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Abstract: Use of soy protein isolate (SPI) as the encapsulating material in emulsions is uncommon
due to its low solubility and emulsification potential. The aim of this study was to improve these
properties of SPI via heat treatment-induced modifications. We modified SPI under various heating
conditions and demonstrated the relationship between structure and in vitro digestibility in simulated
gastric fluid by means of Sodium Dodecyl Sulphide-Polyacrylamide Gel Electrophoresis (SDS-PAGE)
and Raman spectroscopy. It was found that the degree of hydrolysis (DH) of SPI increased and then
decreased upon increasing exposure to heat. Different subunits of conglycinin were digested and
degraded by pepsin. Heat treatment improved digestion characteristics that would reduce e the
unnecessary loss of protein, offering potential for the efficient delivery of nutrients in nanoemulsions.
These results could have significant relevance for research groups that are interested in the biological
interactions and activity of functional SPL
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1. Introduction

Soybeans are one of the main sources of plant protein for human and animals, largely because
they have higher protein content (approximately 40%) than other grains and beans [1]. Therefore,
soybeans have become one of the most important economic and commercial agricultural products.
Soy protein isolate (SPI) is an important ingredient with many applications in the food industry
because of its physicochemical characteristics, nutritional value, and low cost of production. Due to its
potential emulsification, gelation and hydration, SPI is widely applied in the food industry in beverages,
nutritious food, fermented products and more. Additionally, SPI can reduce serum cholesterol and
prevent heart and cerebrovascular diseases in the form of foods on the market (e.g., functional foods,
pre and probiotics, food supplements, botanicals) and in pharmaceuticals [2-4]. The bioavailability
of nutrients affects its efficacy as a disease prevention agent. SPI has been suggested as an oil-water
emulsion nanoparticle delivery system [5,6]. When used as an emulsifier, amphophilic SPI can adsorb
to the surface of oil droplets, stabilizing them. However, the application of SP1 is still limited by its
poor solubility, low emulsifying capacity and poor bioavailability [7].

Heat treatment is a traditional processing method, which affects the functional properties and
vital activities of proteins. Generally, heat treatment can expand the rigid structure of a protein to form
a flexible structure that is easy to digest. In addition, the heat treatment reduces the content of the
B-sheet structure and imparts better biological activity and functional properties to the protein [8].
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Several researchers have investigated the structure and functional properties changes of SPI, glycinin
(11S), and p-conglycinin (7S) during heat treatment [9-13]. Hu et al. [14] found that the structure of
glycinin was maintained when heated at the temperature range of 20-60 °C. However, heating above
80 °C significantly decreased the content of f-sheets and increased the content of random coils [15,16].
Natarajan et al. [17] revealed that the first denaturation temperature of f-soy conglycinin was 65 °C.
When the temperature of the protein rose to 75 °C, the content of -sheet structure no longer increased.
Prior study of the conformational change of glycinin thermogels revealed that glycinin is mainly
composed of f-sheet and irregular structures in its natural state, while the content of g-sheet in the
state of gel was markedly decreased at 75 °C [18]. Thus, heat treatment plays an important role in the
structure and nutritional value of soybean products.

Despite these successes, little attention has been devoted to protein digestion. The purpose of
this study was to investigate the effects of heat treatment on the structural and digestive properties of
SPI. We studied how these properties changed as a function of heating temperature (70-100 °C) and
heating time (10-60 min), in order to obtain a better understanding of physicochemical effects of heat
treatment on SPI which may lead to improved applications in the food industry.

2. Materials and Methods

2.1. Materials and Chemicals

Soybeans for this study were purchased from Hei Longjiang Agriculture Co., Ltd. (Harbin,
Hei Longjiang, China). Pepsin with an activity was 3000 U/mg was purchased from Beijing Wohai
Technology Ltd. (Beijing, China). An SDS-PAGE gel preparation kit was purchased from Beijing Suo
Laibao Technology Co., Ltd. (Beijing, China). All other chemicals were of analytical grade and were
procured from Tianjin Chemical Reagent Co. (Tianjin, China).

2.2. Preparation of Soy Protein Isolates

SPI was prepared according to the following process, as previously described [19]. Soybeans
were peeled, crushed, and sifted through a 100-mesh screen. Flours were degreased three times with
n-hexane 1:6 (w/v) in a 37 °C water bath. Defatted soy flours were mixed with deionized water at a
ratio of 1:10 (w/v) with the pH adjusted to 8.0 (2 mol/L NaOH). The mixture was stirred continuously
for 2 hin a 50 °C water bath. Afterward, the solution was centrifuged at 10,000 rpm for 30 min at 4 °C.
After centrifugation, the pH of supernatant was adjusted to 4.5 using 2 mol/L HCl, and centrifuged at
6500 rpm for 30 min at 4 °C. The precipitate was washed with deionized water for 48 h at 4 °C and
neutralized to pH 7.0 using 2 mol/L NaOH, followed by dialysis, and freeze-drying. The final product
was SPI. All steps were performed at room temperature. The preparation of SPI is shown in Figure 1.
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Figure 1. Flow chart of soybean protein isolate preparation.
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2.3. Heat Treatment of SPI

The protocol for heat treatment of SPI was based on our previous research with slight
modifications [20]. Five g of SPI were first dissolved in 100 mL of phosphate buffered saline
(PBS, 0.1 M, pH 7.4). The aqueous dispersion was stirred in a sealed glass tube, and heated from 70 to
100 °C for 15 min, or heated at 85 °C for 10 to 60 min. The heated sample (HSPIs) was centrifuged at
9500 rpm force for 20 min at 4 °C. After removing the insoluble compounds, the sample was cooled
immediately in an ice bath for further experiments.

2.4. In Vitro Pepsin Digestion of HSPIs

Pepsin digest of HSPI was conduct according to Chen et al. [21] with slight modifications.
Simulated gastric fluid (SGF) consisted of 3.2 mmol purified pepsin (3000 units/mg protein, pH 1.2)
containing 35 mmol NaCl. Pepsin solution was added drop-wise into SGF while vortexing for 5 min.
The resulting solution was placed on ice. The concentrations of all test samples were 5% w/w of
the HSPIs for SGF digestion assay. The in vitro gastric model consisted of a conical flask (100 mL)
containing 10 mL of SGF-pepsin maintained at 37 °C with continuous shaking at 95 rpm. Aliquots
(10 mL) were withdrawn into beakers 1 h at intervals during incubation, and 75 uL of 200 mmol
Na,COs (pH 11.0) was added to each mixture to stop the reaction by neutralization. The digestion was
replicated in triplicate. After freeze-drying, the samples were stored at 4 °C until use.

2.5. The Degree of Hydrolysis Measurement

The degree of hydrolysis (DH) of soy protein was measured based on the ortho-phthalaldehyde
(OPA) method [22,23]. The DH was determined from the percentage of peptide bonds that are
hydrolyzed by the protein. Each peptide bond is hydrolyzed with a free amino group released.
The free amino group, and OPA generate a yellow complex. Diluted HSPIs digests (400 puL) were
mixed with 3 mL OPA reagents for 2 min, and the absorbance was measured at 340 nm by SP-721
UV spectrophotometer (Beijing Purkinje General Instrument Co. Ltd., Beijing, China). Free amino
groups in digests of HSPIs were expressed as serine amino equivalents (serine NHyequiv). DH (%)
was calculated by the following equations:

DH (%) = "/l X 100, 1)

I — SerineNH, — f
a

/ @

where 8 equals to 0.342 mequv/g, a equals to 0.970, and /¢, equals to 7.8 mequv/g for soy protein

2.6. Raman Spectroscopy

Raman spectroscopy is a direct and non-invasive technique which has been used to study the
structure of SP1[24,25]. Each spectrum of the sample was collected at 785 nm laser excitation wavelength,
300 mW laser power, four scans, and 60 s exposure time. Baseline calibration was made for the average
spectral data of samples scanned from Raman spectrophotometer (Renishaw, Gloucestershire, UK),
and the phenylalanine band at 1003 cm™! was standardized. The Raman spectra of each sample were
analyzed in the region of 400-3100 cm~!. Each sample was scanned three times. After calculating the
average value, the Raman spectra were drawn. The relative standard deviation was less than 5%.

2.7. Sodium Dodecyl Sulphide-Polyacrylamide Gel Electrophoresis

Sodium dodecyl sulphide-polyacrylamide gel electrophoresis (SDS-PAGE) was performed
according to the method of Laemmli et al. [26]. Preparation for the 5% stacking gel and 12%
separating gel was according to the specification provided by Suo Laibao Technology (Beijing, China).
Tweenty pL protein samples or their digestive products were mixed in a buffer (1:1, v/v) containing
p-mercaptoethanol in an equal volume and then denatured inboiling water for 5 min. The samples
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were cooled at room temperature, and then 10 pL aliquots of the samples (5 mg/mL) were loaded into
the gel. Electrophoresis was carried out at 80 mV in the stacking gel and then separated in the gel
under 120 mV. After about 3 h of electrophoresis, coomassie brilliant blue was stained with R-250
for 12 h until the dye reached the bottom of the gel. After electrophoresis, the gel was stained with
0.05% coomassie brilliant blue R-250 solution until a clear background appeared. We used a Molecular
Imager Gel Doc (Bio-Rad Laboratories, California, CA, USA) to capture the gel.

2.8. Determination of Molecular Weight

Molecular weight distribution was determined according to the method of Yang et al. [27].
The samples were determined on an Agilent High Performance Liquid System and HiL.oad 16/60
Superdex 200 prep grade pre-packed preparative columns with an Agilent UV detector set to 280 nm.
Sample was eluted with mobile phase (0.02 M phosphate buffer containing 0.25 M NaCl (pH 7.2))
at a flow rate of 1 mL/min. A calibration curve of molecular weight was plotted from the average
elution volume of the following standards: Cytochrome C (12,384 Da), aprotinin (6500 Da), vitamin
B12 (1855 Da), oxidized glutathione (612 Da), and Glycine (75 Da) (Sigma Chemical Co., St.Louis, MO,
USA) were taken to make reference curve (r = 0.9955). A regression equation was established for the
relative molecular mass (Mw) and elution volume (x) of Superdex 200 and Sephadex G-75. Aliquots of
20 pL samples were injected into the column. The molecular mass was estimated based on the elution
time against those of molecular weight markers. The relative content of each peptide fraction was
expressed as the percentage area of its chromatogram peak.

2.9. Statistical Analysis

All reported values were performed in triplicate, and the results were reported as means and
standard deviations. The results were analyzed by analysis of variance (ANOVA). Data was analyzed
using Origin 8.5 software, OMNIC software package, and PeakFit 4.12 software. All statistical
calculations were performed using a commercially available computer software package (SPSS
software, Version 22, IBM, Armonk, NY, USA).

3. Results

3.1. Effect of Heat Treatment on DH of SPIs In Vitro

The DH is defined as the proportion of cleaved peptide bonds in a protein hydrolysate [28].
The effect of preheat treatment on DH of SPIs in vitro is shown in Figure 2. The DH of HSPIs increased
with heating temperature until 85 °C and then decreased. Similarly, The DH of HSPIs initially increased
with increasing heating time but then decreased (>30 min). These observations suggested that heat
treatment partly denatured SPI and exposed the side chain reactive groups of SPI, which facilitated
protease binding [29]. The resulting enzymolysis causes the hydrogen bond to break, exposing some
embedded hydrophobic residues. This is beneficial to the diffusion of the oil-water interface, reducing
interfacial tension and improving emulsifying ability. Our previous research showed that SPIs with a
high DH had higher solubility attributed to the reduction in molecular weight (MW) and increase in
ionizable amino and carboxyl groups of SPI. This observation is consistent with the findings of Liu
et al. [30], who also found that heat treatment disrupted the protein tertiary structure and increased
the DH. However, when treated at a higher temperature, the DH decreased. This was because HSPIs
aggregated and precipitated, prohibit the binding of enzyme to SPI. According to our previous research,
7S globulin denatured at 80 °C, and 11S globulin denatured at 90 °C [31]. It can be inferred that
whereas denaturation of 7S globulin increased the DH of HSPIs in vitro, denaturation of 11S globulin
inhibited the digestion of HSPIs. The 11S globulin denatured at 90 °C and interacted with denatured
7S globulin forming thermal aggregations, with part of the enzyme site embedded on the surface of
the protein. This is detrimental to the combination of proteases and DH reduction. These results are
consistent with the findings of Kondjoyan et al. [19]. Thus, heat treatment can significantly increase
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the DH of SPI in vitro, and SPI’s greatest susceptibility to enzymatic hydrolysis was obtained after
heating at 85 °C for 30 min.
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Figure 2. The Degree of Hydrolysis Measurement of SPI in vitro after treatment at different (A)
temperatures and (B) times. The data with different letters are significantly different (p < 0.05).

3.2. Protein Structure Was Determined by Raman Spectra

Analysis of the Raman spectra of proteins allow the unambiguous identification by spectral data
base search algorithms [32]. The Raman spectra of HSPIs are shown in Figure 3.
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Figure 3. Raman spectra of in vitro digestion products of SPI treated at different (A) temperatures and
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3.2.1. Secondary Structure

Amide I and III are the most important bands in determining the secondary structure of proteins
in several distinct vibration modes of the -CO-NH- amide [33]. The main Raman characteristic peaks
of the amide I band of the native SPI and HSPI were between 1654 and 1662 cm~!, indicating that the
advantages of «-helices and random coil structures were presented (Figure 3). The amide IIl band at
around 1246 cm™! (random coil) and 1275 cm™! (a-helix) was attributed to the in plane bending of
N-H and stretching of C-N. The absorption at 1305 cm™! in the amide III region could be derived from
a p-turn.

Figure 3 shows a slight shift to lower frequencies of the intensity maximum of this band (1660 cm™?)
due to the heating process, indicating an increment in the o-helical structure due to thermal treatment.
It has been reported that the secondary structure of digested SPIs were unfolded with heat treatment,
and that the protein changes from ordered to disordered structures. Based on our previous reports,
heat treatment resulted in an increase in the content of «-helix and S-turn structure, and a decrease in
the content of p-sheet structures [34]. During the in vitro digestion process, f-conformations are prone
to be hydrolyzed by pepsin and converted into an unordered structure, followed by the digestion
of the «-helix and unordered structure [16]. The content of f-sheets and unordered structures of
HSPIs decreased at a low temperature, while the content of a-helixes and p-turns increased generally.
It has been reported that heat treatment induced a self-reassembly from -sheet to a-helix and g-turn
structures [35]. Lee et al. [9] found that the -sheet structure was mainly stabilized by hydrogen
bonding between the carbonyl group (-CO) and the amino group (-NH), and that the S-sheet structure
tended to be embedded in the polypeptide chain, which inhibited the digestion of SPIs. Thus, there was
a significant negative linear correlation between the content of f-sheets and the degree of hydrolysis.
Heat treatment generally increased the content of a-helixes and decreased the content of §-sheets
of digested SPIs, suggesting increased digestion of f-sheets. The a-helix content of digested SPIs
first increased and then decreased with increased temperature, while the -sheet content generally
increased. It was reported that the content of a-helix decreased because of denaturation of 7S globulin,
while the increased -sheet structure of digested HSPIs was associated with aggregates formed by the
a’- and a-7S subunits [35,36]. The increased p-turn contents of digested HSPIs may be related with the
intermediate aggregate of AB subunit enhanced by increasing heat treatment [9,37].

However, the SPI structure denatured and formed aggregations with the extension of heating
time, and the frequency of ordered secondary structurse increased. The «-helix and random structure
content of digested SPIs increased and then decreased with increasing heating time, while the p-sheet
content first decreased and then increased.

3.2.2. Changes of Protein Tertiary Structure

Raman spectra of native SPIs and HSPIs could provide information on the tertiary structure of
proteins from their tryptophan, tyrosyl doublet, and aliphatic hydrophobic residues [33,37,38].

The tyrosine bimodal ratio (1850/1830) is a Fermi resonance that can be used to monitor the
microenvironment around tyrosine residues [39]. Figure 3 shows the Raman bands near 850 cm~! and
830 cm™! representing the respiratory vibration of the benzene ring of the tyrosine residue, and the
octant residue extra-fold bending frequency doubling, respectively. When the 1850/I830 ratio ranged
from 1.25-1.40, the tyrosine residues were exposed to the aqueous or polar environment. On the
contrary, when the ratio ranges from 0.7 to 1.0, even as low as 0.3, the tyrosine residues were buried in
a hydrophobic environment. As can be seen from Table 1, no significant change in I850/1830 ratio was
observed between digestion products of native SPIs and HSPIs. Similar findings were reported by
Zhang et al. [40], specifically that the secondary structure contents (a-helix, -sheet, and random coils)
of SPI did not change significantly (p > 0.05) after heat treatment.
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Table 1. Contents of the secondary structure prediction by Amide I bands and Fermi resonance ratio
Ig50/1g30 and the number of tyrosine residues that are exposed/buried in heated SPI.

Sencodary Structure (%)

Heat Treatment

«a-Helix (%) ﬁ-Sheet (%) ﬁ-Turn (%) Random Coil (%) 1850/1830 1750/11003

Untreated 13.69 £0.032  5568+0.01¢  23.70+0.10¢ 6.93 £0.03P 1.02 +£0.012 0.95 + 0.04 2
70 °C,15 min 17.77 £+0.02°>  51.41+0.402  2598+0.01° 4.84+0.022 1.01 +£0.002 0.98 +0.03 ¢
80 °C,15 min 2038 +0.019 5248 +0.20° 2227 +0.02°¢ 4.87 £0.012 1.01 +£0.022 0.99 +0.02 4
85 °C,15 min 1837 £020°¢ 5478 +0.019  19.30 +0.202 7.55 +0.03 4 1.02 +0.022 0.98 +0.03 ¢
90 °C,15 min 1834 £0.02¢  5442+0.10¢  19.47 +0.02°2 7.77 £ 0.01 ¢ 1.02 £0.022 0.98 £0.01¢
100 °C,15 min 17.77 £020° 5453 +£0.01 2045+ 0.03P 7.25+0.10 ¢ 1.01 +£0.002 0.97 +0.03b

Untreated 13.69 £0.034 5568 +0.01E 2370+0.10E 6.93 +0.03 B 1.02 +0.01 4 0.95 +0.04 4
85 °C,10 min 1419+0.108 5580 +0.10F 2523 +020F 478 +0.03 4 1.01 £0.024 0.97 +0.04 8
85 °C,15 min 1837 +020E 5478 +0.01° 19300204 7.55 +0.03 € 1.01 £0.024 0.99 +0.02€
85 °C,20 min 1872+ 020F  5258+0.018  20.66+0.02C€ 8.04 +0.01 0 1.01 £0.034 0.98 + 0.03 BC
85 °C,30 min 18310010  50.13+0.014 22.00+0.10 ° 9.56 + 0.03 F 1.01 £0.03 4 0.97 +0.04 B
85 °C,60 min 1735+ 0.02C 5444 +030C€  20.06+0.02B 8.15 + 0.03 E 1.01 £0.034 0.97 +0.028

Note: Normalized intensities of the 1760/11003 (tryptophan) band, tyrosyl doublet at I1850/1830. Data represent mean
+ standard deviations. Different letters in the same column respresent a significant difference between samples
(p < 0.05). Arrange all the averages in descending order, and use the letter “a” and “A” on the minimum average.

The band at 760 cm™ is known to represent monitor tryptophan residues, which indicates that the
stretching vibration of the tryptophan residues has changed [41]. The decrease of the band strength near
760 cm™! indicated that more hydrophobic resides were exposed to the polar aqueous solution [33,37].
Table 1 shows the effect of heat treatment on the SPI tryptophan side chain. Li et al. [37] found that the
tryptophan residue transformed from "buried" to "exposed". With increasing temperature, the intensity
of tryptophan in the digestion products of HSPIs first increased and then decreased. This suggested
that most exposed tryptophan residues might be hydrolyzed. The tyrosyl double bond ratio (1850/1830)
can be used to characterize the microenvironment around the tyrosine residue. We found that the
structure showed that the difference after heat treatment was not significant [42].

3.3. Effect of Heat Treatment on Subunit Composition of SPI In Vitro by SDS-PAGE Profile

SDS-PAGE patterns of native SPIs and HSPIs digested with pepsin for 1 h are shown in Figure 4.
Untreated and heated SPIs profiles presented a typical SDS-PAGE representation of individual subunits
of B-conglycinin (7S) («, &, and § subunits) and glycinin (11S) (acidic (A) and basic (B) subunits).

KDa M 1 2 3 4 5 6 7

245
180—
1357
100—

—_’
75— —a
63— 7S
48— — P
35— — A

118
25—

(A)

Figure 4. Cont.
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(B)

Figure 4. SDS-PAGE electrophoretic profiles of various formulations during the in vitro digestion

process. (A) M. Standard molecular mass; 1. Electrophoresis is bands for samples without pepsin;
2-7. SPI at different temperatures: untreated SPI and pretreated at 70, 80, 85, 90 and 100 °C for 15 min.
(B) M. Standard molecular mass; 1. Electrophoresis bands for samples without pepsin; 3-7. SPI at
different times: untreated SPI and pretreated for 10, 15, 20, 30 and 60 min at 85 °C.

The cluster of protein bands with molecular weights of the 11S fractions were approximately 80,
75, and 50 kDa. The 36 kDa subunit was acidic A3 polypeptide and the group of polypeptides around
34 kDa were a major group of acidic polypeptides (Al, A2, and A4). The molecular weights of the 11S
fraction were approximately 15 kDa [43].

Figure 4 shows that the bands corresponding to 11S globulin were digested; however the bands
corresponding to 7S globulin remained. Several new bands of 11-15 kDa were observed corresponding
to hydrolyzed peptides. This suggests that pepsin decreased acidic and basic subunits of 115 globulin
in native SPI. Similarly, Amigo et al. [32] pointed out that the electrophoretic bands of the a and f
subunits of 7S were observed after digestion by pepsin, but the basic subunits of 11S globulin of natural
SPI were not detected.

During pepsin digestion, the intensities of the protein bands corresponding to 7S globulin fractions
decreased and many peptide bands appeared around 11-15 kDa due to protein hydrolysis. When the
temperature was higher than 80 °C, the 7S globulin was denatured and easily digested by pepsin [20].
Although no significant differences (p > 0.05) were observed between any of the protein bands
corresponding to 11S globulin fractions, this might be due to the difficulty in digesting 11S globulin of
HSPISs, or the competition of 7S globulin and 11S globulin on pepsin [33,36]. A new band appeared
at 100 °C, likely because heat treatment caused 7S globulin and 11S globulin to produce aggregates
that were not easily digested. With prolonging heat treatment, the intensities of the protein bands
corresponding to a’-, a-, and p-7S globulin fractions were gradually decreased, and the -subunit
was not significantly digested compared with the a-subunit. Thus, protein digestion is a continuous
process. Heat treatment produced new protein bands, which might be from the digestion products of
7S globulin and 11S globulin or might otherwise be insoluble aggregates produced by HSPIs [44].

3.4. Molecular Weight Distribution after In Vitro Digestion

3.4.1. Effects of Heating Temperature on Digestion Characteristics of SPI

The molecular weight and distribution of the SPI digestion solution at different temperatures
during the simulated digestion process was determined using a gel chromatography column (Sephadex
G-75) [27]. The molecular weight distribution of the digestion products is shown in Tables 2 and 3.
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Table 2. Protein molecular distribution as a function of digestion SPIs at different heat treatment.

Molecular Mass

Distribution/Da >100,000(%) 10,000~100,000(%)  3000~10,000(%) <3000(%)

Untreated 54.26 +0.102 38.94 £ 0.10© 1.31+0.10° 549 +0.20 ¢
70 °C,15 min 65.31 +0.20b 20.55 + 0.20 4 7.87 +£0.20° 6.27 +0.10d
80 °C,15 min 69.57 + 0.30 4 18.14 £ 0.10¢ 8.19 +£0.10 b¢ 410+0.102
85 °C,15 min 69.02 £ 0.10 © 18.46 + 0.20 ¢ 844 +0.20°¢ 408 +0204
90 °C,15 min 68.51 + 0.40 € 17.74 + 020 P 826 +0.10¢ 549 +0.20
100 °C,15 min 69.18 + 0.10 de 16.06 + 0.30 2 9.60 + 0.30 5.16 + 0.10 P

Untreated 5426 +0.10 A 3894 +0.10F 131+£0.104 549 + 020 E
85 °C,10 min 65.62 +0.30 B 2313 +0.10E 7.44 + 040D 3.81+0.108B
85 °C,15 min 68.02 £0.10€ 21.38 £ 0.20 P 7.44 £0.200 3.16 £ 0.104
85 °C,20 min 75.89 £ 0.10 P 1647 £0.20 € 429 +0.108 3.35+ 0304
85 °C,30 min 76.47 + 0.20 E 14.37 £ 0.30 A 4.08 +0.20 BC 5.08 +0.10 P
85 °C,60 min 76.21 + 0.10 PE 14.82 +0.10B 464 +£030C€ 433+0.10€

Note: The same column of data letters in the table indicates the significant difference in the molecular weight
distribution of protein molecules in the digested fluid of different heated temperature and time at the p < 0.05 level.
Different letters indicate significant difference, and the same letter indicates that the difference is not significant.

Table 3. The correlation between protein molecular distribution as a function of digestion SPIs and the
DH at different heat treatments.

Molecular Mass Distribution/Da  Different Treatment Temperature Different Time Processing

>100,000 Da 0.88 * 0.82*
10,000-100,000 Da -0.83 * -0.79
3000-10,000 Da 0.80 0.36

<3000 Da -0.54 —-0.65

* Significantly different as compared to the correlation between protein molecular distribution and the DH at
different heat treatments at 99% confidence level.

With increasing temperature, the content of high molecular weight (HMW) proteins (>100,000 Da)
in the digestion products significantly increased (p < 0.01), while the content of medium molecular
weight (MMW) peptides (10,000-100,000 Da) decreased and small molecular weight (SMW)
(3000-10,000 Da) increased. No significant difference was observed in the content of low molecular
weight (LMW) peptides (<3000 Da). HMW protein was related to the formation of heat-induced
aggregation, which hindered the effect of digestion on the protein. The increase in HMW protein
content was not significant as heating increased, as well as the MMW digested to SMW [45].

3.4.2. Effect of Heating Time on the Digestion Characteristics of SPI

As heating time was prolonged, the content of HMW and SMW increased, while MMW
decreased (Table 2). However, no significant differences (p > 0.05) were observed in the content
of SMW peptides (<3000 Da). The macromolecular proteins produced by digesting heat-treated
protein increased significantly with increasing heat. Protease digested the medium molecular weight
peptides (10,000-100,000 Da) to small molecular weight peptides (3000~10,000 Da), as previously
described [22,46,47].

Together, we found that HMW peptides (>100,000 Da) increased with heating temperature and
time. However, MMW peptides (10,000-100,000 Da) and peptides below 3000 Da decreased with the
increase of heating temperature and time. Additionally, the medium and small molecular weights
ranging from 3000 to 10,000 Da were slightly increased relative to the untreated protein. This is
because heat treatment induced protein denaturation, and the tight structures loosened to form
soluble and insoluble aggregates, decreasing solubility and the ability of enzymes to digest the protein.
Also, Xu et al. [48] discovered that heat treatment promoted the disruption of protein crystals and
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dissociation of double helical structures in the amorphous region, which can facilitate enzymatic
hydrolysis within protein granules.

As shown in Table 3, although there was no correlation between SMW, LMW, and DH, the HMW
content was significantly positively correlated with DH (p < 0.01, » = 0.88), and MMW content was
significantly negatively correlated with DH (p < 0.01, r = —0.83). The results showed that with
increasing temperature, the digestibility of soybean protein decreased, the content of high molecular
weight peptide aggregates increased, and the content of medium and small molecular weight peptide
increased. There was no correlation between MMW, SMW, LMW, and DH at different heating times;
however HMW content showed a significant positive correlation with DH (p < 0.05, r = 0.82), indicating
that protein digestibility decreased and the peptide content of the macromolecules in the digested
products increased with extended durations of heating. This indicates that the formation of HMW
protein aggregates is an important factor affecting the digestion of SPI.

4. Conclusions

Food containing SP1I is often affected by heat treatment throughout the course of production and
processing, and heat treatment has a significant impact on the solubility, emulsification potential,
and stability of SPI. In this paper, heat-treated SPI was studied by in vitro digestion assays in order
to solve the structural changes of SPI in the human digestive system. Here, we have demonstrated
that digestion of SPIs is greatly affected after exposure to heat. After the heating process, the subunit
component of f-conglycinin of SPI was easier to digest and degrade compared with native SPIs.
The digested products had a higher «-helix structure and a lower B-sheet structure. In summary,
functional protein peptides with digestible, functional and antioxidant properties can be obtained by
heat treatment. Moreover, heating enhanced both the emulsification and digestive use rate of SPI,
indicating that the bioavailability of SPI can be improved. It can also effectively replace the nutritional
and health effects of animal protein on human body. This study may provide valuable information on
potential new avenues of application for SPI as a novel protein resource in the food industry.

Author Contributions: Conceptualization, Z.W. and Y.L.; Data Curation, T.T.; Formal Analysis, T.T.; Investigation,
ET.,S.Z. and Y.Z.; Methodology, T.T. and C.W.; Project Administration, Z.W. and Y.L.; Resources, B.Q.; Supervision,
ET., S.Z. and L.L.; Original Draft Preparation, T.T.; Writing—Review & Editing, Z.W. and Y.L.

Funding: This work was supported by the National Natural Science Foundation of China (2018YFD040050302
and 31571876); Provincial Natural Science Foundation (research grant numbers: C2018024); Heilongjiang Province
Applied Technology Research and Development Technology Major Project (research grant number: GA17B002);
Heilongjiang Province General Undergraduate Higher Education Youth Innovative Talents Training Programme
(NYPYSCT-2018163); China Postdoctoral Science Foundation Funded Project (2018M641798); and Heilongjiang
Province Postdoctoral Science Foundation Funded Project (LBH-Z18030).

Acknowledgments: The authors would like to acknowledge the support for this study from the National
Natural Science Foundation of China (2018YFD040050302 and 31571876); Provincial Natural Science Foundation
(research grant numbers: C2018024); Heilongjiang Province Applied Technology Research and Development
Technology Major Project (research grant number: GA17B002); Heilongjiang Province General Undergraduate
Higher Education Youth Innovative Talents Training Programme (NYPYSCT-2018163); China Postdoctoral Science
Foundation Funded Project (2018M641798); and Heilongjiang Province Postdoctoral Science Foundation Funded
Project (LBH-Z18030).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Liu, K. Chemistry and Nutritional Value of Soybean Components. Soybeans Chem. Technol. Util. 1997,
88,25-113.

2. Corsetti, A.; Settanni, L. Lactobacilli in sourdough fermentation. Food Res. Int. 2007, 40, 539-558. [CrossRef]

3. Fagbenro, O.A. Soybean meal replacement by roquette (Eruca sativa Miller) seed meal as protein feedstuff
in diets for African catfish, Clarias gariepinus (Burchell 1822), fingerlings. Aquac. Res. 2004, 35, 917-923.
[CrossRef]


http://dx.doi.org/10.1016/j.foodres.2006.11.001
http://dx.doi.org/10.1111/j.1365-2109.2004.01070.x

Foods 2019, 8, 594 11 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Daliu, P;; Santini, A.; Novellino, E. From pharmaceuticals to nutraceuticals: Bridging disease prevention and
management. Expert Rev. Clin. Pharmacol. 2019, 12, 1-7. [CrossRef]

Santini, A.; Novellino, E. Nutraceuticals-shedding light on the grey area between pharmaceuticals and food.
Expert Rev. Clin. Pharmacol. 2018, 11, 545-547. [CrossRef]

Daliu, P; Santini, A.; Novellino, E. A decade of nutraceutical patents: Where are we now in 2018? Expert
Opin. Ther. Pat. 2018, 28, 875-882. [CrossRef]

Tang, C.H. Emulsifying properties of soy proteins: A critical review with emphasis on the role of
conformational flexibility. Crit. Rev. Food Sci. Nutr. 2017, 57, 2636-2679. [CrossRef]

Zhu, Z.; Zhao, C.; Yi, ].; Liu, N.; Cao, Y.; Decker, E.A.; McClements, D.J. Impact of Interfacial Composition on
Lipid and Protein Co-Oxidation in Oil-in-Water Emulsions Containing Mixed Emulisifers. J. Agric. Food
Chem. 2018, 66, 4458-4468. [CrossRef]

Lee, H.J.; Choi, C.; Lee, S.J. Membrane-bound alpha-synuclein has a high aggregation propensity and the
ability to seed the aggregation of the cytosolic form. J. Biol. Chem. 2002, 277, 671-678. [CrossRef]

Liu, C.; Wang, X.; Ma, H.; Zhang, Z.; Gao, W.; Xiao, L. Functional properties of protein isolates from soybeans
stored under various conditions. Food Chem. 2008, 111, 29-37. [CrossRef]

Abdel-Aal, E.S.M. Effects of baking on protein digestibility of organic spelt products determined by two
in vitro digestion methods. LWT Food Sci. Technol. 2008, 41, 1282-1288. [CrossRef]

Zhang, ].-B.; Wu, N.-N,; Yang, X.-Q.; He, X.-T.; Wang, L.-J. Improvement of emulsifying properties of Maillard
reaction products from p-conglycinin and dextran using controlled enzymatic hydrolysis. Food Hydrocoll.
2012, 28, 301-312. [CrossRef]

Wang, ] M.; Yang, X.Q.; Yin, S.W.; Zhang, Y.; Tang, C.H.; Li, B.S.; Yuan, D.B.; Guo, J. Structural rearrangement
of ethanol-denatured soy proteins by high hydrostatic pressure treatment. |. Agric. Food Chem. 2011, 59,
7324-7332. [CrossRef] [PubMed]

Hu, X.Z.; Cheng, Y.Q.; Fan, ].E; Lu, Z.H.; Yamaki, K; Li, L.T. Effects of drying method on physicochemical
and functional properties of soy protein isolates. J. Food Process. Preserv. 2010, 34, 520-540. [CrossRef]
Zhao, Y,; Qin, G.X,; Sun, Z.W.; Zhang, B.; Wang, T. Stability and immunoreactivity of glycinin and
-conglycinin to hydrolysis in vitro. Food Agric. Immunol. 2010, 21, 253-263. [CrossRef]

Carbonaro, M.; Maselli, P.; Nucara, A. Relationship between digestibility and secondary structure of raw and
thermally treated legume proteins: A Fourier transform infrared (FI-IR) spectroscopic study. Amino Acids
2012, 43, 911-921. [CrossRef]

Natarajan, S.; Xu, C.; Bae, H.; Bailey, B.A.; Cregan, P; Caperna, T.].; Garrett, W.M.; Luthria, D. Proteomic and
genetic analysis of glycinin subunits of sixteen soybean genotypes. Plant Physiol. Biochem. 2007, 45, 436—444.
[CrossRef]

Wang, W.; Bringe, N.A.; Berhow, M.A.; Gonzalez de Mejia, E. 3-conglycinins among sources of bioactives in
hydrolysates of different soybean varieties that inhibit leukemia cells in vitro. J. Agric. Food Chem. 2008, 56,
4012-4020. [CrossRef]

Kondjoyan, A.; Daudin, J.D.; Sante-Lhoutellier, V. Modelling of pepsin digestibility of myofibrillar proteins
and of variations due to heating. Food Chem. 2015, 172, 265-271. [CrossRef]

Wang, Z.; Li, Y,; Jiang, L.; Qi, B.; Zhou, L. Relationship between Secondary Structure and Surface
Hydrophobicity of Soybean Protein Isolate Subjected to Heat Treatment. J. Chem. 2014, 2014, 1-10.
[CrossRef]

Chen, EP; Li, B.S.; Tang, C.H. Nanocomplexation between Curcumin and Soy Protein Isolate: Influence on
Curcumin Stability/Bioaccessibility and in Vitro Protein Digestibility. . Agric. Food Chem. 2015, 63, 3559-3569.
[CrossRef] [PubMed]

Wang, Y.; Wang, Z.; Handa, C.L.; Xu, J. Effects of ultrasound pre-treatment on the structure of beta-conglycinin
and glycinin and the antioxidant activity of their hydrolysates. Food Chem. 2017, 218, 165-172. [CrossRef]
[PubMed]

Zang, X.; Yue, C.; Liu, M,; Zheng, H.; Xia, X.; Yu, G. Improvement of freeze-thaw stability of oil-in-water
emulsions prepared with modified soy protein isolates. LWT 2019, 102, 122-130. [CrossRef]

Mirza, J.A.; Park, H.; Park, S.Y.; Ye, S.J. Use of radiochromic film as a high-spatial resolution dosimeter by
Raman spectroscopy. Med. Phys. 2016, 43, 4520-4528. [CrossRef] [PubMed]


http://dx.doi.org/10.1080/17512433.2019.1552135
http://dx.doi.org/10.1080/17512433.2018.1464911
http://dx.doi.org/10.1080/13543776.2018.1552260
http://dx.doi.org/10.1080/10408398.2015.1067594
http://dx.doi.org/10.1021/acs.jafc.8b00590
http://dx.doi.org/10.1074/jbc.M107045200
http://dx.doi.org/10.1016/j.foodchem.2008.03.040
http://dx.doi.org/10.1016/j.lwt.2007.07.018
http://dx.doi.org/10.1016/j.foodhyd.2012.01.006
http://dx.doi.org/10.1021/jf201957r
http://www.ncbi.nlm.nih.gov/pubmed/21609024
http://dx.doi.org/10.1111/j.1745-4549.2008.00357.x
http://dx.doi.org/10.1080/09540101003758954
http://dx.doi.org/10.1007/s00726-011-1151-4
http://dx.doi.org/10.1016/j.plaphy.2007.03.031
http://dx.doi.org/10.1021/jf8002009
http://dx.doi.org/10.1016/j.foodchem.2014.08.110
http://dx.doi.org/10.1155/2014/475389
http://dx.doi.org/10.1021/acs.jafc.5b00448
http://www.ncbi.nlm.nih.gov/pubmed/25779681
http://dx.doi.org/10.1016/j.foodchem.2016.09.069
http://www.ncbi.nlm.nih.gov/pubmed/27719894
http://dx.doi.org/10.1016/j.lwt.2018.09.004
http://dx.doi.org/10.1118/1.4955119
http://www.ncbi.nlm.nih.gov/pubmed/27487869

Foods 2019, 8, 594 12 of 13

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Zheng, T.; Li, X.; Taha, A.; Wei, Y,; Hu, T,; Fatamorgana, P.B.; Zhang, Z.; Liu, F.; Xu, X;; Pan, S.; et al. Effect of
high intensity ultrasound on the structure and physicochemical properties of soy protein isolates produced
by different denaturation methods. Food Hydrocoll. 2019, 97, 105216. [CrossRef]

Laemmli, U.K. Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature
1970, 227, 680-685. [CrossRef]

Yang, B.; Yang, H; Li, J.; Li, Z.; Jiang, Y. Amino acid composition, molecular weight distribution and
antioxidant activity of protein hydrolysates of soy sauce lees. Food Chem. 2011, 124, 551-555. [CrossRef]
Franck, M.; Perreault, V.; Suwal, S.; Marciniak, A.; Bazinet, L.; Doyen, A. High hydrostatic pressure-assisted
enzymatic hydrolysis improved protein digestion of flaxseed protein isolate and generation of peptides with
antioxidant activity. Food Res. Int. 2019, 115, 467-473. [CrossRef]

Nicorescu, L; Loisel, C.; Vial, C.; Riaublanc, A.; Djelveh, G.; Cuvelier, G.; Legrand, J. Combined effect of
dynamic heat treatment and ionic strength on the properties of whey protein foams—Part II. Food Res. Int.
2008, 41, 980-988. [CrossRef]

Liu, Q.; Kong, B.; Xiong, Y.L.; Xia, X. Antioxidant activity and functional properties of porcine plasma protein
hydrolysate as influenced by the degree of hydrolysis. Food Chem. 2010, 118, 403-410. [CrossRef]

Yang, Y.; Wang, Z.; Wang, R.; Sui, X.; Qi, B.; Han, F; Li, Y,; Jiang, L. Secondary Structure and Subunit
Composition of Soy Protein In Vitro Digested by Pepsin and Its Relation with Digestibility. Biomed Res. Int.
2016, 2016, 5498639. [CrossRef] [PubMed]

Amigo-Benavent, M.; Clemente, A.; Ferranti, P.; Caira, S.; del Castillo, M.D. Digestibility and immunoreactivity
of soybean f-conglycinin and its deglycosylated form. Food Chem. 2011, 129, 1598-1605. [CrossRef]
Herrero, A.M. Raman spectroscopy for monitoring protein structure in muscle food systems. Crit. Rev. Food
Sci. Nutr. 2008, 48, 512-523. [CrossRef] [PubMed]

Hu, H.;; Wy, J; Li-Chan, E.C.Y.; Zhu, L.; Zhang, F.; Xu, X,; Fan, G.; Wang, L.; Huang, X.; Pan, S. Effects of
ultrasound on structural and physical properties of soy protein isolate (SPI) dispersions. Food Hydrocoll.
2013, 30, 647-655. [CrossRef]

Herrero, A.M.; Carmona, P.; Cofrades, S.; Jiménez-Colmenero, F. Raman spectroscopic determination of
structural changes in meat batters upon soy protein addition and heat treatment. Food Res. Int. 2008, 41,
765-772. [CrossRef]

Petruccelli, S.; Anon, M.C. Thermal Aggregation of Soy Protein Isolates. J. Agric. Food Chem. 1995, 43,
3035-3041. [CrossRef]

Li-Chan, E.; Nakai, S.; Hirotsuka, M. Raman spectroscopy as a probe of protein structure in food systems.
Protein Struct. Funct. Relatsh. Foods 1994, 163-197. [CrossRef]

Kang, Z.L.; Chen, ES.; Ma, H.J. Effect of pre-emulsified soy oil with soy protein isolate in frankfurters: A
physical-chemical and Raman spectroscopy study. LWT 2016, 74, 465-471. [CrossRef]

Shen, L.; Tang, C.H. Microfluidization as a potential technique to modify surface properties of soy protein
isolate. Food Res. Int. 2012, 48, 108-118. [CrossRef]

Zhang, Y.; Chen, S.; Qi, B.; Sui, X,; Jiang, L. Complexation of thermally denatured soybean protein isolate
with anthocyanins and its effect on the protein structure and in vitro digestibility. Food Res. Int. 2018, 106,
619-625. [CrossRef]

Li-Chan, E.C.Y. The applications of Raman spectroscopy in food science. Trends Food Sci. Technol. 1996, 7,
361-370. [CrossRef]

Nawrocka, A.; Mi$, A.; Szymariska-Chargot, M. Characteristics of Relationships Between Structure of Gluten
Proteins and Dough Rheology-Influence of Dietary Fibres Studied by FT-Raman Spectroscopy. Food Biophys.
2016, 11, 81-90. [CrossRef]

Wu, C.; Hua, Y.; Chen, Y.; Kong, X.; Zhang, C. Release Behavior of Non-Network Proteins and Its Relationship
to the Structure of Heat-Induced Soy Protein Gels. J. Agric. Food Chem. 2015, 63, 4211-4219. [CrossRef]
[PubMed]

Mills, E.C.; Marigheto, N.A.; Wellner, N.; Fairhurst, S.A.; Jenkins, J.A.; Mann, R.; Belton, P.S. Thermally
induced structural changes in glycinin, the 11S globulin of soya bean (Glycine max)-an in situ spectroscopic
study. Biochim. Biophys. Acta Proteins Proteom. 2003, 1648, 105-114. [CrossRef]

Carbonaro, M.; Grant, G.; Cappelloni, M. Heat-induced denaturation impairs digestibility of legume
(Phaseolus vulgaris L. and Vicia faba L.) 7S and 11S globulins in the small intestine of rat. J. Sci. Food Agric.
2005, 85, 65-72. [CrossRef]


http://dx.doi.org/10.1016/j.foodhyd.2019.105216
http://dx.doi.org/10.1038/227680a0
http://dx.doi.org/10.1016/j.foodchem.2010.06.069
http://dx.doi.org/10.1016/j.foodres.2018.10.034
http://dx.doi.org/10.1016/j.foodres.2008.08.003
http://dx.doi.org/10.1016/j.foodchem.2009.05.013
http://dx.doi.org/10.1155/2016/5498639
http://www.ncbi.nlm.nih.gov/pubmed/27298825
http://dx.doi.org/10.1016/j.foodchem.2011.06.015
http://dx.doi.org/10.1080/10408390701537385
http://www.ncbi.nlm.nih.gov/pubmed/18568857
http://dx.doi.org/10.1016/j.foodhyd.2012.08.001
http://dx.doi.org/10.1016/j.foodres.2008.06.001
http://dx.doi.org/10.1021/jf00060a009
http://dx.doi.org/10.1007/978-1-4615-2670-48
http://dx.doi.org/10.1016/j.lwt.2016.08.011
http://dx.doi.org/10.1016/j.foodres.2012.03.006
http://dx.doi.org/10.1016/j.foodres.2018.01.040
http://dx.doi.org/10.1016/S0924-2244(96)10037-6
http://dx.doi.org/10.1007/s11483-015-9419-y
http://dx.doi.org/10.1021/acs.jafc.5b00132
http://www.ncbi.nlm.nih.gov/pubmed/25842998
http://dx.doi.org/10.1016/S1570-9639(03)00114-6
http://dx.doi.org/10.1002/jsfa.1940

Foods 2019, 8, 594 13 of 13

46. Wang, ].].; Yang, J.; Wang, Y.; Zheng, H.; Tian, Z.; Zhang, Y.; Ou, S.; Hu, S.-Q.; Chen, L. Heat and edible salts
induced aggregation of the N-terminal domain of HMW 1Dx5 and its effects on the interfacial properties.
Food Hydrocoll. 2018, 82, 388-398. [CrossRef]

47. Zhongjiang, W.; Xiaoyuan, Z.; Xiaonan, S.; Baokun, Q.; Lianzhou, J.; Xinrui, L.; Nan, J.; Tianci, H.; Xin, Z,;
Yang, L. Structural Characteristics of in Vitro Digestion Products of Heat-Treated Soybean Protein. Food Sci.
2017, 38, 20-26.

48. Chen, X;; Luo, J.; Fu, L,; Cai, D,; Lu, X,; Liang, Z.; Zhu, J.; Li, L. Structural, physicochemical, and digestibility
properties of starch-soybean peptide complex subjected to heat moisture treatment. Food Chem. 2019, 297,
124957. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1016/j.foodhyd.2018.04.029
http://dx.doi.org/10.1016/j.foodchem.2019.124957
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials and Chemicals 
	Preparation of Soy Protein Isolates 
	Heat Treatment of SPI 
	In Vitro Pepsin Digestion of HSPIs 
	The Degree of Hydrolysis Measurement 
	Raman Spectroscopy 
	Sodium Dodecyl Sulphide-Polyacrylamide Gel Electrophoresis 
	Determination of Molecular Weight 
	Statistical Analysis 

	Results 
	Effect of Heat Treatment on DH of SPIs In Vitro 
	Protein Structure Was Determined by Raman Spectra 
	Secondary Structure 
	Changes of Protein Tertiary Structure 

	Effect of Heat Treatment on Subunit Composition of SPI In Vitro by SDS-PAGE Profile 
	Molecular Weight Distribution after In Vitro Digestion 
	Effects of Heating Temperature on Digestion Characteristics of SPI 
	Effect of Heating Time on the Digestion Characteristics of SPI 


	Conclusions 
	References

