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Probing the Structural Effects of
Pasteurization and Spray Drying on
Soy Protein Isolate in the Presence
of Trehalose Using FT-IR–ATR and
FT-Raman Spectroscopy
Fourier transform infrared–attenuated total reflectance (FT-IR–ATR) and FT-Raman spectro-
scopies were used to probe the effects of pasteurization and spray drying on the secondary
structure of soy protein isolate (SPI). Deconvolution of the infrared Amide I band was accom-
plished using a curve-fitting method based upon a simple model and experimentally deter-
mined constraints. This method indicated 57% b-sheet and b-turn, 5% a-helix, and 38% ran-
dom coil for pasteurized, spray-dried SPI. These values are compared with those for “native”
SPI, where “native” SPI is estimated using the weight-averaged values for native glycinin and
b-conglycinin. From this comparison, we conclude that pasteurized, spray-dried SPI contains
less a-helix, more random coil, and similar amounts of b-sheet relative to the “native” SPI.
Problems with dispersibility of pasteurized, spray-dried SPI in beverages were attributed to
denaturation of native a-helix segments of SPI with subsequent formation of aggregated b-
sheets. FT-IR–ATR and FT-Raman results showed that co-drying SPI with trehalose inhibits
both the amount of protein denaturation and b-sheet aggregation associated with pasteuriza-
tion and spray drying. Because denaturation and aggregation are directly correlated to dis-
persibility (and other bulk properties), controlling these parameters will enable beverage man-
ufacturers to produce products with greater consumer acceptability and improved shelf life.
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oy protein isolate (SPI) is a highly purified form of pro-
tein (>90% w/w) obtained from soybeans. It can be incor-
porated in liquid or dry foods including beverages, nutri-

tional bars, snacks, meats, and bakery goods. In most cases, it is
convenient to produce SPI as a dry material. Producing dry SPI

on an industrial scale typically involves the following processes:
aqueous extraction of defatted soy flour or flakes, precipitation,
separation, pasteurization, and spray drying. Unfortunately, pas-
teurization and spray drying subject food proteins to thermal
stress. Depending upon residence time and temperature, pro-
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teins can undergo irreversible denatura-
tion, and upon reconstitution, proteins
may aggregate, reducing dispersibility in
beverages. To minimize this undesirable
effect, it is helpful to understand how the
protein structure is altered by pasteuriza-

tion and spray drying. In the first part of
this study, we used Fourier transform
infrared (FT-IR) and FT-Raman spectro-
scopies to reveal changes in the second-
ary structure of SPI associated with pas-
teurization and spray drying.

It is well known that trehalose stabi-
lizes protein structure during thermal
treatment (1). Our group is interested
in identifying and understanding ways
in which trehalose can be used to
improve functionality of thermally
processed food proteins. In the latter
part of this study, FT-IR and FT-Raman
spectroscopies were used to probe the
ability of trehalose to inhibit denatu-
ration and aggregation of soy proteins
during pasteurization and spray dry-
ing. The results will be used to help
facilitate improvements in product
functionality when SPI is incorporated
in beverages.

Experimental
Materials used included SPI (Prolisse,
Cargill, Inc., Wayzata, Minnesota) and
trehalose (Ascend, Cargill, Inc.). Aque-
ous SPI samples were spray dried with
trehalose. Trehalose was added after an
ultrafiltration step and just before a
pasteurization step (110 °C for 12 s)
that precedes spray drying (240 °C in,
80 °C out). The lyophilized SPI was col-
lected as an aqueous sample before the
pasteurization step and freeze dried
with a Labconco Freezone 6-L freeze-
dry system (Labconco Corp., Kansas
City, Missouri).
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Figure 1: Top and side views of a molecular model of glycinin and b-conglycinin.

Figure 2: FT-IR–ATR spectra of (a) lyophilized
SPI, (b) pasteurized, spray-dried SPI, (c) SPI
from a solution that was boiled to dryness on
an ATR crystal repeatedly at 125 °C, and (d) SPI
from a solution that was heated to dryness on
an ATR crystal at 90 °C. 
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FT-IR
FT-IR spectra of protein powders were
acquired at 2-cm21 resolution with a
Varian FTS 7000 spectrometer (Varian,
Randolph, Massachusetts) equipped
with a narrow-band mercury cadmium
telluride (MCT) detector. Each inter-
ferogram was collected with 256 scans,
apodized with a medium Beer–Norton
function, and Fourier transformed with
no zero filling before interpretation
(several levels of zero filling are used
for presentation). Six replicate meas-
urements were made using six aliquots
to minimize effects from heterogeneity
and ensure reproducibility. The final
spectrum was obtained by averaging
the six replicates. Sampling was accom-
plished with a temperature-controlled
diamond anvil attenuated total
reflectance (ATR) accessory (SPECAC,
Woodstock, Georgia) and a sapphire
anvil. For each measurement, excess
sample (~100 mg) was placed on the
ATR crystal with the anvil well above
the sample while the hinged piece was
secured. The anvil was then lowered
straight down onto the “mound” of
powdered sample. Good reproducibil-
ity was achieved with this procedure.
Both the spectrometer and the ATR
accessory were purged with dry air.

FT-Raman
FT-Raman spectra were acquired at 8-
cm21 resolution with an FT-Raman
accessory coupled to the Varian FTS
7000 spectrometer, using a 1064-nm,
2-W Nd:YAG laser and a liquid nitro-
gen–cooled Ge detector. Each interfer-

ogram was collected with at least 256
scans, apodized with a medium
Beer–Norton function, and Fourier
transformed with no zero filling before
interpretation (several levels of zero fill-
ing are used for presentation). The
boiled-to-dryness SPI was sampled on
a glass slide. All other samples were
placed in standard 5-mm diameter
nuclear magnetic resonance (NMR)
tubes (approximately 4.2 mm i.d.) and,
to avoid photodecomposition and het-
erogeneity errors, were rotated at ~100
rpm during measurement using a cus-
tomized sample spinner built in-house.
For each sample, six separate spectra
were acquired at different positions
along the tube height (while spinning)
to further ensure representative bulk
sampling. The final spectrum was
obtained by averaging the six replicates.

Spectral manipulations: Spectral
manipulations were performed using
GRAMS/32 (Galactic Industries, Salem,
New Hampshire). The second derivative
spectra were calculated using a two-
degree, 15-point Savitzky–Golay
smoothing algorithm.

Deconvolutions: Deconvolutions
were performed with MatLab (Natick,
Massachusetts) using a curve-fitting
methodology that was developed in-
house. While it is beyond the scope of
this article to cover all of the analysis
methods in detail, each of the steps
involved in producing the Amide I curve
fits will be summarized here, with
emphasis placed on those aspects of the
fitting procedure that are most crucial
for obtaining reliable secondary struc-
ture results.

First, we subtract residual water vapor
and carbon dioxide peaks from each of
the sample spectra by fitting reference
spectra of these constituents using an
entropy minimization algorithm (2).
Then, we remove artifacts due to ATR
sampling effects (such as frequency-
dependent depth of penetration, sam-
ple density, and baseline curvature) from
these spectra by applying a weighted
extended multiplicative scatter correc-
tion (WEMSC) (3,4). Specifically, fre-
quency regions known to consist prima-
rily of absorbance from carbohydrate
and protein constituents are weighted
to zero so that they do not bias the

WEMSC calculation. (Note that SPI is
>90% protein.)

The actual curve-fitting step employs
the conjugate gradient implementation
from the Optimization Toolbox in Mat-
lab, except that we modify it to include
a linear fit step of the peak amplitude
parameters within each nonlinear fitting
iteration (5,6). This interim step saves
time by reducing the number of nonlin-
ear parameters that need to be iteratively
fit. For example, applying a model con-
sisting of four Gaussian–Lorentzian mix-
ture bands in the Amide I region to a set
of 50 spectra implies initially that 800
parameters must be found, because the
four peaks in each of the 50 spectra con-
sist of four parameters: an amplitude, a
width (fwhm), a position, and a Gauss-
ian–Lorentzian relative fraction (with 1
being full Gaussian and 0 being full
Lorentzian). However, for the model to
be realistic, the same four peaks should
fit all 50 spectra equally well; only the
peak amplitudes should change between
spectra consisting of perturbations of a
single protein type. This means that the
model can be simplified to only 12 non-
linear parameters (the width, position,
and Gaussian–Lorentzian ratio for each
of the four peaks), and 200 linear param-
eters (the four peak amplitudes for each
of the spectra). Redefining the curve fit
model in this way improves the fidelity
of the resultant fits by taking advantage

(a) Lyophilized SPI (---)
(b) Spray dried SPI (     )
(c) Boiled to dryness SPI (– – –)

Amide I                            Amide II

1720  1700  1680  1660  1640 1350    1300     1250   1200

Raman shift (cm-1) Raman shift (cm-1)

Wavenumber (cm-1)
1700                    1650                  1600

Random
coil

Figure 3: FT-Raman spectra of (a) lyophilized
SPI, (b) pasteurized, spray-dried SPI, and 
(c) SPI from a solution that was boiled to
dryness on a glass slide.

Figure 4: Deconvolved FT-IR-ATR spectrum of
pasteurized, spray-dried SPI (Amide I region).
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tra shown in Figures 2a and 2b reveals
differences in intermolecular b-sheet
(discussed later).

Pasteurized, spray-dried SPI that was
mixed with water and heated to dryness
on the ATR crystal at 90 °C is presented
in Figure 2d. Pasteurized, spray-dried
SPI that has been repeatedly subjected
to a similar treatment at 125 °C is pre-
sented in Figure 2c. Comparison of the
spectra shown in Figures 2b and 2d
reveals that the SPI treated at 90 °C con-
tains more b-sheet and less water than
the SPI (n[OH] region not shown).
Spectrum 2C reveals that the SPI treated
repeatedly at 125 °C contains large
numbers of random coil conformations
and thus is mostly unfolded.

FT-Raman spectra of lyophilized and
pasteurized, spray-dried SPI are pre-
sented in Figures 3a and 3b, respectively.
An FT-Raman spectrum of pasteurized,
spray-dried SPI that has been mixed
with water and heated to dryness at ~100
°C on a glass slide is presented in Figure
3c. Comparison of the spectra shown in
Figures 3a and 3b reveals differences
associated with a broad feature near
1685 cm21. The feature likely originates
from a band that is too broad and has a
frequency that is too high to be associ-
ated with b-sheet (or b-turns). The
shape and position of the feature are
consistent with the shoulder of a ran-
dom coil band, which appear as very
broad Amide I bands in the Raman spec-
tra (15). Furthermore, the feature is
more prominent in the spectrum of pas-
teurized, spray-dried SPI, which is the
more denatured sample. The appearance
of this band is reasonable because pre-
vious studies suggest that random coil
increases as a-helix decreases in the ini-

and b-conglycinin were created using
X-ray diffraction data for the native
state proteins and are presented in Fig-
ure 1 (9,10). We use these models to
reveal important information about the
nature of the molecules and to help
establish constraints for FT-IR–ATR
Amide I curve-fitting models (discussed
later). The a-helices are presented in
blue, the b-sheets in green, and the ran-
dom coil conformations in purple. For
both proteins, note the stable b-sheet
network that forms the core of the pro-
tein, and the significant portion of the
a-helix conformation that is located
outside of the core. With this informa-
tion, we might expect a loss of a-helix
with the onset of thermal denaturation,
while the b-sheets’ content remains rel-
atively constant. This is indeed the
behavior observed and reported for
pure glycinin (11,12).

The Amide I region (near 1650 cm21)
of both infrared and Raman spectra is
sensitive to the secondary structure of
proteins and can be used to monitor
changes in protein conformation
(13,14). The n(OH) region (near 3300
cm21) of the infrared is very sensitive to
changes in water and can be used to
monitor changes in water content. FT-
IR–ATR spectra of lyophilized and pas-
teurized, spray-dried SPI are presented
in Figures 2a and 2b, respectively.
Lyophilization is a milder process than
spray drying and produces fewer struc-
tural changes in the soy proteins.
Because the lyophilized sample experi-
ences a lesser degree of thermally
induced denaturation and aggregation
when drying and the sample was not
subjected to the pasteurization process,
the lyophilized SPI should retain more
native structure than the pasteurized,
spray-dried SPI. We therefore use it as a
pseudo control. Comparison of the spec-

of inherent correlations among the spec-
tra and by reducing the chance of “over-
fitting” any one spectrum in the data set.

The curve-fit model includes peaks
to account for overlap in the Amide I
region from Amide II, amino acid side-
chain and lipid carbonyls, but we do
not explicitly interpret these. Also, the
model includes terms for fitting a quad-
ratic-shaped baseline to account for any
residual ATR artifacts. The curve-fit cal-
culation is initialized with peak posi-
tions taken from features in the aver-
age of the inverted second derivatives
of the processed spectra. Initial peak
widths are set at 30 cm21, and Gauss-
ian–Lorentzian fractions are set at 0.5.
These starting values are based upon
our own experience and consensus in
the literature. We use three diagnostics
to determine the quality of the fit. First,
we apply the parsimony principle: we
include only as many peaks as are
required to yield normally distributed
fit residuals (that is, the reduced χ2 sta-
tistic is ~1). Second, we verify that there
are no extra or misplaced peaks by
checking that the inverted second deriv-
atives of the fit spectra match those of
the sample spectra. Finally, we ensure
that our calculated secondary structure
percentages are in approximate agree-
ment with independent sources, such
as X-ray diffraction studies.

Molecular models: X-ray diffraction
data were obtained as PDB files from
the Research Collaboratory for Struc-
tural Bioinformatics (RCSB) Protein
Data Bank. Molecular protein models
were produced using Pymol (DeLabno
Scientific LLC, San Carlos, California).

Results and Discussion
Glycinin and b-conglycinin account for
about 70% of the protein in soy pro-
tein (7,8). Molecular models of glycinin

Table I: Secondary structure of soy proteins

Protein(s) a-Helix b-Sheet Random Coil Notes

Glycinin (native) 14 37 49 ~40% of the total soy proteins
b-Conglycinin (native)   20 48 32 ~30% of the total soy proteins
Soy protein isolate 17 42 42 Values were estimated using

(“native”) the weighted averages of 
glycinin and b-conglycinin.

Soy protein isolate 5 57 38 Values were obtained from the 
deconvolved Amide I contour
presented in Figure 4. 

Figure 5: FT-IR-ATR second derivative spectra
of (a) lyophilized SPI and (b) pasteurized,
spray-dried SPI.
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(b) Spray dried SPI
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tial stages of thermally induced denat-
uration (11,12). We therefore assign the
origin of the feature to the broad ran-
dom coil band. Comparison of FT-
Raman spectra shown in Figures 3b and
3c also reveals that after additional heat
treatment, the pasteurized, spray-dried
SPI contained more b-sheet, thus show-
ing that the changes observed in the FT-
IR–ATR spectra are not due simply to
decreasing water content. We were
unable to obtain an FT-Raman spectrum
analogous to the FT-IR–ATR spectrum
2C, because our larger scale preparation
procedure eventually browns the SPI
before reaching this state, and the respec-
tive FT-Raman spectra become compro-
mised by fluorescence.

Using a model and a deconvolution
procedure, it is possible to quantify
changes in a-helix, random coil, and b-
sheet (16). In this work, we used a curve-
fitting approach based upon a simple
model with experimentally determined
constraints (see experimental section for
details). The deconvolved FT-IR Amide
I spectrum of pasteurized and spray
dried SPI is presented in Figure 4.

Although the Amide I band profile is
rich in structural information, numer-
ous challenges and complications exist
for extracting accurate quantitative
results (17). Of special note is the strong
absorption from condensed phase water
at ~1640 cm21, which requires spectral
subtraction. A second technique is often
required to minimize ambiguities. In
our work, we use FT-Raman spec-
troscopy to provide qualitative confir-
mation. Water is a relatively weak
Raman scatterer and therefore produces
significantly less interference in the

Raman spectrum. Furthermore, the
individual secondary structure bands
appear differently in Raman spectra,
which is very useful for confirmation.

The Amide I contour was obtained
by subtracting spectral contributions
due to the condensed phase water con-
tribution (~1640 cm21) and the large
Amide II contour at 1550 cm21. Decon-
volution was accomplished by curve fit-
ting with a constrained model that con-
tains only four bands. The deconvolved
bands are listed and identified in the
legend to the left. Integrated areas indi-
cated 57% b-sheet and b-turn, 5% a-
helix, and 38% random coil. These val-
ues are compared with those for “native”
SPI presented in Table I, where “native”
SPI is estimated using the weight-aver-
aged values for native glycinin and b-
conglycinin. From this comparison, we
conclude that pasteurized, spray-dried
SPI contains less a-helix, more random
coil, and similar amounts of b-sheet to
the “native” SPI. Because the amount of
b-sheet remains relatively constant, we
further conclude that pasteurization and
spray drying have little effect on the sta-
ble b-sheet core common to soy pro-
teins. Because the native soy proteins
are globular and most of the a-helices
are located near the surface of the native
protein (Figure 1), loss of a-helix should
increase surface hydrophobicity, which
might induce aggregation.

Soy proteins aggregate during thermal
processing in a way that can affect prod-
uct functionality negatively. Previous
studies have shown that part of the aggre-
gation process involves the formation of
intermolecular b-sheets (11,12). It is pos-
sible to study this type of protein aggre-

gation with FT-IR because the intramol-
ecular b-sheet bands appear at higher
frequencies than the intermolecular b-
sheet bands (18–20). Differences between
lyophilized and pasteurized/spray-dried
SPI are observed readily in the second
derivative spectra that are presented in
Figure 5. In Figure 5, note the larger
intensity near 1620 cm21 for the pasteur-
ized, spray-dried SPI, indicating a larger
concentration of intermolecular b-sheet
in the spray-dried sample. The spectra
have been smoothed to emphasize these
features and to deemphasize artifacts
associated with small water vapor bands.
Changes observed in the 1670-cm21

band of the second derivative FT-Raman
spectra are consistent with increasing
total b-sheet due to spray drying (spec-
tra not shown). We now expand our
claims concerning thermal denaturation.
Specifically, we attribute the lower dis-
persibility of pasteurized, spray-dried SPI
in beverages to denaturation of native a-
helix segments of SPI with subsequent
formation of aggregated or intermolec-
ular b-sheet formation.

FT-IR spectroscopy was then used to
monitor the number of intermolecular
b-sheets formed during pasteurization
and spray drying as a function of tre-
halose concentration. To obtain the nec-
essary samples, increasing levels of tre-
halose were added to SPI before the
pasteurization process, which immedi-
ately precedes the spray-drying process.
Two separate trials were performed at a
soy protein processing plant, and quan-
titative FT-IR–ATR results were
obtained by modifying the curve-fitting
approach described earlier to include
separate bands for intra- and intermol-
ecular b-sheet (aggregated b-sheet)
(18). The results showed that trehalose
(6–15% w/w powder) reduced b-sheet
aggregation up to 30% relative to a con-
trol. Plots of %reduction in aggregated
b-sheet in pasteurized, spray-dried SPI
versus trehalose concentration for two
separate trials are presented in Figure
6. From these plots, we conclude that
trehalose inhibits the formation of inter-
molecular b-sheets, and the effect is
concentration-dependent.

The FT-Raman Amide I spectra asso-
ciated with Trial 1 are presented in Fig-
ure 7, along with the respective concen-

Figure 7: The FT-Raman Amide I spectra of
SPI co-dried with trehalose from Trial 1. 

Figure 6: Plots of %reduction in aggregated b-
sheet in pasteurized, spray-dried SPI vs.
trehalose concentration for two separate trials. 
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trations of trehalose present during spray
drying. (Note that trehalose does not
interfere with the Amide I region of pro-
teins.) A strong, broad feature is observed
in the 0% trehalose spectrum near 1685
cm21. This is the same feature observed
in the spectrum shown in Figure 3b that
we assigned previously to random coil.
Because the magnitude of this feature
decreases systematically with increasing
trehalose concentration, we conclude that
trehalose inhibits denaturation and the
effect is concentration-dependent.

Conclusions
Deconvolution of the FT-IR–ATR spec-
trum of pasteurized, spray-dried SPI
indicated 57% b-sheet and b-turn, 5%
a-helix, and 38% random coil. Values
for “native” SPI were estimated using
the weight averaged values for native
glycinin and b-conglycinin and com-
pared with the values for pasteurized,
spray-dried SPI. From this comparison,
we conclude that the pasteurized, spray-
dried SPI contains less a-helix, more
random coil, and similar amounts of

b-sheet to the “native” SPI. Pasteuriza-
tion and spray drying reduces dis-
persibility of SPI in beverages. This
problem is attributed to denaturation
of native a-helix segments of SPI with
subsequent formation of aggregated b-
sheets. FT-IR–ATR and FT-Raman
results showed that both denaturation
and b-sheet aggregation were reduced
when SPI was pasteurized and spray
dried in the presence of trehalose.
Because protein denaturation and
aggregation reduce dispersibility of SPI
in beverages, controlling these param-
eters will enable beverage manufactur-
ers to produce products with greater
consumer acceptability.
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