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ABSTRACT tion with time. EFA could effectively detect
For nondestructive monitoring of meat tenderizing processes, factor analysis, uncorrelating and time dependent information
and evolving factor analysis (EFA) were applied to successively collected attenu- in the data matrix by increasing row vectors
ated total reflectance-infrared spectra of beef after treatment with pineapple juice. one by one (Maeder, 1987; Keller and Mas-
Absorption around 1600 to 1500 cm - and 1400 cm ** regions increased with time. sart, 1992).

After subtracting the starting spectrum from each of the succeeding spectra,
factor analysis and EFA were applied to the resulting data matrix. Factor scores
showed a time dependent change, but a clear difference between treated and
reference beef was observed in factor 1. Eigenvalues calculated from EFA showed
the existence of two vigorous digestion periods during tenderization, which sup-
ported the results from biochemical analysis.
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MATERIALS & METHODS

Sample beef and pineapple juice
treatment

For IR analysis, frozen lean thigh strips
of beef (5 cm x 1 cm x 0.5 cm) were thawed
in a refrigerator until the surface temperature
reached 5 °C measured by a digital surface
thermometer HLC-60 (Anritsu Meter Co.,

INTRODUCTION time-dependent structural changes of meaitd., Tokyo, Japan). Then, one side of the

SOME PROTEOLYTIC ENZYMES From Proteins (Orsi and Major, 1973; Chen andeef strip was soaked in 1 mL of pineapple
plants or animals have been widely used d£°'d: 1976). Some studies have describefdiice at 5 °C for 10 min to cause sufficient
meat tenderizers for food processing if€Sults of monitoring ongoing chemical reacpenetration of the pineapple juice into the in-
home cooking and industrial treatmentlions using IR analysis (Yamamoto andide of the beef and assure that it remained
Pineapp|e or a pineapp|e protease’ bromg_asumla 1988, Bayada et a|-1 19951 H_ebeﬂfhere after removing excess SOIUtiOn. Prior to
lain, is one of the most commonly usegand Zscherp., 1996). Further, mechjamlsms cs‘bqk?ng the beef st.rip in pingapple juice, the
Comparing bromelain with papain and ﬁcin’reactlons ta_klng place could be monlto_red beactivity of bromelain was adjusted to about
characteristics of bromelain are not well unuse relationships between absorption fr&00 units/mL by adding 50 mM phosphate
derstood. As meat tenderizers, research giiencies and chemical structures were welijuffer (pH 5.0) to the pineapple juice. Excess
working mechanisms of bromelain hadinderstood in IR spectrometry. In this conjuice was removed from the beef strip with
mainly been conducted using conventiondfXt, attenuated total reflectance (ATR)-IRfiIter paper before spectrophotometric analy-
biochemical or chromatographic methodéneasqrements were succe_ssfully :_slpplled isis was begun. The reference beef was treat-
(Kang and Rice, 1970: Du Bois et al., 1972investigating the hydronSIs of trimethyl ed in the same way, except boiled pineapple
Fogle et al., 1982; Goodenough and Owerghos_phate_ln _solutlon (Baygda et al., 1995)iice was used. The beef treated with pineap-
1986; Dransfield, 1994). Most research OIz?md_ln m_onltorlng confor_matlonal changes ople juice and the reference beef are referred
the digestion mechanism of meat protein80Vine ribonuclease A induced by thermaks B-beef and R-beef, respectively.
has been carried out using homogenizefjeatment (Yamamoto and Tasumi, 1988).
meat and sodium dodecylsulfate (SDS)Q“r objectlvg was to apply ATR-IR for con.-SpectraI measurement§
polyacrylamide gel electrophoresis (pAGE)tlnuous monitoring of structural changes in IR spectra were o_btalned from 4000 to
analysis of soluble proteins. Brooks et alMeat proteins caused by protease treatmef00 cm! at 20 °C, using a BIO-RAD mod-
(1985) investigated the changes of chickeflOWeVer, chemical changes in protein strucel FTS45RD fourier transform (FT)-IR
muscle caused by crude papain treatmetires f:aused by meat tenderizer should pectrophotometer, equipped Wlth a ZnSe
using densitometric tracing on SDS ge|s(.:ompllcated and signals from such changesystal ATR accessory (Cambridge, Mass.,
According to SDS-PAGE profiles, which Were expected t_o be weak. - U.S.A). Absorbanpes _at 65 wave numbers
showed degraded fragments of meat pro-. Chemometric pattern recognltlon tec_h{cm-l) or frequencies in the_1800 to _1300
teins, progress in digestion was clearly ob?idues are versatll_e for extracting useful inenr? region were selected with gqual inter-
served on both myosin heavy chain (MHC)’O_rmatlon on chemical structures from comvals for multivariate data analysis. Aftt_er _the
and actin by papain and bromelain into lowPlicated spectral data (Martens and Neesemperature of beef reached 20 °C within 2
er molecular fragments with time (Kim and1989; Brown, 1995). Principal componenimin, each IR spectrum was successively
Taub, 1991). analysls and factgr analysis can easily sepaellected at every minute up to 20 min. The

Most spectrometric methods, e.g., ultravirate sng_nals rela_tlng to chemical structureacquisitiqn Fime' 0 to 20 min, was decio!ed
olet (UV), mid-infrared (IR), near-IR, Ra- fr_om noise contained in any spectral d_ata_mafom preliminary observations. Water sig-
man, and nuclear magnetic resonance, afdx (Robert et al., 1987). A_nother obJectlvenals were manually subtracted from every
nondestructive and can be used to monitd¥@s to apply factor analysis to successiveljR spectrum.
collected IR spectra for isolating information
Authors lizuka and Aishima are affiliated with on structural changes in beef proteins. EvolvPata analysis
5'7'25"_83135‘7” J%g;%ofég’rgls :%%u'\i‘r‘i’gsatyo’\t‘)?dfv A%?]'itr’;‘;ng factor analysis (EFA) was applied to the  Prior to factor analysis and EFA, in
(E-mail: taishima@ga2.so-net.nejp). spectral data matrices for extracting changdsoth B-beef and R-beef spectra, the IR
in variances relating to progress of tenderizaspectrum at 0 min was subtracted from each
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of the subsequent spectra using EXCEL 9dre treated by EFA. In EFA, eigenvalues oand B should not be zero from the begin-
(Microsoft Corp., Seattle, Wash., U.S.A.).uncorrelating variances contained in eaching. In the type Il, eigenvalues in EFA
Factor analysis and EFA were performed bgubmatrix are calculated by factor analysiskeep increasing in accordance with the num-

SYSTAT ver. 5.0 (SYSTAT, Evanston, lll., In the forward EFA, factor analysis is start-ber of rows because every row contains
U.S.A)) on the basis of the covariance maed from the first submatrix toward the lastmore or less variance. Eigenvalue changes
trix. submatrix or whole data matrix. In this way,classified into types | and Il were compared
if a change would start to occur at a certaifFig. 2). For showing the eigenvalue change
Factor analysis time, the corresponding eigenvalue of thén the type Il more clearly, it was useful to

Factor analysis is a widely used techfirst factor would appear and, then, increasdivide each eigenvalue by the corresponding
nique in chemometrics (Dillon and Gold-with the number of rows. If another changenumber of rows, since influence from the
stein, 1984). The purpose of factor analysisould occur afterwards, it could be detectethcrease in rows on eigenvalues could be
is to extract the latent factor(s) existing in @s a new eigenvalue corresponding to theompensated for by such averaging process.
complex data matrix. Samples have beesecond factor. Thus, the number of differentherefore, we incorporated the averaging
classified more clearly by extracted factorghanges could be detected as the number pfocess of eigenvalues obtained from EFA.
than by raw spectral data (Bertrand et alfactors. Conversely, in the backward EFA,

1985). Original spectra for individual com-factor analysis is successively performed RESULTS & DISCUSSION

ponents were identified from spectra ofrom the opposite direction, starting from

mixtures using factor analysis (Robert et althe last row and toward the first row by in-IR spectra

1987). Whera data matrixX, composed of creasing the number of rows one by one. All IR spectra were sorted according to
g IR spectra measured afrequenciesq We applied this approach to the data matriime (Fig. 3). Two strong absorption bands
ands being 20 and 65, respectively, in thiscomposed of successively collected IRobserved at 1638 and 1549 érbecame
research, the basic model for factor analysigpectra, which were expected to contain ireven stronger with time in B-beef spectra
wasX = Vf + e with algebraic representation formation on the digestion process of meand R-beef spectra. The absorptions around

as follows proteins with bromelain. If only a single di- 1638 cm! and 1549 cn} were assigned to

gestive reaction were to occur during thehe amide | band and amide Il band, respec-

Xp= Vi fp+vpfot +ygfq+ e tenderizing process, then only one factotively (Bellamy, 1958). Further, a small
would be extracted. However, if the meapeak, observed around 1400 -¢rand as-

Xo = Vo1 f1 + Voo frt L. +fgte tenderizing process were to evolve throughribable to carboxylic anion (-COQ, was
2 or more different reactions starting one afdistinctive in both IR spectra.

Xs= Vg1 fs + Vgofo+ .o oyt & ter another, the corresponding number of
factors would be extracted. Factor analysis for IR spectra of B-

Here, there arg (<s) common factors Thus, in EFA, the eigenvalue changedeef and R-beef
denoted byf;, j = 1, 2,---,q, WherevIJ ,i = depend solely on observed measurements After combining B-beef spectra and R-
1, 2, ---,sandj = 1, 2,----, q,give the that can be classified into type | and type Ibeef spectra, factor analysis was applied to
weights forjth common factor (factor load- on the basis of their occurring modes. Asthe merged matrix. The proportion of vari-
ing), ande givess unique factors or errors. suming a fully separated peak recorded bgnces explained by factor 1 and factor 2
In this model, the eigenvalue jth factor HPLC-PDAD as an example for type |, wewere 95.1% and 3.4%, respectively. How-
means the variance in tfta factor extracted can observe that absorption starts to inever, significant difference in score patterns
from data matrixX. By applying the factor crease from the baseline level and eventuallyf factor 1 between the 2 beef samples indi-
analysis to a data matrix{, common returns to the initial level after reaching arcated that information on digestion of beef
factor(s).f;, can be separated from errer, apex. On the other hand in type I, like theproteins was mainly extracted in factor 1
Extracted common factors were expected tmeat digestion process, we assume that(gig. 4). Further, the movement of factor 1
produce less noisy results from calibratiorsubstance A would be transformed into &cores in B-beef showed 2 step changes,

or pattern recognition analysis. product B without any reverse reactionpne finished by 5 min and another from 12
where both A and B would be present tdgo 15 min.
Evolving factor analysis (EFA) some extent. Thus, absorption of both A Heavy loadings on factor 1 of two re-

The data matrixX, was composed of 20
rows or samples and 65 columns or fre-
guencies in the IR spectra. Factor analysis
has been widely used to search for commat
structures underlying a complicated data
matrix. However, EFA has been used to de«é
termine equilibrium situations existing|e
mainly in high performance liquid chro-
matographic (HPLC) data recorded using
photodiode array detector (PDAD), since Backward Forward
the first appearance of this methodolog - D
(Maeder 1987). .IIIIIIIIIIIIII..

The purpose of EFA (Fig. 1) is to follow
the changes in eigenvalue of tKematrix
obtained from continuous observation o
changes progressing with time by eigenva
ue analysis of the submatricésformed by
the first1,2, ...,i,...,Srows in theX matrix.
First, submatrices from which a factor(s) ig Time

extracted must be defined. Data sets are su€ Fig. 2—Comparison of eigenvalues calculated

cessively oreated by adding a row, one b 15 SSETVALES ST IO uPe, - rom A appie o bttt data mar
XPr mn n nom-
one to the preceding matrix until whole datara and backward EFA. oo expressing ype Tand fype 1 pheno
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Fig. 3—IR spectra of B-beef and R-beef strips successively collected from O to 20 min.
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Fig. 5—Factor loadings of combined B-beef and R-beef spectra on factors 1-3

gions, around 1400 céascribable to car-
boxylic anionand 1575 cnt ascribable to
simple peptides (Bellamy, 1958), were indi-
cated (Fig. 5). Further, 2 broad peaks
around 1685 and 1510 chwere observed

in the loading pattern for factor 1. One peak
around 1680 criseemed to closely relate
with peptide bands but another could not be
clearly assigned. Factor 1 seemed to reflect
the digestion of high molecular beef pro-
teins into lower molecular fragments be-
cause these high loading regions closely re-
late to N-terminal amino group or C-termi-
nal carboxyl group. Therefore, increase in
factor 1 scores in B-beef with time seemed
to indicate time-dependent increase in pep-
tides or amino acids in beef. However, fac-
tor 2 seemed to contain a certain time-de-
pendent change but did not directly relate to
the digestion of proteins because factor 2
scores calculated for both B-beef and R-
beef similarly decreased with time. Com-
pared to loading at 1610 chnloadings at
1739 and 1554 crhregions on factor 2
were weaker. However, absorption around
1610 cm! could be simply ascribable to
water molecules. Therefore, factor 2 seemed
to indicate the time-dependent increase in
amounts of released water from beef strips
by its own weight.

Thus, by comparing factor score patterns
calculated from B-beef spectra and R-beef
spectra together, differences in time-depen-
dent structural changes between B-beef and
R-beef were clearly indicated.

EFA

Eigenvalues calculated from forward
EFA did not show any change relating to
time since forward EFA of B-beef could not
detect the changes caused in beef because of
large variances in the first 5 min. However,
eigenvalues for R-beef did not show any
significant change in 20 min. The backward
EFA of B-beef seemed to succeed in tracing
back the structural changes in beef proteins,
while that of R-beef did not show any sig-
nificant changes (Fig. 6). Two distinctive
changing periods, i.e., 2 to 5 min and 12 to
15 min, observed in the backward EFA of
B-beef suggested that the beef digestion
with bromelain progressed through 2 steps.
As clearly shown by backward EFA of B-
beef, the digestion of beef proteins by bro-
melain was so rapid in the initial 5 min that
the forward EFA failed in tracing such
structural changes. In contrast, the back-
ward EFA succeeded in extracting the time
dependent change because of the stationary
condition existing in B-beef after 15 min,
since vigorous digestion of proteins might
have almost finished by 20 min.

Conventional factor analysis was sepa-
rately applied to each of 4 submatrices com-
posed of IR spectrain 2to 5, 6 to 11, 12 to
15, and 16 to 20 min periods of B-beef, and
the resulting factor loading patterns of 4 pe-
riods were compared (Fig. 7). Two loading

Volume 64, No. 6, 1999—JOURNAL OF FOOD SCIENCE 975



Monitoring of Beef Digestion by FT-IR . . .

2.0E-02

1.5E-02

Forward EFA: x B-beef
X R-beef

Backward EFA: B B-beef
A R-beef

1.0E-02

Eigenvalue

5.0E-03

0.0E+00

23 4567 8 91011121314151617181920

Time (min)

Fig. 6—Eigenvalues of factor 1 calculated from IR spectra of B-beef and R-beef using EFA.
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patterns in 2 to 5 min and in 12 to 15 min
were not exactly the same, but they were
similar in that both commonly indicated the
increase in absorption associated with the
> N-H stretching band. Thus, heavy load-
ings of amide related areas on factor 1
seemed to reflect the rapid increase in eigen-
values in the 2 periods. However, factor
loadings of IR spectra in both 6 to 11 min
and 16 to 20 min periods did not show any
clear patterns related to chemical structures
in beef proteins and supported the smaller
changes in eigenvalues in the 2 periods.

Eigenvalues calculated from backward
EFA applied to R-beef spectral matrix did
not show any apparent change relating to
time (Fig. 6). Factor loadings calculated for
4 periods — 2 to 5, 6 to 11, 12 to 15, and
16 to 20 min — of R-beef spectra did not
correlate with specific chemical structures
(Fig. 8). Further, these factor loading pat-
terns were different from those calculated
for B-beef spectra. Thus, the time-depen-
dent changes extracted from IR spectra of
B-beef could be ascribable to the digestion
process of muscle proteins caused by bro-
melain treatment.

DISCUSSION
APPLICATIONS OF FT-IR/ATR SPEG
trometry to food analysis have potential ad-
vantages in several aspects. Progress in data
handling techniques aided by advance in ch-
emometric methodologies and computer
technology have made it possible to solve
problems caused mainly due to abundant
noise in spectroscopic data. Our success in
extracting significant information on meat
digestion from IR spectra was based on the
applicability of factor analysis and EFA in
handling complicated data matrix. Particu-
larly, EFA seems useful for depicting time-
dependent change of beef protein, since this
deconvolution method could clearly indicate
the existence of two vigorous digestion pe-
riods as rapid changes in eigenvalues. The
two-step digestion process of beef proteins
has been reported by Kim and Taub (1991).
They observed preferential digestion of my-
osin heavy chain and subsequent actin di-
gestion by bromelain, using SDS-PAGE of
solubilized proteins. Comparing such bio-
chemical methods, the spectrometric method
followed by chemometric data analysis fa-
cilitated the monitoring of meat tenderizing.

Another advantage of the spectrometric
method is the possibility of directly discern-
ing the digestion mechanism of meat pro-
teins on the basis of factor loading patterns
of each time period. These patterns can pro-
vide useful information on changes in
chemical structures.

By including an ATR accessory used in
this types of research, applications of FT-IR
spectrometry have rapidly progressed into
analyses for various materials, including
foods. Spectrophotometers that can simulta-
neously obtain FT-IR and near-infrared
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