is a d v a n ta g e s  o f  l iq u id  e x tra c t io n  
a re  th e  la rg e  s a m p le  h a n d l in g  a n d  th e  lo n g  t im e  c o n s u m in g  a l th o u g h  e ffec tiv e  
s a m p le  c le a n -u p  a n d  re la tiv e  h ig h  d e te c tio n  le v e ls  a re  o f te n  a c h ie v e d  u s in g  
s u c h  te c h n iq u e s .

I n  th is  p a p e r , a  n ew  a u to m a te d  so lid  p h a s e  e x tra c tio n  (S P E ) b a s e d  
p ro c e d u re  fo r  th e  d e te rm in a tio n  o f  k e to ro la c  in  h u m a n  p la s m a  is  d e sc r ib e d . T h e  
m e th o d  u se s  k e to p ro fe n  (K P ) a s  in te rn a l  s ta n d a rd  a n d  c o m b in e s  m in im a l 
s a m p le  p re p a ra t io n  w ith  th e  lo w e s t re p o r te d  l im it  o f  q u a n tita tio n .

M A T E R I A L S

C h e m ic a ls  a n d  R e a g e n ts

K T  w a s  p u rc h a s e d  fro m  C h e m o  Ib é r ic a  (B a rc e lo n a , S p a in ) , K P  w a s  
o b ta in e d  f ro m  S ig m a  (S t. L o u is , M O , U S A ) a n d  w a s  u se d  a s  in te rn a l  s ta n d a rd .
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S o d iu m  c h lo r id e , so d iu m  a c e ta te  a n d  a c e tic  a c id  ( re a g e n t  g ra d e )  w e re  su p p lie d  
b y  M e rc k  (D a rm s ta d t,  G e rm a n y ). M e th a n o l a n d  a c e to n itr i le  ( fo r  H P L C ) w e re  
o b ta in e d  f ro m  S c h a r la u  (B a rc e lo n a , S p a in ) . A ll H P L C  a n d  S P E  so lv e n ts  w e re  

f i l te re d  th ro u g h  0 .5  p m  M il lip o re  f i l te rs  a n d  th o ro u g h ly  d e g a s se d  in  a n  
u l tr a s o n ic  b a th  b e fo re  use . S o d iu m  h e p a r in a te  (1 6 1 .4  U S P  h e p a r in  u n its /m g )  
w a s  o b ta in e d  f ro m  K ra e b e r  (H a m b u rg , G e rm a n y ). W a te r  w a s  p u r if ie d  th ro u g h  
a  M il l i -Q  sy s tem  (1 8  M Q  cm  re s is tiv ity ).

Instrumentation

S a m p le  in je c t io n s  a n d  S P E  w e re  m a d e  w ith  a  P ro s p e k t (P ro g ra m m a b le  
O n - l in e  S o lid -P h a se  E x tra c t io n  T e c h n iq u e )  sy s tem  (S p a rk  H o lla n d , E m m e n , 
N e th e r la n d s ) .  T h e  c o m p le te  sy s tem  c o n s is te d  o f  a  so lv e n t d e liv e ry  u n i t  (S D U ) 
w ith  a  p u rg e  p u m p  a n d  a  s ix -p o r t  so lv e n t se le c tio n  v a lv e , a n  a u to s a m p le r  
(M a ra th o n )  w h ic h  w a s  c o o le d  a t  4 °C , a n d  a  p ro g ra m m a b le  o n - l in e  s a m p le  
p r e p a ra t io n  m o d u le  ( th e  m a in  P ro sp e k t S P E  c o n tro l le r  u n it) . C h ro m a to g ra p h ic  
s e p a ra tio n s  w e re  p e r fo rm e d  u s in g  W a te rs  H P L C  e q u ip m e n t (W a te rs , M ild fo rd , 
M A , U S A ) c o n s is t in g  o f  a  M -6 0 0  p u m p , a  M -4 8 6  U .V . d e te c to r , a  R C M  8 x  10 
r a d ia l  c o m p re s s io n  m o d u le  a n d  a  M -8 4 5  d a ta  a n d  c h ro m a to g ra p h y  c o n tro l 
s ta t io n  u s in g  W a te rs  E x p e r tE a s e  C h ro m a to g ra p h y  so f tw a re  (V .3 .0 ) .

METHODS

Standard Preparation

S to ck  so lu t io n s  o f  K T  a n d  th e  in te rn a l  s ta n d a rd  K P  w e re  p re p a re d  
w e e k ly  in  m e th a n o l a t  a  c o n c e n tra t io n  o f  1 m g /m L . W o rk in g  s ta n d a rd  
so lu t io n s  (0 .1  to  2 0 0  p g /m L  fo r  K T  a n d  10 p g /rn L  fo r  K P ) w e re  p re p a re d  d a ily  
b y  d i lu t io n  o f  s to c k  so lu t io n s  w ith  m e th a n o l: w a te r  (1 :9 )  m ix tu re .

Plasma Collection and Sample Preparation

H u m a n  b lo o d  w a s  o b ta in e d  f ro m  h e a lth y  d o n o rs  in to  h e p a r in iz e d  tu b e s  
(0 .7 5  m g  so d iu m  h e p a r in a te /m L  b lo o d ). P la s m a  w a s  o b ta in e d  by  b lo o d
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F ig u re  1. S c h e m a tic  d ia g ra m  o f  th e  S P E -H P L C  sy stem .

c e n tr ifu g a tio n  a t  2 0 0 0  x  g  (4 °C )  fo r  15 m in u te s . A fte r  c e n tr ifu g a tio n , p la s m a  
w a s  p o o le d  a n d  s to re d  f ro z e n  a t  -8 0 ° C  in  p o ly p ro p y le n e  tu b e s  u n t i l  use .

T r ip l ic a te  se ts  o f  s ta n d a rd  c a lib ra t io n  c u rv e s  o f  K T  in  h u m a n  p la s m a  
w e re  p re p a re d  o n  th re e  d if fe re n t d a y s  fo r  in te r -a s sa y  m e th o d  v a lid a t io n . I n t r a 
a s sa y  v a l id a t io n  d a ta  w a s  o b ta in e d  u s in g  s ix  c a lib ra t io n  c u rv e s , a l l  p re p a re d  o n  

th e  s a m e  day . S a m p le  p re p a ra t io n  w a s  p e r fo rm e d  a s  fo llo w s: 5 0 0  p i  a l iq u o ts  o f  

p o o le d  b la n k  p la s m a  w e re  p la c e d  in  1.2 m L  a u to s a m p le r  g la s s  v ia ls . 5 5 0  p i o f  
N a C l 0 .9 %  w e re  f u r th e r  a d d e d  a n d  th e  m ix tu re  w a s  v ig o ro u s ly  v o r te x e d . 
F in a lly , 2 5  p i  a l iq u o ts  o f  K T  a n d  K P  w o rk in g  s ta n d a rd  so lu t io n s  w e re  a d d e d  to  
o b ta in  th e  d e s ire d  f in a l p la s m a  c o n c e n tra tio n s . S a m p le s  w e re  a n a ly z e d  o n  th e  
s a m e  d a y  o f  p re p a ra tio n .

Solid Phase Extraction and Chromatography

A u to m a te d  S P E  f ro m  sp ik e d  p la s m a  sa m p le s  w a s  p e r fo rm e d  o n  th e  
P ro sp e k t sy s te m  w h ic h  w as  sw itc h e d  o n - lin e  to  th e  liq u id  c h ro m a to g ra p h . 
S a m p le s  w e re  a u to m a t ic a lly  lo a d e d  o n  d isp o s a b le  c a r tr id g e s , p u rg e d  w ith  th e  
a p p ro p r ia te  so lv e n ts  fo r  c le a n -u p  a n d  w e re  su b se q u e n tly  e lu te d  to  th e  F IP L C  
sy stem . T h e  c o n f ig u ra t io n  o f  th e  w h o le  S P E -H P L C  sy s te m  is i l lu s tr a te d  in  
F ig u re  1.
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E x tra c t io n  p ro c e d u re  w a s  c o n d u c te d  a s  fo llo w s: S o lid  p h a s e  C -1 8  
d isp o s a b le  c a r tr id g e s  (1 0  x  3 m m  I D ., A n a ly tic h e m )  w e re  f ir s t  c o n d itio n e d  
w ith  2 m L  o f  m e th a n o l ( so lv e n t 1) fo llo w ed  b y  2 m L  o f  M il li-Q  w a te r  ( so lv e n t
2 ) a n d  2 m L  o f  50  m M  so d iu m  a c e ta te  p H  3 .5  ( so lv e n t 3). A ll so lv e n ts  w e re  
f lu s h e d  a t  a  f lo w  ra te  o f  2 m L /m in . S a m p le  lo a d in g  w a s  a c h ie v e d  by  sw itc h in g  
th e  s a m p le  lo o p  v a lv e  a n d  a l lo w in g  th e  o n  lin e  c o n e c tio n  o f  th e  S D U  w ith  th e  
C -1 8  c a r tr id g e  th ro u g h  th e  s a m p le  loop . S a m p le  (1 m L ) w a s  th e n  d ir e c te d  to  
th e  c a r tr id g e  a t  a  f lo w  r a te  o f  1 m L /m in  so lv e n t 3 d u r in g  2 m in u te s . F o r  
s a m p le  c le a n -u p , 1.5 m L  o f  m e th a n o l .O .1%  a c e tic  a c id  (2 0 :8 0 )  m ix tu re  w e re  
f lu s h e d  th ro u g h  th e  c a r tr id g e  a t  a  f lo w  ra te  o f  1.5 m L /m in . E lu tio n  w a s  
p e r fo rm e d  by  o n - l in e  c o n n e c tio n  o f  C -1 8  c a r tr id g e  w ith  th e  H P L C  sy s te m  b y  
m e a n s  o f  th e  sw itc h in g  v a lv e  (v a lv e  1, F ig u re  1).

C h ro m a to g ra p h ic  s e p a ra tio n s  w e re  c a r r ie d  o u t u s in g  a  N o v a -p a k  C -1 8  

r a d ia l  p a k  c a r tr id g e  (1 0  x  0 .8  cm , 4  p m , W a te rs )  c o u p le d  to  a  N e w g u a rd  R P -1 8  

c a r tr id g e  g u a rd  c o lu m n  (1 5  x 3 .2  m m , 7 p m , A p p lie d  B io sy s te m s , S a n  Jo se , 
C A , U S A ). T h e  m o b ile  p h a s e  c o n s is te d  o f  a c e to n itr i le  ( so lv e n t A ) a n d  0 .1 %  
a c e tic  a c id  (so lv e n t B ). A  l in e a r  g ra d ie n t  p ro g ra m  w a s  u se d  f ro m  3 0 %  to  6 0 %  
so lv e n t A  in  10 m in , 6 0 %  so lv e n t A  w a s  m a in ta in e d  fo r  2 m in u te s  a n d  
in c re a s e d  to  1 0 0 %  in  3 m in u te s . F lo w  ra te  w a s  se t a t  2 m L /m in . U V  d e te c tio n  
w a s  p e r fo rm e d  a t  3 1 3  n m  f ro m  0  to  7 .2  m in  a n d  a t  2 5 8  n m  f ro m  7 .2  m in  to  th e  
e n d  o f  th e  a n a ly s is .

Quantitation

Q u a n t i ta t io n  w a s  p e r fo rm e d  by  th e  in te rn a l  s ta n d a rd  m e th o d . F o r  
c a l ib ra t io n  g ra p h s  th e  p e a k  a re a  ra tio  o f  K T /K P  w e re  p lo tte d  v e rsu s  k n o w n  
c o n c e n tra t io n s  o f  K T . D a ta  w e re  f i t te d  by  w e ig h e d  le a s t -s q u a re s  l in e a r  
re g re s s io n  u s in g  th e  re c ip ro c a l o f  th e  sq u a re  c o n c e n tra t io n  v a lu e s  a s  th e  
w e ig h in g  fac to r. A  w e ig h e d  le a s t-sq u a re s  re g re s s io n  w a s  u se d  b e c a u s e  o f  th e  
c le a r  im p ro v e m e n t in  th e  p re c is io n  a n d  a c c u ra c y  fo r  th e  b a c k  c a lc u la te d  v a lu e s , 
m a in ly  a t  lo w  c o n c e n tra t io n  lev e ls . D a ta  w e re  a u to m a t ic a lly  p ro c e s se d  w ith  
E x p e r tE a s e  C h ro m a to g ra p h y  S o ftw a re  (V .3 .0 ) .

L in e a r i ty  w a s  a s se sse d  b y  c o m p a r in g  th e  o b ta in e d  v a lu e s  a f te r  p e a k  
a r e a  ra t io  n o rm a l iz a t io n  b y  th e  c o r re s p o n d in g  K T  e ffec tiv e  c o n c e n tra tio n .
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F ig u re  2. R e p re s e n ta tiv e  c h ro m a to g ra p h ic  p ro f ile s  of: (A ), h u m a n  b la n k  p la s m a  
s a m p le  a n d  (B ), p la s m a  sa m p le  sp ik e d  w ith  5 0 0  n g /m L  K T  a n d  2 5 0  n g /m L  K P  
( in te rn a l  s ta n d a rd ) .

Recovery, Accuracy and Precision

T o  e s tim a te  th e  rec o v e ry  o f  th e  a n a ly tic a l p ro c e d u re , s to c k  s ta n d a rd  
so lu t io n s  o f  K T  a n d  K P  w e re  d ilu te d  w ith  m e th a n o l :w a te r  (1 :9 )  m ix tu re  a n d  
w e re  d ire c tly  in je c te d  in to  th e  H P L C  sy s tem  ( re fe re n c e  so lu tio n s , in je c t io n  

v o lu m e  o f  100 p i) . D ilu t io n s  w e re  p ro p e r ly  c o r re c te d  to  e n s u re  th a t  th e  sa m e  
to ta l s ta n d a rd  a m o u n ts  w e re  in je c te d  in to  th e  H P L C  sy s tem  w h e n  c o m p a re d  
w ith  th o s e  in tro d u c e d  to  th e  C -1 8  c a r tr id g e s  f ro m  sp ik e d  p la s m a  sa m p le s . T h e  
a b s o lu te  re c o v e r ie s  w e re  e s ta b lish e d  b y  c o m p a r in g  th e  a b s o lu te  p e a k  a re a s  fo r  
s p ik e d  p la s m a  s a m p le s  a f te r  th e  e x tra c t io n  p ro c e d u re  w ith  th o s e  o f  th e  
re fe re n c e  so lu tio n s . M e a n  rec o v e ry  v a lu e s  w e re  o b ta in e d  f ro m  d u p lic a te  se ts  o f  
c a l ib ra t io n  s ta n d a rd  s a m p le s  p re p a re d  e a c h  d ay  o f  th e  v a l id a t io n  p ro c e ss .
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In tra -  a n d  in te r -a s sa y  p re c is io n  a n d  a c c u ra c y  w e re  d e te rm in e d  a t  se v en  
c o n c e n tra tio n  le v e ls  o f  K T  (5 , 10, 2 5 , 50 , 2 5 0 , 5 0 0  a n d  2 5 0 0  n g /m L  p la sm a ). 
F o r  th is  p u rp o se , th e  f ir s t  a n a ly z e d  se t o f  s ta n d a rd  sp ik e d  p la s m a  sa m p le s  w as  
u se d  to  c o n s tru c t th e  c a lib ra t io n  g ra p h . T h e  r e m a in in g  s a m p le s  w e re  a n a ly z e d  
a s  u n k n o w n s  a n d  K T  c o n c e n tra tio n s  d e te rm in e d  fro m  th e se  s a m p le s  a g a in s t  th e  
in i t ia l ly  o b ta in e d  c a l ib ra t io n  cu rv e . P re c is io n  w a s  e x p re s se d  a s  c o e ff ic ie n t o f  
v a r ia t io n  (C .V .)  a n d  a c c u ra c y  a s  re la tiv e  e r ro r  (R .E .) , b o th  in  p e rc e n ta g e .

Statistics

O n e  w ay  a n a ly s is  o f  v a r ia n c e  w a s  u se d  to  p e rfo rm  c o m p a r is o n s  a m o n g  
th e  d if fe re n t c a lc u la te d  p a ra m e te rs  a t  th e  c o n c e n tra tio n  le v e ls  te sted .

RESULTS AND DISCUSSION

H P L C  c h ro m a to g ra p h ic  p ro f ile s  fo r  h u m a n  b la n k  p la s m a  a n d  p la s m a  
sp ik e d  w ith  K T  a n d  K P  ( in te rn a l  s ta n d a rd )  a re  d e p ic te d  in  F ig u re s  2 -A  a n d  B  
re sp e c tiv e ly . A s i t  is  sh o w n  in  F ig u re  2 -B , b o th  p e a k s  w e re  w e ll re so lv e d . N o  
e n d o g e n o u s  in te r fe r in g  p e a k s  w e re  fo u n d  in  b la n k  p la sm a  sa m p le s  a t  th e ir  
r e te n tio n  t im e s  (F ig u re  2 -A ) in d ic a t in g  a  g o o d  se le c tiv ity  fo r  th e  
c h ro m a to g ra p h ic  m e th o d . U V  d e te c tio n  fo r  K T  w a s  p e r fo rm e d  a t  3 1 3  n m  
w h e re a s  w a v e le n g th  w a s  c h a n g e d  to  2 5 8  n m  fo r  K P  d e te c tio n  d u e  to  th e  lo w  
m o la r  a b s o rp tiv ity  o f  th is  c o m p o u n d  a t 313  n m . T h is  m e c h a n is m  p re v e n te d  th e  
u se  o f  h ig h e r  c o n c e n tra tio n s  o f  in te rn a l  s ta n d a rd  in  p la s m a  sa m p le s  w h ic h  
c o u ld  p re su m ib ly  in f lu e n c e  th e  so lid  p h a s e  e x tra c tio n  p ro cess .

T h e  lin e a r ity  o f  th e  a n a ly tic a l p ro c e d u re  w as  a s se ss e d  in  th e  
c o n c e n tra t io n  ra n g e  5 -2 5 0 0  n g /m L  K T . F o r  th is  p u rp o se  K T /K P  p e a k  a re a  
ra tio s  w e re  n o rm a l iz e d  by  K T  e ffec tiv e  c o n c e n tra tio n  (T a b le  1). C o m p a r is o n  
b y  m e a n s  o f  a n a ly s is  o f  v a r ia n c e  sh o w ed  s ig n if ic a n t d if fe re n c e s  (p  <  0 .0 5 )  
a m o n g  th e  n o rm a l iz e d  ra tio s . T h e se  d if fe re n c e s  w e re  fu r th e r  a t tr ib u te d  
(N e w m a n -K e u l 's  m u lt ip le  c o m p a r iso n  te s t)  to  th e  h ig h e r  re sp o n se s  o b ta in e d  a t  
th e  lo w e r  K T  c o n c e n tra t io n s  (5 a n d  10 n g /m L ). H o w ev er, th e  u se  o f  w e ig h e d  
l in e a r  re g re s s io n  in  c a lib ra t io n  c u rv e  f i t t in g  a llo w e d  a c c u ra te  a n d  p re c ise  
m e a s u re m e n ts  a t  th e se  c o n c e n tra t io n  le v e ls  (see  T a b le s  2 a n d  3). F o r  tw e lv e
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c a lib ra t io n  g ra p h s  th e  o b ta in e d  m e a n  re g re s s io n  c o e ff ic ie n t a n d  s lo p e  v a lu e s  
w e re  r  =  0 .9 9 8 6  (0 .0 8 %  C .V .)  a n d  b  =  0 .0 0 3 4 7 0  (2 .2 %  C .V .)  re sp e c tiv e ly .

T a b le  1

N o r m a l iz e d  R e s p o n s e  a n d  R e c o v e ry  f o r  K e to r o la c  a n d  K e to p r o f e n  f r o m  
S p ik e d  P la s m a  (n = 1 2 )

E f f e c t iv e N o r m a l iz e d R e c o v e ry  o f R e c o v e ry  o f

K e to r o la c R e s p o n s e K e to r o la c K e to p r o f e n
T r o m e th a m in e R a t io  (x lO 3) ( % ) ( % )
(n g /m L )

M e a n  ±  S .D , M e a n  ±  S .D . M e a n  ±  S .D .

5 4 .1 6  ± 0 .5 2 9 2 .2  ±  2 6 .4 6 7 5 .0 ± 4 .1 4
10 4 .0 3  ± 0 .2 4 9 0 .9  ± 7 .5 2 7 2 .3  ±  2 .4 5
25 3 .5 3  ± 0 .2 2 8 5 .3  ± 4 .6 0 7 3 .1  +  3 .9 5
50 3 .5 0  ± 0 .0 9 8 4 .4  ± 3 .1 8 7 2 .6  +  3 .7 5
2 5 0 3 .5 2  ± 0 .0 6 8 7 .1  ± 6 .4 9 7 1 .2  +  2 .1 9
5 0 0 3 .4 7  ± 0 .0 9 8 5 .5  ± 5 .3 1 7 2 .4  ± 3 .6 4
2 5 0 0 3 .4 9  ± 0 .1 0 8 8 .4  ± 5 .3 3 7 3 .8  +  2 .4 5

O v e ra ll 8 7 .7 +  8 .41 7 2 .9  ± 3 .2 2

T h e  re c o v e ry  o f  th e  a n a ly tic a l p ro c e d u re  fo r  K T  w a s  c a lc u la te d  a t  th e  
e n t ir e  c o n c e n tra t io n  ra n g e  te s te d , w h e re a s  rec o v e ry  fo r  K P  w a s  e s tim a te d  a t  th e  
w o rk in g  c o n c e n tra t io n  o f  2 5 0  n g /m L  p la sm a . R e su lts  a r e  s u m m a r iz e d  in  T a b le
1. N o  s ta tis t ic a lly  s ig n if ic a n t  d if fe re n c e s  (p  <  0 .0 5 )  w e re  fo u n d  a m o n g  re c o v e ry  
v a lu e s  o b ta in e d  a t  th e  d if fe re n t K T  c o n c e n tra tio n  lev e ls , w h ic h  r a n g e d  f ro m  
8 4 .4 %  a t  50  n g /m L  to  9 2 .2 %  a t  5 n g /m L , th e  m e a n  o v e ra ll v a lu e  b e in g  8 7 .7  ±  
8 .4 1 . L ik e w ise , n o  s ta tis t ic a lly  s ig n if ic a n t d if fe re n c e s  (p  >  0 .0 5 )  c o n c e rn in g  
th e  rec o v e ry  o f  th e  in te r n a l  s ta n d a rd  w e re  fo u n d  a m o n g  th e  c o n c e n tra t io n  le v e ls  
o f  K T  in d ic a t in g  th a t  K P  rec o v e ry  w a s  u n a ffe c te d  by  th e  p re se n c e  o f  in c re a s in g  
a m o u n ts  o f  K T  in  th e  p la s m a  sa m p le s . R e co v e ry  fo r  K P  ra n g e d  f ro m  7 1 .2 %  to  
7 5 .0 % . T h e  m e a n  o v e ra ll  re c o v e ry  fo r  K P  w a s  7 2 .9  ±  3 .2 2 .

P re c is io n  a n d  a c c u ra c y  fo r  th e  d e te rm in a tio n  o f  K T  w e re  c a lc u la te d  
f ro m  th e  m e a su re d  c o n c e n tra t io n  d a ta  o b ta in e d  in  re p lic a te  c a l ib ra t io n  c u rv e s  
a s  d e s c r ib e d  in  m a te r ia l  a n d  m e th o d s . R e su lts  a re  sh o w n  in  T a b le  2. I n t r a 
a s sa y  p re c is io n  v a lu e s  r a n g e d  f ro m  1 .0 %  a t  2 5 0  n g /m L  to  7 .2 %  a t  5 n g /m L
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T a b l e  2

I n t r a -  a n d  I n te r - A s s a y  P r e c is io n  a n d  A c c u r a c y  f o r  K e to r o la c

E f f e c t iv e  K T C o n c e n t r a t io n C .V . R .E .
C o n c e n t r a t io n
(n g /m L )

F o u n d
( n g /m L )

( % ) ( % )

Intra-assay (n= 5)
5 5 .5 7 .2 9 .5
10 10.8 2.1 7 .7
25 2 3 .8 3 .6 -4 .8
50 4 9 .6 2 .8 -0 .7
2 5 0 2 5 4 .6 1.0 1.8
5 0 0 5 1 2 .5 1.2 2 .5
2 5 0 0 2 5 8 2 .9 2 .7 3 .3

Inter-assay (n = 6)
5 5.3 18.0 5 .8
10 10.9 10.6 8 .8
25 2 5 .2 7 .7 0 .7
50 4 9 .8 3 .6 -0 .4

2 5 0 2 5 3 .7 2 .6 1.5
5 0 0 5 0 3 .1 2 .6 0 .6
2 5 0 0 2 5 2 9 .4 5.1 1.2

w h e re a s  in tr a -a s s a y  accu racy ' r a n g e d  f ro m  -4 .8 %  a t  25  n g /m L  to  9 .5 %  a t  5 
n g /m L . O v e ra l l  p re c is io n  a n d  a c c u ra c y  w e re  a lso  e s tim a te d  fo r  th e  th r e e  d a y s  
o f  a n a ly s is  ( :n te r-a s s a y ) , in  th is  ca se , th e  c o e ff ic ie n ts  o f  v a r ia t io n  r a n g e d  f ro m  
2 .6 %  a t  2 5 0  a n d  5 0 0  n g /m L  to  1 8 .0 %  a t  5 n g /m L , a n d  th e  r e la tiv e  e r ro rs  
r a n g e d  f ro m  - 0 .4 %  a t 50  n g /m L  to  8 .8 %  a t  10 n g /m L  (T a b le  2).

T o  e v a lu a te  th e  g o o d n e s s  o f  th e  c a l ib ra t io n  c u rv e  f i t t in g ,  b a c k -  
c a lc u la te d  c o n c e n tra t io n  v a lu e s  fo r  K T  w e re  o b ta in e d  f ro m  e a c h  c a l ib ra t io n  
g r a p h  u se d  d u r in g  m e th o d  v a lid a t io n . T h e  o b ta in e d  m e a n  b a c k -c a lc u la te d  
v a lu e s , a s  w e ll a s  th e  p re c is io n  a n d  a c c u ra c y  e s t im a tio n s  fo r  e a c h  K T  
c o n c e n tra t io n  le v e l, a re  s u m m a r iz e d  in  T a b le  3. P re c is io n  a n d  a c c u ra c y  w e re  
a lw a y s  b e lo w  5 .3 %  a t  th e  e n t ir e  ra n g e  o f  c o n c e n tra t io n s  te s ted .
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Table 3

Precision and Accuracy of Back-Calculated Values from Calibration 
Curves for Ketorolac (n = 12)

Effective KT Concentration C.V. RE.
Concentration
(ng/mL)

Found
(ng/mL)

(%) (%)

5 4.9 2.9 1.9
10 10.5 4.1 5.2
25 24.2 5.3 2.9
50 49.1 2.2 1.6
250 252.1 1.1 1.0
500 499.1 2.9 0.4
2500 2515.6 3.5 0.6

In  c o n c lu s io n , th e  m e th o d  d e s c r ib e d  h e re  a llo w s  ra p id  a n d  fu lly  
a u to m a te d  e x tra c tio n  a n d  c h ro m a to g ra p h y  o f  k e to ro la c  f ro m  h u m a n  p la s m a  
sa m p le s , w i th  m in im a l s a m p le  p re p a ra t io n  (v ir tu a lly  o n ly  p la s m a  d ilu t io n  a n d  
in te r n a l  s ta n d a rd  a d d i t io n  is  re q u ire d ) . M in im a l s a m p le  h a n d l in g  a s  w e ll a s  
th e  fu lly  a u to m a t io n  o f  th e  e x tra c t io n  p ro c e ss  m a d e  th is  te c h n iq u e  sp e c ia lly  
u se fu l fo r  ro u tin e  a n a ly s is  a n d , p ro b a b ly , w o u ld  ju s t ify  th e  g o o d  a c c u ra c y  a n d  
r e p ro d u c ib i li ty  o b ta in e d . T h e  e x p e r im e n ta l  l im it  o f  q u a n t i ta t io n  fo r  K T  w a s  
s e t  a t  5 n g /m L  (3 .4  n g /m L  in  te rm s  o f  k e to ro la c  f re e  a c id  fo rm )  ta k in g  in to  
a c c o u n t th e  a c c e p ta b le  p re c is io n  o b ta in e d  a t  th is  c o n c e n tra t io n  (7 .2 %  a n d  
1 8 .0 %  fo r  in t r a -  a n d  in te r -a s s a y  C .V . re sp e c tiv e ly ) . T h is  l im it  o f  q u a n t i ta t io n  
p ro v id e s  e n o u g h  se n s it iv i ty  to  fo llo w  th o ro u g h ly  th e  p la s m a  le v e ls  o f  k e to ro la c  
fo r  p h a rm a c o k in e tic  a n d  b io p h a rm a c e u tic a l  s tu d ie s . T h e  h ig h  s e n s it iv i ty  o f  th e  
p ro p o s e d  m e th o d o lo g y  c o u ld  b e  u se fu l to  m e a su re  th e  lo w  p la s m a  le v e ls  
o b ta in e d  a f te r  th e  s c re e n in g  o f  so m e  t r a n s d e rm a l fo rm u la t io n s  w h e re  p la s m a  
le v e ls  b e lo w  92 n g /m L  (C  max v a lu e )  h a v e  b e e n  re c e n tly  r e p o r te d .10
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BAND BROADENING IN MICELLAR 
LIQUID CHROMATOGRAPHY

B a rry  K . L a v in e , S u m a r  H e n d a y a n a  
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D e p a r tm e n t o f  C h e m is try  
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ABSTRACT

T h e  effec t o f  te m p e ra tu re  o n  e f f ic ie n c y  in  m ic e l la r  l iq u id  
c h ro m a to g ra p h y  (M L C ) h a s  b e e n  in v e s tig a te d  u s in g  a n  S D S  
m ic e l la r  m o b ile  p h a s e  a n d  a  C ig s ta tio n a ry  p h a se . A p p lic a tio n  o f  
th e  K n o x  e q u a tio n  to  p la te  c o u n t d a ta  y ie ld e d  c ru c ia l  in fo rm a tio n  
a b o u t b a n d  b ro a d e n in g  in  M L C . T h e  im p ro v e m e n t in  
c h ro m a to g ra p h ic  e ff ic ien c y  w ith  te m p e ra tu re  is  d u e  to  a  d e c re a s e  
in  b o th  th e  A  (flo w  a n iso tro p y )  a n d  C  ( s ta t io n a ry  p h a s e  m a ss  
tr a n s fe r )  te rm s  o f  th e  K n o x  e q u a tio n . T h e  d e c re a s e  in  th e  A  te rm  
c a n  b e  a t tr ib u te d  to  a  sh if t  in  th e  p o s it io n  o f  th e  e q u i l ib r iu m  o f  
th e  so lu te  aw a y  f ro m  th e  m ic e lle  a n d  to w a rd s  th e  b u lk  so lv e n t; 
th e  d e c re a s e  in  th e  C  te rm  w ith  te m p e ra tu re  c a n  b e  e x p la in e d  in  
te rm s  o f  s u r fa c ta n t  a d s o rp tio n  w h ic h  te n d s  to  in c re a s e  b o th  th e  
th ic k n e s s  a n d  v isc o s ity  o f  th e  s ta tio n a ry  p h a se . B y in c re a s in g  th e  
o p e ra t in g  te m p e ra tu re  o f  th e  c o lu m n , le ss  s u r fa c ta n t  is  a d so rb e d  
o n  th e  s ta t io n a ry  p h ase .

D u e  to  c o n c e rn s  a b o u t th e  v a l id ity  o f  th e  K n o x  e q u a tio n  to  
d e s c r ib e  b a n d  b r o a d e n in g  in  M L C , it w a s  n e c e s sa ry  to  c o n s id e r  
o th e r  s tu d ie s  o f  m ic e l la r  m o b ile  p h a s e s  in  r e la tio n  to  th e ir  ro le  in  
M L C , in  o rd e r  to  o b ta in  p h y s ic a lly  m e a n in g fu l v a lu e s  fo r  th e  A ,
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B , a n d  C  te rm s  o f  th e  K n o x  e q u a tio n . W h e n  th e  d if fe re n t 
e q u i l ib r ia  in v o lv in g  th e  m ic e lle  a n d  s u r fa c ta n t w e re  ta k e n  in to  
a c c o u n t, th e  lo w  ra te  o f  s u r fa c ta n t  d e s o rp tio n  c o u ld  n o t  b e  
ig n o re d  a s  th e  u n d e r ly in g  c a u se  o f  b a n d  b ro a d e n in g  in  M L C . I f  
th e  d e s o rp tio n  r a te  o f  s u r fa c ta n t m o le c u le s  o n  a n  a lk y l b o n d e d  
p h a s e  is  to o  low , th e  re s u lt  is  a  d is tu rb a n c e  in  th e  v a r io u s  
e q u i lib r ia  in v o lv in g  th e  m ic e lle  a n d  s u r fa c ta n t m o n o m e r. T h is  
d is tu rb a n c e  w o u ld  e x p la in  th e  c o n t in u e d  a d s o rp tio n  o f  S D S  o n  
th e  s ta tio n a ry  p h a s e  a t  c o n c e n tra t io n s  in  e x c e s s  o f  th e  c r it ic a l  
m ic e lle  c o n c e n tra t io n  o f  th e  su rfa c ta n t. T h e  lo w  ra te  o f
s u r fa c ta n t  d e s o rp tio n  w o u ld  a lso  a ffe c t th e  d y n a m ic s  o f  
m ic e l l iz a t io n  w h ic h  p la y  a  c ru c ia l  ro le  in  M L C  m o b ile  p h a s e  
m a ss  tra n s fe r .

INTRODUCTION

In  19 8 0 , A rm s tro n g  a n d  H e n ry 1 f ir s t  d e m o n s tra te d  th a t  a q u e o u s  
m ic e l la r  so lu t io n s  c a n  b e  u se d  as  m o b ile  p h a se s  in  re v e rse  p h a s e  l iq u id  
c h ro m a to g ra p h y  (R P L C ). T h e y  c a lle d  th is  te c h n iq u e  p se u d o p h a se  o r  m ic e l la r  
l iq u id  c h ro m a to g ra p h y  (M L C ). S in c e  th e  f ir s t  re p o r t  by  A rm s tro n g  a n d  H en ry , 
th e  p o te n tia l  a p p l ic a t io n s  a n d  u n iq u e  c a p a b ili t ie s  o f  M L C  h a v e  b e e n  
in v e s tig a te d . M o re  th a n  o n e  h u n d re d  p a p e rs  to  d a te  in c lu d in g  se v e ra l re v ie w  
a r t ic le s  a n d  a  sy m p o s iu m  se r ie s  v o lu m e 2'1 h a v e  b e e n  p u b lis h e d  o n  th e  u n iq u e  
a d v a n ta g e s  o f  M L C .

C le a rly , m ic e l la r  m o b ile  p h a s e s  h a v e  c e r ta in  a d v a n ta g e s  o v e r  
t r a d i t io n a l  h y d ro -o rg a n ic  m o b ile  p h a s e s  in  R P L C , e .g , d ire c t in je c t io n  o f  
b io lo g ic a ls , re so lu t io n  o f  o p tic a l iso m e rs  v ia  c h ira l  m ic e lle s , a n d  u n u s u a l  
s e le c tiv ity  to  n a m e  a  few . H o w ev er, th e re  is a  p ro b le m  w ith  M L C  - it te n d s  to  
b e  le ss  e f f ic ie n t th a n  c o n v e n tio n a l R P L C .

D o rse y  e t  a ls w e re  th e  f ir s t  to  a d d re s s  th is  p ro b lem . T h e y  b e lie v e d  th e  
re d u c tio n  in  c o lu m n  e ff ic ien c y  w a s  d u e  to  s lo w  m a ss  tra n s fe r ,  w h ic h  a r is e s  
p r in c ip a lly  f ro m  p o o r  w e tt in g  o f  th e  s ta tio n a ry  p h a se . D o rse y  d e m o n s tr a te d  
th a t  c h r o m a to g ra p h ic  e ff ic ie n c y  in  M L C  c a n  b e  im p ro v e d  b y  a d d in g  a  sm a ll  
a m o u n t o f  p ro p a n o l, 3 %  by  v o lu m e , to  th e  m o b ile  p h a se . Y a rm c h u k  a n d  C lin e -  
L o v e ,9 o n  th e  o th e r  h a n d , a t tr ib u te d  th e  re d u c e d  e ff ic ien c y  a s so c ia te d  w ith  io n ic  
m ic e l la r  m o b ile  p h a s e s  to  p o o r  m a ss  tr a n s fe r  b e tw e e n  th e  m ic e lle  a n d  th e  
s ta t io n a ry  p h a s e , w ith  th e  m ic e lle  e x it  r a te  c o n s ta n t  b e in g  th e  l im it in g  fa c to r  fo r
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h y d ro p h o b ic  so lu te s . B o rg e rd in g  a n d  H in z e 10 c o n c lu d e d  th a t  p o o r  m a ss  tr a n s fe r  
w ith in  th e  s ta tio n a ry  p h a s e  its e lf , r e s u lt in g  f ro m  a d s o rp tio n  o f  s u r fa c ta n t  o n to  
th e  a lk y l b o n d e d  p h a s e , is  re sp o n s ib le  fo r  th e  lo w  e f f ic ie n c ie s  o b se rv e d  in  M L C . 
T h e y  d e m o n s tra te d  th a t  a d d i t io n  o f  a n  a lc o h o l, su c h  a s  is o p ro p a n o l, to  a  
n o n io n ic  m ic e l la r  so lu t io n  re d u c e s  th e  a m o u n t o f  s u r fa c ta n t  a d s o rb e d  o n  th e  
s ta tio n a ry  p h a s e , r e s u lt in g  in  a  m o re  e f f ic ie n t s e p a ra tio n . In  c o n tra s t  to  w h a t  
h a s  b e e n  re p o r te d  b y  o th e r  w o rk e rs , C a s s id y 11 in  a  re c e n t s tu d y  o n  b a n d  
b ro a d e n in g  in  M L C  c o n c lu d e d  th a t  im p ro v e m e n t in  so lu te  m a ss  t r a n s f e r  w h ic h  
c a n  o c c u r  u p o n  a d d i t io n  o f  p ro p a n o l to  a n  S D S  m ic e l la r  s o lu t io n  is  d u e  to  
c h a n g e s  in  th e  s tru c tu re  o f  th e  m ic e lle s , n o t m a ss  tr a n s fe r  e ffec ts  re la te d  to  th e  
lo a d in g  o f  s u r fa c ta n t  o n  th e  b o n d e d  p h ase .

C le a rly , th e re  is  d is a g re e m e n t a m o n g  w o rk e rs  c o n c e rn in g  th e  re a so n  
fo r  th e  lo w  e f f ic ie n c ie s  e v id e n c e d  in  M L C . W h ile  th e  a d d i t io n  o f  a  m e d iu m  
c h a in  le n g th  a lc o h o l su c h  a s  p ro p a n o l to  a  m ic e l la r  m o b ile  p h a s e  h a s  b e e n  
sh o w n  to  im p ro v e  c o lu m n  e ff ic ie n c y  s ig n if ic a n tly , th e  p re se n c e  o f  a n  a lc o h o l in  
th e  m o b ile  p h a s e  c a n  a f fe c t th e  re te n tio n  m e c h a n is m  b y  sh if t in g  th e  e q u i l ib r iu m  
o f  th e  so lu te  aw a y  fro m  th e  s ta tio n a ry  p h a s e  a n d  th e  m ic e lle  a n d  to w a rd  th e  
b u lk  a q u e o u s  p h a s e .12 In  a d d itio n , th e  a d d e d  o rg a n ic  m o d if ie r  c a n  g re a tly  
c o m p lic a te  th e  in te rp re ta t io n  o f  p la te  c o u n t d a ta  b e c a u s e  th e  p ro p e r t ie s  o f  th e  
m ic e lle s  in  th e s e  so -c a lle d  h y b r id  m o b ile  p h a s e s  a re  a lso  in f lu e n c e d  b y  th e  
p re se n c e  o f  th e  a lc o h o l ,1314 b u t  i t  is  n o t c le a r  to  w h a t e x te n t. H e n c e , th e re  is  a  
l im it  to  th e  in fo rm a tio n  th a t  c a n  b e  g a rn e re d  a b o u t th e  u n d e r ly in g  c a u se  o f  th e  
re d u c e d  e f f ic ie n c ie s  in  M L C  fro m  e x p e r im e n ts  in v o lv in g  a lc o h o l c o n ta in in g  

m ic e l la r  so lu tio n s .

T h e re fo re , a  d if fe re n t a p p ro a c h , v a ry in g  th e  o p e ra t in g  te m p e ra tu re  o f  
th e  c o lu m n , w a s  e m p lo y e d  in  th is  s tu d y  to  b e t te r  u n d e r s ta n d  th e  c a u se s  o f  b a n d  
b ro a d e n in g  in  M L C . Y a rm c h u k  a n d  C lin e -L o v e  in  1 9 8 4 9 s h o w e d  th a t  
in c re a s in g  th e  o p e ra t in g  te m p e ra tu re  o f  th e  c o lu m n  in  m ic e l la r  R P L C  e n h a n c e s  
th e  e f f ic ie n c y  o f  th e  s e p a ra tio n  p ro c e ss  in  M L C . H o w ev e r , Y a rm c h u k 's  s tu d y  
w a s  l im ite d  to  th e  C i a lk y l b o n d e d  p h ase . U n lik e  a  Cig c o lu m n , th e  e f f ic ie n c y  
o f  a  C i c o lu m n  d o e s  n o t im p ro v e  s ig n if ic a n tly  w ith  th e  a d d i t io n  o f  a n  a lc o h o l 
su c h  a s  p ro p a n o l to  th e  m ic e l la r  m o b ile  p h a se . F u r th e rm o re ,  th e  u n u s u a l  
s e le c tiv ity  e x h ib ite d  by  C i b o n d e d  p h a s e  c o lu m n s  to w a rd s  io n o g e n ic  so lu te s  in  
M L C  is w e ll k n o w n  to  m a n y  w o rk e rs  in  th e  f ie ld  o f  m ic e l la r  R P L C .1516 F o r  
e x a m p le , th e  r e te n tio n  tim e  o f  so m e  io n o g e n ic  c o m p o u n d s  o n  C , b o n d e d  p h a s e  
c o lu m n s  a c tu a lly  in c re a se s  w ith  in c re a s in g  m ic e lle  c o n c e n tra t io n , w h ic h  is  
o p p o s ite  o f  w h a t is  c o n s id e re d  n o rm a l re te n tio n  b e h a v io r  in  M L C . T h is  e ffec t 
w ill o c c u r  w ith  c o m p o u n d s  th a t  p o sse ss  th e  sa m e  c h a rg e  a s  th e  s u r fa c ta n t  a n d  is
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c o n s id e re d  to  b e  a n  e x c lu d e d  v o lu m e  effec t, b e c a u s e  th e  c o m p o u n d  is e x c lu d e d  
n o t  o n ly  f ro m  th e  m ic e lle , b u t  f ro m  th e  d o u b le  la y e r  th a t  s u r ro u n d s  th e  m ic e lle . 
S in c e  th is  e f fe c t is  n o t o b se rv e d  w ith  C )8 a n d  C 8 a lk y l b o n d e d  p h a s e s , th e  so - 
c a l le d  a n t ib in d in g  b e h a v io r  p ro b a b ly  o c c u rs  a s  th e  re su lt  o f  a  d if fe re n t fo rm  o f  
s u r fa c ta n t  m o n o m e r  a s so c ia tio n  w ith  th e  m e th y l b o n d e d  p h a s e , w h ic h  im p l ie s  
th a t  C ]8 a n d  C i b o n d e d  p h a s e  c o lu m n s  in te ra c t  v e ry  d if fe re n tly  w ith  io n ic  
su r fa c ta n ts . A l th o u g h  so m e  w o rk e rs 15' 16 h a v e  a rg u e d  th a t  a n t ib in d in g  b e h a v io r  
o c c u rs  o n  C] c o lu m n s  a s  a  re s u lt  o f  th e  m e th y l s ta t io n a ry  p h a s e  n o t  a d s o rb in g  
a p p re c ia b le  a m o u n ts  o f  s u r fa c ta n t. B e r th o d 17 h a s  in  fa c t s h o w n  th a t  io n ic  
s u r fa c ta n ts ,  s u c h  a s  S D S  a n d  C T A B , e x h ib it  m a x im u m  a d s o rp tio n  o n  C i,  n o t 
C i g o r  C 8 a lk y l b o n d e d  p h a se s .

B e c a u se  th e  e ffec t o f  te m p e ra tu re  o n  s u r fa c ta n t  a d s o rp tio n  a n d  
m ic e l la r  s t r u c tu re 18' 20 is  re a so n a b ly  w e ll u n d e rs to o d , w e  b e lie v e  th a t  r e 
e x a m in in g  th e  r e la t io n s h ip  b e tw e e n  c o lu m n  te m p e ra tu re  a n d  e ff ic ie n c y  in  M L C  
w ith  a  C i 8 b o n d e d  p h a s e  c o lu m n  c a n  y ie ld  a d d itio n a l in fo rm a tio n  a n d  in s ig h t  
in to  th e  c a u se s  o f  b a n d  b r o a d e n in g  in  M L C  fo r  s ta t io n a ry  p h a s e s  w ith  s e r io u s  
w e tt in g  p ro b le m s . In  th is  p a p e r , w e  p re se n t th e  re su lts  o f  a  c o m p re h e n s iv e  
s tu d y  o n  th e  e ffe c ts  o f  te m p e ra tu re ,  a n d  f lo w  ra te  o n  e ff ic ie n c y  in  M L C  u s in g  
a n  S D S  m ic e l la r  m o b ile  p h a s e  a n d  a  C )8 a lk y l b o n d e d  s ta tio n a ry  p h ase .

EXPERIMENTAL

1. HPLC System

A ll h ig h  p e r fo rm a n c e  liq u id  c h ro m a to g ra p h ic  (H P L C ) m e a su re m e n ts  
w e re  m a d e  w ith  a  R a in in  8 1 -2 0  M  a n a ly tic a l H P L C  sy s tem  w h ic h  in c o rp o ra te d  
tw o  R a in in  R a b b it  H P  p u m p s  (R a in in  In s tru m e n ts ,  W o b u rn , M A ), a n  A p p le  
M a c in to s h  c o m p u te r  a s  th e  c o n tro l le r  a n d  d a ta  s ta tio n , a  M o d e l 7 1 2 5  R h e o d y n e  

in je c t io n  v a lv e  w ith  a  30  p.L lo o p  (C o ta ti,  C A ), a n d  a  R a in in  D y n a m a x  M ix e r. 
T h e  d e te c to r  w a s  a  v a r ia b le  w a v e le n g th  K n a u e r  U V /V is ib le  s p e c tro m e te r  (W e s t 
B e r l in ,  G e rm a n y ). T h e  e x tra  c o lu m n  v o lu m e  o f  th e  sy s tem  w a s  le s s  th a n  6 0  
pL.

T h e  a n a ly tic a l c o lu m n  w a s  a n  A p e x  I 5 -p n i o c ty ld e c y ld im e th y l s i la n e  
O D S  (1 0 0  m m  x  4 .6  m m , Jo n e s  C h ro m a to g ra p h y , L ak e w o o d , C O ). A  s il ic a  
g u a r d  c o lu m n  p la c e d  b e tw e e n  th e  in je c to r  a n d  th e  p u m p  s a tu ra te d  th e  m o b ile  
p h a s e  w ith  s il ic a te s , m in im iz in g  d is s o lu tio n  o f  th e  c o lu m n  p a c k in g . B o th  th e
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a n a ly tic a l c o lu m n  a n d  m o b ile  p h a s e  re se rv o ir  w e re  w a te r - ja c k e te d  a n d  
te m p e ra tu re  c o n tro l le d  w ith  a  H a a k e  (B e r lin , G e rm a n y )  c irc u la to r . T h e  d e a d  
v o lu m e  o f  th e  c o lu m n  w as  d e te rm in e d  by  in je c t in g  d if fe re n t so lu t io n s  s u c h  as  
m e th a n o l ,  m e th a n o l-w a te r ,  o r  w a te r  o n to  th e  c o lu m n s . D e a d  v o lu m e  
m e a s u re m e n ts  o b ta in e d  fo r  m ic e l la r  m o b ile  p h a s e s  w e re  c o m p a ra b le  to  th e  
v a lu e s  o b ta in e d  fo r  m e th a n o l-w a te r  m o b ile  p h a se s . T h is  v o lu m e , 
a p p ro x im a te ly  1 .00  m L , w a s  u se d  in  a ll k ' c a lc u la t io n s . T h e  k ' v a lu e s  r e p o r te d  
in  th is  s tu d y  w e re  a v e ra g e s  o f  a t le a s t t r ip l ic a te  d e te rm in a tio n s .

2. Materials

S o d iu m  d o d ec y l su lfa te  (S D S ) w a s  o b ta in e d  fro m  B D H  C h e m ic a ls  a n d  
w a s  p u r if ie d  p r io r  to  u se  b y  f ir s t  d is s o lv in g  it  in  e th a n o l fo llo w e d  b y  a d d i t io n  o f  
c h a rc o a l  to  th e  so lu tio n . T h e  c h a rc o a l w a s  th e n  s e p a ra te d  f ro m  th e  m o th e r  
l iq u o r  v ia  f i l t r a t io n , a n d  th e  S D S  w a s  r e c ry s ta ll iz e d  f ro m  th e  m o th e r  l iq u o r . 
T h e  te s t  so lu te s  w h ic h  w e re  o b ta in e d  f ro m  A ld r ic h  a n d  S ig m a  w e re  u se d  as  
rec e iv e d . S to ck  so lu t io n s  o f  th e  te s t  so lu te s  w e re  p re p a re d  in  m e th a n o l a n d  
d ilu te d  to  th e  a p p ro p r ia te  w o rk in g  c o n c e n tra tio n  w ith  0 .0 5  M  S D S  fo r  th e  
m ic e l la r  sy s te m  o r  3 0 %  m e th a n o l in  w a te r  fo r th e  h y d ro -o rg a n ic  sy s tem . 

W o rk in g  c o n c e n tra tio n s  o f  in je c te d  so lu te s  w e re ; a c e to p h e n o n e  (5 7  p g /m L ) , 

b e n z e n e  (4 0  p g /m L ) , n itro b e n z e n e  (55  p g /m L ) , m e th y lb e n z o a te  (6 5  p g /m L ) , 
to lu e n e  (4 5  p g /m L ) , p -n itro p h e n o l (6 0  p g /m L ) , p h e n o l (45  p g /m L ) , a n d  
c o u m a r in  (3 0  p g /m L ).

T h e  S D S  m ic e l la r  m o b ile  p h a s e  so lu t io n s  w e re  p re p a re d  b y  d is s o lv in g  
th e  a p p ro p r ia te  a m o u n t o f  s u r fa c ta n t  in  H P L C  g ra d e  w a te r  a n d  f i l te r in g  th e  
so lu t io n  tw ic e  w ith  a  0 .4 5  p m  N y lo n  m e m b ra n e  f ilte r. A ll m o b ile  p h a s e  
so lu t io n s  w e re  p re p a re d  u s in g  H P L C  g ra d e  so lv e n ts  w h ic h  w e re  d e g a s se d  p r io r  
to  u se . p H  m e a s u re m e n ts  w e re  m a d e  o n  th e se  so lu t io n s  u s in g  a  C h e m  T r ix  p H  
m e te r . T h e  p H  o f  e a c h  so lu t io n  w as  a p p ro x im a te ly  7 .3 . F o r  th e  te s t  so lu te  p - 
n i tro p h e n o l (p K a  =  7 .1 ) , th e  p H  o f  th e  m o b ile  p h a s e  w a s  a d ju s te d  to  3 .0  p r io r  to  
u se  to  p re v e n t  d e p ro to n a tio n  o f  th e  p h en o l.

3. P r o c e d u r e

T h e  a n a ly tic a l c o lu m n  w a s  n o t c o n s id e re d  to  b e  e q u i l ib ra te d  w ith  th e  
m o b ile  p h a s e  u n le s s  th e  re te n tio n  tim e s  w ere  c o n s ta n t. C h ro m a to g ra m s  w ere  
o b ta in e d  w ith  m o b ile  p h a s e  f lo w  ra te s  v a ry in g  f ro m  0 .1  m L  to  3 .5  m L /m in u te .
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F lo w  ra te s  w e re  m e a su re d  by  c o lle c tin g  th e  e f f lu e n t in  a  10 m L  g ra d u a te d  
c y l in d e r  fo r  a  su f f ic ie n t le n g th  o f  t im e  to  e n s u re  c o lle c tio n  o f  a t  le a s t  7  m L . T h e  
e f fe c t o f  te m p e ra tu re  o n  e ff ic ie n c y  in  M L C  a n d  c o n v e n tio n a l  R P L C  w a s  
in v e s t ig a te d  u s in g  th e  fo llo w in g  m o b ile  p h a s e s : 0 .0 2 M  S D S , 0 .0 5 M  S D S , a n d  a  
so lu t io n  o f  3 0 %  m e th a n o l in  w a te r . T h e  F o ley -D o rse y  m e th o d 21 w a s  u s e d  to  
c o m p u te  th e  n u m b e r  o f  th e o re tic a l p la te s  . A lth o u g h  th e re  a re  m a n y  m e th o d s  
a v a ila b le  fo r  th e  c a lc u la t io n  o f  c h ro m a to g ra p h ic  e ff ic ien c y , B i ld in g m e y e r  a n d  
W a r re n 22 h a v e  sh o w n  th a t  i t  is  th e  m o s t a c c u ra te  m a n u a l m e th o d  fo r  p la te  c o u n t 
c a lc u la t io n . B e r th o d 23 a lso  fo u n d  th is  to  b e  tru e . B e c a u se  th e  F o le y -D o rse y  
e q u a tio n  fo r  p la te  c o u n t c o rre c ts  fo r  th e  a s y m m e try  in  sk e w e d  p e a k s , re lia b le  
c h ro m a to g ra p h ic  f ig u re s  o f  m e r i t  c a n  b e  o b ta in e d  f ro m  ta i l in g  p e a k s  u s in g  th is  
m e th o d .

T h e  K n o x  e q u a tio n 24 w a s  u se d  in  th is  s tu d y  to  a s se ss  th e  c o n tr ib u tio n s  
o f  f lo w  a n iso tro p y , lo n g itu d in a l  d if fu s io n , a n d  o th e r  b a n d  b r o a d e n in g  p ro c e sse s  
to  th e  f in a l p e a k  b a n d w id th . T h is  e q u a tio n  is  th e  m o s t w id e ly  a c c e p te d  p la te  
h e ig h t  e q u a tio n  in  c h ro m a to g ra p h y  a n d  c a n  b e  e x p re s se d  in  th e  fo llo w in g  fo rm

h  =  A v 1/3 +  B /v  +  C v  (1 )

w h e re  A , B , a n d  C  a re  th e  c o n s ta n ts  o f  th e  K n o x  e q u a tio n , h  is  th e  re d u c e d  
p la te  h e ig h t  (h  =  H /d p, w h e re  d p is  th e  s ta tio n a ry  p h a s e  p a r t ic le  d ia m e te r , a n d  H  
is  th e  c o lu m n  p la te  h e ig h t) ,  a n d  v  is  th e  re d u c e d  m o b ile  p h a s e  v e lo c ity  (v  =  
u d p /D m, w h e re  u  is  th e  m o b ile  p h a s e  l in e a r  v e lo c ity  (c m /se c )  a n d  D m is  th e  
so lu te  m o b ile  p h a s e  d if fu s io n  c o e ffic ie n t). H  w a s  c o m p u te d  f ro m  th e  p la te  
c o u n t d a ta  a s  a n  a v e ra g e  o f  t r ip l ic a te  d e te rm in a tio n s .  V a lu e s  fo r  th e  A , B , a n d  
C  te rm s  o f  th e  K n o x  e q u a tio n  w e re  o b ta in e d  b y  a  n o n l in e a r  le a s t  sq u a re s  f i t t in g  
o f  th e  d a ta  u s in g  th e  L e v e n b u rg -M a rq u a rd t  a lg o r i th m . E a c h  r e g re s s io n  
a n a ly s is  w a s  e x a m in e d  b y  in f lu e n c e  s ta tis t ic s  to  v e r ify  th e  f id e l i ty  o f  th e  re su lts  
w h ic h  is  a  le g it im a te  c o n c e rn  w h e n  a n a ly z in g  n o isy  c o l l in e a r  d a ta .

R E S U L T S  A N D  D IS C U S S IO N

A  se r ie s  o f  c h ro m a to g ra m s  w e re  ru n  to  i l lu s tr a te  th e  a d v a n ta g e s  o f  
h ig h e r  o p e ra t in g  te m p e ra tu re s  fo r  m ic e l la r  m o b ile  p h a se s . F ig u re  1 sh o w s th e  
s e p a ra t io n  o f  a  f iv e -c o m p o n e n t te s t  m ix tu re  o n  a  Q g  c o lu m n  u s in g  a  3 0 %  
m e th a n o l /7 0 %  w a te r  m o b ile  p h a se . F ig u re  2 sh o w s th e  s e p a ra t io n  o f  th e  sa m e  
te s t  m ix tu re  u s in g  a  0 .0 5 M  S D S  m o b ile  p h a s e  a t  2 5 ° a n d  4 5 °  C . F o r  th e  0 .0 5 M  
S D S  m o b ile  p h a s e , in c re a s in g  th e  o p e ra tin g  te m p e ra tu re  o f  th e  sy s tem
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F ig u re  1. C h ro m a to g ram s o f  tire test m ix tu re  a t 25° a n d  45° C  fo r th e  3 0 %  
m e th an o l in  w a te r  m obile  p hase . A n  A pex  I C -18  co lu m n  (10  cm , 5 m ic ro n  p a rtic le  
size) w as used ; th e  flow  ra te  o f  tire m ob ile  p h ase  w as 1.0 m L /m in . A  =  n itrobenzene , 
B  =  ace to p h en o n e , C  =  B en zen e , D  =  m ethy lbenzoate , a n d  E  =  to luene.
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F ig u re  2. C h ro m a to g ram s o f  th e  te st m ix tu re  a t  25° a n d  45°C  for a  0 .0 5 M  SD S 
m o b ile  p hase . A  =  n itro b en zen e , B =  ace to p h en o n e , C  =  B en zen e , D  =  m ethy l 
b en zo ate , a n d  E  =  to luene.

im p ro v e d  b o th  th e  re so lu t io n  a n d  e ff ic ien c y  o f  th e  s e p a ra tio n . F o r  th e  m e th a n o l 
in  w a te r  m o b ile  p h a s e , th e re  w a s  l i t t le  im p ro v e m e n t in  e i th e r  re so lu t io n  o r  
e ff ic ien cy .

I n  a  s im p le  re v e rse d  p h a s e  s e p a ra tio n , th e re  is  in it ia l ly  a  m o d e s t 
in c re a s e  in  e ff ic ie n c y  d u e  to  a  lo w e r in g  o f  th e  m o b ile  p h a s e  v isc o s ity  a s  th e
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o p e ra t in g  te m p e ra tu re  is  in c re a se d . H o w ev er, h e a t d is s ip a t io n 25 is  a  p ro b le m  in  
c o n v e n tio n a l re v e rse d  p h a s e  c o lu m n s  (e .g ., p a r tic le  s iz e  5 m ic ro n s , 4 .6  m m  id , 
p re s s u re  d ro p  o f  a  few  h u n d re d  b a r , f lo w  ra te s  o f  2 m L /m in  o r  g re a te r ) .  T h e  
in n e r  c o re  o f  th e  p a c k e d  b e d  c a n  b e  w a rm e r  th a n  th e  w a ll re g io n  by  0 .5  to  
se v e ra l d e g re e s  C e n tig ra d e , w ith  th e  o v e ra ll r e su lt  th a t  a  r a d ia l  te m p e ra tu re  
p ro f ile  is  g e n e ra te d  w ith in  th e  c o lu m n  w h ic h  c a n  c a u se  n o n -u n ifo rm ity  in  th e  
m ig ra t io n  v e lo c ity  o f  th e  so lu te . H en c e , a t  v e ry  h ig h  c o lu m n  te m p e ra tu re s  (ca. 
55  d e g re e s  C e n tig ra d e ) ,  N  le v e ls  o f f  a n d  th e n  d e c re a se s  b e c a u s e  o f  th e rm a l 
g ra d ie n ts  w ith in  th e  c o lu m n .26

Table 1

Variation of Efficiency and Asymmetry with Temperature for the Test 
Mixture 'Solutes. The Mobile Phase was 30% Methanol in Water.

25°C 35°C 45°C 55°C 65°C **73°C

Compounds N B/A N B/A N B/A N B/A N B/A N B/A

Nitrobenzene 3900 1.2 4300 1.3 4200 1.3 4700 1.2 3900 1.3 3200 1.4
(k'= 10.4) (k'=7.9) (k'=6.5) (k'=5.4) (k'=4.6) (k'=3.9)

Acetophenone 3500 1.3 4200 1.1 4100 1.2 4800 1.2 3200 1.2 2800 1.3
(k'=9.2) (k'=7.2) (k'=5.9) (k’=5.0) (k'=4.2) (k'=3.6)

Benzene 4100 1.3 4500 1.0 4800 1.0 5100 1.0 5000 1.1
(k'=:14.5) (k'=l 1.7) (k'=9.8) (k'=8.3) (k'=7.0)

Methylbenzoate 4800 1.1 4700 1.3 4100 1.2 5300 1.3 4600 1.2
(k'=:25.2) (k'= 18.5) (k'=l 4.6) (k'=l 1.7) (k'=9.5)

Toluene 5100 1.1 4900 1.0 5100 1.0 5400 1.1 4900 1.0 4700 1.0
(k,=i40.9) (k'=31.8) (k'=25.5) (k’=20.8) (k'=17.0) (k'= 14.5)

***p. 4300 1.3 4000 1.3 4200 1.2 4000 1.3 3000 1.4 — —

Nitrophenol (k’=11.4) (k'=8.0) (k'=6.1) (k'=4.7) (k'=3.6)

* O D S  c o lu m n
* * O n ly  a  few  e x p e r im e n ts  w e re  p e rfo rm e d  a t 7 3 °C  b e c a u se  o f  o u r  c o n c e rn  
a b o u t d a m a g e  to  h y d ro ly s is  o f  th e  b o n d e d  p h ase .
* * * F o r  p -n itro p h e n o l a  2 0 %  m e th a n o l in  w a te r  m o b ile  p h a s e  w ith  th e  p H  
a d ju s te d  to  3 .0  w a s  u se d  b e c a u s e  th e  c a p a c ity  fa c to r  v a lu e  o f  th e  a re n e  w a s  le ss  
th a n  5 in  3 0 %  m e th a n o l in  w a te r  a t  25°C .
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T h e  re la t io n s h ip  b e tw e e n  te m p e ra tu re  a n d  e ff ic ien c y  fo r  th e  h y d ro -  
o rg a n ic  m o b ile  p h a s e  (see  T a b le  1) a d h e re s  to  th e  s im p le  m o d e l d e s c r ib e d  
abo v e . H o w ev e r , th e  la rg e  in c re a se  in  e ff ic ie n c y  w ith  te m p e ra tu re  fo r  th e  
m ic e l la r  m o b ile  p h a s e  (se e  T a b le  2 ), w h ic h  is  g re a te r  th a n  1 0 0 %  fo r  m o s t o f  th e  
so lu te s  c h ro m a to g ra p h e d , c a n n o t b e  e x p la in e d  by  th is  m o d e l, w h ic h  su g g e s ts  
th a t  d if fe re n t p ro c e sse s  a re  re sp o n s ib le  fo r  b a n d  b ro a d e n in g  in  M L C  a n d  a re  
a lso  re sp o n s ib le  fo r  th e  d ra m a tic  im p ro v e m e n t in  e ff ic ie n c y  a t  e le v a te d  
te m p e ra tu re s  in  S D S  m ic e lle  m e d ia te d  liq u id  c h ro m a to g ra p h y .

T a b le  2

Variation of Efficiency and Asymmetry with Temperature for the 
Test Mixture ’Solutes. The Mobile Phase was 0.05M SDS.

25°C 35°C 45°<c 55°(c 65"c **73°C
Compounds N B/A N B/A N B/A N B/A N B/A N B/A

Nitrobenzene 310 3.5 900 2.4 1600 2.8 2300 2.4 2700 2.0 4200 1.1
(k'=15.8) (k'=13.6) (k'= 12.2) (k'= 10.7) (k'=9.3) (k'=8.9)

Acetophenone 280 2.5 400 3.4 980 2.4 1800 1.0 2100 1.0 3300 1.5
(k'=19.4) (k'=16.0) (k'= 13.6) (k'= 11.2) (k'=9.8) (k'=9.5)

Benzene 1300 2.0 1800 1.3 3300 1.6 4500 1.4 4500 1.2
(k'= 17.8) (k'=17.0 ) (k - 16.3) (k'= 15.2) (k'= 13.7)

Methylbenzoate 570 2.1 900 2.4 2000 2.6 2800 2.7 4700 1.2
(k’=25.9) (k'=24.1) (k'=:21.4) (k'= 19.1) (k'= 16.8)

Toluene 2000 1.8 2500 1.7 3100 1.0 3300 1.0 3900 1.1 5900 1.1
(k'=33.0) (k'=31.6) (k'=:30.6) (k'=28.4) (k'=:26.1) (k'=25.5)

***p- 2600 2.1 3300 2.2 4900 1.2 4500 1.4 5300 1.2 _
Nitrophenol (k'=9.2) (k’=8.7) (k'=7.6) (k'=5.8) (k'=4.9)

* O D S  c o lu m n

* * O n ly  a  few  e x p e r im e n ts  w e re  p e r fo rm e d  a t 7 3 °C  b e c a u s e  o f  o u r  c o n c e rn  
a b o u t d a m a g e  to  th e  c o lu m n  d u e  to  h y d ro ly s is  o f  th e  b o n d e d  p h ase .
* * * F o r  p -n itro p h e n o l,  a  0 .0 2 M  S D S  so lu t io n  w ith  th e  p H  a d ju s te d  to  3 .0  w a s  

u se d  a s  th e  m o b ile  p h a s e  b e c a u se  th e  k ' v a lu e  o f  th e  a re n e  w a s  le ss  th a n  5 w ith
0 .0 5 M  S D S  a t 25°C . O n  so m e  C |g  c o lu m n s , p -n itro h p h e n o l e x h ib ite d  a  sp li t  
p e a k  w ith  th e  0 .0 2 M  S D S  m o b ile  p h a s e  a t  c o lu m n  te m p e ra tu re s  in  e x c e s s  o f  
35°C . E v id e n tly , p -n i tro p h e n o l is s e n s itiv e  to  c h a n g e s  in  th e  s tru c tu re  o f  th e  
C is  w h ic h  o c c u r  a s  a  c o n s e q u e n c e  o f  h y d ro ly s is  o f  th e  b o n d e d  p h a se , a  p ro c e s s  
c a ta ly z e d  b y  e le v a te d  te m p e ra tu re  a n d  lo w  pH .
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1. Knox Plots

T o  b e t te r  u n d e r s ta n d  th e  n a tu re  o f  th e  re la t io n s h ip  b e tw e e n  
te m p e ra tu re  a n d  e ff ic ie n c y  in  M L C , th e  K n o x  e q u a tio n  w a s  u se d  to  s tu d y  b a n d  
b r o a d e n in g  a t  d if fe re n t te m p e ra tu re s  fo r  tw o  m ic e l la r  m o b ile  p h a s e , a  0 .0 2 M  
S D S  a n d  a  0 .0 5 M  S D S . B e c a u se  o f  c o n c e rn  fo r  th e  e ffec t o f  v is c o u s  h e a t  
d is s ip a t io n  w h ic h  c a n  o b sc u re  th e  in te rp re ta t io n  o f  H E T P  c u rv e s  a t  
te m p e ra tu re s  ab o v e  45  d e g re e s  C e n tig ra d e ,26 o n ly  so lu te s  w h ic h  e x h ib ite d  la rg e  
in c re a s e s  in  N  w ith  te m p e ra tu re , a t  o r  b e lo w  45  d e g re e s  C e n tig ra d e ,  w e re  u se d  
in  th e  K n o x  p lo t  s tu d ie s . T h e  d if fu s io n  c o e ff ic ie n t (D ) o f  e a c h  te s t  so lu te  (see  
T a b le  3 ) w a s  o b ta in e d  f ro m  th e  l i te r a tu re 27,28 a n d  re p re s e n te d  a  w e ig h te d  
a v e ra g e  o f  f re e  a n d  m ic e lle  b o u n d  so lu b iliz a te , s in c e  th e  T a y lo r  d is p e rs io n  
te c h n iq u e 29 w a s  u se d  in  th e se  re fe re n c e d  s tu d ie s  to  d e te rm in e  D .

T a b le  3

D if fu s io n  C o e f f ic ie n ts  o f  S e le c te d  A re n e s .

S o lu te  M o b ile  P h a s e

p -n itro p h e n o l 0 .0 2 M  S D S

B e n z e n e  0 .0 5 M  S D S

D if fu s io n  C o e f f ic ie n t  (x  10 6 c m 2/s e c )
2 5 °C 3 5 °C * 4 5 ° C

4 .3 5 * * 5 .5 6 6 .9 3

6 .8 0 * * * 8 .7 0 10 .8

* T h e  d if fu s io n  c o e ff ic ie n t (D ) a t  35  a n d  45  d e g re e s  C e n tig ra d e  w a s  c o m p u te d  

u s in g  th e  v a lu e  o f  D  a t  2 5 °C  a n d  W a ld e n s  ru le : D x =  D 2S8 [T x/T 298] [e29s/ex], 
w h e re  x  is  e q u a l to  3 0 8 °K  (3 5 °C ) o r  3 1 8 °K  (4 5 °C ) a n d  e  is  th e  v is c o s ity  o f  th e  
b u lk  so lv e n t, w a te r , o b ta in e d  f ro m  th e  C R C  H an d b o o k .
* * fro m  re fe re n c e  2 2 . T h e  T a y lo r  d isp e rs io n  m e th o d  w a s  u se d  to  m e a s u re  th e  
d if fu s io n  c o e ff ic ie n t o f  p -n itro p h e n o l in  0 .0 2 M  SD S .
* * * fro m  re fe re n c e  23 . T h e  T a y lo r  d is p e rs io n  m e th o d  w a s  u se d  to  m e a s u re  th e  
d if fu s io n  c o e ff ic ie n t o f  b e n z e n e  in  0 .0 5 M  SD S .

F ig u re  3 is  a  p lo t  o f  re d u c e d  p la te  h e ig h t  v e rsu s  re d u c e d  m o b ile  p h a s e  
v e lo c ity  fo r  p - n itro p h e n o l a t  25°, 35°, a n d  4 5 ° C  o n  a  C ]8 c o lu m n  w ith  a  0 .0 2 M  
S D S  m o b ile  p h a s e  a t  p H = 3 . T a b le  4 l is ts  th e  A , B , a n d  C  p a ra m e te r s  o f  th e  
K n o x  e q u a tio n  a t  th e se  th re e  te m p e ra tu re s . T h e  n o tic e a b le  im p ro v e m e n t in
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F ig u re  3. R ed u ced  p la te  h e ig h t v e rsu s  reduced  m ob ile  p h ase  v elocity  fo r p -n itro -  
p h en o l o n  C -1 8  w ith  a  0 .0 2 M  S D S m obile  p h ase  a t  25°, 35°, a n d  45°C . E a c h  d a ta  
p o in t in  th e  p lo t is  a n  av e rag e  o f  tr ip lica te  d e term in a tio n s.

c h r o m a to g ra p h ic  e ff ic ie n c y  w ith  te m p e ra tu re  is  d u e  to  a  d e c re a s e  in  b o th  th e  A  
( flo w  a n iso tro p y )  a n d  C  (s ta t io n a ry  p h a s e  m a ss  tra n s fe r )  te rm s  o f  th e  K n o x  
e q u a tio n . B y  c o m p a r iso n , in  c o n v e n tio n a l R P L C  th e re  is  g e n e ra lly  a n  in c re a s e  
in  th e  C  te rm  w ith  te m p e ra tu re ,30 w h ic h  f u r th e r  re in fo rc e s  th e  c o n c lu s io n  th a t  
d if fe re n t  p ro c e sse s  a re  re sp o n s ib le  fo r  b a n d  b ro a d e n in g  in  M L C .

T h e  d e c re a s e  in  th e  A  te rm  w ith  te m p e ra tu re  fo r  p -n itro p h e n o l c a n  b e  
e x p la in e d  b y  th e  c h a n g e  in  th e  e q u ilib r iu m  c o n s ta n t  fo r  th e  so lu te  b e tw e e n  th e  
m ic e l la r  a g g re g a te  a n d  th e  b u lk  so lv e n t, i .e ., K 2 12 A s te m p e ra tu re  is  in c re a se d , 
K 2 d e c re a s e s , a n d  th e  d is t r ib u t io n  o f  so lu te  b e tw e e n  th e  m ic e lle  a n d  b u lk  
so lv e n t is  a l te re d . T h e  re s u lt  is  th a t  le ss  so lu te  is  b o u n d  to  th e  S D S  m ic e lle  in  
th e  m o b ile  p h a s e  a s  th e  o p e ra t in g  te m p e ra tu re  o f  th e  c o lu m n  is  in c re a se d . S in c e  
i t  is  e a s ie r  fo r  a n  a re n e  to  tr a n s fe r  b e tw e e n  d if fe re n t so lv e n t f lo w  s tre a m s  w ith in  
th e  c o lu m n  w h e n  i t  e x is ts  a s  f re e  so lu te  in  w a te r  in s te a d  o f  a  b o u n d  sp e c ie s , th e  
n e t  re s u lt  is  th a t  a  d e c re a s e  in  e d d y  d if fu s io n  o c c u rs  w h ic h  in  a l l l ik e lih o o d  is  
re sp o n s ib le  fo r  th e  d e c re a s e  in  th e  A  te rm  o f  p -n itro p h e n o l.
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Table 4

Knox Equation Parameters" for p-Nitrophenol and Benzene at 
Various Temperatures for a 0.02M and 0.05M SDS Mobile Phase.

p-Nitrophenol (0.02M SDS)

Temperature A B C R2

25°C 2.34(±0.14) 7.43(±0.69) 0.074(±.013) 0.99
35°C 1.96(±0.14) 5.16(±0.66) 0.030(±.011) 0.99
45°C 1.06(±0.13) 11.4(±0.65) 0.026(±.010) 0.99

Benzene (0.05M SDS)

Temperature A B c R2

25°C 3.4(±1.1) 5.57(±2.2) 0.16(±0.22) 0.93
45°C 2.7(±0.23) 11.4(±0.54) 0.05(±.04) 0.99

"T h e  u n c e r ta in ty  in  A , B , a n d  C  w a s  d e te rm in e d  fro m  th e  s ta tis t ic a l  p a ra m e te r s  
o f  th e  le a s t  s q u a re s  f ittin g .

T h e  d e c re a s e  in  th e  C  te rm  w ith  te m p e ra tu re  fo r  p -n itro p h e n o l c a n  b e  
e x p la in e d  in  te rm s  o f  s u r fa c ta n t a d s o rp tio n  w h ic h  te n d s  to  in c re a s e  b o th  th e  
th ic k n e s s  a r c  v isc o s ity  o f  th e  s ta tio n a ry  p h a s e .31'33 B y in c re a s in g  th e  o p e ra t in g  
te m p e ra tu re  o f  th e  c o lu m n  a n d  m o b ile  p h a se , le ss  s u r fa c ta n t is  a d s o rb e d  o n  th e  
s ta t io n a ry  p h a s e .34 T h e  ra te  o f  so lu te  m a ss  tr a n s fe r  b e tw e e n  th e  m o b ile  a n d  
s ta tio n a ry  p h a s e  is  a lso  in c re a se d . In  a d d itio n , th e  f lu id ity  o f  th e  te th e re d  a lk y l 

c h a in s  a n d  im b ib e d  s u r fa c ta n t sh o u ld  in c re a se  w ith  te m p e ra tu re  w h ic h  w ill a lso  
le s se n  s ta tio n a ry  p h a s e  m a ss  tra n s fe r  re s is ta n c e . T h e  o v e ra ll r e s u lt  is  a n  
im p ro v e m e n t in  c o lu m n  effic ien cy .

T h e  la rg e  in c re a se  in  th e  B  te rm  o f  th e  K n o x  e q u a tio n  w ith  
te m p e ra tu re  ( f ro m  2 5 °C  v s  4 5 °C ) is  d u e  to  a  d e c re a s e  in  th e  v is c o s ity  o f  th e  
b u lk  so lv e n t. T h e re  is  a lso  a  sh if t in  th e  p o s it io n  o f  th e  e q u i l ib r iu m  o f  th e  
so lu te  aw ay f ro m  th e  m ic e lle  a n d  to w a rd s  th e  b u lk  so lv e n t9 a s  te m p e ra tu re  is  
in c re a se d , a lso  re s u lt in g  in  a n  in c re a se  in  th e  d if fu s io n  ra te  o f  th e  so lu te  
b e c a u s e  th e  r a te  o f  m o le c u la r  d if fu s io n  is  g r e a te r  fo r f re e  so lu b iliz a te  th a n  
b o u n d  so lu b iliz a te . H o w ev e r , th e  d e c re a s e  in  th e  v a lu e  o f  th e  B  te rm  o f  p -
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F ig u re  4. R educed  p la te  h e ig h t v ersu s reduced  m obile  p h ase  velocity  fo r b en z en e  on  
C -1 8  w ith  a 0 .0 5 M  S D S m obile  p h ase  a t 25° a n d  45°C . E ac h  d a ta  p o in t in  th e  p lo t 
is a n  av erag e  o f  tr ip lica te  determ in a tio n s.

n i tro p h e n o l a s  c o lu m n  te m p e ra tu re  is  in c re a se d  f ro m  25° to  35° C  c a n n o t b e  
e x p la in e d  in  te rm s  o f  e i th e r  a  c h a n g e  in  v isc o s ity  o r  a  s h if t  in  th e  p o s it io n  o f  
th e  m ic e lle  so lu te  e q u i lib r iu m  a n d  is  p ro b a b ly  a n  a n o m a ly  u n iq u e  to  p -  
n itro p h e n o l. B e c a u se  th e  in f lu e n c e  s ta tis t ic s  sh o w  th e  re g re s s io n  e q u a tio n  is 
n o t o v e rw h e lm e d  b y  in s ta b il ity , w e  d o  n o t b e lie v e  th is  re su lt  is  a  s ta tis t ic a l  
a r t i f a c t  a r is in g  f ro m  p o o rly  f itte d  d a ta .

In  F ig u re  4 , a  p lo t o f  re d u c e d  p la te  h e ig h t  v e rsu s  re d u c e d  m o b ile  p h a s e  
v e lo c ity  is  sh o w n  fo r b e n z e n e  a t  25° a n d  45° C  o n  a  Cig c o lu m n  w ith  a n  
u n b u ffe re d  0 .0 5 M  S D S  m o b ile  p h ase . T a b le  4  lis ts  th e  A , B , a n d  C  p a ra m e te rs  
o f  th e  K n o x  e q u a tio n  a t 25° a n d  4 5 ° C fo r  b e n z e n e . A g a in , th e  im p ro v e m e n t in  
c h ro m a to g ra p h ic  e ff ic ie n c y  w ith  te m p e ra tu re  is  d u e  to  a  d e c re a s e  in  b o th  th e  A  
a n d  C  te rm s  o f  th e  K n o x  e q u a tio n . In te re s tin g ly  e n o u g h , B e r th o d  a n d  H in z e 28 
a lso  re p o r te d  th a t  re d u c e d  c h ro m a to g ra p h ic  e f f ic ie n c ie s  in  M L C  c a n  b e  
a t tr ib u te d  to  la rg e  in c re a se s  in  b o th  th e  A  a n d  C  te rm s  o f  th e  K n o x  e q u a tio n .
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SDS co n cen tra t io n
F ig u re  5. A d so rp tio n  iso th e rm s o f  S D S  o n  C - l  8 w ith  an d  w ith o u t p ro p an o l in  th e  
m o b ile  ph ase , (m ic ro m o les /m ete r-sq u a red  vs. m o la rity  o f  SD S). A d so rp tio n  d a ta  
w ere  o b ta in ed  by  p u m p in g  th e  ap p ro p ria te  co n cen tra tio n  o f  su rfac tan t in  th e  m ob ile  
p h a se  th ro u g h  th e  co lu m n  (d a ta  fro m  references 17 a n d  44).

2. Kinetics of Surfactant Desorption

A lth o u g h  th e  f it  o f  th e  f lo w  ra te  d a ta  to  th e  K n o x  e q u a tio n  w a s  go o d , 
th e re  a r e  c o n c e rn s  a b o u t th e  v a l id ity  o f  th is  m o d e l to  d e sc r ib e  b a n d  b r o a d e n in g  
in  M L C ,34 w h ic h  is  n o t s u rp r is in g  b e c a u se  th e  K n o x  e q u a tio n  is  b a s e d  o n  
e x p e r im e n ta l  d a ta  a n d  c o r re la tio n s  fo u n d  to  h o ld  tru e  in  b o th  p a c k e d  c o lu m n  
g a s  c h ro m a to g ra p h y  a n d  c o n v e n tio n a l R P L C . H o w ev e r , M L C  d if fe rs  f ro m  g a s  
c h r o m a to g ra p h y  o r  c o n v e n tio n a l R P L C  d u e  to  th e  se c o n d a ry  c h e m ic a l 
e q u i l ib r ia ,  so  i t  is  p o s s ib le  th a t  o n e  c a n n o t m o d e l e x p lic i tly  a l l  o f  th e  s a lie n t 
f e a tu re s  o f  b a n d  b r o a d e n in g  in  m ic e lla r  R P L C  u s in g  th e  K n o x  e q u a tio n . 
C le a r ly , s tu d ie s  o f  m ic e l la r  m o b ile  p h a s e s  in  r e la tio n  to  th e ir  ro le  in  M L C  a re  
c ru c ia l  fo r  o b ta in in g  p h y s ic a l ly  m e a n in g fu l v a lu e s  fo r  th e  A , B , a n d  C  te rm s  o f
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th e  K n o x  e q u a tio n . T h e re fo re , w e  e x a m in e d  th e  a d s o rp tio n  is o th e rm  o f  S D S  o n  
C i8 to  b e t te r  u n d e r s ta n d  th e  m e a n in g  o f  th e  c h a n g e s  in  th e  A , B , a n d  C  te rm s  o f  
th e  K n o x  e q u a tio n  w ith  te m p e ra tu re . In  F ig u re  5, th e  a d s o rp tio n  is o th e rm  o f  
S D S  o n  Cig a t  2 5 °C  is  sh o w n . T h e  d a ta  u se d  in  th is  f ig u re  w a s  o b ta in e d  b y  
B e r th o d  a n d  c o w o rk e rs .17 A n  e x a m in a tio n  o f  th e  f ig u re  re v e a ls  a  v e ry  
in te re s t in g  re su lt: S D S  c o n tin u e s  to  a d so rb  o n  th e  s ta tio n a ry  p h a s e  a t  
c o n c e n tra t io n s  in  e x c e s s  o f  th e  c m c  o f  th e  su rfa c ta n t. T h is  b e h a v io r  is  
s u rp r i s in g  in  v ie w  o f  th e  fa c t th a t  o n c e  th e  c o n c e n tra t io n  o f  s u r fa c ta n t  in  th e  
m o b ile  p h a s e  e x c e e d s  th e  cm c , a l l o f  th e  a d d e d  s u r fa c ta n t  m o n o m e r  sh o u ld  b e  
m ic e lliz e d . I n  o th e r  w o rd s , th is  p lc t  sh o u ld  sh o w  a  c e s sa tio n  in  th e  a d s o rp tio n  
o f  S D S  a t  c o n c e n tra t io n s  in  ex c e s s  o f  th e  cm c . H o w ev er, i f  th e  sy s tem  is  n o t a t  
e q u ilib r iu m , w e  w ill  n o t see  a  c e s sa tio n  in  S D S  a d so rp tio n .

In  m ic e l la r  R P L C , th e  s u r fa c ta n t is  in v o lv e d  in  th re e  d is t in c t  
e q u ilib r ia . F irs t ,  th e re  is  a n  e x c h a n g e  o f  s u r fa c ta n t m o n o m e r  b e tw e e n  th e  
m ic e lle  a n d  th e  b u lk  a q u e o u s  p h a s e .35' 37 T h is  p ro c e ss  is  v e ry  fa s t  a n d  is  
c h a ra c te r iz e d  b y  a  re la x a tio n  t i m e , w h i c h  is  in  th e  m ic ro se c o n d  ra n g e . T h e  
se c o n d  e q u i l ib r iu m  in v o lv e s  th e  b re a k -u p  a n d  re fo rm a tio n  o f  th e  m ic e lle .38' 40 
T h e  k in e tic s  o f  m ic e l la r  d is s o c ia tio n  a re  v e ry  c o m p le x  a n d  a re  c h a ra c te r iz e d  b y  
a  re la x a tio n  tim e , t 2, w h ic h  is  in  th e  m il l is e c o n d  ra n g e . F in a lly , th e  s u r fa c ta n t  
m o n o m e r  in  th e  m o b ile  p h a s e  is  in  e q u i lib r iu m  w ith  m o le c u le s  o f  s u r fa c ta n t  
a d s o rb e d  o n  th e  s ta tio n a ry  p h ase . A lth o u g h  th e re  is  n o  p u b lis h e d  d a ta  o n  th e  
r a te  o f  S D S  d e s o rp tio n  o n  h y d ro p h o b ic  s ilic a , S D S  d e s o rp tio n  ra te s  o n  so lid  
s u rfa c e s  su c h  a s  c a rb o n  b la c k  o r  n y lo n 41'42 a re  fo u n d  to  b e  q u ite  low .

I n  a ll l ik e lih o o d , n e i th e r  ti n o r  t2 a re  re sp o n s ib le  fo r  b a n d  b ro a d e n in g  
in  M L C . B e c a u se  th e  e x it  ra te  c o n s ta n t o f  a n  S D S  m o le c u le  f ro m  a n  S D S  
m ic e lle  is  a b o u t 107 s '1 a n d  th e  m ic e lle  su r fa c ta n t a s s o c ia tio n  ra te  is  n e a r ly  
d if fu s io n  c o n tro l le d , i t  is  r e a so n a b le  fo r  o n e  to  a s su m e  th a t  ti p ro c e sse s  a re  
in s ta n ta n e o u s  o n  a  R P L C  tim e  sca le . I f  t2 ( th e  s ta b ili ty  o r a v e ra g e  l if e tim e  o f  a  
m ic e lle )  in f lu e n c e d  e ff ic ie n c y  in  M L C , th e n  t2 a n d  c h ro m a to g ra p h ic  e ff ic ie n c y  
sh o u ld  s h a re  a  s im ila r  r e la tio n s h ip  w ith  S D S  c o n c e n tra tio n . C lea rly , th is  is  n o t 
th e  c a se  (se e  F ig u re  6 ). T h e  a v e ra g e  l ife -tim e  o f  a n  S D S  m ic e lle  in c re a se s  w ith  
in c re a s in g  S D S  c o n c e n tra tio n  u p  to  0 .2 0  M  S D S  a n d  th e n  d e c re a s e s .43 
H o w ev e r , c o lu m n  e ff ic ie n c y  in  M L C  is  o b se rv e d  to  d e c re a s e  w ith  in c re a s in g  
S D S  c o n c e n tra tio n , w h ic h  is  p ro b a b ly  d u e  to  a n  in c re a s e  in  th e  v isc o s ity  o f  
th e s e  m o b ile  p h a se s . T h e re fo re , th e  re d u c tio n  in  e ff ic ie n c y  a s so c ia te d  w ith  
m ic e l la r  m o b ile  p h a s e s  c a n n o t b e  d ire c tly  a t tr ib u te d  to  th e  d is s o c ia tio n  k in e tic s  
o f  th e  m ic e lle .
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SDS c o n c e n t r a t i o n ,  mM
F ig u re  6. N  a n d  x2 v e rsu s  co n cen tra tio n  o f  SD S. P la te  co u n t d a ta  w ere  o b ta in ed  on  
a n  A p ex  I C - 1 8  co lu m n ; th e  flow  ra te  o f  th e  m ob ile  ph ase  w as 1.0 m L /m in . x:  d a ta  
w ere  o b ta in ed  fro m  reference 43.

I f  th e  d e s o rp tio n  r a te  o f  s u r fa c ta n t m o le c u le s  o n  th e  s ta tio n a ry  p h a s e  
is  to o  lo w , th e  re su lt  is  a  d is tu rb a n c e  in  th e  v a r io u s  e q u i lib r ia  in v o lv in g  th e  
m ic e l le  a n d  th e  s u r fa c ta n t  m o n o m e r  (see  F ig u re  7). T h is  d is tu rb a n c e  w o u ld  
e x p la in  th e  c o n tin u e d  a d s o rp tio n  o f  S D S  o n  th e  s ta tio n a ry  p h a s e  a t 
c o n c e n tra t io n s  in  e x c ess  o f  th e  cm c . T h e  lo w  ra te  o f  s u r fa c ta n t  d e s o rp tio n  
w o u ld  a lso  a f fe c t th e  d y n a m ic s  o f  m ic e l liz a tio n  w h ic h  p la y  a  v e ry  im p o r ta n t  
ro le  in  m o b ile  p h a s e  m a ss  tr a n s fe r  w ith in  th e  c o lu m n . A ssu m in g  ra p id ly  
e s ta b lis h e d  e q u i l ib r ia  b e tw e e n  th e  m ic e lle  a n d  s u r fa c ta n t  m o n o m e r  in  th e  
m o b ile  p h a s e  a n d  b e tw e e n  th e  so lu te  in  th e  b u lk  so lv e n t (w a te r)  a n d  th e  
m ic e lle , th e  ra te  o f  e s ta b l is h m e n t o f  th e  e q u i lib r iu m  b e tw e e n  s u r fa c ta n t 
m o n o m e r  in  th e  m o b ile  a n d  s ta tio n a ry  p h a s e  is  th e n  ra te  d e te rm in in g  in  M L C . 
I f  th e  r a te  is  to o  s lo w , so lu te  m a ss  tr a n s fe r  b e tw e e n  th e  m o b ile  a n d  s ta tio n a ry
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F ig u re  7. E q u ilib ria  in  m ic e lla r  rev ersed  p h ase  liq u id  ch ro m a to g rap h y . (F ig u re  
a d a p te d  fro m  referen ces 10 &  43 .)

p h a s e s  is  s lu g g is h  re s u lt in g  in  s ig n if ic a n t  b r o a d e n in g  o f  th e  c h ro m a to g ra p h ic  
p e a k s . H e n c e , o n e  c a n n o t ig n o re  th e  p o ss ib ility  th a t  in  M L C  th e  u n d e r ly in g  
c a u se  o f  th e  in e ff ic ie n c y  is  th e  lo w  ra te  o f  s u r fa c ta n t d e s o rp tio n  w h ic h  w o u ld  
e x p la in  th e  d is a g re e m e n t a m o n g  w o rk e rs  c o n c e rn in g  th e  re a so n  fo r  th e  lo w  
e f f ic ie n c ie s  e v id e n c e d  in  M L C .

3. Organic Modifiers vs Temperature

W h e n  p ro p a n o l is  a d d e d  to  a n  S D S  m ic e l la r  m o b ile  p h a s e  (3 %  b y  
v o lu m e ) , th e  a d s o rp tio n  o f  S D S  o n  C i8M c e a se s  a f te r  10 m il l im o la r  S D S  (see  
F ig u re  5 ) w h ic h  is  c lo se  to  th e  c m c  o f  th e  s u rfa c ta n t. T h e  b re a k  o b se rv e d  in  th e  
S D S  a d s o rp tio n  is o th e rm  su g g e s ts  th a t  a d s o rb e d  s u r fa c ta n t  m o n o m e r  a n d  th e  
S D S  m ic e lle s  a re  a t  e q u i lib r iu m  w ith in  th e  c o lu m n . P ro b a b ly , s u r fa c ta n t  
d e s o rp tio n  is  o c c u r r in g  a t  a  f a s te r  r a te  w h e n  a  so -c a lle d  h y b r id  m o b ile  p h a s e  is  
u se d , w h ic h  c o u ld  e x p la in  th e  d if fe re n c e  in  sh a p e  b e tw e e n  th e  a d s o rp tio n  
is o th e rm  o f  S D S  a n d  S D S  h y b r id  m ic e l la r  m o b ile  p h a s e s . T h e  in c re a s e  i n  th e  
s u r fa c ta n t  d e s o rp tio n  r a te  c o u ld  a lso  e x p la in  w h y  e f f ic ie n c ie s  a p p ro a c h in g  th o se  
o f  c o n v e n tio n a l  R P L C  a re  o b ta in e d  w ith  th e s e  m o b ile  p h a s e s , e .g .,  0 .0 5  M  S D S  
w ith  3 %  p ro p a n o l v /v .

S c o tt a n d  S im p so n 45 h a v e  sh o w n  th a t  p ro p a n o l p re c o n c e n tra te s  a t  th e  
C i g b o n d e d  p h a s e /m o b ile  p h a s e  in te rfa c e . In  o th e r  w o rd s , o v e r  9 0 %  o f  th e  Cig 
s ta t io n a ry  p h a s e  is  c o v e re d  b y  p ro p a n o l a t  a  c o n c e n tra t io n  o f  3 %  w /v . T h e  
p re c o n c e n tra t io n  o f  p ro p a n o l a t  th e  s ta tio n a ry  p h a s e  p ro b a b ly  c a u se s  th e  Cig
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F ig u re  8. R educed  p la te  h e ig h t v e rsu s  red u ced  m ob ile  p h ase  velocity  a t  25° fo r 
co u m arin  o n  A p ex  I C - 1 8  w ith  a  0 .0 1 M  S D S  m obile  p h a se  w ith  a n d  w ith o u t o rg an ic  
m od ifie r. E a c h  d a ta  p o in t sh o w n  in  th e  p lo t is a n  av e rag e  o f  tr ip lica te  
d e term in a tio n s.

c h a in s  to  t i l t  to w a rd  th e  su rfa c e  n o rm a l o f  th e  b o n d e d  p h a s e ,46 w h ic h  c o u ld  
e x p la in  w h y  d e s o rp tio n  k in e tic s  o f  S D S  w o u ld  b e  m o re  fa v o ra b le  o n  p ro p a n o l 
m o d if ie d  C ,8. In  th e  a b se n c e  o f  p ro p a n o l, th e  C ,8 c h a in s  a re  p ro b a b ly  t i l te d  
aw a y  f ro m  th e  su rfa c e  n o rm a l. T h e  n e t re su lt  is  a  le ss  l iq u id - l ik e  s ta tio n a ry  

p h a s e .46

T h e  m o d e ls  h y p o th e s iz e d  by  re s e a rc h e rs  in  m ic ro e m u ls io n  fo rm a tio n , 
in  w h ic h  lo w  le v e ls  o f  m o d e ra te  c h a in  le n g th  a lc o h o ls  a re  b e l ie v e d  to  e n h a n c e  
th e  f le x ib ili ty  o f  th e  s u r fa c ta n t  f i lm  s e p a ra t in g  th e  a q u e o u s  h y d ro c a rb o n  
d o m a in s 47 c o u ld  a lso  b e  a p p lic a b le  to  th is  sy s te m  s in c e  th e  te th e re d  C )8 c h a in s  
a re  a n a lo g o u s  to  a n  in te r fa c ia l  s u r fa c ta n t  film .

P re l im in a ry  s tu d ie s  c a r r ie d  o u t in  o u r  la b o ra to ry  o n  th e  e ffec ts  o f  
a lc o h o l m o b ile  p h a s e  m o d if ie rs  o n  e ff ic ie n c y  in  M L C  h a v e  sh o w n  th a t  a d d i t io n  
o f  a  sm a ll  a m o u n t o f  p ro p a n o l o r  p e n ta n o l  to  a  m ic e l la r  m o b ile  p h a s e  y ie ld s
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im p ro v e d  e f f ic ie n c ie s  in  M L C  b e c a u se  o f  a  la rg e  d e c re a s e  in  b o th  th e  A  a n d  C  
te rm s  o f  th e  K n o x  e q u a tio n  (see  F ig u re  8 ), w h ic h  su g g e s ts  th a t  b o th  
te m p e r a tu re  a n d  a lc o h o l a d d itiv e s  su c h  a s  p ro p a n o l o r  p e n ta n o l  e n h a n c e  th e  
e f f ic ie n c y  o f  th e  M L C  se p a ra tio n  p ro c e ss  in  m u c h  th e  sa m e  m a n n e r .  
In te re s t in g ly  e n o u g h , th e  in c re a s e  in  th e  B  te rm  o f  c o u m a r in  a s  a  r e s u lt  o f  th e  
a d d i t io n  o f  p ro p a n o l o r  p e n ta n o l  to  th e  m ic e l la r  m o b ile  p h a s e  c a n  a ls o  b e  
a t tr ib u te d  to  a  d e c re a s e  in  th e  v isc o s ity  o f  th e  m o b ile  p h a s e  a n d  a  s h if t  in  th e  
p o s i t io n  o f  th e  e q u i l ib r iu m  o f  th e  so lu te  aw a y  f ro m  th e  m ic e lle  a n d  to w a rd s  th e  
b u lk  so lv e n t .12

A C K N O W L E D G E M E N T S

S u m a r  H e n d a y a n a  a c k n o w le d g e s  th e  f in a n c ia l  s u p p o r t o f  th e  M in is try  
o f  E d u c a tio n  o f  In d o n e s ia .
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HIGH-PERFORMANCE LIQUID 
CHROMATOGRAPHIC ASSAY FOR 

THE DETERMINATION OF 
HALOPERIDOL IN PLASMA

Y . M . E l-S a y e d , S. H . K h id r ,  E . M . N ia z y

D e p a r tm e n t o f  P h a rm a c e u tic s  
C o lle g e  o f  P h a rm a c y  

K in g  S a u d  U n iv e rs ity  
P .O .B o x :  2 4 5 7  

R iy a d h  1 1 4 5 1 , S au d i A ra b ia

A B S T R A C T

A  se n s itiv e , re p ro d u c ib le  a n d  a c c u ra te  h ig h  p e r fo rm a n c e  liq u id  
c h r o m a to g ra p h ic  (H P L C ) m e th o d  fo r  th e  q u a n t i ta t iv e  
d e te rm in a tio n  o f  h a lo p e r id o l in  p la sm a  h a s  b ee n  d e v e lo p e d  a n d  
v a lid a te d . S a m p le  p re p a ra t io n  in v o lv e s  e x tra c tio n  o f  h a lo p e r id o l 
a n d  d ia z e p a m  ( in te rn a l  s ta n d a rd )  f ro m  0 .5  m L  p la sm a . T h e  
s e p a ra t io n  w a s  c a r r ie d  o u t in  a  s ta in le s s  s te e l, re so lv e  C »  c o lu m n  
w ith  a  m o b ile  p h a s e  c o m p o se d  o f  a  m ix tu re  o f  5 5 %  m e th a n o l a n d  
4 5 %  H P L C  w a te r  c o n ta in in g  0 .2  M  a m m o n iu m  a c e ta te  a n d  
a d ju s te d  to  a n  a p p a re n t  p H  7 .2 . T h e  m o b ile  p h a s e  w a s  p u m p e d  
a t  a  f lo w  ra te  o f  1.5 m L /m in . T h e  c o lu m n  o v e n  te m p e ra tu re  w as  
a d ju s te d  a t  3 8 ° C  a n d  th e  e f f lu e n t w a s  m o n ito re d  a t  2 4 9  n m . T h e  
re te n tio n  tim e s  fo r  th e  in te rn a l  s ta n d a rd  a n d  h a lo p e r id o l w e re  
fo u n d  to  b e  5.1 a n d  6 .3  m in u te s , re sp e c tiv e ly . P e a k -h e ig h t  ra tio s  
o f  th e  d ru g  to  th e  in te rn a l s ta n d a rd  w e re  u se d  fo r  th e  
q u a n t if ic a t io n  o f  h a lo p e r id o l in  th e  p la s m a  sa m p le s . T h e  

a v e ra g e  (+ S D ) a b s o lu te  a n d  re la tiv e  re c o v e ry  o f  h a lo p e r id o l w e re
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9 7 ± 3 .6 %  a n d  100 6 ± 1 .5 2 % , re sp e c tiv e ly . T h e  in tr a d a y  
c o e ff ic ie n ts  o f  v a r ia t io n  (C V s) ra n g e d  f ro m  1 .74  to  4 .6 8 % , w h ile  
th e  in te rd a y  C V s  v a r ie d  f ro m  2 .31  to  5 .2 3 % . T h e  d e te c tio n  l im it  
fo r  h a lo p e r id o l in  p la s m a  w a s  fo u n d  to  b e  5 n g /m L .

I N T R O D U C T I O N

H a lo p e r id o l is  a  p o te n t n e u ro le p tic  d ru g  o f  th e  b u ty ro p h e n o n e  se rie s , 
w id e ly  p re s c r ib e d  fo r  th e  tr e a tm e n t  o f  a c u te  a n d  c h ro n ic  p sy c h o tic  sy n d ro m e s , 
a b n o rm a l m o v e m e n ts  a n d  co n fu se d  s ta te s  in  e ld e r ly  a n d  h o s p ita liz e d  p a t ie n t s 1. 
T h e  d ru g  is  re a d ily  a b s o rb e d  f ro m  th e  g a s tro in te s t in a l  tra c t. A  s e ru m  h a lf - l if e  
r a n g in g  f ro m  10 to  19 h o u rs  a n d  a n  o ra l b io a v a ila b il i ty  o f  a b o u t 6 0 %  w e re  
r e p o r te d .2 T h is  lo w  b io a v a ila b il i ty  is  a t tr ib u te d  to  th e  f ir s t-p a s s  effec t. L a rg e  
in te r s u b je c t v a r ia t io n  in  th e  p h a rm a c o k in e tic s  o f  h a lo p e r id o l in  b o th  h e a lth y  
v o lu n te e r s  a n d  p s y c h ia t r ic  p a t ie n ts  w a s  r e p o r te d .1 3 B e c a u se  o f  th e  o v e ra ll  lo w  
p la s m a  le v e ls  fo llo w in g  s in g le  d o se  o f  h a lo p e r id o l a n d  d u e  to  th e  n e e d  fo r  c lo se  
p la s m a  d r u g  m o n ito r in g , sp e c ia lly  in  p sy c h ia tr ic  p a t ie n ts ,  a  h ig h ly  se n s it iv e , 
s im p lif ie d , a n d  a c c u ra te  a s sa y  fo r  th e  d ru g  is  e s se n tia l.

S e v e ra l a n a ly tic a l m e th o d s  h a v e  b e e n  r e p o r te d  fo r  th e  a s sa y  o f  
h a lo p e r id o l in  b io lo g ic a l f lu id s . T h e se  in c lu d e : g a s  c h ro m a to g ra p h y  (G C ),4,5 
g a s  c h ro m a to g ra p h y  c o m b in e d  w ith  m a ss  sp e c tro sc o p y  (G C M S ) ,6 r a d io re c e p to r  
a s s a y ,7,8 r a d io im m u n o a s s a y  (R IA ) ,9'10 a n d  h ig h  p e r fo rm a n c e  l iq u id  
c h ro m a to g ra p h ic  a s s a y .1115 T h e  G C  a n d  G C M S  m e th o d s  r e q u ire d  h ig h ly  
so p h is t ic a te d  e q u ip m e n t a n d  a re  n o t a m e n a b le  to  ra p id  a n d  ro u tin e  c l in ic a l 
a ssay . T h e  ra d io re c e p to r  a s sa y  is  n o t sp ec if ic . T h e  R IA  m e th o d s  a re  s e n s itiv e , 
b u t  n e e d  e x p e n s iv e  m a te r ia ls  a n d  im p ra c tic a l fo r  ro u tin e  a n a ly s is . T h e  H P L C  
m e th o d s  p ro v e d  to  b e  s e n s it iv e  a n d  c o n v e n ie n t  te c h n iq u e s  fo r  th e  d e te rm in a tio n  
o f  h a lo p e r id o l in  b io lo g ic a l f lu id s . S o m e  o f  th e  p re v io u s  m e th o d s  n e e d e d  a  
re la tiv e ly  la rg e  p la s m a  v o lu m e  (2  m L ) w h ic h  m a y  n o t  b e  a lw a y s  a v a ila b le .15 In  
o th e rs  a n  e le c tro c h e m ic a l d e te c to r  w a s  n e c e s sa ry  fo r  c o n d u c tin g  th e  a s s a y .14

In  th is  re p o r t,  a  s im p le , s e n s itiv e  a n d  re p ro d u c ib le  H P L C  a s sa y  fo r  th e  
d e te rm in a tio n  o f  h a lo p e r id o l in  p la s m a  is d e sc r ib ed .
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MATERIALS AND METHODS

Materials

H a lo p e r id o l a n d  th e  in te rn a l  s ta n d a rd  d ia z e p a m  (S ig m a  C h e m . C o ., 
S t. L o u is , M O , U .S .A .) , g la c ia l  a c e t ic  a c id , a m m o n iu m  a c e ta te  a n d  
h y d ro c h lo r ic  a c id  (B D H  C h e m ic a ls  L td ., P o o le , U .K .) , so d iu m  h y d ro x id e  (E . 
M e rc k  A G , D a rm s ta d t,  G e rm a n y )  w e re  u se d  w ith o u t f u r th e r  p u r if ic a tio n . 
M e th a n o l ,  c h lo ro fo rm  a n d  e th e r  (B D H  C h e m ic a ls  L td ., P o o le , U .K .)  w e re  
H P L C  g ra d e .

Instruments

T h e  fo llo w in g  in s t ru m e n ts  w e re  u ti l iz e d : A  M o d e l L C -1 0  A D  so lv e n t 
d e l iv e ry  p u m p , a  M o d e l S P D -1 0  A V  U V -V is  d e tec to r, a  M o d e l C T O - 10 A  
c o lu m n  o v e n , a n d  a  M o d e l C -R 4 A  C h ro m a to p a c  c o m p u tin g  in te g ra to r  
(S h im a d z u  C o rp o ra tio n . K o y a to , J a p a n ) , a  M o d e l 7 0 1 0  R h e o d y n e  in je c to r  
(R h e o d y n e  In c ., C a ta ti ,  C A , U .S .A .) , s ta in le s s  s te e l c o lu m n  (R eso lv e  Cig, 150 
m m  le n g th  x  3 .9  m m  i d ., 5 p m  p a r tic le s , W a te rs  A sso c ia te s , M ilfo rd , M A ,
U .S .A .) , a n d  a  M o d e l C F C -3 0 1  G a lle n k a m p  c e n tr ifu g e  (G a lle n k a m p , 
L o u g h b o ro u g h , E n g la n d ) .

Standard Stock Solutions

A n  a c c u ra te ly  w e ig h e d  s a m p le  o f  10 m g  h a lo p e r id o l a n d  10 m g  
d ia z e p a m  w e re  d is so lv e d  in  m e th a n o l in  tw 'o s e p a ra te  100 m L  v o lu m e tr ic  f la sk s  

to g iv e  s ta n d a rd  s to c k  so lu tio n  o f  100 p g /m L .

Chromatographic Conditions

T h e  m o b ile  p h a se  w as  a  m ix tu re  o f  5 5 %  m e th a n o l a n d  4 5 %  H P L C  
w a te r  c o n ta in in g  0 .2 M  a m m o n iu m  a c e ta te  a n d  a d ju s te d  to  a n  a p p a r e n t  p H  7 .1 -

7 .3  w ith  a c e t ic  ac id . I t  w as  d e g a sse d  d a ily  b y  p a s s in g  it  th ro u g h  0 .4 5  p m  
m e m b ra n e  f i l te r  (M illip o re , B e d fo rd , M A , U .S .A .) .

T h e  m o b ile  p h a s e  w a s  p u m p e d  a t a  f lo w  ra te  o f  1.5 m L /m in , w h ic h  
p ro d u c e d  b a c k -u p  p re s su re  o f  a b o u t 2 1 0  k g /c n r .  T h e  c o lu m n  o v en  te m p e ra tu re
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w a s  a d ju s te d  a t  3 8 °C . T h e  e f f lu e n t w a s  m o n ito re d  a t  2 4 9  n m  a n d  a t te n u a tio n  a t
0 .0 0 0 5  A U F S . T h e  c h a r t  sp e ed  w a s  2 .5  m m /m in .

Analytical Procedure

T o  a  s c re w -c a p p e d  ( s ilic o n e  c o a te d )  15 m L  g la s s  te s t tu b e , 0 .5  m L  

p la s m a  a n d  25  p i o f  th e  in te rn a l  s ta n d a rd  (1 p g /m L )  w ere  a d d e d . T h e  m ix tu re  
w a s  s h a k e n  o n  a  v o r te x  m ix e r  fo r 30  sec. F iv e  m il l i l i t re s  e th e r  a n d  3 m L  o f
0 .1 N  H C I w e re  a d d e d  fo r  e x tra c tio n  a n d  th e  m ix tu re  w a s  s h a k e n  o n  a  v o r te x  
m ix e r  fo r  o n e  m in  a n d  c e n tr ifu g e d  fo r  3 m in . a t  3 0 0 0  rp m . T h e  a q u e o u s  p h a s e  
c o n ta in in g  th e  d ru g  w a s  tr a n s fe r r e d  to  15 m L  g la s s  s to p p e re d  c e n tr ifu g e  tu b e  
c o n ta in in g  7 m L  c h lo ro fo rm  a n d  0 .5  m L  IN  N aO H . T h e  m ix tu re  w a s  s h a k e n  
g e n tly  fo r  2 m in  a n d  th e  c h lo ro fo rm  la y e r w as  tr a n s fe r r e d  to  a n o th e r  10 m L  
g la s s  c e n tr ifu g e  tu b e  a n d  e v a p o ra re d  to  d ry n e ss  u n d e r  v a c u u m  a t 4 5 °C . T h e  
re s id u e  w a s  r e c o n s titu te d  w ith  0 .5  m L  m o b ile  p h a s e , v o r te x e d  fo r  1 m in  a n d  a n  
a l iq u o t o f  2 0  p i w a s  d ire c tly  in je c te d  in to  th e  lo o p  in je c to r.

Application

T h e  in  v iv o  p e rc u ta n e o u s  a b s o rp tio n  o f  h a lo p e r id o l f ro m  e x p e r im e n ta l 
m e th y lc e llu lo se  g e l fo rm u la tio n  d ev e lo p e d  in  o u r  la b o ra to ry  w ere  s tu d ie d  in  
rab b its . T e n  w h ite  N e w  Z e a la n d  m a le  ra b b its  w e ig h in g  4 .2 -4 .5  k g  w ere  
u ti l iz e d . T h e  h a ir s  w e re  rem o v e d  fro m  th e  b a c k  o f  th e  ra b b its  w ith  a n  a n im a l 
c lip p e r . T h e  g e l fo rm u la tio n  c o n ta in in g  a d o se  o f  10 .0  m g  h a lo p e r id o l w as  
s p re a d  u n ifo rm L y  to  th e  b a c k  o f  e a c h  ra b b it  o v e r  a n  a re a  e q u a l to  3 .1 4  c m 2. 
B lo o d  sa m p le s  (1 .5  m L ) w e re  c o lle c te d  fro m  th e  m a rg in a l  v e in  o f  th e  le ft e a r  
v ia  a  c a n n u la  in to  h e p a r in iz e d  tu b e s  b e fo re  d ru g  a d m in is t ra t io n  a n d  a t  1.0, 2 .0 ,
4 .0 , 6 .0 , 8 .0 , 10 .0 , 12 .0  a n d  2 4 .0  h rs  p o s t-d o s in g . T h e  p la s m a  w a s  h a rv e s te d  
a n d  s to re d  a t  -2 0 ° C  p e n d in g  an a ly s is .

RESULTS AND DISCUSSION

T h e  so lv e n t sy s tem  u se d  p ro v id e d  g o o d  s e p a ra tio n  o f  th e  d ru g  a n d  its  
in te rn a l  s ta n d a rd  w ith  n o  in te r fe re n c e  fro m  p la sm a  su b s ta n c e s . F ig u re  1 
r e p re s e n ts  a  ty p ic a l c h ro m a to g ra m  of: b la n k  p la sm a  (A ), p la s m a  c o n ta in in g  th e  
d r u g  (B ), a n d  p la s m a  c o n ta in in g  h a lo p e r id o l a n d  th e  in te rn a l  s ta n d a rd  (C ). 
U s in g  th e  a s sa y  m e th o d  th e  re te n tio n  tim e s  fo r  th e  in te rn a l  s ta n d a rd  a n d
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F ig u re  1. C h ro m a to g ra m s  f ro m  (a )  b la n k  h u m a n  p la sm a , (b) p la s m a  sp ik e d  
w ith  h a lo p e r id o l a n d  (c) h u m a n  p la sm a  sp ik e d  w ith  h a lo p e r id o l a n d  th e  
in te r n a l  s ta n d a rd .

1 =  H a lo p e r id o l
2 =  D ia z e p a m  ( In te rn a l S ta n d a rd )

h a lo p e r id o l w e re  5.1 a n d  6 .3  m in u te s , re sp e c tiv e ly . T h e  p re s e n c e  o f  
a m m o n iu m  a c e ta te  (0 .2  M ) in  th e  m o b ile  p h a s e  a n d  h e a tin g  th e  c o lu m n  to  
3 8 ° C  im p ro v e d  s e p a ra tio n  a n d  y ie ld e d  s h a rp  p ea k s .

Quantification

P e a k -h e ig h t  ra tio s  o f  th e  d ru g  to  th e  in te rn a l  s ta n d a rd  w e re  u se d  in  
p r e p a r in g  fo u r  d if fe re n t s ta n d a rd  c u rv e s  in  p la sm a  a n d  m o b ile  p h a s e  b y  s p ik in g
0 .5  m L  d ru g -f re e  p la sm a  sa m p le s  a n d  0 .5  m L  m o b ile  p h a s e  s a m p le s  w ith  th e  
d ru g  s ta n d a rd  to  p ro d u c e  a f in a l c o n c e n tra tio n  o f  10, 2 0 , 4 0 , 6 0  a n d  100 n g /m L  
h a lo p e r id o l. T h e  s ta n d a rd  p lo ts  w e re  c o n s tru c te d  o v e r  a  p e r io d  o f  th r e e  w ee k s . 
L e a s t sq u a re s  l in e a r  re g re s s io n  a n a ly s is  o f  th e  m e a n  s ta n d a rd  c a l ib ra t io n  lin e s
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fo r  m o b ile  p h a s e  a n d  p la sm a  sa m p le s  re su lte d  in  th e  fo llo w in g  e q u a tio n s :

Y =  0 .0 0 9 7  X  -0 .0 0 7 7 , r  =  0 .9 9 9  (P la sm a )
a n d  Y  =  0 .0 1 0 2  X  -0 .0 0 4 8 , r  =  0 .9 9 9  (M o b ile  p h a se )

A n a ly s is  o f  v a r ia n c e  o f  th e  s lo p e , in te rc e p t a n d  c o r re la t io n  c o e ff ic ie n t 
o f  th e  fo u r  s ta n d a rd  c u rv e s  f ro m  p la s m a  in d ic a te d  n o n - s ig n if ic a n t  d if fe re n c e  
( F = 5 .11, p > 0 .0 5 ) . T h e se  re su lts  c o n f irm  th e  l in e a r i ty  o f  th e  s ta n d a rd  c u rv e s  
a n d  th e  e x c e lle n t re p ro d u c ib ili ty  o f  th e  a s sa y  m e th o d .

R e c o v e ry

T h e  a b s o lu te  rec o v e ry  o f  h a lo p e r id o l a n d  th e  in te rn a l  s ta n d a rd  
(d ia z e p a m )  w e re  d e te rm in e d  b y  c o m p a r in g  th e  p e a k -h e ig h t  o f  th e  d r u g  o b ta in e d  
f ro m  sp ik e d  p la s m a  w ith  th e  p e a k -h e ig h ts  o b ta in e d  b y  th e  d ire c t in je c t io n  o f  
p u re  a q u e o u s  d ru g  s ta n d a rd  a t  th re e  d if fe re n t c o n c e n tra t io n s  (3 0 , 50  a n d  80  
n g /rn L ). T h e  re la tiv e  rec o v e r) ' o f  th e  d ru g  w a s  c a lc u la te d  by  c o m p a r in g  th e  
c o n c e n tra t io n s  o b ta in e d  f ro m  th e  d ru g -s u p p le m e n te d  p la s m a  to  th e  a c tu a l 
a d d e d  c o n c e n tra tio n s .  T h e  re su lts  o f  th e  rec o v e ry  s tu d ie s  a re  sh o w n  in  T a b le  1. 
T h e  a v e ra g e  a b so lu te  a n d  re la tiv e  rec o v e ry  o f  h a lo p e r id o l w e re  fo u n d  to  b e  
9 7 + 3 .6 %  a n d  1 0 0 .6 ± 1 .5 2 % , re sp e c tiv e ly .

T a b lc  1

A b s o lu te  a n d  R e la t iv e  R e c o v e ry  o f  H a lo p e r id o l  f r o m  H u m a n  P la s m a *

C o n e . M e a n  P e a k  H e ig h t s  (c m ) A b s o lu te R e la t iv e
(n g /m L ) R e c o v e ry R e c o v e ry  %

A q u e o u s P la s m a % M e a n + S D

30 0 .8 6 + 0 .0 5 0 .8 0 + 0 .2 9 3 .0 2 1 0 0 .9 4 + 5 .2 5
50 1 .3 0 + 0 .0 8 1 .2 8 + 0 .0 4 9 8 .4 6 9 8 .7 3 + 2 .9 5
80 1 .8 9 + 0 .1 1 1 .9 0 + 0 .1 4 100 .53 1 0 6 .3 + 2 .4

D ia z e p a m

(I.S .)
50 1 .8 2 + 0 .0 8 1 .7 7 + 0 .0 7 9 7 .2 5

T w e l v e  re p lic a te  a n a ly se s  o f  e a c h  c o n c e n tra tio n .
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Precision

T h e  in tra d a y  p re c is io n  w a s  e v a lu a te d  by  re p lic a te  a n a ly s is  o f  p la s m a  
sa m p le s  c o n ta in in g  h a lo p e r id o l a t  th re e  d if fe re n t c o n c e n tra t io n s  (3 0 , 5 0  a n d  80  
n g /m L ) . T h e  in tr a d a y  p re c is io n  sh o w e d  a  c o e ff ic ie n t o f  v a r ia t io n  (C V ) o f  1 .74  
to  4 .6 8 %  (T a b le  2). T h e  in te rd a y  p re c is io n  w a s  s im ila r ly  e v a lu a te d  o v e r  3 - 
w e e k s  p e r io d . T h e  in te rd a y  C V s  r a n g e d  f ro m  2 .3 1  to  5 .2 3 %  (T a b le  2).

T a b le  2

I n t r a d a y  a n d  I n t c r d a y  P r e c is io n  o f  H a lo p e r id o l  in  H u m a n  P la s m a

Intraday* Interday**
Added Cone. Measured Cone. Bias*** Added Cone. Measured Cone. Bias***

(ng/mL) (ng/mL) (ng/mL) (ng/mL)

30 30
Mean 30.7 2..3 Mean 30.3 1.0
S.D. 1.2 S.D. 1.59
c v % 3.93 c v % 5.23

50 50
Mean 48.74 -2.52 Mean 49.36 -1.28
S.D. 2.28 S.D. 1.48
CV% 4.68 c v % 3.0

80 80
Mean 83.18 3.97 Mean 85.1 6.38
S.D. 1.45 S.D. 1.96
c v % 1.74 c v % 2.31

♦ M e a n  v a lu e s  r e p re s e n t  f iv e  d if fe re n t p la s m a  sa m p le s  fo r  e a c h  c o n c e n tra tio n . 
♦ ♦ In te rd a y  p re c is io n  w a s  d e te rm in e d  f ro m  12 d if fe re n t ru n s  o v e r  3 -w e e k s  

p e r io d  a t  th e  th r e e  c o n c e n tra tio n s .
* * * B ia s= 1 0 0  X  (m e a su re d  c o n c e n tra t io n -a d d e d  c o n c e n tra to li)  /  a d d e d  

c o n c e n tra tio n .

Sensitivity

T h e  m in im u m  d e te c ta b le  a m o u n t w h ic h  is  d e f in e d  a s  th e  a m o u n t  in  
n a n o g ra m s  th a t  g iv e  p e a k  h e ig h t e q u a ls  to  tw ic e  th e  b a c k g ro u n d  n o ise  w as  
fo u n d  to  b e  5 n g  o f  h a lo p e r id o l p e r  1 m L  o f  p la s m a  sa m p le s .
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F ig u re  2. M e a n  p la s m a  c o n c e r .t ra tio n - tim e  p ro f ile  o f  h a lo p e r id o l a f te r  
t r a n s d e r m a l a d m in is t r a t io n  o f  10 m g  d o se  to  te n  rab b its .

Specificity

T h e  sp e c if ic ity  o f  th e  m e th o d  w as  e v a lu a te d  b y  a n a ly s in g  d ru g -f re e  
b la n k  p la s m a  f ro m  se v e ra l h e a lth y  m a le  v o lu n te e rs . N o  in te r fe re n c e  f ro m  
e n d o g e n o u s  p la s m a  c o n s ti tu e n t  w a s  o b se rv e d  a t  th e  r e te n tio n  t im e s  o f  
h a lo p e r id o l  a n d  th e  in te rn a l  s ta n d a rd .

Application

F ig u re  2 sh o w s th e  m e a n  p la sm a  c o n c e n tra tio n - tim e  p ro f ile  o f  
h a lo p e r id o l a f te r  t r a n s d e rm a l a d m in is t ra t io n  o f  h a lo p e r id o l (1 0  m g ) f ro m  th e  
d e v e lo p e d  g e l fo rm u la t io n  to  e a c h  rab b it. T h e  m e a n  p h a rm a c o k in e tic  
p a ra m e te r s  c a lc u la te d  f ro m  th e  in d iv id u a l ra b b it d a ta  (A U C , C™«, T :nax, Kei, t i /4 

a n d  M R T )  a re  p re s e n te d  in  T a b le  3.
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Table 3

Mean (±SD) Pharmacokinetic Parameters of Haloperidol 
after Transdcrmal Administration of 10 mg Dose to 10 Rabbits

Parameters

A U C  (n g .h r /n iL )  

Qnax (n g /m L )  

Tmax (h r)
K ., (h r  ')  

t i /2 (h r)
M R T  (h r)

Value

1 0 2 7 .1 4 + 2 5 4 .8 4  

1 0 8 .6 0 +  3 6 .2 0  

2 .2 0 + 0 .4 2  
0 .1 2 1 + 0 .0 1 3  

5 .7 7 + 0 .6 4  
8 .9 4 + 1 .5 9

A U C  =  A re a  u n d e r  th e  p la sm a  c o n c e n tra tio n - tim e  cu rv e . 
C max =  P e a k  p la sm a  c o n c e n tra tio n . T max =  P eak  tim e.
K ei =  E lim in a tio n  ra te  c o n s ta n t. 
t i /2 =  E lim in a tio n  h a lf- life .
M R T =  M e a n  re s id e n c e  tim e.

CONCLUSION

T h e  H P L C  m e th o d  d ev e lo p e d  in  th is  s tu d y  h as  th e  se n s itiv ity , a c c u ra c y  
a n d  re p ro d u c ib ili ty  w h ic h  m a k e s  it v a lu a b le  in  m a n y  a p p lic a tio n s , sp e c if ic a lly  
in  p h a rm a c o k in e tic  s tu d ie s  a n d  b lo o d  lev e l m o n ito r in g  o f  h a lo p e r id o l.
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N o rw ic h , N R 4  7 U H , U K  
2 In s ti tu te  o f  F o o d  R e se a rc h  
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N o rw ic h , N R 4  7 U A , U K

SUMMARY

T w o  H P L C  te c h n iq u e s  fo r  th e  d e te rm in a tio n  o f  ra f f in o se  fa m ily  
o lig o s a c c h a r id e s  (R F O  - ra f f in o se , s ta c h y o se  a n d  v e rb a sc o se )  in  
p e a  a re  d e sc r ib e d .. A  re v e rse  p h a s e  H P L C  (R P -H P L C ) o n  S ilic a  
C i g c o lu m n  u s in g  d e m in e ra l iz e d  w a te r  a s  m o b ile  p h a s e  e n a b le d  
d e te rm in a tio n  o f  th e  to ta l  c o n te n t  o f  R F O  w ith in  le s s  th a n  10 
m in u te s . Io n  M o d e ra te d  P a r t i t io n  H P L C  (IM P -H P L C ) u s in g  a  
s tro n g  c a tio n  e x c h a n g e r , in  c a lc iu m  fo rm , w ith  d e m in e ra l iz e d  
w a te r  a s  m o b ile  p h a s e  a llo w e d  th e  d e te rm in a tio n  o f  a l l  th e  
in d iv id u a l s a c c h a r id e s  w ith in  25  m in u te s . In  b o th  R P -H P L C  a n d  
IM P -H P L C  re f ra c to m e tr ic  d e te c tio n  w a s  u sed . T h e  m e th o d s
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w e re  c o m p a re d  o n  a re p re se n ta t iv e  p e a  s a m p le  se rie s , a n d  in  b o th  
te c h n iq u e s  th e  lo w es t d e te c ta b le  c o n c e n tra t io n  in  s a m p le  so lu tio n  
w as  c a lc u la te d  to  b e  5 m g  s a c c h a r id e /m L , i .e ., th e  sm a lle s t  
d e te c ta b le  a m o u n t o f  e a c h  sa c c h a r id e  w as  100 n g

INTRODUCTION

L e g u m e s  a re  a n  im p o r ta n t  in p u t  in  m a n y  c o u n tr ie s  fo r  a n im a l a n d  
h u m a n  c o n su m p tio n . T h e y  a re  a n  e x c e lle n t so u rce  o f  p ro te in s  (2 0 -4 0  % ) a n d  
c a rb o h y d ra te s  (5 0 -6 0  % ) a n d  fa ir ly  g o o d  so u rce s  o f  th ia m in e , n ia c in , c a lc iu m , 
a n d  i r o n .1 H o w ev e r , p e r  c a p ita  c o n s u m p tio n  o f  le g u m e s  in  th e  U S  a n d  o th e r  
in d u s tr ia l is e d  c o u n tr ie s  h a s  fa lle n  c o n s id e ra b ly  in  r e c e n t y e a rs .2 T h is  c o u ld  b e  
d u e  to  th e  fa c t th a t  le g u m e s  h a v e  c e r ta in  u n d e s ira b le  f la v o u rs , f la tu s  fac to rs , 
a n d  a n t i-n u tr ie n ts ,  a n d  ev e n  to x ic  su b stan ce s .

F la tu le n c e  is  th e  m o s t c o m m o n  sy m p to m  a s so c ia te d  w ith  p u lse  
c o n s u m p tio n , b u t  its  so c ia l im p lic a tio n s  a re  o v e rsh a d o w e d  b y  m o re  se rio u s  
a c c o m p a n y in g  co n se q u e n c e s . A b d o m in a l p a in  a n d  d ia r rh o e a  a re  o f te n  
e x p e r ie n c e d  by  su sc e p tib le  in d iv id u a ls , e sp e c ia lly  c h i ld re n , c a u s in g  p u ls e s  to  b e  
le s s  re a d ily  a c ce p te d . U n fo r tu n a te ly  th o se  a f fe c te d  a re  o f te n  m o s t a t  r isk  fro m  
m a ln u tr i t io n  a n d  p u ls e s  m a y  b e  th e  o n ly  a f fo rd a b le  so u rce  o f  g o o d  q u a lity  
p ro te in  a v a ila b le  to  th e m . T h e  p ro d u c tio n  o f  f la tu s  by  m o n o g a s tr ic  a n im a ls  is 
d u e  to  co lo n ic  fe rm e n ta t io n  o f  c a rb o h y d ra te s  w h ic h  e sc a p e  b re a k d o w n  in  th e  
s to m a c h  a n d  sm a ll  in te s tin e . T h e  o lig o s a c c h a r id e s , ra ffm o se , s ta c h y o se  a n d  
v e rb a sc o se , w h ic h  a re  c o m m o n  in  le g u m e  se ed s , a re  th o u g h t  to  b e  th e  m a jo r  
p ro d u c e rs  o f  f la tu le n c e  w h e n  th o se  fo o d s  a re  co n su m e d . T h e se  s a c c h a r id e s  
c o n ta in  e i th e r  o n e , tw o  o r  th re e  g a la c to se  u n its  jo in e d  to  su c ro se  by  a  - D  - 1-6 

l in k a g e s . O w in g  to  th e  a b se n c e  o f  a n  a - g a la c to s id a s e  e n z y m e  c a p a b le  o f  

h y d ro ly s in g  th e  a - l ,6 - g a la c to s id ic  l in k a g e , th e se  o lig o s a c c h a r id e s  a c c u m u la te  
in  th e  lo w e r  in te s t in e  a n d  u n d e rg o  a n a e ro b ic  fe rm e n ta t io n  b y  b a c te r ia , w h ic h  
m a y  re s u lt  in  th e  p ro d u c tio n  o f  d ia r rh o e a , f la tu s  g a s  a n d  a t te n d a n t  d is c o m fo rt .3 
F ib re  p o ly sa c c h a r id e s  a n d  in d ig e s tib le  s ta rc h  h a v e  a lso  b e e n  a s so c ia te d  w ith  
f la tu le n c e ,4 w h ils t  th e  v o la ti le  fa tty  a c id s , th a t  a re  p ro d u c e d  w h e n  c a rb o h y d ra te s  
a re  fe rm e n te d  in  th e  co lo n , h a v e  b e e n  su g g e s te d  to  h a v e  p o s it iv e  e ffec ts  o n  
c h o le s te ro l a n d  c a rb o h y d ra te  m e ta b o lism . T h e  d e c re a s e  in  fa e c a l p H , d u e  to  
p ro d u c tio n  o f  a c id s , h a s  a lso  b e e n  su g g e s te d  to  b e  a  p re v e n tiv e  fa c to r  a g a in s t  
th e  o c c u rre n c e  o f  c a n c e r  in  th e  la rg e  b o w e l.5 T h e  b e n e f its  o f  o l ig o s a c c h a r id e  
in g e s tio n  a r is e  f ro m  a n  in c re a s e d  p o p u la tio n  o f  in d ig e n o u s  b if id o b a c te r ia  in  th e  
c o lo n  w h ic h , by  i ts  a n ta g o n is t ic  e ffec t, su p p re s s e s  th e  a c tiv i ty  o f  p u tre fa c t iv e
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b a c te r ia  a n d  th e re b y  red u c es  th e  fo rm a tio n  o f  to x ic  fe rm e n ta t io n  p ro d u c ts .6

In s tru m e n ta l  te c h n iq u e s  fo r  th e  R F O  d e te rm in a tio n  su c h  a s  G L C . 
H P L C  h a v e  b e e n  u s e d .7'8,9,10 A s a n  a l te rn a t iv e  te c h n iq u e  fo r  th e  d e te rm in a to n  
o f  su c h  n o n - re d u c in g  o lig o s a c c h a r id e s , h ig h  p e r fo rm a n c e  c a p illa ry  
e le c tro p h o re s is  (H P C E ) h a s  b e e n  re p o r te d 11 w h ic h  is  b a s e d  o n  s e p a ra tio n  o f  
b o ra te  co m p le x e s  o f  th e  s a c c h a r id e s  in  a n  e le c tr ic  f ie ld , a n d  h a s  b e e n  sh o w n  to  
b e  ra p id , c h e a p  a n d  e ffic ien t. B o th  c h ro m a to g ra p h ic  (H P A C  - P A D ) a n d  
e le c tro p h o re tic  (H P C E ) te c h n iq u e s  w e re  c o m p a re d  fo r th e  R F O  d e te rm in a tio n  
in  p e a 12 a n d  th e  re su lts  o b ta in e d  w e re  v e ry  close . H o w ev er, b o th  te c h n iq u e s  
a re  e x p e n s iv e  fo r  th o se  la b o ra to r ie s  w ith  lo w  re so u rc e s  w h ic h  w o u ld  l ik e  to  
a n a ly se  th e se  le g u m e  c o m p o n e n ts  in  a  la rg e  n u m b e r  o f  s a m p le s , fo r  in s ta n c e , in  
g e n e tic  s tu d ies .

T h e  a im  o f  th is  w o rk  w a s  to  d e v e lo p  a n d  v a l id a te  su ita b le  a n a ly tic a l 
m e th o d s  fo r  th e  R F O  sc re e n in g  in  a  la rg e  p e a  c o lle c tio n , i .e ., h u n d re d s  o f  
sa m p le s . T h e  p re s e n t  s tu d y  h a d  tw o  m a in  p u rp o ses : f irs tly  to  f in d  a  r a p id  a n d  
re la tiv e ly  c h e a p  H P L C  m e th o d  fo r  R F O  d e te rm in a tio n , a n d  se co n d ly  to  re p la c e  
th e  to x ic  a n d  re la tiv e ly  e x p e n s iv e  m o b ile  p h a s e  (M e C N :H 20 )  w h ic h  is  
c o m m o n ly  u se d  in  c o n v e n tio n a l IR -H P L C  c a rb o h y d ra te  d e te rm in a tio n . T h e  
m e th o d  d ev e lo p e d  w ill b e  u se d  fo r  th e  s c re e n in g  o f  p e a  v a r ie tie s  fo r  f la tu le n c e -  
c a u s in g  sa c c h a r id e s  a n d  w ill b e  a  fa c to r  in :

- f in d in g  p e a  v a r ie tie s  w ith  lo w  R F O  le v e ls
- f in d in g  p a re n ta l  l in e s  su ita b le  fo r  th e  b re e d in g  o f  n ew  v a r ie tie s
- s e a rc h in g  fo r  g e n e tic  d e p e n d e n c e

MATERIAL AND METHODS 

Samples, Chemicals and Instrumentation

D ry p e a  se ed s  w e re  o b ta in e d  f ro m  th e  R e se a rc h  In s ti tu te  o f  T e c h n ic a l 
C ro p s  a n d  L e g u m e s  (S u m p e rk , C z e c h  R e p u b lic ) . F o u r  p e a  s a m p le s  o f  d if fe re n t 
g e n o ty p e s  ( iso - lin e  1 to  4 )  w e re  p ro v id e d  f ro m  J o h n  In n e s  C e n tre  (N o rw ic h , 
U K ). S u g a r  s ta n d a rd s  (s tac h y o se , ra ff in o se , su c ro se , m a lto se , g lu c o se , 
g a la c to se  a n d  f ru c to se )  w e re  o b ta in e d  f ro m  S IG M A -A L D R IC H , L td . (P ra g u e , 
C z e c h  R e p u b lic ) . T h e  s ta in le s s  s te e l (2 5 0 x 8  m m  ID ) c h ro m a to g ra p h ic  c o lu m n  
w ith  a  s tro n g  c a tio n  e x c h a n g e r  O S T IO N  L G  K S  0 8 0 3 , 4 .2  %  D V B  (S p o le k  p ro  
c h e m ic k o u  a  h u tn i  v y ro b u , C z e c h  R e p u b lic )  in  c a lc iu m  fo rm  w a s  f i l le d  in  o u r  
la b o ra to ry . R e v e rse  p h a s e  c h ro m a to g ra p h y  c o lu m n s  (s ta in le s s  s te e l 2 5 0 x 4  m m
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ED) S e p a ro n  S G X  R P S  (h ig h  c a rb o n  lo a d e d  O D S ), 7 p m  a n d  S e p a ro n  S G X  Cig, 
5 p m  w e re  p u rc h a s e d  f ro m  T e sse k  (P ra g u e , C z e c h  R e p u b lic ) . A  d e s a lt in g  

g u a rd  c o lu m n  se rv e d  s tro n g  c a tio n  e x c h a n g e r  H E M A  B IO  SB , 10 p m  (3 0 x 3  

m m  ID ) a n d  s tro n g  a n io n  e x c h a n g e r  H E M A  B IO  Q , 10 p m  (3 0 x 3  m m  ID ) 
f ro m  T essek . O th e r  c h e m ic a l p ro d u c ts  w e re  o f  a n a ly tic a l g rad e .

T h e  H P L C  a n a ly s is  w a s  p e r fo rm e d  o n  a  m o d u la r  c h ro m a to g ra p h  fro m  
T h e rm o  S e p a ra tio n  P ro d u c ts  (W a tre x  P ra h a , C z e c h  R e p u b lic )  c o n s is tin g  o f  

iso c ra tic  p u m p  C o n s ta M e tr ic  3 2 0 0 , s a m p le  in je c to r  R h e o d y n e  7 7 2 5 i (2 0  p i 
lo o p ) a n d  d if fe re n tia l  r e f ra c to m e te r  R e fra c to M o n ito r  IV . T h e  c h ro m a to g ra m s  
w e re  e v a lu a te d  w ith  a  P C  sy s tem  u s in g  C S W  so ftw a re  (D a ta A p e x , P ra g u e , 
C z e c h  R ep u b lic ).

HPLC Conditions

T h e se  c h ro m a to g ra p h ic  m e th o d s  w ere  em p lo y ed  fo r  R F O  
d e te rm in a tio n  in  p e a  ex tra c ts :

1) R P -H P L C : A n  a n a ly tic a l c o lu m n  S e p a ro n  S G X  R P S  7  p m  o r S e p a ro n  S G X  

C i g 5 p m  w ith  g u a rd  c o lu m n s  (S e p a ro n  R P S  o r  S e p a ro n  C ]8) a t  a m b ie n t 
te m p e ra tu re  w e re  e lu te d  w ith  d e m in e ra l iz e d  w a te r  a t  a  f lo w  ra te  o f  1 m L /m in  o r  
0 .7  m L /m in , re sp e c tiv e ly . T h e  in je c t io n  v o lu m e  w a s  20  p i.

2 ) IM P -H P L C : A n a ly tic a l c o lu m n  f il le d  w ith  s tro n g  c a tio n  e x c h a n g e r  O S T IO N  

L G  K S  0 4 0 3 , 17 - 20  p m  in  C a + +  fo rm  h e a te d  to  8 0 °C  w a s  f i t te d  w ith  
d e s a lt in g  g u a rd  c o lu m n s  a n d  e lu te d  by  d e g a sse d  d e m in e ra l iz e d  w a te r  a t  a  f lo w  
ra te  o f  0 .4  m L /m in . T h e  in je c t io n  v o lu m e  w a s  2 0  p i. R e fra c to m e tr ic  
( s e n s itiv ity  l x l 0 ‘5 R IU /1 0  m V ) d e te c tio n  w a s  e m p lo y e d  in  b o th  R P -H P L C  a n d  
IM P -H P L C  m e th o d s .

3) H P A C -P A D  a n a ly s is  o f  o lig o s a c c h a r id e s  in  r e p re se n ta t iv e  p e a  sa m p le s  w as 
p e r fo rm e d  o n  a  D IO N E X  sy s tem  a s  d e s c r ib e d  by  F r ia s  e t  a l .10

Calibration

A n  e x te rn a l s ta n d a rd  c a l ib ra t io n  m e th o d  w a s  u sed . In  th e  c a se  o f  IM P - 
H P L C  s ix  c o n c e n tra t io n  le v e ls  o f  su c ro se , ra f f in o se  a n d  s ta c h y o se  w e re  
m e a su re d  (3 0  - 1000  m g/1) a n d  fo u r  le v e ls  in  th e  ca se  o f  R P -H P L C .
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C o e ff ic ie n ts  o f  c a l ib ra t io n  e q u a tio n s  d e s c r ib in g  th e  re la t io n s h ip  b e tw e e n  
c o n c e n tra tio n  o f  s u g a r  a n d  p e a k  a re a  w e re  fo u n d  b y  l in e a r  re g re ss io n .

S a m p le  T r e a t m e n t

A n  e x tra c t  o f  R F O  f ro m  g ro u n d  p e a  s a m p le  w a s  o b ta in e d , u s in g  a  8 0 %  
e th a n o l-w a te r  m ix tu re , by  tw o  w ay s, i .e ., b o il in g  u n d e r  re f lu x  a n d  by 
so n ic a tio n .

B o i l in g  u n d e r  r e f lu x : T w o  g  o f  g ro u n d  p e a  s a m p le  w a s  w e ig h e d  in to  
a  5 0 m L  E r le n m e y e r  f la sk , 20  m L  o f  8 0 %  e th a n o l a d d e d  a n d  b o ile d  u n d e r  
re f lu x  fo r  6 0  m in u te s . A fte r  c o o lin g  th e  m ix tu re  w a s  tr a n s fe r r e d  in to  a  2 0 0 m L  
v o lu m e tr ic  f la s k  a n d  m a d e  u p  to  v o lu m e  w ith  d e m in e ra l iz e d  w a te r . T h e  e x tra c t 
w a s  th e n  f l i t t e r e d  th ro u g h  a  m e m b ra n e  (0 .4 5  p m )  a n d  a n a ly z e d  b y  H P L C .

S o n ic a t io n :  O n e  h u n d re d  m g  o f  g ro u n d  p e a  s a m p le  w a s  p la c e d  in  a  5 
m L  v ia l,  2 m L  o f  8 0 %  e th a n o l a d d e d , v ia l  s to p p e re d  a n d  p la c e d  in  a  so n ic  b a th  
fo r  20  m in u te s . T h e  su sp e n s io n  w a s  t r a n s fe r r e d  in to  a  2 5 m L  v o lu m e tr ic  f la sk  
a n d  m a d e  u p  to  v o lu m e  w ith  d e m in e ra l iz e d  w a te r . A fte r  f i l t r a t io n  th ro u g h  a  

m e m b ra n e  f i l te r  (0 .4 5  p m ) th e  e x tra c t w a s  a n a ly z e d  b y  H P L C .

RESULTS AND DISCUSSION

C o lu m n  c h a ra c te r is tic s  a re  s u m m a r is e d  in  T a b le s  1 a n d  2. 
C h ro m a to g ra m s  o f  th e  m o d e l m ix tu re  o f  s a c c h a r id e s  a n d  a  p e a  s a m p le  e x tra c t 
a re  sh o w n  in  F ig u re s  1 a n d  2, re sp e c tiv e ly . I t is  c le a r  th a t  u s in g  R P -H P L C  th e  
R F O  w e re  n o t su f f ic ie n tly  re so lv e d  fo r  th e  s a c c h a r id e s , i .e ., ra ff in o se , 
v e rb a sc o se  a n d  s ta c h y o se  c o u ld  n o t b e  q u a n t if ie d  in d iv id u a lly  b u t o n ly  a s  th e ir  
su m . O n  th e  o th e r  h a n d  th e  IM P  c h ro m a to g ra p h y  a llo w s  g o o d  s e p a ra tio n  o f  th e  

in d iv id u a l a - g a la c to s id e s  (see  F ig u re s  1 a n d  2).

In  sp ite  o f  th e  h ig h e r  e ff ic ien c y  o f  th e  R P -H P L C  c o lu m n  S e p a ro n  C )8 
c o m p a re d  w ith  th a t  o f  th e  S e p a ro n  R P S  c o lu m n , th e  la t te r  c o lu m n  w a s  u s e d  fo r 
ro u tin e  a n a ly se s  d u e  to  a  la rg e r  re te n tio n  t im e  g a p  b e tw e e n  ra f f in o se  a n d  
e th a n o l  re s u lt in g  in  b e t te r  q u a n t i ta t iv e  re su lts  o f  R F O . T h e  c o lu m n  life  o f  th e  
S e p a ro n  R P S  w a s  m o re  th a n  100 a n a ly se s  w ith o u t re g e n e ra tio n  (c o lu m n  r in s in g  
w ith  8 0 %  e th a n o l o v e rn ig h t)  a n d  m o re  th a n  5 0 0  a n a ly se s  o n  th e  sa m e  c o lu m n  
c o u ld  b e  c a r r ie d  o u t w ith o u t s ig n if ic a n t  lo ss  o f  c o lu m n  effic ien cy . T h e  c o lu m n  
life  o f  th e  O S T IO N  c o lu m n  w a s  m o re  th a n  2 0 0  a n a ly se s  w ith o u t  r e g e n e ra tio n
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Table 1

Reverse Phase Column Performance

Saccharide Retention Time Column Efficiency Resolution
(min) (N/m)

Separon Separon Separon Separon Separon Separon
SGX RPS SGX Cis, SGX RPS, SGX C18, SGX RPS, SGX C18,

7 pm 5pm 7 pm 5pm 7pm 5pm

Glucose 2.11 3.15 3050 7600 .

Galactose 2.10 3.11 3080 9500
Fructose 2.17 3.23 3100 9400
Maltose 2.45 3.63 3300 11400 1.03 1.70
Sucrose 2.62 4.24 3800 13800 0.52 2.18
Stachyose 3.18 5.40 4800 14700 1..51 3.59
Raffinose 3.39 5.85 4600 15700 0.55 1.23

Table 2

Ion Moderated Partition Column Performance

Saccharide Retention Time Column Efficiency Resolution
(min) (N/m)

Stachyose 11.97 13600
Raffinose 13.25 15600 1.54
Sucrose 14.82 17100 1.79
Maltose 14.65 17300
Glucose 17.47 11500 2.40
Galactose 19.42 20800 1.64
Fructose 21.18 21300 1.38

(c o lu m n  r in s in g  w ith  0 .1  M  - C a ( N 0 3)2 o v e rn ig h t) .  D e s a lt in g  g u a rd  c o lu m n s  
w ith s to o d  a p p ro x im a te ly  50  a n a ly se s , w h ils t  m o re  th a n  8 0 0  a n a ly se s  a re  
p o ss ib le  u s in g  th e  sa m e  a n a ly tic a l co lu m n .

T h e  e x te rn a l s ta n d a rd  c a l ib ra t io n  m e th o d  w a s  u se d  fo r q u a n t i ta t iv e  
a n a ly s is . T h e  c a l ib ra t io n  a n a ly se s  w e re  c a r r ie d  o u t u s in g  s ta ch y o se , ra f f in o se  
a n d  su c ro se . S in ce  th e  s ta n d a rd  o f  v e rb a sc o se  w a s  n o t a v a ila b le  th e  q u a lita tiv e  
a n a ly s is  o f  v e rb a sc o se  w a s  b a s e d  o n  th e  p u b lis h e d  d a ta  o f  e lu tio n  o rd e r  o f  
sa c c h a r id e s  o n  c a tio n  e x c h a n g e r  ( IM P -H P L C ) ;14 th e  h ig h e r  d e g re e  o f  
p o ly m e r iz a tio n  o f  s a c c h a r id e  th e  s h o r te r  r e te n tio n  lim e . H en c e , v e rb a sc o se  a s  a  
p e n ta s a c c h a r id e  w a s  a s su m e d  to  e lu te  b e fo re  a  te tra s a c c h a r id e ,  i .e ., s ta ch y o se . 
T h e  id e n tity  o f  th e  v e rb a sc o se  p e a k  w a s  a lso  c o n f irm e d  f ro m  p re v io u s  
s tu d ie s .10,12 T h e  c a l ib ra t io n  re su lts  o b ta in e d  a re  sh o w n  in  T a b le s  3 a n d  4.
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Detector Output 
(mV)

Detector output
(mV) b)

Detector Output 
(mV)

F ig u re  1. C h ro m a to g ra m s  o f  s ta n d a rd  m ix tu re  o f  s a c c h a r id e s ; (a )  R P -H P L C  o n  
S e p a ro n  S G X  R P S  o f  100 m g /m L  g lu c o se  (G lu ), 2 0 0  m g /m L  o f  su c ro se  (S u e ), 
2 0 0  m g /m L  o f  S ta c h y o se  (S t)  a n d  2 0 0  m g /m L  o f  ra f f in o se  (R a ); (b ) R P -H P L C  
o n  S e p a ro n  S G X  C i8 o f  104 m g /m L  g lu c o se  (G lu ) , 93 m g /m L  o f  m a lto se  
(M a lt) ,  194 m g /m L  o f  s u c ro se  (S u c ), 118 m g /m L  o f  S ta c h y o se  (S t)  a n d  99 
m g /m L  o f  ra  T m o se  (R a ); (c) IM P -H P L C  o f  120 m g /m L  o f  s ta c h y o se  (S t) , 100 
m g /m L  o f  r a if in o s e  (R a ), 2 5 0  m g /m L  o f  s u c ro se  (S u e ), 100 m g /m L  o f  g lu c o se  
(G lu ) , 100 m g /m L  o f  g a la c to se  (G a l)  a n d  120 m g /m L  o f  f ru c to se  (F ru ).
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Detector Output a )
(mV)

Detector output b)
(mV)

Detector Output c)
(mV)

F ig u re  2. C h ro m a to g ra m s  o f  p e a  s a m p le  e x tra c ts  (p ea  v a r ie ty  U la d o v sk ij 3 8 7 ); 
(a )  R P  H P L C  o n  S e p a ra n  R P S ; (b) R P  H P L C  o n  S e p a ra n  C i8; (c) IM P  H P L C  o n  
O S T IO N  L G  K S  0 4 0 3  in  C a  fo rm .
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Table 3

Results of Calibration Analysis (RP-HPLC); Coefficients of 
Calibration Equations Y = a x X  + b;Y  = Peak Area (raV.s) and 

X = Concentration (p.g/mL); Four Calibration Levels

Saccharide a b Correlation Coefficient Concentration range
(ng/mL)

S tach y o se 1.59 2.3 0 .9 9 8 7 50 - 5 0 0
R a ff in o se 1.68 5 .8 0 .9 9 9 7 25 - 2 5 0
S u c ro se 1.62 3 .8 0 .9 9 9 5 50 - 5 0 0

Table 4

Results of Calibration Analysis (IMP-HPLC); Coefficients of 
Calibration Equations Y = a x X  + b;Y  = Peak Area (mV.s) and 

X = Concentration (p.g/mL); Six Calibration Levels

Saccharide a b Correlation Coefficient Concentration range
(pg/mL)

S tac h y o se 0 .7 5 6 3 0 .8 0 .9 9 9 0 100 - 1000
R a ff in o se 0 .6 0 4 12.1 0 .9 9 8 2 20  - 2 0 0

S u c ro se 0 .7 4 4 3 8 .0 0 .9 9 9 7 100 - 1000

F ro m  th e se  d a ta  i t  is  c le a r  th a t  b o th  c h ro m a to g ra p h ic  m e th o d s  sh o w ed  
g o o d  lin e a r ity  b e tw e e n  p e a k  a re a  a n d  c o n c e n tra tio n  fo r  e a c h  s a c c h a rid e . A n  
a v e ra g e  re sp o n se  fa c to r  ( ra tio  o f  p e a k  a re a  a n d  sa c c h a r id e  c o n c e n tra tio n )  o f  
s ta c h y o se  a n d  ra f f in o se  w a s  u se d  fo r  th e  q u a n t ita tiv e  a n a ly s is  o f  R F O  
d e te rm in e d  by  R P -H P L C . In  th e  c a se  o f  IM P -H P L C  th e  q u a n t i ta t iv e  a n a ly s is  o f  
in d iv id u a l sa c c h a r id e s  w a s  b a s e d  o n  th e ir  o w n  c a lib ra t io n  e q u a tio n  (s tac h y o se , 
r a f f in o se  a n d  su c ro se )  a n d  q u a n t i ta t iv e  a n a ly s is  o f  v e rb a sc o se  w a s  b a s e d  o n  
c a l ib ra t io n  re su lts  o f  s ta ch y o se . F o r  b o th  H P L C  te c h n iq u e s  th e  lo w es t 
d e te c ta b le  c o n c e n tra tio n  in  s a m p le  so lu t io n  a n a ly se d  w a s  fo u n d  to  b e  5 p.g o f  
sa c c h a r id e /m L , i.e ., th e  s m a lle s t  d e te c ta b le  a m o u n t o f  s a c c h a r id e  w a s  100 ng.

A  c o m p a r iso n  b e tw e e n  th e  e x tra c tio n  e ffic ien cy  o f  a  so n ic a t io n  
te c h n iq u e  a n d  b o ilin g  u n d e r  re f lu x  w 'as m a d e . It w as  fo u n d  th a t  th e  la tte r
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te c h n iq u e  w as  tw ic e  as  e ff ic ie n t a s  th e  so n ic a t io n  te c h n iq u e  (F ig u re  3 ) a n d  th e  
o p tim u m  e x tra c tio n  t im e  fo r  b o il in g  w as  fo u n d  to  b e  6 0  m in u te s  (F ig u re  4 ).

Figure 3 E x tra c t io n  e ff ic ien c y  - c o m p a r iso n  o f  tw o  te c h n iq u e s

a'

a
01

co
U

Verbascose Stachyose Raffinose Sucrose

Figure 4 - T im e  c o u rse  o f  e x tra c t io n  e ff ic ien c y  o f  b o il in g  u n d e r  re f lu x  
te c h n iq u e  (p e a  sa m p le  U lad o v sk ij 3 8 7 )

T h e  re la tiv e  s ta n d a rd  d e v ia tio n  a n d  re p e a ta b ili ty  o f  th e  H P L C  a n a ly se s  
a n d  re c o v e rie s  o f  R F O  a re  s u m m a r is e d  in  T a b le  5. T h e  R S D  o f  H P L C  a n a ly se s  
w e re  c a lc u la te d  o n  th e  b a s is  o f  re su lts  o f  10 re p e tit iv e  in je c t io n s  o f  th e  sa m e  
sa m p le  ex tra c t. T h e  re p e a ta b ili ty  o f  th e  H P L C  te c h n iq u e s  w a s  o b ta in e d  o n  th e  
b a s is  o f  10 re p e tit iv e  a n a ly se s  o f  th e  sa m e  p e a  s a m p le  (U lad o v sk ij 3 8 7 ). 
R e co v e ry  f ig u re s  a re  a n  a v e ra g e  o f  tw o  d if fe re n t s ta n d a rd  a d d i tio n s  a t  le v e ls  
c o r re s p o n d in g  to  50  %  a n d  100 %  o f  th e  a c tu a l s a c c h a r id e  c o n te n t.

T h e  IM P  H P L C  w a s  c o m p a re d  w ith  H P A C -P A D  m e th o d  (H ig h
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P e r fo rm a n c e  A n io n -e x c h a n g e  C h ro m a to g ra p h y  w ith  P u ls e d  A m p e ro m e tr ic  
D e te c t io n )  d e v e lo p e d  a t  th e  J o h n  In n e s  C e n tre  a n d  th e  In s ti tu te  o f  F o o d  
R e se a rc h  in  N o rw ic h  (U K ) .10 O n  th e  b a s is  o f  th e  f ig u re s  sh o w n  in  T a b le  6  it 
c a n  b e  s ta te d  th a t  th e  IM P  H P L C  re su lts  a re  in  g o o d  a g re e m e n t w ith  th o se  
o b ta in e d  w ith  H P A C -P A D .

Table 5

Statistics of HPLC Analyses

RP HPLC IMP HPLC
Verbascose Stachyose Raffinose Sum of RFO

R S D  o f  in je c t io n  (% ) 1.2 1.3 2.8 2.8
R e p e a ta b ili ty  (% ) 2.6 3 .8 5 .8 4 .2
R e co v e ry  (% ) 93 9 4 .5 9 5 .2

Table 6

____ __ ___*Comparison of IMP HPLC (I)* with HPAC-PAD (II)

Sample Verbascose Stachyose Raffinose Total RFO
I n I H I H I H

iso - lin e  1 3 .1 2 2 . 16b 2 .03 1 .45b 0 .6 9 0 .5 6 b 5 .8 4 4 .1 7 b

iso - lin e  2 5 .4 7 3 .7 4 b 3 .4 8 2 .6 2 b 1.15 1 .05b 10.10 7 .4 1 b

iso - lin e  3 4 .7 1 3 .6 3 b 4 .8 6 2 .4 8 b 1.26 0 .9 2 b 10.83 7 .0 3 b

iso - lin e  4 3 .99 4 .2  l b 4 .3 2 3 .5 4 b 1.28 1 .5 1 b 9 .5 9 9 .2 6 b

B O H D A N 4 .0 3 3 .3 7 3.11 2 .8 7 0 .9 8 0.88 8.12 7 .1 2

C O U N T E S S 1.25 1.34 2.22 2 .3 8 0 .5 5 0 .6 4 5.31 4 .9 7

N A D E Z D A 1.49 1.63 2 .8 4 2 .9 3 0 .81 0 .7 8 5 .1 4 5 .3 4

B O H A T Y R 1.97 1.73 2 .3 5 2.21 0 .9 9 1.03 4 .0 2 4 .3 6

* a v e ra g e  o f  th re e  re p lic a te s  ( fo r  R S D  see  T a b le  5)

b ) d a ta  fro m  F r ia s  e t a l .,  1 9 9 5 10 (w ith  p e rm iss io n ) ,
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CONCLUSION

B o th  R P  a n d  IM P  c h ro m a to g ra p h y  m e th o d s  g iv e  a c c e p ta b le  re su lts  fo r  
q u a n t i ta t iv e  a n a ly se s  o f  th e  R F O  in  p ea . T h e  R P  H P L C  is  a  r a p id  m e th o d  
su ita b le  fo r  th e  d e te rm in a tio n  o f  to ta l  R F O , e sp e c ia lly  in  c a se s  o f  la rg e  s a m p le  
se ts. T h e  IM P  H P L C  e n a b le s  th e  d e te rm in a tio n  o f  th e  in d iv id u a l R F O , i.e ., 
v e rb a sc o se , s ta c h y o se  a n d  ra f f in o se  in  p e a  s a m p le s  w ith in  3 0  m in u te s . S im ila r  

re p e a ta b ili ty  (<  5 % ) a n d  rec o v e ry  o f  R F O  (93 - 95 % ) w a s  fo u n d  fo r  b o th  

m e th o d s .
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ABSTRACT

A n  io n - in te ra c t io n  re v e rse  p h a s e  c h ro m a to g ra p h ic  m e th o d  is 
p re se n te d  fo r  th e  s e p a ra t io n  a n d  d e te rm in a tio n  o f  a tra z in e , 
h e x a z in o n e , p ro m e try n , p ro p a z in e ,  s im a z in e , te rb u th y la z in e . 
T h e  s e p a ra tio n  is  c a r r ie d  o u t in  iso c ra tic  c o n d itio n s  o n  a  
o c tad e cy l s i l ic a  s ta tio n a ry  p h a s e , u s in g  a n  h y d ro o rg a n ic  so lu t io n  
( a c e to n it r i le /w a te r  4 5 /5 5 )  o f  5 .0  m m o l/L  o c ty la m in e  o -p h o sp h a te  
a t  p H  6 .4  a s  m o b ile  p h a s e , w i th  sp e c tro p h o to m e tr ic  d e te c tio n  a t  
2 3 0  n m . T h e  d e te c tio n  l im it  ( a ro u n d  1.0 p g /L )  re a c h e d  w ith o u t 
d e r iv a t iz a t io n  m a k e s  th e  m e th o d  su ita b le  fo r  th e  a n a ly s is  o f  
su r fa c e  w a te rs  w ith o u t p re c o n c e n tra tio n . A p p lic a tio n  to  r iv e r  a n d  
la g o o n  w a te r  s a m p le s  a re  rep o rted .

INTRODUCTION

T r ia z in e  h e rb ic id e s , w id e ly  u se d  a s  p re -e m e rg e n c e  w e e d -k ille rs , a re  
c h a ra c te r iz e d  b y  a  v e ry  h ig h  c h e m ic a l  s ta b ili ty , a  lo w  w a te r  so lu b ility , a  low  
v o la ti l i ty  a n d  a  h ig h  t r e n d  to  b e  a b s o rb e d  in  o rg a n ic  a n d  c lay ey  co llo id s . A ll 
th e se  p ro p e r tie s  le a d  to  a  c o n s e q u e n t lo n g  p e rs is te n c e  in  th e  e n v iro n m e n t.

149
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F ig u re  1. C h e m ic a l s tru c tu re s  o f  th e  a n a ly te s .

T h e i r  to x ic ity , e x p re s se d  a s  o ra l  L D 5 0  fo r  ra ts , r a n g e s  f ro m  182 
(c y a n a z in e )  to  m o re  th a n  5 0 0 0  m g /K g  (s im a z in e , p ro p a z in e , a n i la z in e ) 1’2 .

A s  c o n c e rn s  s tru c tu re , th e  t r ia z in e  d e r iv a tiv e s  g e n e ra lly  u se d  a s  w e e d 
k il le r s  a re  sy m m e tr ic  t r ia z in e s  in  w h ic h  tw o  c a rb o n  a to m s  o f  th e  a ro m a tic  r in g  
a re  su b s t itu te d  w ith  tw o  a lk y la m in e -  g ro u p s  a n d  th e  th i r d  b y  a  c h lo ro - , a  
m e th o x y -  o r  a n  a z id o -  g ro u p . A b o u t tw e n ty  fiv e  tr ia z in e  h e rb ic id e s  a r e  u sed , 
b e in g  a t ra z in e  a n d  s im a z in e  th e  m o s t w id e ly  e m p lo y e d 2.
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P re c o n c e n tra t io n  m e th o d s  a re  o f te n  n e c e s sa ry  b e fo re  th e  a n a ly tic a l 
d e te rm in a tio n . T h e y  m a k e  u se  o f  s u p e rc r i t ic a l  f lu id  e x tra c t io n 3'5; o f f- lin e 6"10 
a n d  o n - l in e 11' 14 so lid -p h a se  e x tra c tio n  w ith  v a r io u s  so rb e n ts ; l iq u id - l iq u id  
e x tra c t io n 1516; m ic ro w a v e  te c h n iq u e s 17, s iz e -e x c lu s io n  c h ro m a to g ra p h y 18.

T h e  c h ro m a to g ra p h ic  te c h n iq u e s  a re  th e  m o s t w id e ly  u se d  fo r  t r ia z in e  
h e rb ic id e  an a ly s is : g a s  c h ro m a to g ra p h y  w ith  th e rm o io n ic 19, a to m ic  e m is s io n 20, 
se lec tiv e  N  a n d  P 5' 6’ 18' 21'23, m a ss  sp e c tro m e try 6,13,22,24 d e te c tio n  sy s te m s  a n d  
H P L C  a n a ly s is  w ith  U V  d e te c tio n 5' 710,2’ 16,18,25. E x a m p le s  a r e  a lso  re p o r te d 26 
o f  g a s - liq u id  c h ro m a to g ra p h y , o f  H P L C  th e rm o s p ra y  M S 11 a n d  M S -M S 27 
m e th o d s .

In  th is  p a p e r  a n  io n - in te ra c t io n  c h ro m a to g ra p h ic  m e th o d  w h ic h  

p e rm its  d e te c tio n  l im it  o f  a ro u n d  1.0 p g /L  w ith o u t p re c o n c e n tra t io n  is  

p re se n te d . T h e  m e th o d  is  a p p l ie d  in  th e  s e p a ra tio n  o f  te rb u th y la z in e , 
p ro m e try n , a t ra z in e ,  h e x a z in o n e , s im a z in e  a n d  p ro p a z in e  (c h e m ic a l s tru c tu re s  
re p o r te d  in  F ig u re  1).

EXPERIMENTAL

Chemicals and Reagents

U ltra p u re  w a te r  f ro m  M il lip o re  M illiQ  sy s tem  w a s  u se d  fo r  th e  
p re p a ra t io n  o f  th e  so lu tio n s . S o d iu m  n itr a te  w a s  a n a ly tic a l g ra d e  M e rc k  
re a g e n t. P ro m e try n , p ro p a z in e ,  s im a z in e , te rb u th y la z in e , h e x a z in o n e , a t ra z in e  
w e re  a n a ly tic a l g ra d e  L a b S e rv ic e  A n a ly t ic a  re a g e n ts . O c ty la m in e , o r th o -  
p h o s p h o r ic  a c id  a n d  H P L C  g ra d e  a c e to n itr i le  w e re  F lu k a  ch e m ic a ls .

Apparatus

T h e  c h ro m a to g ra p h ic  a n a ly se s  w e re  p e r fo rm e d  w ith  a  M e rc k -H ita c h i 
L ic h ro g ra p h  c h ro m a to g ra p h  M o d e l L -  6 2 0 0  e q u ip p e d  w ith  a  tw o  c h a n n e l  D- 
2 5 0 0  c h ro m a to - in te g ra to r  in te r fa c e d  w ith  a  U V -V is  d e te c to r  L -4 2 0 0  a n d  w ith  a  
c o n d u c tiv ity  d e te c to r  w ith  te m p e ra tu re  c o n tro l L -3 7 2 0  f ro m  th e  sa m e  firm .

A b so rb a n c e  m e a s u re m e n ts  w e re  p e r fo rm e d  w ith  a  H ita c h i m o d e l 150- 
20 sp e c tro p h o to m e te r .

F o r  p H  m e a s u re m e n t a  M e tro h o m  6 5 4  p H -m e te r  p ro v id e d  w ith  a
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c o m b in e d  g la s s -c a lo m e l e le c tro d e  w a s  em p lo y ed .

Chromatographic Conditions

A  S p h e r iso rb  P h a s e  S e p a ra tio n  S5 O D S -2  (5 jam, 2 5 0  x  4 .6  m m ) 
c a r tr id g e  c o lu m n  w a s  u se d  a s  th e  s ta tio n a ry  p h a s e s  to g e th e r  w ith  a  g u a rd  p r e 

c o lu m n  M e rc k  L ic h ro s p h e r  R P -1 8  (5 p m ).

In  th e  o p tim iz a tio n  s tu d y  th e  m o b ile  p h a s e s  w e re  p re p a re d  a t  d if fe re n t 
c o n c e n tra t io n s  o f  o c ty la m m o n iu m  o -p h o s p h a te  a n d  a c e to n itr i le  a n d  b ro u g h t to  
p H  6 .4  w ith  o -p h o sp h o r ic  ac id . T h e  p H  v a lu e  so  o b ta in e d  in  th e  h y d ro o rg a n ic  
so lu t io n  is  k n o w n  a s  o p e ra tio n a l pH . T h e  o p tim a l c o n d itio n s  a re : 5 .0  m m o l/L  
o c ty la m m o n iu m  p h o s p h a te  in  a c e to n itr i le /w a te r  4 5 /5 5 .

T h e  c h ro m a to g ra p h ic  sy s tem  w a s  c o n d itio n e d  by  e lu tin g  th e  m o b ile  
p h a s e  u n ti l  a  s ta b le  b a s e l in e  s ig n a l w a s  o b ta in e d ; a  m in im u m  o f  1 h o u r  w as  
n ec essa ry  a t  f lo w  ra te  o f  1.0 m L /m in . A fte r  th e  u se , th e  c o lu m n  w a s  w a sh e d  by 
f lo w in g  a  5 0 /5 0  v /v  w a te r /a c e to n i tr i le  m ix tu re  (1 .0  m L /m in  fo r  o n e  h o u r ) , a n d  
th e n  a c e to n itr i le  (0 .7  m L /m in  fo r  2 0  m in ).

O u r  re su lts  f it  th e  m o d e l28 29 a c c o rd in g  to  w h ic h  th e  in te ra c t io n  
re a g e n t c o n ta in e d  in  th e  m o b ile  p h a s e  is  b o u n d  o n to  th e  su rfa c e  o f  th e  
s ta tio n a ry  p h a s e  th ro u g h  a d s o rp tio n  a n d  e le c tro s ta t ic  fo rces , g iv in g  r is e  to  a n  
e le c tr ic a l d o u b le  lay er. T h e  in te ra c t io n  p ro p e r tie s  o f  th e  o r ig in a l re v e rse  p h a se  
p a c k in g  m a te r ia l  a re  th e re fo re  m o d if ie d . T h e  n e w  su rfa c e  is  a b le  to  
s im u lta n e o u s ly  r e ta in  a n io n s  a n d  c a t io n s 30’3 2 .

Preparation of Herbicide Standard Solutions

S ta n d a rd  so lu tio n s , 10 .0 0  m g /L  w e re  p re p a re d  in  a c e to n itr i le  fo r  
su c ce ss iv e  d ilu t io n s  o f  4 0 0 .0 0  m g /L  a c e to n itr i le  so lu tio n s  a n d  p re s e rv e d  in  
b ro w n  b o ttle s  a t  4 °C  fo r  a  m a x im u m  tim e  o f  a  m o n th ; th e  w o rk  so lu t io n s  w e re  
p re p a re d  in  a c e to n itr i le /w a te r  (3 0 /7 0 )  ju s t  b e fo re  th e  in je c tio n  in  th e  H P L C  
sy stem .

Sampling and Storage of Surface Waters

S u rfa c e  w a te r  s a m p le s  w e re  c o lle c te d  in  1 L  p y re x  g la s s  w ith  w id e  
n e c k  a n d  P P -sc re w -c a p w a l b o ttle s , p re v io u s ly  w a sh e d  w ith  0 .2  m o l/L
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h y d ro c h lo r ic  a c id  a n d  re p e a te d ly  r in s e d  w ith  u l tr a p u re  w a te r . D u r in g  th e  
s a m p lin g , b o ttle s  w e re  r in s e d  tw ic e  w ith  th e  s a m p le  w a te r , th e n  f i l le d  a n d  
t ig h t ly  ca p p ed . T h e  e n t ire  s a m p le  w a s  im m e d ia te ly  f i l te re d  in  th e  la b o ra to ry  
th ro u g h  M illip o re  0 .4 5  p m  f il te rs  a n d  s to re d  a t  4 °C . A ll th e  a n a ly se s  w ere  
p e r fo rm e d  w ith in  th re e  days.

RESULTS

T a b le  1 sh o w s fo r  th e  tr ia z in e  d e r iv a tiv e s  h e re  in v e s tig a te d , th e  
a b s o rp tiv ity  v a lu e s  e v a lu a te d  a t  2 3 0  n m  (w h ic h  w a v e le n g h t o ffe rs  th e  b e s t 
a v e ra g e  s e n s it iv i ty  in  th e  se p a ra tio n )  a n d  th e  a b s o rp tiv itie s  a t  th e  w a v e le n g h t o f  
th e  m a x im u m  a b so rb a n c e . In  o rd e r  to  o b ta in  th e  b e s t  re so lu t io n  a n d  s e n s itiv ity  
in  th e  lo w e s t to ta l  a n a ly s is  tim e , th e  e x p e r im e n ta l c o n d itio n s  o f  o rg a n ic  
m o d if ie r , io n - in te ra c t io n  r e a g e n t  c o n c e n tra t io n  a n d  f lo w -ra te  w e re  o p tim iz e d .

T a b le  1

A b s o r p t iv i ty  V a lu e s  a t  t h e  W a v e le n g h ts  o f  M a x im u m  A b s o r b a n c e
a n d  a t  2 3 0  n m .

&  m ax

( L  m o l '1 c m '1)
£  230nm

( L  m o l '1 c m 1)

a tra z in e 220 (3 .7 2 ± 0 .0 5 )1 0 4 (2 .2 6 ± 0 .0 4 )1 0 4

h e x a z in o n e 2 4 4 (1 .4 0 + 0 .0 3 )1 0 4 ( 8 .9 8 + 0 .1 1 )1 0 3

p ro p a z in e 220 ( 3 .1 1 ± 0 .0 3 )1 0 4 (1 .7 2 + 0 .0 4 )  104

p ro m e try n 220 (4 .2 6 + 0 .0 5 )  104 (3 .6 0 ± 0 .0 4 )1 0 4

s im a z in e 220 (3 .2 4 ± 0 .0 5 )1 0 4 (1 .7 1 ± 0 .0 2 )1 0 4

te rb u th y la z in 222 (3 .9 3 ± 0 .0 6 )1 0 4 (2 .5 1 ± 0 .0 4 )1 0 4

F ig u re  2  sh o w s, a s  a n  e x a m p le , th e  s e p a ra t io n  o f  a  m ix tu re  c o n ta in in g  
h e x a z in o n e , s im a z in e , a t ra z in e ,  p ro p a z in e ,  te rb u th y la z in e , p ro m e try n , a t  

c o n c e n tra tio n  o f  6 .0  p g /L  e a c h , o b ta in e d  in  th e  o p tim iz e d  c o n d itio n s , n am ely : 
o c ty la m m o n iu m  o -p h o s p h a te  5 .0  m m o l/L  in  a c e to n itr i le /w a te r  (4 5 /5 5 ), f lo w  

ra te : 0 .7  m L /m in .
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F igu re  2. C h ro m ato g ram  o f  th e  s tan d ard  m ix tu re , a: hexazinone, b: sim azine, 
c: a traz in e , d: p ropaz ine , e: te rbu thy laz ine , f: p rom etryn , 6 .0  pg /L  each. 
S tationary  phase: P hase  S epara tion  S pherisorb  5S O D S-2, 250  x 4 .6  m m  (5 
pm ) cartridge-type  co lum n, m obile phase: 5.0 m m ol/L  octy lam m on ium  o- 
p hospha te  in  aceton itrile /w ate r (45 /55), pH  6 .4 ; flow  ra te  0 .7  m L /m in . 
Spectropho tom etric  detec tion  a t 230 nm .

Calibration Curves

U n d er the  op tim ized  cond itions th e  ca lib ra tion  curves rep o rtin g  the 
peak  areas (as evaluated  by th e  in teg ra to r) vs s tan d ard  co ncen tra tions w ere 
bu ilt. S tandard  co ncen tra tions ran g e  betw een  5.0 an d  40 pg /L  for a ll th e  
pesticides.
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Table 2

Slopes (m) of the Regression Equation y= mx and Correlation 
Coefficients (r2) of the Plot Analyte Peak Area (y) vs 

Analyte Standard Concentration (x).

Analyte m r2

atraz ine (8 .15+ 0 .05) 102 0 .9996
hexazinone (2 .50+ 0 .04) 102 0 .9979
p ropaz ine (9 .72+ 0 .13) 102 0.9992
prom etryn (1 .47+ 0 .01) 103 0 .9997
sim azine (8 .97+ 0 .06) 102 0.9996
te rbu thy laz ine (1 .41+ 0 .01) 103 0.9998

In  all cases lin e a r  p lo ts w ere obtained : T ab le  2 reports th e  reg ression  
equa tion  an d  th e  co rre la tion  fac to rs an d  T ab le  3 reports th e  detec tion  lim its  
(d.l.), ca lcu la ted  th ro u g h  the  sensitiv ity  S  (expressed  as the  p eak  a re a  g iv en  by 
th e  in teg ra to r fo r 1 p g /L  so lu tion) a n d  th e  eva lua tion  in  th e  ch ro m a to g ram  o f  a 
peak  a re a  (a) co rrespond ing  to an  average  s igna l to  no ise  ra tio  =  3 (d. 1. = a/S 
(pg /L )). D etec tion  lim its  resu lted  o f  3.0  pg /L  for hexazinone an d  equal o r low er 
th a n  1.0 pg /L  fo r th e  o ther herbicides.

Application of the Method to Surface Water Samples

F ig u res  3-5 (A) show  th e  ch rom atog ram s recorded  u n d er  th e  
o p tim ized  cond itions fo r som e sam ples o f  surface w ate rs an d  nam ely  sam ples o f  
Po a n d  D o ra  R ip a ria  rivers, w h ich  flow  n ea r T u rin  an d  co llec t effluen ts from  
ag ricu ltu ra l zones, an d  a sam ple  o f  V enice lagoon  w ater, co llected  n ea r  th e  
o u tle t o f  th e  D ese R iver. N o herb ic ide, a t least a t th e  detectab le level, seem s to  
be  p resen t in  a ll th e  sam ples studied.

F ig u re  3-5 (B) show  th e  ch ro m ato g ram s o f  th e  sam e sam ples added  
w ith  a  m ix tu re  o f  hexazinone, sim azine, a traz ine , p ropaz ine , te rbu thy laz ine , 
p rom etryn , a t concen tra tio n  o f  8 .0  (F igure 4) an d  10.0 p g /L  (F igures 3 an d  5) 
each. T he  recovery  y ields, evaluatedc th ro u g h  s tan d ard  add ition  m ethod  are
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F igure  3. C h ro m ato g ram  o f  a na tive  (A ) an d  sp iked  (B) sam ple  o f  Po river 
w ate r w ith  10.0 pg /L  o f  hexazinone, sim azine , a traz in e , p ropaz ine, 
te rbu thy laz ine  and  prom etryn . E x p erim en ta l co nd itions as in  F igu re  2.

alw ays g rea ter th an  96%  for a ll th e  herb ic ides, so thus show ing  a  neg lig ib le  
m a trix  in terference .

T he resu lts ind ica te  th a t th e  m ethod  p roposed  can  be successfully  
app lied  w ith o u t p reco n cen tra tio n  trea tm en t in  the ana lysis o f  surface w aters, 
w here the g enera lly  reported  m ax im u m  concen tra tio n  o f  herb ic ides is 30 
p g /L 33. T he  m ethod  proposed  here  does no t requ ire  any p re trea tm en t o r 
d e riva tiza tion  process, excep t fo r filtra tio n  th ro u g h  a  0 .22  p m  m em brane.



TRIAZINE HERBICIDES BY ION-INTERACTION HPLC 157

F igu re  4. C h ro m ato g ram  o f  a  na tive  (A ) an d  spiked (B) sam ple o f  D ora  R iparia  
r iver w ater w ith  8.0 pg /L  o f  hexazinone, sim azine, a traz ine , p ropaz ine , 
te rbu thy laz ine  an d  prom etryn . E x p erim en ta l cond itions as in  F igure  2.

F igure  5. C h ro m ato g ram  o f  a na tive  (A) a n d  spiked (B) sam ple o f  V enice 
lagoon  w ater w ith  10.0 p g /L  o f  hexazinone, sim azine, a tra z in e , p ropaz ine, 
te rbu thy laz ine  an d  prom etryn . E x p erim en ta l cond itions as in  F igu re  2.
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Table 3

Detection Limits (pg/L) of the Analytes Investigated 
in the Optimized Chromatographic Conditions*

Analyte

Detection
Limit
(pg/L)

a traz in e 1.0
hexazinone 3.0
p ropaz ine 0.8
p rom etryn 0.8
s im azine 1.0
te rbu thy laz ine 0.9

S tationary  phase: P hase  S epara tion  Spherisorb  5S 250 x 4.6 m m  (5pm ) 
ca rtrid g e  co lum n; m obile phase: octy lam ine 5.0 m m ol/L  in  w ate r/aceton itrile  
so lu tion  (55 /45) b rough t to  pH  6 4 w ith  o-phosphoric  acid, flow -rate  0 .7  
m L /m in ; spectropho tom etric  detec tion  a t 230 nm.
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SOFTWARE REVIEW

PAPYRUS, Version 7 .0 , R e se a rc h  S o ftw a re  D e s ig n  C o rp ., 2 7 1 8  S W  K e lly  
S tre e t, P o r tla n d , O R  9 7 2 0 1 , P ric e : $ 9 9 .0 0 .

E v e ry  s c ie n tis t  k n o w s  th e  d if f ic u lt ie s  in v o lv e d  in  b u i ld in g  a n d  
m a in ta in in g  a  re fe re n c e  file . P a p y ru s  is  a  b ib lio g ra p h ic  d a ta b a se  sp e c if ic a lly  
d e s ig n e d  to  h e lp  in  th is  ta sk . T h e  p u rp o se  o f  P a p y ru s  is  to  a l lo w  th e  u s e r  to  
b u ild  a  d a ta b a se  o f  l i te r a tu re  re fe re n c e s  e a s ily  a n d  to  m a n ip u la te  th a t  d a ta b a se , 
in c lu d in g  th e  p o ss ib il i ty  o f  o u tp u tt in g  s e le c te d  c i ta t io n s  in  a c c o rd a n c e  w ith  th e  
re q u ire m e n ts  o f  a n y  jo u rn a l .

T h e  p ro g ra m  is  a  D O S -b a se d  p ro g ra m , b u t  i t  c a n  a lso  b e  in s ta l le d  a n d  
o p e ra te d  w ith in  W in d o w s . T h e  in s ta l la t io n  p ro c e ss  is  f a ir ly  s im p le , 
s tr a ig h tfo rw a rd  a n d  fas t. T h e  m a n u a ls  (a  re fe re n c e  a n d  a  tu to r ia l)  a re  v e ry  
u se r- fr ie n d ly  a n d  ea sy  to  fo llo w . A s a  re su lt , le a rn in g  to  u se  th e  d a ta b a s e  is  
q u ite  s im p le , a l th o u g h  so m e  o f  th e  d a ta  m a n ip u la t io n  c a n  b e c o m e  c o m p lic a te d ; 
e .g ., th e  c re a t io n  o f  a n  o u tp u t fo rm a t to  a  re q u ire d  lay o u t. I fo u n d  P a p y ru s  to  
b e  in tu i t iv e  a n d  I w a s  ab le  to  se t u p  a  re fe re n c e  d a ta b a se  e ffo rtle s s ly  a n d  
q u ic k ly .

F o r  e n te r in g  re fe re n c e s , th e  so f tw a re  p ro v id e s  a  la rg e  n u m b e r  o f  in p u t  
te m p la te s : fo r  jo u r n a l  a r tic le s , b o o k s , c h a p te rs , p a te n ts , m a p s , th e se , e tc . E a c h  
in p u t  te m p la te  h a s  tw o  le v e ls  o f  f ie ld s . T h e  m o s t c o m m o n  fie ld s , s u c h  a s  y e a r  
o f  p u b lic a t io n , tit le , e tc ., a re  a lw a y s  v is ib le . T h e  le s s -u se d  f ie ld s  ( a t  le a s t 
a c c o rd in g  to  P a p y ru s ’ w ay  o f  th in k in g ) ,  s u c h  a s  a u th o r  a f f i l ia tio n  o r  a d d re ss , 
a re  h id d e n , b u t  c a n  b e  m a d e  v is ib le  a t  w ill. T h e  u s e r  c a n  d e v e lo p  a  k e y w o rd  
d ic tio n a ry  w h ic h  w ill a llo w  h im  to  d o  in te ll ig e n t s e a rc h e s  la te r  o n . H e  c a n m  
e n te r  a n  a b s tra c t  a n d  a t ta c h  u n lim ite d  “ n o te  c a rd s ”  to  e a c h  re fe re n c e . E a c h  
f ie ld  c a n  b e  u p  to  8 K  c h a ra c te r s  lo n g , w h ic h  sh o u ld  b e  s if f ic ie n t fo r  v ir tu a l ly  a ll 
s itu a tio n s . H o w ev er, th e  v e rb o se  u s e r  c a n  u se  th e  u n lim ite d  n o te  c a rd s  fe a tu re  

to  e n te r  f u r th e r  c o m m e n ts .

161
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T h e  re fe re n c e s  in  th e  d a ta b a s e  c a n  b e  m a n ip u la te d  in  th e  s ta n d a rd  
w ay . T h e  u se r  c a n  s e a rc h  th e  d a ta b a se  e i th e r  a c c o rd in g  to  sp e c if ic  f ie ld s  o r  
g lo b a lly . L o g ic a l o p e ra tio n s  A N D , O R  a n d  N O T  a re  a llo w e d  in  th e  se a rch es . 
L is ts  c a n  b e  b u i l t  ( e ith e r  a lp h a b e tic a l o r  n u m e r ic a l)  a n d  o u tp u tte d  to  th e  sc re en , 
p r in te r  o r  to  a  file . R e fe re n c e s  c a n  b e  g ro u p e d  in to  su b - lib ra r ie s  a c c o rd in g  to  
se v e ra l c r ite r ia . H o u se k e e p in g  c h o re s , su c h  as  m a in ta in in g  th e  jo u r n a l  lis t, o r  
th e  k e y w o rd  lis t, is  r e la tiv e ly  s tra ig h tfo rw a rd .

P a p y ru s  h a s  so m e  n ic e  fe a tu re s  w h ic h  m a k e  it  e a s ie r  to  b u ild  a n d  
m a in ta in  th e  lib ra ry . F o r  e x a m p le , o n c e  a  p a r t ic u la r  k e y w o rd  h a s  b e e n  d e f in e d , 
a ll th e  u se r  n e e d s  to  d o  is  ty p e  a n y  re a so n a b le  a b b re v ia tio n  o f  th e  k ey w o rd , a n d  
P a p y ru s  w ill  f ill  in  th e  res t. T h e  sa m e  h o ld s  tru e  fo r  jo u r n a l  n am es . A n o th e r  
n ic e  fe a tu re  is  th e  p o ss ib il i ty  o f  se e in g  a l l o f  th e  p rv io u s  i te m s  in  a  f ie ld  a n d  
c h o o s in g  a n  i te m  f ro m  th a t  l is t  to  b e  in se r te d  in to  th e  f ie ld .

T h e  p ro g ra m  h a s  so m e  l im ita tio n s . T h e  f a c t  th a t  i t  is  D O S -b a se d  
m a k e s  it v e ry  d if f ic u lt  to  in te ra c t  w ith  o th e r  p ro g ra m s . F o r  e x a m p le , p u tt in g  a  
c i ta t io n  d ire c tly  in to  a  w o rd  p ro c e s so r  (e sp e c ia lly  a  W in d o w s -b a se d  p ro g ra m )  
m a n u s c r ip t  is  a w k w a rd . A lso , s in c e  th w  w o rk in g  sc re e n s  in  P a p y ru s  a re  te x t 
s c re e n s , i t  is  im p o ss ib le  to  a d d  f ig u re s  to  re fe re n c e s  o r  to  u se  u n u su a l c h a ra c te r s  
su c h  a s  su b - a n d  s u p e rs c r ip ts  (a l th o u g h  P a p y ru s  d o es  a llo w  y o u  to  p r in t  sub - 
a n d  su p e rsc r ip ts  u s in g  sp e c ia l c o n tro l c h a ra c te rs ) .

A n o th e r  l im ita t io n  is  th a t  th e re  is  n o  B a c k  S c re e n  o p tio n . I f  y o u  m a k e  
a  m is ta k e  a n d  w is h  to  g o  b a c k  to  c o r re c t th e  e r ro r , y o u  a re  “ o u t o f  lu c k .” Y o u r  
o n ly  re c o u rse  is  to  h i t  th e  E S C  key , w h ic h  ta k e s  y o u  b a c k  a ll th e  w ay  to  
re le v a n t  m a in  su b -m en u .

T h e se  sh o r tc o m in g s  n o tw ith s ta n d in g , I fo u n d  P a p y ru s  to  b e  a  v e ry  
u se fu l p a c k a g e . I ts  lo w  co st, e a se  o f  u se , f r ie n d lin e s s  a n d  ra n g e  o f  fe a tu re s  
m a k e  it  v e ry  a ttra c t iv e . I f  y o u  a re  lo o k in g  fo r  a  re fe re n c e s  m a n a g e r , P a p y ru s  is 
h ig h ly  re c o m m e n d e d .

R e v ie w e d  by

D r. E li  G ru s h k a  
D e p a r tm e n t o f  In o rg a n ic  
a n d  A n a ly tic a l C h e m is try  
T h e  H e b re w  U n iv e rs ity  
J e ru sa le m , Is ra e l
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THE BOOK CORNER

GAS CHROMATOGRAPHY: ANALYTICAL CHEMISTRY BY OPEN 
LEARNING, I a n  A. F o w lis , J o h n  W iley  a n d  S o n s, N ew  Y o rk , 19 9 5 ; 2 5 8  
p ag e s ; IS B N  0 -4 7 1 -9 5 4 6 7 -5  a n d  in  p a p e rb a c k  a s  IS B N  0 -4 7 1 -  9 5 4 6 8 -3 .

T h e  te x t  p ro v id e s  a  w o rk in g  k n o w le d g e  o f  g a s  c h ro m a to g ra p h y  a n d  
g a s  c h ro m a to g ra p h s . I t  is  re c o m m e n d e d  fo r  th o se  w h o  a re  ju s t  a s s u m in g  d u tie s  
fo r  g a s  c h ro m a to g ra p h ic  d e te rm in a tio n s  a n d  fo r  th o se  w h o  m a y  h a v e  b e e n  
ta u g h t  h o w  to  p e r fo rm  a  sp e c if ic  c h ro m a to g ra p h ic  d e te rm in a tio n  a n d  d e s ire  a  
fu n d a m e n ta l u n d e r s ta n d in g  o f  th e  te c h n iq u e . C h e m is try  s tu d e n ts  w h o  a re  
re a d y  fo r  c o u rse s  in  a n a ly s is  w ill f in d  th is  te x t  a n  e x c e lle n t in tro d u c tio n  to  
c h ro m a to g ra p h ic  p rac tice .

T h e  c h a p te rs  c o v e r  th e  b a s ic  in s tru m e n ta tio n , p a c k e d  a n d  c a p illa ry  
sy s tem s , in je c to rs , d e te c to rs , d a ta  h a n d l in g , q u a n tita tiv e  a n d  q u a lita tiv e  
an a ly se s . A d d itio n a l se c tio n s  p ro v id e  in tro d u c to ry  in fo rm a tio n  o n  c o m b in e d  
te c h n iq u e s , a n a ly s is  o f  le s s -v o la t ile  su b s ta n c e s , a n d  e n v iro n m e n ta l an a ly s is . 
S p ec ific  to p ic s  g e n e ra lly  a re  ea sy  to  lo c a te  f ro m  c o n s u ltin g  th e  ta b le  o f  c o n te n ts  
o r  in d e x . T h u s  th e  s tu d e n t h a s  a  g o o d  re fe re n c e  te x t a s  w e ll a s  a  g o o d  le a rn in g  
g u id e .

T h e  re la t io n s h ip s  a m o n g  fu n d a m e n ta l  c h ro m a to g ra p h ic  p a ra m e te rs  
a re  d e a lt  w ith  c o n c ise ly  a n d  in  a n  ea sy -to -fo llo w  m a n n e r . A l th o u g h  th e  te x t 
d is c la im s  c o v e ra g e  o f  c h ro m a to g ra p h ic  th e o ry  ( th e  s tu d e n t is  r e fe r re d  to  
a n o th e r  te x t in  th e  Analytical Chemistry by Open Learning  s e r ie s  fo r  th is  
in fo rm a tio n .) ,  i t  d o es  p ro v id e  su ffic ie n t in fo rm a tio n  fo r  a  b a s ic  u n d e r s ta n d in g  
o f  th e  c h ro m a to g ra p h ic  p ro ce ss . In  th is  re sp e c t it is  w ea k  o n ly  th e  th e  o rd e r  in  
w h ic h  a  c o u p le  o f  to p ic s  a re  p re se n te d : T h e  im p o r ta n c e  o f  c a r r ie r  g a s  se le c tio n  
is  m e n tio n e d  a  c o u p le  o f  tim e s  b e fo re  a n  e x p la n a tio n  is  p re se n te d ; a n d  fo c u s in g  
o r  re fo c u s in g  is  d isc u sse d  b e fo re  i t  is  d e f in e d  (e x c e p t p e rh a p s  in  a  6 0 -w o rd  
s e n te n c e  o n  te m p e ra tu re  p ro g ra m m in g ) .  T h e se  a re  e x c e p tio n s  to  th e  th e  
g e n e ra lly  c le a r  a n d  lo g ic a l w ay  c o n c e p ts  a n d  p ra c tic e  a re  p re se n te d .

163



164 T H E  B O O K  C O R N E R

T h e  re p e a te d  e m p h a s is  o n  th e  im p o r ta n c e  o f  th e  t im e  sp e n t in  th e  
m o b ile  p h a s e  is  e sp e c ia lly  w e lc o m e d  fo r i t  h a s  b e e n  m y  e x p e r ie n c e  th a t  s tu d e n ts  
sh o u ld  le a rn  th a t  c o n c e p t firs t.

T h e  te x t s tre s se s  to  th e  p o in t  o f  re d u n d a n c y  th a t  n o  te x t c a n  p ro v id e  
th e  u n d e r s ta n d in g  o f  p ra c tic a l e x p e r ie n c e  in  th e  la b o ra to ry . N e v e rth e le s s  th e  
re a so n s  b e h in d  s ta n d a rd  c h ro m a to g ra p h ic  te c h n iq u e  a re  c le a r ly  e x p la in e d . I 
fo u n d  o n ly  o n e  e x c e p tio n : th e  im p o r ta n c e  o f  th e  p o s it io n  o f  th e  n e e d le  tip  
d u r in g  in je c tio n  le a v e s  th e  s tu d e n t w ith o u t a n y  g u id e  o r  re fe re n c e  fo r  k n o w in g  
w h a t  sh o u ld  b e  d o n e .

T h e  “ F o w lis  R u le ” fo r  d e te rm in in g  w h ic h  c o m p o u n d s  m a y  b e  
su c ce ss fu lly  h a n d le d  by  g a s  c h ro m a to g ra p h y  c o m es  fro m  th e  a u th o r ’s y e a rs  o f  
e x p e rie n c e . I f  a  so lu te  d o e s  n o t d is so lv e  in  e th y l a c e ta te , o n e  h a d  b e s t lo o k  fo r 
a n o th e r  m e th o d  fo r  s e p a ra tio n , a c c o rd in g  to  th e  ru le .

T h e  f ig u re  o n  th e  sp li t /sp li t le s s  in je c to r  is c o n fu s in g . A lth o u g h  th e  
p a th w a y  fo r  c a r r ie r  to  se p tu m  p u rg e  is  c le a r ly  o p e n , th e  p a th w a y s  to  th e  c o lu m n  
a n d  sp li t  o u tle t a p p e a r  b lo ck ed . I fo u n d  o n ly  o n e  in c id e n c e  o f  la ck  o f  c la r ity  in  
th e  te x t: " . ..  th e  p ro g ra m m e d  te m p e ra tu re  v a p o r is in g  in je c to r  so m e tim e s  c a lle d  
th e  sp li t /sp li t le s s  in je c to r .”

T w o  o m is s io n s  a re  p u z z lin g . T h e  a u th o r  g iv e s  c o n s id e ra b le  ( a n d  
d ese rv ed )  c re d it  to  W a lte r  J e n n in g s  fo r  w o rk  in  c a p illa ry  c h ro m a to g ra p h y  a n d  
u se s  th e  “D B ” se rie s  in  c a ta lo g u in g  c h ro m a to g ra p h ic  p h a se s . N e v e rth e le ss , 
J e n n in g s ’ 1987  te x t, Analytical Gas Chromatography, is  n o t lis te d  in  th e  
B ib lio g ra p h y . F in a lly , I a m  n o t su re  h o w  th e  a u th o r  k e p t f ro m  d ra w in g  a  
le s so n  f ro m  th e  s ta te m e n t th a t  “ o n -c o lu m n  in je c tio n  ... is  th e  m e th o d  o f  c h o ic e  
fo r  th e  discriminating  c h ro m a to g ra p h e r .”

R e v ie w e d  by
L e o n a rd  H. P o n d e r , F A IC  
S h im a d z u  S c ie n tif ic  In s tru m e n ts , Inc .
C o lu m b ia , M a ry la n d



J. LIQ. CHROM. & REL. TECHNOL., 19(1), 165-169 (1996)

LIQUID CHROMATOGRAPHY CALENDAR

1996

FEBRUARY 5 - 7 :  PrepTech’96, S h e ra to n  M e a d o w la n d s  H o te l, E a s t 
R u th e rfo rd , N e w  Je rsey . C o n tac t: D r. R. S tev e n so n , 3 3 3 8  C a rly le  T e rra c e , 
L a fa y e tte , C A  9 4 5 4 9 , U S A , o r  M s. Jo a n  L a n to w sk i, IS C  T e c h n ic a l 
C o n fe re n c e s , In c ., 30  C o n tro ls  D riv e , P. 0 .  B o x  5 5 9 , S h e lto n , C T  0 6 4 8 4 , U SA .

FEBRUARY 25 - 29: AIChE Spring National Meeting, Sheraton Hotel, 
New Orleans, Louisiana. C o n ta c t: A IC h E , 3 4 5  E a s t  4 7 th  S tree t, N ew  Y o rk , 
N Y  1 0 0 1 7 -2 3 9 5 , U S A .

MARCH 3 - 8 :  PittCon'96: Pittsburgh Conference on Analytical
Chemistry & Applied Spectroscopy, Chicago, Illinois. C o n ta c t: P i t ts b u rg h  
C o n fe re n c e , S u ite  3 3 2 , 3 0 0  P e n n  C e n te r  B lv d ., P it tsb u rg h , P A  1 5 2 3 5 -9 9 6 2 , 
U S A .

MARCH 24 - 29: 211th ACS National Meeting, New Orleans, LA. C o n tac t: 
A C S  M e e tin g s , A C S , 1155 1 6 th  S tre e t, N W , W a sh in g to n , D C  2 0 0 3 6 -4 8 9 9 , 
U S A .

MARCH 31 - APRIL 4: 7th International Symposium on Supercritical 
Fluid Chromatography and Extraction, Indianapolis, Indiana. C o n ta c t: 
J a n e t  C u n n in g h a m , B a r r  E n te rp r is e s ,  P . O . B o x  2 7 9 , W a lk e rsv ille , M D  2 1 7 9 3 , 
U S A .

MARCH 31 - APRIL 4: 7th International Symposium on Supercritical 
Fluid Chromatography & Extraction, Indianpolis, Indiana. C o n ta c t: J a n e t 
C u n n in g h a m , B a r r  E n te rp r is e s ,  P. O . B o x  2 7 9 , W a lk e rsv ille , M D  2 1 7 9 3 , U S A .

APRIL 17 - 19: Vllth International Symposium on Luminescence
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Spectrometry in Biomedical Analysis - Detection Techniques and 
Applications in Chromatography and Capillary Electrophoresis, Université 
de Nice, Fracnce. C o n ta c t: P ro f. W . R . G. B a ey e n s , U n iv e rs ity  o f  G h e n t 
P h a rm a c e u tic a l In s ti tu te , L a b  o r  D ru g  Q u a li ty  C o n tro l,  H a re lb e k e s tra a t 72 , 
G h e n t, B e lg iu m . E m a il:  w illy .b a e y e n s@ ru g .a c .b e .

MAY 7 - 9: Vllth International Symposium on Luminescence
Spectrometry in Biomedical Analysis - Detection Techniques and 
Applications in Chromatography and Capillary Electrophoresis, Monte 
Carlo, Monaco. C o n ta c t: P ro f. W illy  R . G . B a ey e n s , U n iv e rs ity  o f  G h e n t, 
P h a rm a c e u tic a l In s ti tu te , H a re lb e k e s tra a t 7 2 , B -9 0 0 0  G h e n t, B e lg iu m .

JUNE 16- 21:  "HPLC '96: Twentieth International Symposium on High 
Performance Liquid Chromatography," San Francisco Marriott Hotel, San 
Francisco, California. C o n ta c t: M rs . J a n e t  C u n n in g h a m , B a r r  E n te rp r is e s ,  P. 
0 .  B o x  2 7 9 , W a lk e rsv ille , M D  2 1 7 9 3 , U SA .

JULY 14 - 18: 5th World Congress of Chemical Engineering, Marriott 
Hotel, San Diego, California. C o n ta c t: A IC h E , 345  E a s t  4 7 th  S tre e t, N ew  
Y o rk , N Y  1 0 0 1 7 -2 3 9 5 , U S A .

AUGUST 9 - 14: 31st Intersociety Energy Conversion Engineering
Conference (co-sponsored with IEEE), Omni Shoreham Hotel, 
Washington, DC. C o n ta c t: A IC h E , 345  E a s t  4 7 th  S tree t, N ew  Y o rk , N Y  
1 0 0 1 7 -2 3 9 5 , U S A .

AUGUST 17 - 20: 31st National Heat Transfer Conference, Westin 
Galleria, Houston, Texas. C o n ta c t: A IC h E , 3 4 5  E a s t  4 7 th  S tre e t, N ew  Y o rk , 
N Y  1 0 0 1 7 -2 3 9 5 , U S A .

AUGUST 18 - 23: 212th ACS National Meeting, Boston, Mass. C o n tac t: 
A C S  M e e tin g s , 1155 1 6 th  S tre e t, N W , W a s h in g to n , D C  2 0 0 3 6 -4 8 9 9 , U S A .

SEPTEMBER 1 - 6 :  11th Symposium on Quantitative Structure-Activity 
Relationships: Computer-Assisted Lead Finding and Optimization,” 
Lausanne, Switzerland. C o n tac t: D r. H a n  v a n  d e  W a te rb e e m d , F. H o ffm a n n -  
L a  R o c h e  L td ., D e p t P R P C  6 5 /3 1 4 , C H -4 0 0 2  B a sle , S w itz e rla n d .

SEPTEMBER 9 - 12: Saftey in Ammonia Plants & Related Facilities,

mailto:willy.baeyens@rug.ac.be
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Westin at Copley Place, Boston, Massachusetts. C o n ta c t: A IC h E , 3 4 5  E a s t 
4 7 th  S tre e t, N e w  Y o rk , N Y  1 0 0 1 7 -2 3 9 5 , U S A .

OCTOBER 16 - 19: 52nd Southwest Regional ACS Meeting, Houston, 
Texas. C o n ta c t: J. W . H ig h to w e r , D ep t. C h e m . E n g ., R ic e  U n iv e rs ity , 
H o u s to n , T X  7 7 2 5 1 , U SA .

OCTOBER 24 - 26: 52nd Southwestern Regional Meeting, ACS, Houston, 
Texas. C o n ta c t: J. W . H ig h to w e r , C h e m  E n g  D e p t, R ice  U n iv , H o u s to n , T X  
7 7 2 5 1 , U S A .

NOVEMBER 6 - 8: 31st Midwestern Regional Meeting, ACS, Sioux Falls, 
South Dakota. C o n ta c t: J. R ice , C h e m  D e p t, S. D a k o ta  S ta te  U n iv , S h e p a rd  
H a ll B o x  2 2 0 2 , B ro o k in g s , SD  5 7 0 0 7 -2 2 0 2 , U S A .

NOVEMBER 9 - 1 2 :  48th Southeast Regional ACS Meeting, Greenville, 
South Carolina. C o n ta c t: H . C . R a m se y , B A S F  C o rp ., P . O . D ra w e r  3 0 2 5 , 
A n d e rso n , S C  2 9 6 2 4 -3 0 2 5 , U S A .

NOVEMBER 10 - 15: AIChE Annual Meeting, Palmer House, Chicago,
Illinois. C o n ta c t: A IC h E , 3 4 5  E a s t  4 7 th  S tre e t, N e w  Y o rk , N Y  1 0 0 1 7 -2 3 9 5 , 
U SA .

1997

APRIL 6 - 11: 213th ACS National Meeting, San Antonio, Texas. C o n tac t: 
A C S  M e e tin g s , A C S , 1155 1 6 th  S tre e t, N W , W a sh in g to n , D C  2 0 0 3 6 -4 8 9 9 , 
U S A .

APRIL 14 - 19: Genes and Gen Families in Medical, Agricultural and 
Biological Research: 9th International Congress on Isozymes, s p o n so re d  by 
th e  S o u th w e s t F o u n d a tio n  fo r  B io m e d ic a l R e se a rc h , H ilto n  P a la c io  d e l R io , S a n  
A n to n io , T e x a s . C o n ta c t: M rs . J a n e t  C u n n in g h a m , B a r r  E n te rp r is e s ,  P . O . B o x  
2 7 9 , W a lk e rsv ille , M D  2 1 7 9 3 , U S A .

SEPTEMBER 7 - 12: 214th ACS National Meeting, Las Vegas, Nevada 
C o n ta c t: A C S  M e e tin g s , 1155  1 6 th  S tre e t, N W , W a sh in g to n , D C  2 0 0 3 6 -4 8 9 9 , 

U SA .
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1998

MARCH 29 - APRIL 3: 215th ACS National Meeting, St. Louis, Missouri.
C o n ta c t: A C S  M e e tin g s , 1155 1 6 th  S tre e t, N W , W a sh in g to n , D C  2 0 0 3 6 -4 8 9 9 , 

U S A .

AUGUST 23 - 28: 216th ACS National Meeting, Orlando, Florida.
C o n ta c t: A C S  M e e tin g s , 1155 1 6 th  S tre e t, N W , W a sh in g to n , D C  2 0 0 3 6 -4 8 9 9 , 
U S A .

1999

MARCH 21 - 26: 217th ACS National Meeting, Anaheim, Calif. C o n ta c t: 
A C S  M e e tin g s , 1155 1 6 th  S tre e t, N W , W a sh in g to n , D C  2 0 0 3 6 -4 8 9 9 , U S A .

AUGUST 22 - 27: 218th ACS National Meeting, New Orleans, Louisiana.
C o n ta c t: A C S  M e e tin g s , 1155 1 6 th  S tre e t, N W , W a sh in g to n , D C  2 0 0 3 6 -4 8 9 9 , 
U S A .

2000

MARCH 26 - 31: 219th ACS National Meeting, Las Vegas, Nevada. 
C o n ta c t: A C S  M e e tin g s , 1155  1 6 th  S tree t, N W , W a sh in g to n , D C  2 0 0 3 6 -4 8 9 9 , 
U S A .

AUGUST 20 - 25: 220th ACS National Meeting, Washington, DC.
C o n ta c t: A C S  M e e tin g s , 1155 1 6 th  S tree t, N W , W a sh in g to n , D C  2 0 0 3 6 -4 8 9 9 , 
U S A .

2001

APRIL 1 - 6 :  221st ACS National Meeting, San Francisco, Calif. C o n tac t: 
ACS M e e tin g s , 1155  1 6 th  S tre e t, N W , W a s h in g to n , D C  2 0 0 3 6 -4 8 9 9 , USA.

AUGUST 19 - 24: 222nd ACS National Meeting, Chicago, Illinois.
C o n ta c t: A C S  M e e tin g s . 1155 1 6 th  S tre e t, N W , W a sh in g to n , D C  2 0 0 3 6 -4 8 9 9 , 
USA.
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2002

APRIL 7 - 12: 223rd ACS National Meeting, Orlando, Florida. C o n tac t: 
A C S  M e e tin g s , 1155 1 6 th  S tree t, N W , W a sh in g to n , D C  2 0 0 3 6 -4 8 9 9 , U S A .

SEPTEMBER 8 - 13: 224th ACS National Meeting, Boston, Mass.
C o n tac t: A C S  M e e tin g s , 1155 1 6 th  S tree t, N W , W a sh in g to n , D C  2 0 0 3 6 -4 8 9 9 , 
U S A .

T h e  Journal o f  Liquid Chromatography w ill p u b lis h , a t  n o  c h a rg e , 
a n n o u n c e m e n ts  o f  in te re s t  to  sc ie n tis ts  in  ev e ry  is su e  o f  th e  jo u rn a l .  T o  b e  lis te d  
in  th e  L iq u id  C h jro m a to g ra p h y  C a le n d a r , w e  w ill n ee d  to  k n o w :

a ) N a m e  o f  th e  m e e tin g  o r  sy m p o s iu m ,

b ) S p o n so r in g  o rg a n iz a tio n ,

c )  W h e n  a n d  w h e re  i t  w ill b e  h e ld , a n d

d ) W h o m  to  c o n ta c t fo r  a d d i tio n a l d e ta ils .

In c o m p le te  in fo rm a tio n  w ill n o t b e  p u b lish e d . Y o u  a re  in v ite d  to  se n d  
a n n o u n c e m e n ts  to  Dr. Jack Cazes, Editor, Journal of Liquid 
Chromatography, P.O. Box 2180, Cherry Hill, NJ 08034-0162, USA.
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