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Abstract

Two kinds of soluble aggregates, HC-SPI and HT-SPI, were obtained through 
centrifugation at 10000 g for 10 min, from two modified soy protein isolates, which were 
mediated by hydrothermal cooking at 121°C (0.1 MPa, gauge pressure) for 30 min in an 
autoclave and by moisture heat treatment at 90°C for 30 min in a water bath, respectively. 
The physicochemical and conformational properties, including SDS-PAGE/GPC, surface 
charge and hydrophobicity, free sulfhydryl group (SH) contents and disulfide bond (SS) 
contents, as well as secondary and tertiary conformations, were evaluated. Remarkable 
differences in SDS-PAGE patterns, GPC profiles, surface charge and hydrophobicity, free 
sulfhydryl group (SH) and disulfide bond (SS) contents, tertiary and quaternary 
conformations were observed between HC-SPI and HT-SPI. The significantly different 
free sulfhydryl group (SH) contents between HC-SPI and HT-SPI (especially as compared 
to N-SPI) suggest discrepancy in S-S formation mechanism. Both of the tertiary and 
quaternary conformations showed varying exposure extent with varying aromatic 
residues (Phe, Tyr and Trp).These results suggested good relationships between the 
physicochemical properties and conformational features of these soluble aggregates 
from SPI.

Keywords: Soy protein isolates; Modification; Soluble aggregates; Hydrothermal cooking; 
Heat treatment.

Introduction

Soy proteins have been widely used as an important food ingredient in a lot of food 
formulations, due to its high nutritional and functional properties. Soy protein isolate 
(SPI) is one of the most important commercially available soy protein products [1]. 
Glycinin (11S) and β-conglycinin (7S) globulins are the major components of soy protein 
isolates [2]. They must possess appropriate functional properties for food applications. 
These properties are influenced by the composition, structure, and conformation of 
ingredient proteins [3].

Soy protein isolates can be modified by different treatments to improve specific 
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functional properties, heating being one of the more 
frequently used for that purpose [4]. Heat-induced 
aggregating of soy proteins gives them new properties 
such as solubility, emulsification, and foaming that can be 
useful in food products [3,5-7]. Gelling of proteins is 
induced by the unfolding and the subsequent aggregation 
of proteins [8]. When heated higher than the denaturing 
temperature, the hydrophobic groups buried in the native 
state are exposed to the surface, and as the surface 
hydrophobicity increases, net charge decreases. The 
changes of structure lead to the gel network formation [9]. 
Furthermore, soy aggregates had been identified to 
stabilize the emulsion because the adsorbed layers on oil 
droplet consisted of aggregated proteins [10]. It has been 
demonstrated that the functionality depends basically on 
the degree of dissociation, denaturation, and aggregation 
of the glycinin and β-conglycinin [11-13]. The subunits of 
glycinin and β-conglycinin could form some kind of soluble 
aggregates [11,14-16] and could also form some kind of 
insoluble aggregates [17] by moisture heat treatment. 
Discrepancy in the structure-function relationship of soluble 
and insoluble aggregates was also reported [17].

Hydrothermal cooking, a steam-infusion treatment often 
known as jet cooking, was employed to refunctionalize 
ethanol denatured soy protein concentrates, and gained 
significant increase in its major functional properties [18]. And 
the refunctionalization of the heat-denatured soy proteins 
could also be achieved through this method [19]. Some 
previous literatures also adopted autoclaves to serve as 
hydrothermal cooking for refunctionalization of proteins [20]. 
In our previous study using alcohol-washed insoluble soy 
protein concentrates (SPC) as the starting material, soluble 
aggregates with good functionality were formed from those 
insoluble soy protein components by hydrothermal cooking 
in an autoclave system [21].

To our knowledge, as for modified proteins by heating, 
such as moisture heat treatment or hydrothermal cooking, 
the induced aggregates may play key roles in conveying good 
functionality. To date, the aggregates mediated by heat 
treatment were extensively studied [4,17,22], but literatures 
concerning about the properties of the induced soluble 
aggregates by hydrothermal cooking, especially the 
conformational features, were scarcely reported. Thus, the 
main objective of this study was to compare the 
physicochemical and conformational properties of soluble 
aggregates, mediated by hydrothermal cooking and heat 
treatment, taking soy protein isolates as the starting 
materials.

Materials and Methods
Materials

Low denatured defatted soy flakes were provided by 
Shandong Yuwang Industrial & Commercial Co., Ltd. Soy 
flakes were obtained by dissolving through flash evaporation 
and toasted at about 60°C under vacuum to avoid heat 

denaturation. The flakes contained protein content 56.5% 
(N×6.25, dry basis) and nitrogen solubility index 85%. All 
chemical reagents used were of analytical or better grade.

Preparation of soybean protein isolates (SPI)

Defatted soybean seed meal was mixed with 10-fold (w/v) 
deionized water, and the mixture was adjusted to pH 8.5 with 
1.0 mol/L NaOH. After 2hrs, the resulting suspension was 
centrifuged at 8000×g for 30 min to remove the insoluble 
material. Then, the pH of the supernatant was adjusted to pH 
4.8 at 4°C with 2 mol/L HCl, and the precipitate or curd was 
collected by centrifugation (8000×g, 10 min). The protein 
precipitate was washed with pre-cooled deionized water and 
dispersed in deionized water, and dialyzed three times (each 
time for about 8hrs) at 4°C against 0.01 mol/L Tris-HCl buffer, 
pH 7.0 (1:100, v/v). The protein content of the SPI solution was 
determined by Kjeldahl method (N×6.25), and adjusted to 1.0 
g/100 mL with the same buffer. The protein solution was 
directly freeze-dried to produce SPI samples.

Modification of SPI by hydrothermal cooking and 
moisture heat treatment

Our preliminary experiments showed that the critical 
gelation concentration of soy protein isolates under moisture 
heat treatment and hydrothermal cooking were 9% and 11%, 
respectively. Thus, 100 mL of SPI dispersions in distilled water 
(8%, w/v) were placed and sealed in 200 mL beakers. Then, 
the beakers were placed in a water bath at 90°C or in an 
autoclave at 121°C (0.1 MPa, gauge pressure) for 30 min. After 
moisture heat treatment or hydrothermal cooking, some 
water was added to the beakers, which was equal to the 
quantity of the evaporated one, followed by cooling by 
immersing in an ice bath, and then equilibrated to room 
temperature. The above solutions were then centrifuged at 
10,000×g for 10 min, and supernatants were collected as 
soluble aggregates. 0.05% NaN3 was added to the 
supernatants, prior to storing at 4°C.

Measurement of mean hydrodynamic diameter

The mean hydrodynamic diameter of the proteins or 
aggregates in native and treated samples was measured by a 
dynamic light scattering technique using a Zetasizer Nano ZS 
(Malvern Instruments Ltd., Malvern, Worcestershire, UK) 
equipped with a 4 mW helium/neon laser at a wavelength 
output of 633 nm. Droplet sizing was performed at 25°C at 
10-s intervals in a particle-sizing cell using backscattering 
technology. The intensity of light scattered from the proteins 
in the dispersions was used to calculate the mean 
hydrodynamic diameter, based on the Stokes-Einstein 
equation, assuming the proteins to be spherical. For each 
sample, the mean and standard deviation were calculated 
from at least five measurements. The native and treated-SPI 
dispersions were also filtered through 0.45 mm Millipore 
membrane prior to analysis. The protein concentration is 5 
mg/mL.
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Zeta potential (ζ) measurement

The ζ values of the proteins in SPI dispersions(native and 
treated), were measured by a laser doppler velocimetry and 
phase analysis light scattering (M3-PALS) technique using a 
Malvern Zetasizer Nano ZS (ZEN3600) instrument (Malvern 
Instruments Ltd., Malvern, Worcestershire, UK), in connection 
with a multipurpose autotitrator (model MPT-2, Malvern 
Instruments, Worcestershire, UK). The protein samples were 
prepared in deionized water, and diluted to 0.5% (w/v). The 
diluted protein dispersions were filtered with a 0.45 mm 
Millipore membrane, prior to the analysis. One milliliter of 
each diluted sample was put in an electrophoresis cell (Model 
DTS 1060C, Malvern Instruments Ltd., Malvern, and 
Worcestershire, UK). The temperature of the cell was 
maintained at ambient temperature. The data was the average 
values of three measurements performed with three 
individually prepared protein dispersions.

Sodium Dodecyl Sulfate Polyacrylamide Gel 
Electrophoresis (SDS-PAGE)

SDS-PAGE experiments were performed according to the 
discontinuous buffer system of Laemmli [23] at 5% stacking 
gel and 12.5% separating gel using gel electrophoresis 
apparatus DYCZ-30 (Beijing LIUYI Instrument Factory, China). 
The protein samples were directly dissolved in the sample 
buffer, namely 0.125 M Tris-HCl buffer (pH 8.0) containing 
1.0% (w/v) SDS, 0.05% (w/v) blue bromophenol, 30% (v/v) 
glycerol with or without 5% (v/v) 2-ME. Then the samples 
were vortexed for about 5 s, heated at 100°C for 5 min, and 
centrifuged (10,000×g, 10 min). The samples (containing 
about 5 μg protein for each) were loaded, and then the 
electrophoresis was run at 20 mA in the stacking gel and at 40 
mA in separating gel until the tracking dye reached the 
bottom of the gel. Lastly, the gel was then dyed with 
Coomassie Blue R250 and destained. The band patterns were 
then photographed and analyzed with Quantity One software 
version 4.4 (Bio-Rad Laboratories Inc., USA). The relative 
quantity of each subunit (protein band) was calculated from 
its respective percent area on the densitograms against the 
areas of total subunits.

Gel Permeation Chromatography (GPC)

GPC analysis was performed on a Waters Breeze system 
equipped with a Water 1525 pump and Water 2487 UV 
detector (Waters, USA). The treated samples were diluted to 5 
mg/mL by the use of 50 mM sodium phosphate (pH 7.2) 
containing 50 mM NaCl, centrifuged at 10000 g for 20 min, 
and filtered through 0.45 μm filters (Millipore, Fisher Sci.). The 
same buffer was used as mobile phase, and aliquots (20 μL) 
were injected into a prepacked TSK G4000SWxl column 
(TOSOH, Japan). The flow rate was 0.7 mL/min. The elution 
was monitored by absorbance at 280 nm. All data were 
collected and analyzed by Breeze software (Waters, Division 
of Millipore, and Milford, MA, USA). Bovine thyroid (669 kDa), 
rabbit muscle (158 kDa) and chicken egg white (75 kDa) 

obtained from GE Healthcare (Little Chalfont, Buckinghamshire, 
United Kingdom) were used as standard proteins for calibration.

Determination of the Free Sulfhydryl Group (SH) and 
Disulfide Bond (SS) contents

The SH and SS contents of samples were determined by 
the method of Beveridge et al. [24]. Protein samples (75 mg) 
were dissolved in 10 mL of Tris-Gly buffer (0.086 M Tris, 0.09 
M glycine, and 0.04 M EDTA, pH 8.0) containing 8 M urea. The 
solution was gently stirred overnight until a homogeneous 
dispersion was achieved. For SH content determination, 4mL 
of the Tris-Gly buffer was added to 1 mL of protein solution. 
Then, 0.05 mL of Ellman’s reagent (5, 50-dithio-bis-2-
nitrobenzoic acid in Tris-Gly buffer, 4 mg/mL) was added, and 
absorbance was measured at 412 nm after 5 min. For total SH 
content analysis, 0.05 mL of β-ME and 4 mL of Tris-Gly buffer 
were added to 1 mL of the protein solution. The mixture was 
incubated for 1 h at room temperature. After an additional 
hour of incubation with 10 mL of 12% TCA, the mixtures were 
centrifuged at 5000 g for 10 min. The precipitate was twice 
resuspended in 5 mL of 12% TCA and centrifuged to remove 
2-ME. The precipitate was dissolved in 10 mL of Tris-Gly 
buffer. Then 0.04 mL of Ellman’s reagent was added to 4 mL 
of this protein solution, and the absorbance was measured at 
412 nm after 5 min. The calculation was as follows: μM SH/g 
= 73.53×A412×D/C; where A412 is the absorbance at 412 nm, C 
is the sample concentration (mg/mL), D is the dilution factor, 
5 and 10 are used for SH and total SH content analysis, 
respectively, and 73.53 is derived from 106/(1.36×104); 
1.36×104 is the molar absorptivity [25], and 106 is for the 
conversion from molar basis to μM/mL basis and from mg 
solids to g solids. Half of the value after subtracting the SH 
value from the total SH value was defined as the SS content.

Far-UV and Near-UV Circular Dichroism (CD) Spectroscopy

Far-UV and near-UV CD spectra were obtained using an 
MOS-450 spectropolarimeter (Biologic Science Instrument, 
France). The far-UV CD spectroscopy measurements were 
performed in a quartz cuvette of 2 mm with a protein 
concentration around 0.1 mg/mL in 10 mM PBS (pH7.0). The 
sample was scanned from 190 to 250 nm. The near-UV CD 
spectroscopy measurements were performed in a 1 cm quartz 
cuvette with a protein concentration around 1.0 mg/mL. The 
sample was scanned over a wavelength range from 250 to 
320 nm. For both measurements, the spectra were an average 
of eight scans. The following parameters were used: step 
resolution, 1 nm; acquisition duration, 1 s; bandwidth, 0.5 nm; 
sensitivity, 100 mdeg. The cell was thermostatted with a 
Peltier element at 25°C, unless specified otherwise. The 
concentration of the proteins was determined by the Lowry 
method [26] using BSA as the standard. Recorded spectra 
were corrected by subtraction of the spectrum of a protein-
free buffer. A mean value of 112 for the amino acid residue was 
assumed in all calculations and CD measurements expressed as 
the mean residue ellipticity (θ) in deg.cm-2.dmol-1. The 
secondary structure compositions of the samples were 
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estimated from the far-UV CD spectra using the CONTIN/LL 
program in CDPro software, using 43 kinds of soluble proteins 
as the reference set [27,28]. Each data point was the mean of 
duplicate measurements. 

Intrinsic fluorescence spectroscopy and surface 
hydrophobicity (H0)

Intrinsic emission fluorescence spectra of samples were 
determined in a RF-5301 PC fluorophotometer (Shimadzu Co., 
Kyoto, Japan). Protein dispersions (0.15 mg/mL) were prepared 
in 10 mM phosphate buffer (pH 7.0). Protein solutions were 
excited at 295 nm, and emission spectra were recorded from 
300 to 400 nm at a constant slit of 5 nm for both excitation and 
emission. H0 was determined using ANS-, according to the 
method in pervious study [29]. In brief, stock solutions of 
8×10-3 M ANS-, and 1.5% (w/v) protein dispersions were 
prepared in 10 mM phosphate buffer (pH 7.0). To successive 
samples containing 4 mL of buffer and 20 μL of ANS- stock 
solutions were added 10, 20, 30, 40, and 50 μL of 1.5% protein 
solution, respectively. Samples were mixed in vortex mixer for 
about 5 s. Fluorescence intensity (FI) was measured at 
wavelengths of 390 nm (excitation) and 470 nm (emission) at 
20±0.5°C using a RF-5301 PC fluorophotometer (Shimadzu 
Co., Kyoto, Japan), with a constant excitation and emission slit 
of 5 nm. The FI for each sample was then computed by 
subtracting the FI attributed to protein in buffer. The initial 
slope of the FI versus protein concentration (mg/mL) plot 
(calculated by linear regression analysis) was used as an 
index of surface hydrophobicity (H0).

Ultraviolet (UV) Spectroscopy

Samples were dissolved in 10 mM sodium phosphate (pH 
7.2) and centrifuged at 10,000 g for 20 min. The protein 
concentrations of all samples were adjusted to 0.3 mg/mL. 
Baseline corrected UV spectra were recorded between 250 and 
300 nm at medium speed in the double beam mode using a 
UV2300 spectrophotometer (Techcomp, China). The data 
interval was 0.1 nm. Second-derivative UV spectra were analyzed 
using Origin 8.0 software (Origin-Lab Corp., Northampton, MA).

Results and Discussion
Physicochemical properties
Mean hydrodynamic diameters by DLS and ζ-potentials

The thermal aggregation of the proteins in SPI dispersions 
(at pH 7.0) was evaluated by dynamic light scattering 
technique, and the mean hydrodynamic diameters of the 
protein aggregates formed are shown in figure 1. The mean 
hydrodynamic diameter of the proteins in untreated SPI 
dispersion (designated as N-SPI, served as control) was about 
40 nm. As expected, the mean hydrodynamic diameter of the 
proteins in modified SPI dispersions treated by hydrothermal 
cooking (designated as HC-SPI) and moisture heat treatment 
(designated as HT-SPI) remarkably increased, indicating 
thermal aggregation of the proteins. Significantly higher 
value of mean hydrodynamic diameter of HC-SPI (about 325 
nm), as compared to HT-SPI (about 200 nm) Figure 1 indicated 

much higher extent of protein aggregation in HC-SPI. This is 
well consistent with the turbidity data of the proteins (data 
not shown), suggesting that hydrothermal cooking, which 
included steam treatment with high temperature(121°C) and 
gauge pressure(0.1 MPa), was more favorable for aggregation 
of the proteins than heat treatment(especially 90°C in our 
study).
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Figure 1. Mean hydrodynamic diameters (A) and ζ-potentials (B) of 
HC-SPI and HT-SPI (HC-SPI, SPI treated by hydrothermal cooking; 
HT-SPI, SPI treated by moisture heat treatment; N-SPI, native SPI)

To confirm the changes in electrostatic forces, we 
determined zeta potentials (ζ) of the proteins in native and 
treated SPI, as shown in figure 1. ζ potential is commonly 
used in the interpretation of protein suspension stability [30]. 
The native SPI (N-SPI) showed its ζ value around -28 mV, 
which was less than that reported in former study [31]. The 
difference in ζ values may be attributed to the test conditions 
and materials. After moisture heat treatment, the ζ was almost 
unchanged. However, the ζ value of HC-SPI (about-33 mV) 
was slightly but significantly larger than that of HT-SPI. The 
reason may be due to the lowering pH value of about 0.4 
(data not shown) of HC-SPI comparing with N-SPI, which 
resulted in more protonation of carboxyl groups and de-
protonation of amino groups of the proteins, although the 
mechanism in pH-lowering of SPI treated by hydrothermal 
cooking was unclear. As for the induced aggregates, the 
different ζ potential values may also be related to their 
morphology to some extent, since the external morphological 
appearance of aggregates are highly sensitive to the amount 
of charge on the aggregating protein molecule [32].

http://madridge.org/journal-of-food-technology/
http://madridge.org/journal-of-food-technology/


Madridge Journal of Food Technology

5Volume 1 • Issue 1 • 1000101Madridge J Food Technol.
ISSN: 2577-4182

elution time(min)
10 12 14 16 18 20 22

A
bs

or
ba

nc
e 

at
 2

80
 n

m

0.00

.01

.02

.03

.04
N-SPI
HC-SPI
HT-SPI

 B

 

669            158     75 kDa

Figure 2. SDS-PAGE profiles and GPC profiles of HC-SPI and HT-SPI 
in the presence and absence of reducing agent 2-ME. HC-SPI, SPI 
treated by hydrothermal cooking; HT-SPI, SPI treated by moisture 

heat treatment; N-SPI, un-treated SPI; M, molecular weight markers.

SDS-PAGE profiles and GPC analysis
As expected, the native soy protein isolates showed 

typical SDS-PAGE profiles of β-conglycinin constituent 
subunits (α、α΄ and β) and glycinin constituent subunits 
(acidic and basic ones) (Figure 2A, lane 4). In the absence of 
2-ME (Figure 2A), the N-SPI (Figure 2A, lane 1) showed a large 
band with Mr of 55 kDa attributed to AB band, and several 
bands with Mr ranging from 30 to over 100 kDa. The addition 
of 2-ME led to the dissociation of some bands in the control, 
such as AB band and some aggregated protein bands with 
high molecular weight, and the intensity of the constituent 
subunits of soy protein increased in the presence of 2-ME 
concomitantly (Figure 2A, lane 4), indicating that disulfide 
bonds play key roles in native SPI.

Figure 2A also shows the SDS-PAGE patterns of HC-SPI 
and HT-SPI. Both moisture heat treatment and hydrothermal 
cooking caused disappearance of the AB band at Mr of 55 
kDa, and one band with Mr of 35 kDa and bands with lower 
molecular weights generated. (Figure 2A, lane 2 and lane 3). 
Meanwhile, several aggregates bands(designated as AG1
、AG2 and AG3) were observed for HT-SPI (Figure 2A, lane2), 

while only AG1 and AG2 for HC-SPI (Figure 2A, lane3). In the 
presence of 2-ME, A3, with Mr of about 40 kDa, still existed in 
aggregate-form in the resultant aggregates corresponding to 
AG3 in the case of HC-SPI (Figure 2A, lane 6), suggesting that 
some compact structures (not accessible to SDS or/and 2-ME) 
may have existed in the resultant aggregates.

GPC was also performed to understand the aggregation 
behavior of the modified proteins by hydrothermal cooking 
and moisture heat treatment. The elution profiles of various 
samples are shown in figure 2B. The elution profiles of N-SPI 
showed major eluting peaks appearing at about 19 and 21 
min, which attributed to β-conglycinin and glycinin, 
respectively. The molecular weights of the components were 
lower 158 kDa. In contrast, large aggregates were both 
observed for the treated-SPIs, as evidenced by the appearance 
of peaks eluting at 12.5 min and concomitant and significant 
decrease arround the typical peak areas (at 19 and 21 min). 
The average weights of heat-treated SPIs were over 669 kDa. 
It should be pointed out that the total peak area eluting at 
12.5 min of HC-SPI was considerably smaller than that of HT-
SPI, which seemed to be in contrary with the truth that 
hydrothermal cooking mediated a much higher extent of 
aggregation than moisture heat treatment, as evidenced by 
the significantly higher mean hydrodynamic diameters of HC-
SPI (Figure 1A). In fact, the additional filtration through 0.45 
μm filters before GPC analysis may be a rational explanation 
for this decrease. Besides, a shoulder peak close to the peak 
at around 12.5 min, indicative of relative smaller aggregates, 
were observed only for HT-SPI, which may correspond to AG3 
in the SDS-PAGE profiles (Figure 2A, lane 2). The above results 
further convinced that hydrothermal cooking was a stronger 
means to induce aggregation comparing with moisture heat 
treatment in our study.

Surface Hydrophobicity and ANS-Fluorescence Spectra
The surface hydrophobicity of native and treated SPI is 

presented in figure 3A. The surface hydrophobicity of native 
SPI was about 1500 (Figure 3A). However, the surface 
hydrophobicity of treated-SPI by moisture heat treatment or 
hydrothermal cooking rose dramatically to about 10000 and 
15000, respectively, suggesting that lots of hydrophobic 
clusters initially distributed in the inner protein molecules 
were exposed to the molecule surface.

The fluorescence emission spectra of ANS (a polarity-
sensitive fluorescent probe) upon binding to the proteins in 
HT-SPI and HC-SPI are shown in figure 3B. The maximum 
emission (λmax) of the ANS-probes upon complexation by the 
proteins in control was 467 nm. The λmax of ANS- in 10 mmol 
L−1 phosphate buffer (pH 7.0) appeared at 509 nm according 
to Haskard and Li-Chan [29]. The observed blue shift in λmax of 
ANS- probes upon complexation by the control (N-SPI) is 
indicative of an increase in hydrophobicity of the ANS- 
microenvironment upon protein binding. The maximum 
emission (λmax) of the ANS-probes upon complexation by the 
proteins in HT-SPI and HC-SPI was 466 and 464 nm, 
respectively. The larger blue shift in λmax in the case of HT-SPI, 
as compared to the case of HC-SPI, suggested a larger 
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increase in hydrophobicity of the ANS- microenvironment 
upon protein binding. This is in good agreement with H0 
(Figure 3A), indicating that more initially buried hydrophobic 
groups were exposed and induced by moisture heat treatment 
than hydrothermal cooking. A reasonable explanation is that, 
the high aggregation degree of HC-SPI led to a hydrophobic 
buried effect to some extent for several hydrophobic groups, 
initially exposed on the surface of the treated-SPI during 
hydrothermal cooking processing, thus resulting in smaller 
hydrophobicity (relative to that of HT-SPI). The above results 
also confirms the fact that, ANS binds expose hydrophobic 
surfaces in partially unfolded proteins with much higher 
affinity than native or completely unfolded proteins [32].
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Figure 3. Surface hydrophobicity and ANS-fluorescence spectra of 
HT-SPI and HC-SPI (HC-SPI, SPI modified by hydrothermal cooking; 
HT-SPI, SPI modified by moisture heat treatment; N-SPI, un-treated SPI)

Total free sulfhydryl contents (SH) and disulfide bond (SS) 
contents

Figure 4 shows total free SH group contents and disulfide 
bond (SS) contents of native SPI and treated-SPI. In the 
native SPI, total free SH contents and disulfide bond (SS) 
contents achieved about 5.0 μmol/g and 18.4 μmol/g 
protein, respectively, which is consistent with former studies 
[34,35]. The free SH groups and disulfide bond (SS) contents 
may mainly attribute to glycinin in SPI, due to its much 
higher sulfhydryl group (approximately 6.3 μmol of free SH 

group/g of protein, assuming MW 320000) and disulfide 
bond (SS) contents as compared to β-conglycinin [36]. 
Moisture heat treatment resulted in significant decrease in 
total free SH contents and concomitant increase in disulfide 
bond (SS) contents (1.3 μmol/g proteins and about 20.1 
μmol/g proteins, respectively)(Figure 4). Similar results had 
been observed in some other studies, taking other initial 
protein concentrations [37]. Unexpectedly, the total free SH 
content and disulfide bond (SS) contents of HC-SPI were 
almost unchanged as compared to N-SPI, with the value 
being 4.85 μmol/g proteins and 18.51 μmol/g proteins, 
respectively. SS bonds have been proved to play key roles 
both () HC-SPI and HT-SPI, indicated by SDS-PAGE profiles 
(Figure 2A, lane 3 and lane 6). Thus, discrepancy of SS bonds 
formation as for HC-SPI and HT-SPI may exist. The decrease 
of total free SH content in moisture heat treatment case was 
attributed to oxidation of the sulfhydryl groups or/and SH/
SS interchange [34]. On the contrary, hydrothermal cooking 
in an autoclave system favored to disruption of all SS bonds 
followed by the rearrangement of SS/SH bonds through 
oxidation of the adjacent sulfhydryl groups [20]. Then, SS/
SH bond rearrangement may occur in interprotein or/and 
intraprotein [20].
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Figure 4. Sulfhydryl and disulfide bond contents of HC-SPI and 
HT-SPI (HC-SPI, SPI treated by hydrothermal cooking; HT-SPI, SPI 

treated by moisture heat treatment; N-SPI, native SPI)

Conformational properties
Far-UV and Near-UV CD analysis: Secondary structures of 
proteins such as α-helices, β-sheets, β-turns and random 
coil can be characterized by far-UV CD spectra in the 
wavelength range from 190 to 260 nm [38]. As shown in 
figure 5A, the far-UV CD spectrum for N-SPI showed a strong 
positive peak in the vicinity of 197 nm, and a broad shoulder 
that extends from 207 to 230 nm. The spectrum results 
indicated that N-SPI is with a highly ordered structure of 
β-structure [39]. When the N-SPI subjected to moisture heat 
treatment or hydrothermal cooking, the positive peak 
around 197 nm and the negative peak at about 215 nm 
decreased, suggesting heat treatment increase the structural 
flexibility. The composition of the secondary structures is 
also presented in table 1. The secondary structures of HT-SPI 
and HC-SPI comprised mainly β-sheets, which significantly 
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decreased α-helix contents but increased random coil 
structures as compared to N-SPI. The random coil content of 
HC-SPI increased more than that of HT-SPI. This result 
implied that the conformational changes of HC-SPI 
aggregates were more disordered due to the process of 
higher temperature and pressure.

Figure 5. Far-UV (A) and near-UV (B) CD spectrum of N-SPI, HT-SPI 
and HC-SPI. 

The tertiary conformations of HT-SPI and HC-SPI were 
analyzed by near-UV CD spectroscopic technique. The actual 
shape and magnitude of the near-UV CD spectrum of a 
protein will depend on the number of each type of aromatic 
amino acid present, their mobility, the nature of their 
environment (H-bonding, polar groups and polarisability), as 
well as their spatial disposition in the protein [40]. Figure 5B 
shows the near-UV CD spectra of N-SPI, HT-SPI and HC-SPI at 
pH 7.0. Compared to N-SPI, HT-SPI and HC-SPI exhibited 
significantly different patterns of CD spectra in the near-UV 
region, indicating that substantial differences existed in the 
arrangement/proximity and exposure of aromatic amino 
acids on the protein surfaces after moisture heat treatment or 
hydrothermal cooking. The decreases in ellipticity suggested 
that an increasing number of aromatic side-chains were 
exposed to a modified environment, and these changes are 
related to the loss of native-like structure.

Table 1. Secondary structure compositions of aggregates of soy 
protein induced by moisture heat treatment and hydrothermal 
cooking calculated from far-UV CD spectra using the CDSSTR 

program in CDPRO software.
Samples Composition (%) of secondary structures

α-helix β-sheet β-turns random coil
N-SPI 18.20±0.02a 29.14±0.07b 35.08±0.03a 17.58±0.02c

HT-SPI 18.34±0.03a 30.66±0.04b 26.70±0.05b 24.31±0.03b

HC-SPI 14.55±0.01b 34.73±0.09a 17.62±0.04c 33.11±0.05a

Different letters indicated significant difference at the P < 0.05 level 
among the three samples.
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Figure 6. Natural Fluorescence (A) and Second-derivative UV 
spectra (B) of HC-SPI and HT-SPI 

The intrinsic fluorescence spectrum is determined chiefly 
by the polarity of the environment of the tryptophan (Trp) 
residues and provided a sensitive means of monitoring the 
conformational changes in proteins and protein-protein as 
well as ligand-protein interactions [33]. The difference in the 
hydrophobic clusters on the molecular surfaces of the proteins 
in HT-SPI and HC-SPI could also be well reflected in intrinsic 
fluorescence spectral analysis Figure 6A. The emission 
fluorescence spectrum is determined chiefly by the polarity of 
the environment of the tryptophan and by their specific 
interactions and provides a sensitive means of characterizing 
proteins and their conformation, since the fluorescence 
emission maximum suffers a red shift when chromophores 
become more exposed to solvent [33]. The proteins in N-SPI 
showed a typical intrinsic fluorescence spectrum, with an 
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emission maximum (λmax) at around 3 (Lange and Balny, 
2002). The changes in amplitude, described 35 nm. This is a 
characteristic fluorescence profile of tryptophan residues in a 
relatively hydrophobic environment, such as the interior of a 
globulin [41]. In contrast, the λmax in HT-SPI and HC-SPI were 
about 336.5 and 338 nm, respectively. The observed red shift 
indicated that the Trp residues in HT-SPI were less exposed to 
the polar environment than that in HC-SPI.

The major components of SPI, β-Conglycinin and glycinin 
contain all types of aromatic acid residues, such as Phe, Tyr 
and Trp. The second-derivative UV spectroscopy was thereby 
selected to critically delineate the distribution of aromatic 
acid residues in modified proteins, such as HT-SPI and HC-SPI. 
Figure 6B shows the second-derivative UV spectra of native 
and modified SPI. The position and amplitude of the derivative 
spectral bands can be used as sensitive probes to characterize 
the polarity of microenvironments. Generally, a decrease of 
the solvent polarity results in red-shifts of the derivative 
bands [42]. The changes in amplitude, described by calculating 
the ratio (r = a/b) of the two peak-to-trough values marked in 
figure 6B, can also be used to access the environments of the 
Tyr residues [42]. Compared with native SPI, treated SPI 
showed distinct distributions among aromatic acid residues 
(Phe, Tyr and Trp), as shown in figure 6B.

The slight blue-shifts of bands in the Phe residue region 
(250-270 nm) occurred for HT-SPI Figure 6B indicating a 
gradual transition to more polar environments. The UV 
spectra of HT-SPI showed the continuous blue-shifts of bands 
in the Tyr residue region (270-285 nm). In the case of HC-SPI, 
significantly larger blue-shifts of bands corresponding to Tyr 
residues were observed comparing with HT-SPI, suggesting 
that Tyr residue microenvironments in HC-SPI were more 
exposed to polar environment. The ratio (r=a/b) of the two 
peak-to-trough values further confirmed the results.

Conclusion
In conclusion, the physicochemical and conformational 

properties, including surface net charge, hydrophobicity, free 
SH contents and SS bond contents, as well as secondary and 
tertiary conformations of soy protein isolates were modified 
by hydrothermal cooking and moisture heat treatment, as 
compared to native soy protein isolates. SS bonds both play 
key roles in aggregates formation of SPI induced by 
hydrothermal cooking and moisture heat treatment. SH/SS 
interchange reactions were more predominant in the case of 
hydrothermal cooking. The secondary structure of soy protein 
isolates modified by hydrothermal cooking were much more 
unordered than heat treatment, while their tertiary and 
quaternary conformations showed varying exposure extent 
with varying aromatic acid residues (Phe, Tyr and Trp). These 
results can thus provide useful suggestions for modification of 
soy protein isolates with great functionality using hydrothermal 
cooking or/and moisture heat treatment. 
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