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Fourier-transform infrared spectroscopy (FT-IR) on attenuated total reflectance (ATR) sampling was used for
the quantitative analysis of the major components (protein, lipid, and sugar) in soymilk. Since mid-infrared spec-
troscopy shows specific absorption of each functional group of each molecule, it is possible to determine the amount
of each component without complicated statistical computation. The determination of protein content was per-
formed by using amide II absorbance at wavenumber 1545 cm™' for protein, ester absorbance at 1745 cm™! for
lipid, and C—C-C-O absorbance at 1000 cm™' for sugar. The protein and lipid contents were determined directly
from these absorbencies, and the sugar content was calculated by subtracting the effect of protein. There was a lin-
ear relation (R?>0.99) between each absorbance and each concentration of purified components (soybean protein,
lipid, or sugar), and the values by this method were well consistent with those by chemical method. This technique
of measurement of the major components in soymilk by FT-IR with ATR is more convenient and rapid.
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Soybean foods, such as soymilk and tofu, are popular in
some Asian countries. The quality of tofu, which is manufac-
tured by curdling soymilk with coagulant (magnesium chloride
and so on), depends largely on the content of the major compo-
nents (protein, lipid, and sugar) in soymilk. It is known that
these concentrations are influenced by the difference of soy-
bean species and of the soymilk manufacturing process and
environment. Conventional analyses, that is, the Kjeldahl and
other chemical methods for protein content, the Soxhlet
method (extracts by ether) for lipid content, etc. require compli-
cated and time-consuming chemical analyses.

Infrared spectroscopy (IR) is used to determine molecular
structure. However, it is possible to get quantitative infrared
spectrum by incorporating the Fourier transform (FT) method.
Furthermore, recently FT-IR has been widely used for quantita-
tive analysis of components in some foods by improved statisti-
cal analysis (partial least squares (PLS) regression, etc.). While,
attenuated total reflectance (ATR) is suitable for analysis of
filmy and liquid samples for which KBr-disk analysis is diffi-
cult. Since ATR was invented, MIR on ATR has been used for
analysis of components in vegetable oil (Lai er al., 1994),
instant coftee (Briandet et al., 1996), fruit purees (Defernez et
al., 1995; Kemsley et al., 1996), and meat products (Jowder et
al., 1999). There are various applied examples like the discrim-
ination of red wine cultivars by phenolic wine extracts (Edel-
mann et al., 2001) and the determination of ammoniacal nitro-
gen in farmyard manure (Kemsley ez al., 2001). These are
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simple and rapid methods for quantitative analysis of compo-
nents in foods. Since the analysis at Mid-infrared shows spe-
cific absorption of each functional group of the molecule, it is
possible to perform quantitative analysis of major components
without complicated statistical computation. We report here the
rapid and simple analysis of the major components (protein,
lipid, and sugar) in soymilk using FT-IR on ATR sampling.

Materials and Methods

Materials A main sample (species Glycine max var.
Suzuyutaka) of soybeans was harvested at the Iwate University
Experimental Farm located in Morioka, Iwate, Japan, and was
stored at 4°C until use. Other soybeans were obtained from var-
ious districts in Japan as shown in Table 1.

Preparation of soymilk Soybeans were soaked in deion-
ized water for 18 h at 4°C. The swollen beans were ground into
a homogenate with 8 times deionized water of the soybean
weight using an Oster blender (Oster Co, Milwaukee, USA).
The homogenate was filtered through a defatted cotton sheet,
and the filtrate was designated as raw soymilk containing
8%(w/w) solids. The raw soymilk heated in boiling water for
5 min was designated as soymilk containing 8% solids.

Instrumentation and spectral acquisition FT-IR spectra
were measured by a Fourier transfer IR spectrophotometer
(SPECTRUM2000, Perkin-Elmer, Ltd, Beaconsfield, England)
equipped with a horizontal-ATR 45° ZnSe crystal cell (miller
angle 45°). Measurement of a sample of soymilk is simple;
soymilk 1 ml was placed on the ZnSe crystal cell. The IR
region measured was between 4000 and 800 cm™' with 4 cm™!
resolution. This is the standard measurement condition for this
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Table 1. Soybeans, used in this study.

Cultivar name Year harvested Place
Suzuyutaka 1999 Iwate
Tamahomare 1999 Hiroshima
Ichihime 1999 Hiroshima
Enrei 1999 Hiroshima
Ohsuzu 1999 Akita
Tachikogane 2000 Iwate
Kariyutaka 2000 Hokkaido
Nanbushirome 1999 Iwate
Toyohomare 2000 Hokkaido
Ryuhou 1999 Akita
Tachiyutaka 1999 Akita
Toyokomachi 2000 Hokkaido
Tomoyutaka 1999 Akita
Fukuyutaka 1999 Fukuoka

instrument. Single-beam ATR spectrum from each sample was
corrected using the background spectrum of water contained in
the sample and transformed to the absorbance unit. The ratio of
water in sample was calculated from the absorbencies between
2300 and 1900 cm™' because soymilk has no absorbance in this
region. The decreasing rate of water content in sample was
obtained by subtracting absorbencies of sample between 2300
and 1900 cm ! from those of water (1 cm ! interval) and aver-
aging these values. The background spectrum of water for that
of sample was obtained by considering this decreasing rate.
There were 5 scans, and the spectral data were obtained from
averaging the 5 scans. The measurements were repeated three
times, and the absorbance data were obtained by averaging 3
values.

Preparation of soy-protein, soy-lipid, and soy-sugar  Soy-
protein was prepared from hexane-defatted soybean meal by
the method of Thanh er al. (1975), dialyzed at pHS8.0, and
freeze-dried. It was dissolved in 50 mM KCI solution for soy-
protein solution. Soy-protein solution was used to measure IR-
spectra of soy-protein. 50 mM KCI solution was used as the
mineral solution of soymilk.

Soy-lipid was prepared as reconstituted oil-body formed by
adding soybean oil (Nacalai Tesque, Inc.) to defatted soymilk
and then doing ultrasonic treatment. Hexane was used to defat
soybean meal because defatting with hexane did not influence
the size-distribution of protein particles in soymilk and the pro-
tein components from the hexane-defatted soybean meal were
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similar to those from whole meal (Ono ef al., 1996). Defatted
soymilk was prepared from hexane-defatted soybean meal by
the same method as used for soymilk. Soybean o1l was added
to the defatted soymilk and ultrasonic treatment was done with
an ultrasonic disruptor (UD-201, TOMY SEIKO Co.) for 5 min
because reconstituted oil-body was formed by this treatment
(Tzen & Huang, 1992). The soybean oil content was adjusted
from zero to 4% (w/w) including general soymilk. This recon-
stituted oil-body was designated as soy-lipid in this experiment.
IR-spectrum of soy-lipid was obtained by subtracting IR-spec-
trum of the defatted soymilk from that of reconstituted oil-body
soymilk.

Soy-sugar was prepared as a saccharide mixture with equal
weights of sucrose (Kanto Chemical Co., Inc.) and stachyose
(Sigma Chemical Co.). It was dissolved in 50 mM KCI solution
for soymilk sugar solution, and this solution was used to mea-
sure IR-spectra of soy-sugar.

Chemical analysis  The protein content of each soymilk
was measured by the method of Bradford (1976) after defatting
treatment revised by Tezuka et al. (2000). A good relationship
of protein concentrations and measured values was reported in
soymilk.

The lipid content was measured by the Soxhlet method. A
sample for the determination was prepared by freeze-drying,
and then was extracted with ether. The extract was dried, and
weighed to determine its lipid components.

The sugar (sucrose and oligosaccharide) content was mea-
sured by subtracting ash-weight from the weight of de-lipid,
de-protein, and freeze-dried sample. The de-lipidizing soymilk
was done by centrifugally removing the floating fraction at
156,500Xg for 30 min at 20°C. The de-proteining was per-
formed by ultrafiltration. The ultrafiltrate of de-fatted and de-
proteined soymilk was prepared by an ultrafiltration with YM-
10 membrane (molecular weight cut off=10,000; Millipore
Co.), and was then freeze-dried. Ash was obtained from the
freeze-dried sample with an electric furnace at 550°C for 10 h.

Results and Discussion

IR-spectrum of soymilk 1R-spectra of soymilk had sev-
eral absorption regions as shown in Fig.l. The absorption
regions of peaks at 2925 and 2855 cm ™' are attributed to CH,
and CH stretching vibration bands, at 1745 cm™' to carbonyl
group of triglyceride ester, at 1640 cm™' to amide I band, at
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Fig. 1. IR spectra of soymilk in various solid contents. IR

spectra of soymilk were measured using a FI-IR spectropho-
500 tometer equipped with an ATR apparatus. Order of IR spectra
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from the top is soymilks prepared with 6, 8, 12, and 20 times
de-ionized water of the soybean weight.
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1545 em™ to amide II band, and the region between 1200 and
900 cm™' to C-C and C-O stretching modes. As all samples
are aqueous solution, the region near 3300 cm ™! and 1600 cm ™!
due to strong absorption of water molecule is noisy in all spec-
tra. The absorption region near 2350 cm™' is due to CO, gas
during light path. When the solid content in soymilk was
changed, there was a linear relation (R*>0.99) between the
absorbance and the solid content on all absorption bands
(excluding the regions near 3300cm™', 2350cm™' and
1600 cm™"). Therefore, it is possible to measure the contents of
major components (protein, lipid, and sugar) in soymilk by the
absorbance of mid-IR spectrum.

In general, the mid-IR spectrum of aqueous solution must be
measured considering water content, because water has strong
absorption in the mid-IR region. When solid contents of
soymilk were changed from 3% to 12%, the difference spectra
of water were obtained from the change in the absorbance
between 2300 and 1900 cm™' because soymilk has no absor-
bance in this region. Difference in the IR-spectrum of water at
10% solid content is shown in Fig. 2. This Aabs was obtained
by applying IR spectrum of water and the average ratio of
absorbance changes of soymilk (10% solid) between 2300 and
1900 cm ™!, The correction of soymilk spectra by Aabs of water
was below 5% (=Aabs/absorbance of sample) at 10% solid.
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Fig. 2. IR spectra of water (using a background spectrum of air). AAbs of the

vertical axis was obtained by applying IR spectrum of water and the average
ratio of absorbance changes by soymilk of 10% solid between 2300 and
1900 cm™" (that is the small and broad absorption band of water although
soymilk components have no absorption).
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Therefore, the absorbance values of soymilk were scarcely
changed with or without the Aabs correction except for amide 1
absorbance near 1600 cm™'. When the water spectrum was
used for background measurement, the absorbance of soymilk
spectrum was proportional (R*>0.99) to the solid content
(under about 10%) in soymilk (excluding the regions near
3300 cm ™!, 2350 cm ™! and 1600 cm™'). Therefore, the concen-
tration of water in a sample can be regarded as constant. How-
ever, for more rigidity, all spectra in this experiment were cor-
rected considering the water contained in a sample.

In these measurements on the same sample, a difference of
absorbance of less than 0.00 | could be detected (excluding the
regions near 3300 cm ™', 2350 cm ™' and 1600 cm™'). Conse-
quently, the contents of protein, lipid, and sugar in soymilk can
be detected in 0.01% viable order. This measurement precision
deteriorated at less than 0.01 at absorbance. Therefore, the con-
tent of the major components in soymilk using FI-IR can be
measured accurately at more than 0.1%.

IR-spectra of soy-protein, soy-lipid, and soy-sugar IR-
spectra of soy-protein (soybean protein isolate), soy-lipid (oil-
body), and soy-sugar (sucrose and oligosaccharide) in aqueous
solution are shown in Fig. 3.

Amide 1 band (peak at 1640 cm™') and amide II (peak at
1545 cm™") band remarkably appeared in the spectrum of soy-
protein solution. The absorption regions of amide 1 and II are
attributed to protein, and not to lipid and sugar. If amide com-
pounds are contained in soymilk, the amide absorbencies
should contain these compounds, but the ultrafiltrate of soymilk
had no amide absorbance. Furthermore, absorbance of these
bands had a high correlation with protein content. However,
soy-protein of soybean protein isolate and that of soymilk do
not have the same conditions, that are dissolving in water at
low (less than about 0.5%) and high (more than about 3%) con-
centration. To make a more exact and wide calibration curve,
soymilk that was changed in solid content was used. The pro-
tein content of soymilk was decided with the modified method
of Bradford (Tezuka et al., 2000). The absorbance of these
bands had a high correlation with protein content. Particularly,
the correlation between the absorbance of amide II band and
protein content was higher than amide I band, because the latter
overlaps the strong absorption of water near 1600 cm™'. Even if
the Aabs correction of water is done, the absorbance values of
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then treating it ultrasonically. Soy-sugar was the mixed solution
of sucrose and stachyose.
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Fig. 4. The calibration curve of protein in soymilk. Absorbance of amide II
band (1545 cm™') against soy-protein content is calibrated. Soymilk with
changed solid content was used. The protein content of soymilk was determined
by the modified method of Bradford. All points have error bars (standard devia-
tion) of data (#=3), but the bar was hardly visible because of being so small.
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Fig. 5. The calibration curve of lipid in soymilk. Absorbance of ester band

(1745 cm™') against soy-lipid content is calibrated. Soy-lipid was prepared as

reconstituted oil-body formed by adding soybean oil to defatted soymilk and

then treating it ultrasonically. All points have error bars (standard deviation) of
data (n=3), but they are hardly visible because of being so small.

amide I showed a low correlation to protein content (R*>0.97).
The absorbance of amide II band had a high correlation to pro-
tein content (R*>0.99) as shown in Fig. 4. All points in Fig. 4
had error bars (standard deviation) of data, although the bar
could hardly be seen because it was so small. The calibration
curve for protein content in soymilk was obtained at 1545 cm™
of amide II peak. The protein content in soymilk can be calcu-
lated directly from the absorption at 1545 cm™'.

CH, and CH stretching bands (peaks at 2925 cm' and
2855 cm™!) and ester band (peak at 1745 cm™!) were remark-
able in the spectrum of soy-lipid (reconstituted oil-body) solu-
tion as shown in Fig. 3. This spectrum was made by subtracting
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Fig. 6. IR spectra of soymilk and its components in C-C and C-O stretching
band regions between 1200 and 900 cm™". Bold gray line, soymilk; bold black
line, soy-sugar; simple black line, soy-protein; simple gray line, soy-lipid. The
absorbencies of C—C and C-O bands from protein were smaller at 1000 cm™
and from lipid were negligible.
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Fig. 7. The calibration curve of sugar in soymilk. Absorbance of C—C and C—
O bands at 1000 cm™" was calibrated against soy-sugar content. All points have
error bars (standard deviation) of data (n=3), but they are hardly visible because
they are so small.

the IR-spectrum of defatted soymilk from that of reconstituted
oil-body soymilk. Moreover, this spectrum was similar to that
of soybean oil. The CH, and CH stretching band is attributed to
lipid, protein, and sugar, whereas the ester band is ascribed to
lipid, but not to protein and sugar. Therefore, the calibration
curve for lipid content in soymilk was obtained at 1745 cm™' of
the ester band peak. The absorbance of the ester band had a
high correlation with lipid content (R>>0.99) as shown in Fig.
5. The lipid content in soymilk can be calculated directly from
the absorption at 1745 cm™'. All points in Fig. 5 had error bars
(standard deviation) of data, but as in Fig. 4, it was hard to
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Fig. 8. Comparison of major component
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identify because it was so small. Accurate measurement is
needed to clarify the dispersed situation of lipid in water solu-
tion. The soymilks prepared from soybeans of 14 species had
similar particle size of lipid dispersions. The main peak of the
dispersions was 380 nm in diameter. Reconstituted soymilk for
calibration of soy-lipid also had the same particle size of dis-
persion as those of soymilks. However, lipid-dispersion of raw
soymilk (before heating) was different from that of soymilk.
The raw soymilk showed different behaviors in the ester
absorption band from soymilk (figure not shown). Therefore,
this measurement of lipid content could not be adapted to that
in raw soymilk.

C-C and C-O stretching bands (the region between 1200
and 900 cm™") appeared in the spectrum of soy-sugar solution
(mixed solution of equal weights of sucrose and stachyose) as
shown in Fig. 3. However, these bands are not only attributed to
sugar, but also to protein and lipid as shown in Fig. 6. As the
absorbance at the C-C and C-O bands from protein was
smaller and that from lipid was negligible at low wavenumber,
the peak of 1000 cm ™' was selected for sugar determination in
C—C and C-O stretching bands (the region between 1200 and
900 cm™"). Furthermore, absorbance of these bands had an
extremely high correlation with sugar content (R?>0.99) as
shown in Fig. 7. All points in Fig. 7 had error bars (standard
deviation) of data, but as in Figs. 4 and 5, they were hard to
identify because they were so small. The sugar content in
soymilk was then calculated by subtracting the effect of protein
from the following equation (Eq. (1)).

ATR sampling. The calibration curves of soy-protein at
1545 cm™", soy-lipid at 1745 cm™!, and soy-sugar at 1000 cm™'
(Figs.4, 5, and 7) were used for the determination. These chem-
ical analysis results were also used for the purpose of compari-
son with FT-IR results and are shown in Fig. 8. In these results,
the values by FT-IR method were nearly equal to the values by
chemical analysis. It seems that these chemical analysis data
had larger error than FI-IR data, because the separation and
isolation process for determination was accompanied by a mass
loss and a few impurities. Even the difference of measurement
is under 0.01% on FT-IR, although standard deviation is under
0.26% on the Bradford method, under 0.12% on the Soxhlet
method, and under 0.13% on the ultrafiltration method. This
mid-IR method can be done without any separation and isola-
tion process, and therefore is useful for limited measurement
(percentage concentration between 1 and 6) of the major com-
ponents (protein, lipid, and sugar) in soymilk.

Conclusion

Fourier-transform infrared spectroscopy (FT-IR) at mid-
infrared on attenuated total reflectance (ATR) sampling has
been used for the quantitative analysis of the major components
(protein, lipid, and sugar) in soymilk without any sample sepa-
ration or complicated statistical computation. This method is
simpler and more rapid than conventional ones.
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