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Abstract
The present study aimed to investigate the functional properties of soybean protein isolate (SPI) treated with alkaline
protease and high-speed shearing homogenization. Alkaline protease-hydrolyzed SPIs that were characterized by
varying degrees of hydrolysis between 0 and 6% were treated with high-speed shearing homogenization to obtain
different micro-particulate proteins. The results showed that this combined treatment could significantly reduce
the particle size of SPI by markedly degrading the structure of both the 7S and 11S subunits, thereby resulting in a
significantly reduced content of β-sheet and β-turn structures. The surface hydrophobicity increased considerably for
samples with hydrolysis below the threshold of 2% and then declined gradually above this threshold. Furthermore,
the combination of hydrolysis and homogenization significantly improved the emulsion stability of SPI hydrolysates. It
also significantly improved the foaming properties of SPI. These results demonstrated that alkaline protease hydrolysis
combined with high-speed shearing homogenization represents a promising approach for improving the functional
and structural properties of SPI.
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Graphical Abstract

Introduction
Soybean protein isolate (SPI) is a whole-protein food
additive produced from low-temperature solventextracted soybean meal. It has long been regarded as an
ideal alternative to animal protein due to its desirable
amino acid profile, lack of cholesterol (Ma et al. 2020a),
and more cost-effective production method (Pozdnyakov et al. 2022). Being an amphiphilic protein, soybean
protein isolate is used as an emulsifier to generate oilin-water emulsions with strong diffusion and adsorption
capabilities to stabilize the surface of oil droplets (Yan
et al. 2021). However, some severe processing conditions, such as acid precipitation and high temperatures;
can cause the denaturation of SPI, thereby resulting in
its poor solubility, poor structural properties, and other
undesirable functional properties (Yang et al. 2018).
To improve upon the quality and application value of
SPI, micronization technology has become widely used
to enhance the structural and functional characteristics

of SPI. This process can also lead to the production
of short peptide sequences with various bioactivities
(Ashaolu 2020; Hsieh et al. 2022). Micro-particulate proteins are formed by altering the way proteins aggregate,
and because of the involution of hydrophobic groups,
there is a low frequency with which other groups interact with them. Therefore, adding high-density SPI protein
particles to the food system not only improves the texture
and taste of the system but also increases both the overall
protein and bioactive polypeptide contents of foods (Li
et al. 2021a; Sha et al. 2020).
At present, there are several micro-particulate protein
production techniques available, including double emulsification, mechanical processing, phase separation, and
the combining with other macromolecules (Silva and
Chandrapala 2021; Zhang et al. 2022). Previous studies
have found that, compared with other techniques, the
process of modifying proteins by hydrolysis is relatively
easy to control, producing few by-products with mild
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hydrolysis reaction conditions, and hence considered to
be relatively resource-efficient (Li et al. 2021b; Song et al.
2018). This process of hydrolysis is an effective approach
for producing hypoallergenic soy hydrolysates that combine several desirable functional properties (Meinlschmidt et al. 2016). Hydrolysis can also create a variety
of bioactive peptides which play a positive role in the
prevention and treatment of diseases such as hypertension and cancer, as well as the physiological burden of
oxidative damage (Álvarez-Viñas et al. 2021; Guan et al.
2018; Wang et al. 2017; Wu et al. 2021). High-speed
shear homogenization is now extensively used in food
engineering. Its treatment used alone has relatively low
efficiency for improving the qualities of SPI. Many studies have found that combined treatments can improve
functional properties of consumer protein. For instance,
high-pressure homogenization treatment in conjunction
with enzymatic hydrolysis could modify the properties
of peanut protein isolate and increase the antioxidant
activities of its hydrolysates (Dong et al. 2011). The
treatment has also been used to improve the functional
properties of oyster protein isolates (Yu et al. 2018). The
combined treatment of extrusion pretreatment with controlled enzymatic hydrolysis using pancreatin was shown
to improve the emulsifying capability of SPIs (Chen et al.
2011). To the best of our knowledge, no studies have yet
assessed the utility of this combined method of hydrolysis with high-speed shearing homogenization. Thus,
research on improving the structural and functional
properties of SPIs by this treatment method might be
of great utility in improving the manufacturing of foods
containing them.
The objective of this study was to use hydrolysis and
high-speed shear homogenization to reduce the particle
size of micro-particulate SPI and to explore the resulting
changes in their processing performance and microstructures. The results can then be used to provide a better
understanding of the usage of the combined treatment
in food processing. The findings would also be significant
for guiding the development of functional SPI products in
a theoretical sense. Approximately 90% of SPIs are storage proteins with globular structures comprising mainly
7S (β-conglycinin) and 11S (glycinin) globulins, and this
study intends to develop a highly effective method for the
functional modification of such globular proteins.

Materials and methods
Materials

SPI was purchased from Gushen Biotechnology
Group Co., Ltd (Shandong, China). Alcalase 2.4 L
(196,654 ± 1924 U/mL) was provided by Novozymes Biotechnology Co., Ltd. (Shenyang, China), and SDS-PAGE
Gel Kit was purchased from Beijing Solarbio Science &
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Technology Co., Ltd. (Beijing, China). All other chemicals were of analytical grade and obtained commercially.
Sample preparation
Determination of SPI composition

The composition of the SPI was determined by following the standard methods put forth by the national
food safety standards. The moisture content of the SPI
was determined by GB-5009.3-2016, protein content by
GB-5009.5-2016, fat content by GB-5009.6-2016, and ash
content by GB-5009.4-2016.
Preparation and limited enzymatic hydrolysis of SPI

The preparation and limited enzymatic hydrolysis of SPI
were performed according to the method of Adlernissen (1986), with a slight modification. The SPI solution
was prepared by adding distilled water to a final protein
concentration of 5% (w/w). After magnetic stirring at
room temperature for 1 h, 0.5 mol/L NaOH was added to
adjust the solution to pH 8.0. The solution was incubated
at 55 °C to start the hydrolysis reaction by adding alkaline protease, and the pH of the solution was maintained
constant during hydrolysis by the addition of 0.5 mol/L
NaOH using the pH-stat method. The degree of hydrolysis (DH) was calculated by Eq. (1):

DH(%) =

VNaOH × NNaOH
× 100%,
α × Mp × htot

(1)

where VNaOH is the amount of alkali consumed (mL),
NNaOH is the molarity of alkali (mol/L), α is the calibration factor for pH-stat (α = 0.4636), Mp is the mass of the
SPI (g), and htot is the number of peptide bonds; that is,
7.78 mmol/g protein.
After hydrolysis, the enzyme was inactivated by heating
at 90 ℃ for 5 min. After cooling to 30 ℃, the solution was
homogenized by Ultra-Turrax T25 (Guangzhou Shenhua
Biotechnology Co., Ltd., China) at high speed for 2 min at
13,000 r/min.
Drying of soy protein isolate hydrolysate (SPH) solutions

Spray drying of the SPH solution was carried out using
the YC-015 bench-top spray dryer (Shanghai Pilotech
Instrument & Equipment Co., Ltd., China), where the
outlet and inlet temperature were maintained at 70 ℃
and 160 °C, respectively. The rate of the peristaltic pump
was maintained at 14 r/min (Joshi et al. 2011).
Sodium dodecyl sulfate‑polyacrylamide gel
electrophoresis (SDS‑PAGE)

SDS-PAGE was performed using 12% separating gels and
4% stacking gels. A mixture of sample solutions (with an
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SPI concentration of 10 mg/mL) and loading buffer were
heated in boiling water for 5 min, then a volume of 10 µL
(μL) was loaded per well and electrophoresis was carried
out at 120 V for separation. After electrophoresis, the
gels were removed, fixed, and stained with the staining
solution (Coomassie brilliant blue 0.125%, ethanol 25%,
acetic acid 8%) for the visualization of protein. Finally,
destaining was conducted in methanol–water–acetic acid
solution (25:67:8, v/v) (Matsumoto et al. 2019).
Surface hydrophobicity (H0)

The H0 of SPH was determined using 1-anilinonaphthalene-8-sulfonic acid (ANS) probes according to a
modificatory method by Kato and Nakai (1980). Protein
dispersions (1 mg/mL) in 0.01 mol/L phosphate buffer
(pH 7.0) were stirred for 1 h at 25 °C and centrifuged at
4000×g for 30 min. The protein contents of the supernatant were determined according to Lowry et al. (1951).
The supernatant was diluted with the same buffer to keep
the protein concentration within the range of 0.005–
0.05 mg/mL. Then, 50 μL of ANS (8.0 mmol/L in the
same buffer) was added to 4 mL of SPH solution. The fluorescence intensity was measured with a Hitachi FL-2500
fluorescence spectrometer. Excitation and emission
wavelengths were set at 365 and 484 nm, respectively, and
the excitation and emission slit widths were both 5 nm.
The initial slope of the fluorescence intensity vs. protein
concentration plot (calculated by linear regression analysis) was used as the index of protein hydrophobicity.
Fourier transform infrared spectroscopy (FTIR)

According to Zhang et al. (2015a), the Fourier transform
infrared spectra of the specimen were evaluated by a Vector 22 Fourier transform infrared spectrometer (Bruker
Optics Co., Ltd., Germany). Each spectrum was the
cumulative result of 16 scans with a resolution of 4 cm−1
from 4000 to 500 cm−1 at 25 °C. OMNIC software was
used to fit the infrared spectra, and the secondary structure of the specimen was calculated based on its amide I.
Particle size distribution

The particle size distribution of the SPH sample was
determined using a laser particle size distribution instrument (Bettersize Instruments Co., Ltd., China). The SPH
sample was dispersed in phosphate buffer to obtain a 1%
protein solution. It was then concussion mixing using a
laboratory vortex oscillator (Kylin-Bell Lab Instruments
Co., Ltd., China). After adding the solution to a colorimetric dish containing double distilled water (DWW),
when the refractive index of the solution system reached
34%, the particle size distribution was measured.
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Scanning electron microscopy (SEM)

The surface morphologies of SPH powders were studied
by observation under a SU1510 scanning electron microscope (Hitachi, Ltd., Japan) at an accelerating voltage of
5 kV. The samples were sputter-coated with a layer of
gold prior to having captured the images.
Determination of functional properties
Analysis of emulsifying properties

Both the emulsifying activity index (EAI) and emulsion
stability index (ESI) were determined by the turbidimetric method (Jiang and Zhao 2011). Emulsions were
prepared by using 16 mL of SPH solution of 1 mg/mL
mixed with 4 mL of refined soybean oil homogenized at
10,000 r/min. The resulting emulsion (50 µL) was immediately pipetted from the bottom of the container into
5 mL of 0.1% (w/v) sodium dodecyl sulfate (SDS) solution. After whirlpool oscillation, absorption values at 0
and 10 min were measured at 500 nm. The EAI and ESI
were calculated by Eqs. (2) and (3), respectively:

 2 × 2.303 × A × dilution

0
EAI m2 /g =
,
C × (1 − �) × 104

(2)

ESI (%) = A10 /A0 × 100%,

(3)

where C is protein concentration (g/mL) before emulsification; Ф is oil volume fraction (v/v) of emulsion
(Ф = 0.2 here), dilution = 250; and A0 and A10 represent
the absorbance at time 0 and after 10 min at 500 nm,
respectively.
Analysis of foaming properties

The foaming properties were evaluated according to the
method published by Zhang et al. (2015b), with slight
modifications. Protein dispersions (1% w/w, 100 mL)
were freshly prepared and homogenized at 10,000 r/
min for 2 min. The obtained foam and solution were
then jointly transferred to a 250-mL glass cylinder. The
volumes of the foam portion were recorded at 0 min to
determine foam capacity and at 30 min to determine
foam stability. Values for the foaming capacity (FC) and
foaming stability (FS) were then calculated by Eqs. (4)
and (5), respectively:

FC (%) =

V0 − V
× 100%,
V

(4)

FS (%) =

V30 − V
× 100%,
V0 − V

(5)
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where V is the volume of protein dispersion before
homogenization, and V0 and V30 represent the volume of
foam portion at 0 and at 30 min, respectively.

exceeded 90% (dry weight) and, correspondingly, all
other components obtained values lower than 10%.

Statistical analysis

To detect the structural changes of SPH after undergoing
the combined treatment of alkaline protease and highspeed shearing homogenization, SDS-PAGE was used
to examine the subunit compositions of SPH. Figure 1
shows the protein profile of SPI. At a 0% DH, it contained
intact β-conglycinin subunits (α, α′, and β) and glycinin
(both the acidic and basic subunits) as measured by SDSPAGE analysis (Chen et al. 2019). Changes in the subunit
ratio of the hydrolyzed protein were expressed, and this
was according to the different molecular weights of the
protein subunits as well as the migration of the bands
generated by the hydrolyzed subunits in the gel electrophoresis diagram. As shown in Fig. 1, the native SPI primarily comprised five subunits, and the content of these
five subunits changed significantly following hydrolysis.
Compared with unhydrolyzed SPI, subunit structures at
each DH were destroyed. Among these, intact subunit
structures were significantly reduced at 1% and 2% DH,
but the five subunit structures of the 7S globulin and 11S
globulin were still clearly visible without their complete
degradation. However, when the DH exceeded 3%, the
subunit structure of the 7S globulin was almost completely degraded. This indicated the whole degradation

Results were presented as the mean ± standard deviation
for three replicates. Data analysis was performed using a
one-way analysis of variance (ANOVA) with the least significant difference test for determining significance using
the standard of p < 0.05. Statistical analyses were conducted using Origin 8.0 software. Significance of effects
can be found only through statistical analysis methods
(Fegade et al. 2013).

Results and discussion
Protein composition

The contents of the different components of SPI are
shown in Table 1. In all cases, the content of protein
Table 1 Components of SPI
Components
Water
Protein
Ash
Fat
Each value represents the mean ± SD (n = 3)

Content (%)
7.26 ± 0.045

87.48 ± 0.950
4.76 ± 0.061

0.13 ± 0.002

SDS‑PAGE analysis

Fig. 1 The representative SDS-PAGE patterns of hydrolysates subjected to alcalase at DH of 0–6%, respectively. BS basic subunits; AS acidic subunits.
α, α′ and β are subunits from β-conglycinin
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of the protein into hydrophilic and amorphous peptides, consistent with previous studies (Chen et al. 2019;
Shen et al. 2020). Thus, hydrolysis by alkaline protease
with high-speed shearing homogenization significantly
degraded the primary structure of SPI, thereby greatly
reducing the molecular weight of proteins.
H0 analysis

As one of the most important indicators for evaluating changes in protein conformation (Yan et al. 2021),
the H0 of a protein indicates the number of hydrophobic
groups present on the surface of the protein molecule.
Results depicted in Fig. 2 indicate that a degree of up
to 2% hydrolysis caused a significant increase in the H0,

Surface hydrophobicity (H 0 )

400
350

while H0 began to decline gradually after this threshold.
According to Seguracampos et al. (2012), such modest hydrolysis treatment can hydrolyze SPI into small
peptide chains, subsequently exposing the hydrophobic
groups embedded within the protein molecules, thus
significantly increasing hydrophobicity. Thus, characterized by increases in the DH, one possible reason for
the increased H0 following hydrolysis is the exposure
of hydrophobic amino acids embedded in the protein.
However, higher levels of hydrophobic exposure may
also promote protein aggregation, thereby resulting in a
decrease in surface H0 (Ma et al. 2018). Previous studies
have reported similar trends (Yuan et al. 2012); limited
proteolysis treatment induced the increased release of
hydrophobic residues from protein molecules. Homogenization treatments have also been shown to reduce
surface H0 due to the formation of aggregates caused by
hydrophobic interactions (Cha et al. 2019).
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Table 2 Secondary structure content of SPH sample
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The results were expressed as the mean ± SD (n = 3). Values with different
superscript letter are significantly different at p < 0.05

Fig. 2 Surface hydrophobicity of SPH at 0–6% DH, respectively
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Effects of hydrolysis on the secondary structures of SPH

The secondary structures of SPH were evaluated by FTIR
in the far-infrared region (4000–500 cm−1) (Fig. 3) for
SPH hydrolyzed by alkaline protease at the DH of 0%, 1%,
2%, 3%, 4%, 5%, and 6% (Table 2). The polypeptide and
protein repeat units gave rise to nine characteristic IR
absorption bands, namely: amides A, B, and I–VII (Guo
et al. 2017). The most sensitive spectral region to the protein secondary structural components is that of amide I,
and this was mainly from the C=O stretching vibration
of the polypeptide backbone (Akyuz et al. 2018). One
of the major factors responsible for the conformational
specificity of the amide I band is its sensitivity to hydrogen bonding and the change of secondary structures of
proteins mainly depends on hydrogen bonds. Thus, FTIR
can sensitively reflect the change in peptide chain structures, as was done with secondary structures in the present study (Hu et al. 2016). As shown in Fig. 3, changes
in the FTIR spectra of SPH were observed through characteristic shifts in some band frequencies. Overall, the
absorption bands of SPH were markedly different before
treatment.
The secondary derivative spectra of SPH were fitted by
the Gaussian peak to show characteristic peaks including
those of the α-helix (1650–1658 cm−1), β-sheet (1610–
1640 cm−1), β-turn (1660–1670 cm−1), and random coil
(1640–1650 cm−1) (Achouri et al. 2012). The areas of all
bands were then assigned to a given secondary structure, summed up, and divided by the total area to obtain
the contribution of each element. As shown in Table 2,
compared with the native SPI, the content of the β-sheet
and β-turn structures dramatically decreased (p < 0.05),
while that of the random coil significantly increased
(p < 0.05). With only 6% hydrolysis, the content of α-helix
structures increased significantly (p < 0.05). Moreover,
initial hydrolysis-assisted homogenization had a significant effect on secondary structures such as the β-sheet,
β-turn, and random coil. Conversely, under the condition
of 3–5% hydrolysis, there were no significant changes in
the secondary structures. When the degree of hydrolysis reached 6%, compared to the 5% hydrolysis, contents
of the α-helix structure increased by 13.01%, that of the
β-sheet increased by 3.04%, that of the β-turn decreased
by 23.51% and that of random coil decreased by 5.61%
(Fig. 3). This observation indicates that the random coil
and β-turn structures were transformed into α-helix and
β-sheet structures.
The results showed that different degrees of hydrolysis by alkaline protease and high-speed shear homogenization treatment significantly influenced the
secondary structures of SPH and that this was strongly
associated with subunit composition. The α-helix is
believed to be maintained by intramolecular hydrogen
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bonds while the β-sheet is supported by hydrogen
bonds between peptide chains (Tang and Ma 2009). The
changes in secondary structures suggested that hydrolysis with high-speed shear homogenization increased
random coil structures and decreased β-turn structures, with almost all of the changes occurring on the
surface of protein molecules (Table 2). It was found that
the limited enzymatic hydrolysis of less than 6% combined with high-speed shear homogenization destroyed
the hydrogen bonds between the peptide chains while
having little effect on intramolecular hydrogen bonds.
At 6% hydrolysis, a stronger aggregation force formed
more stable structures while decreasing both random
coil and β-turn structures. However, a previous study
also reported a significant decrease in α-helix, β-sheet,
and random coil structures, as well as an increase in
β-turn structures with the pretreatment of high-pressure homogenization (HPH) before the hydrolysis of
SPI (Zhao et al. 2018). The most probable reason for
the diversity in these results may be that the high-pressure homogenization pretreatment caused the initial
decomposition of protein molecules, thereby resulting
in more β-turn structures.
Particle size distribution

As shown in Fig. 4, the natural SPI particle size distribution was bimodal, and after limited enzymatic hydrolysis
with high-speed shear homogenization, it still showed
this bimodal morphology, with the main two peaks residing near 0.7 and 20 μm, respectively. With the increase in
the DH, the morphology of these double peaks for SPH
particle size gradually merged into a single peak. Meanwhile, the peak position for large particle size gradually
shifted to that of small particle size. This showed that the

Percentage of particle (%)
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Fig. 4 Particle size distribution of SPH at 0–6% DH, respectively
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Table 3 Median diameter (D50) of SPH sample
DH (%)

Particle size of
SPH sample (μm)

1

10.750 ± 0.345a

5.623 ± 0.140b

2

4.008 ± 0.104c

3

2.158 ± 0.110d

4

1.532 ± 0.199d

5

8.153 ± 0.333e

6

The results were expressed as the mean ± SD (n = 3). Values with different
superscript letter are significantly different at p < 0.05

proteins were more evenly dispersed in the solution system and that the protein solution became increasingly
stable. When the degree of hydrolysis reached 6%, the
content of SPH containing large particle sizes increased.
This result might be attributed to the increased formation of stable aggregates with smaller particle sizes
(Huang et al. 2019). The median diameter (D50) of the
SPH sample at 0–6% DH is shown in Table 3.
SEM observation

To further investigate the effects of limited enzymatic
hydrolysis combined with high shear homogenization on the aggregation state of soybean protein isolate
molecules, the macrostructure of SPH was observed by
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scanning electron microscopy (SEM). As shown in Fig. 5,
varying degrees of hydrolysis caused varying degrees of
damage to SPI, and the surface of spray-dried sample
particles was mostly concave. Some of the visible SPI
molecules inside were hollow structures. According to
Buma and Henstra (1971), the formation of this kind of
structure is likely to be caused by the uneven shrinkage
of particles formed by protein and water during spraying, thus leading to the appearance of hollow structures
in some SPH that have not yet contracted after water
loss. Furthermore, with increases in the DH, the finer
structures became observable, and when the degree of
hydrolysis reached 6%, some stable aggregates of SPH
were also observed from the images. This indicated that
hydrolysis with homogenization treatment could destroy
the globular structure of proteins and that the smaller
particles would lead to further aggregation (Huang et al.
2019). Interestingly, this trend is in agreement with the
results of the previous measurement of the particle size
distribution (Fig. 4). It also indicated that smaller protein
particles were more likely to promote aggregation.
Functional properties of SPH
Emulsifying properties of SPH

Emulsifying properties indicate the ability of a protein
to absorb to oil–water interfaces and can be evaluated
via the protein’s emulsifying activity index (EAI) and

Fig. 5 SEM micrographs of SPH. The letters A–F represent 1–6% DH, respectively
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Fig. 6 Emulsification properties of SPH at 0–6% DH, respectively. EAI
emulsifying activity index; ESI emulsion stability index. Values with
different superscript letter are significantly different p < 0.05. a–g is
used for EAI and a′–f′ is used for ESI

Fig. 7 Foaming properties of SPH at 0–6%DH, respectively. FC
foaming capacity; FS foaming stability; values with different
superscript letter are significantly different p < 0.05. a–g is used for FC
and a′–d′ is used for FS

emulsion stability index (ESI). The effect of limited enzymatic hydrolysis with high-speed shear homogenization
on the emulsifying properties of SPI is shown in Fig. 6.
Compared with SPI without hydrolysis treatment, a notable increase in the EAI of SPH was observed. When the
degree of hydrolysis reached 1%, the highest value was
obtained for the EAI. With the increase in the DH, the
emulsifying activity decreased, but there was a rebound
until 6% hydrolysis. This trend, whereby the emulsifying activity of SPH first increased and then decreased,
might be attributed to changes within the protein surface
structure (Jiang et al. 2009). Specifically, hydrolysis may
have destroyed the spherical structure of the protein,
exposing more hydrophobic residues (Fig. 5), which then
improved the emulsifying ability of SPH, while higher DH
resulted in a reduction of the flexibility of SPH, which in
turn reduced its emulsifying ability. If the interactions
between protein molecules were too strong, this would
be detrimental to the emulsification ability of protein (Ma
et al. 2020b). With increasing DH, the molecules were
more refined, and this enhanced intermolecular interactions. The hydrogen bonds that maintained the internal
structure of SPH were gradually destroyed, which also
made it difficult to form a stable protective layer on the
surface of oil droplets.
As shown in Fig. 6, the ESI of the dispersion prepared
using SPH samples was significantly enhanced. Generally,
the ESI of protein emulsions are related to their particle
size (Yang et al. 2018), and the particle size distribution
of SPH in our study has confirmed this (Fig. 4). Additionally, our results show that the ESI of SPH emulsions
decreased when the DH exceeded 2% and that when the
DH reached 6%, there was a slight rebound effect. The
decrease of the ESI in the SPH emulsion might be due

to a decrease in the molecular flexibility of the proteins
(Molina et al. 2001).
Thus, the functional properties of proteins were essentially determined by their conformations and surface
properties. Based on the above results, hydrolysis and
protein aggregation both had a complex impact on the
flexibility, hydrophilicity, and hydrophobicity of SPH
molecules during treatment involving hydrolysis and
homogenization, which consequently impacted the EAI
and ESI.
Foaming properties of SPH

Foaming properties are another important indicator of
the quality of protein as a surfactant. Stable foaming is
required so that the protein possesses moderate mechanical strength and viscosity characteristics in order to
maintain the formed network structure. So, the flexibility
of protein molecules and the strength of the connection
between peptides have become key factors in determining foaming stability. As shown in Fig. 7, compared with
native SPI, the foaming capacity (FC) of SPH by limited
enzymatic hydrolysis combined with high shear homogenization was significantly improved. In addition, as the
DH increased, the FC of the SPH emulsion increased (at
1–3% DH) and then decreased (at 4–6% DH). However,
compared with the SPI sample, as the DH increased,
SPH exposed more hydrophobic groups and had a looser
spherical conformation (Table 2) as well as a higher proportion of small molecule peptides (Fig. 1), which is beneficial to the formation of a liquid film at the interface
between air and water. Therefore, the reduced molecular
weight would be assumed to make them more flexible.
Moreover, the speed of SPH molecular transferring to
the air–water interface was faster and higher in efficiency
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in reducing surface tension (Mao and Hua 2012). Thus,
hydrolysis with high-speed shear homogenization treatment could significantly enhance the foaming capacity. Based on the results of the particle size distribution,
with the increase in the DH, shorter peptide chains were
formed, hence resulting in the weakening of the liquid
membranes which were formed on the surface of the liquid by unfolding peptide chains (Fig. 4). The weakening
of these liquid membranes might have had an inhibitory
effect on the foaming properties of the SPH solution.
The results of foaming stability (FS) showed that the FS
of SPH was reduced compared with that of the native SPI.
Specifically, the FS was the lowest for SPH with 5% DH,
which might have been due to the smaller peptide segments in the hydrolysate causing the liquid membranes
to be fragile, which weakened the capability of encapsulating the foam within liquid membranes. Compared
with the SPI samples, the formation of more polypeptides
in the SPH samples increased the charges of protein molecules, which impeded the adsorption of protein molecules onto the surface of foam, thereby resulting in the
decrease in foam stability (Matsumiya and Murray 2016).

Conclusion
In our study, treatment with hydrolysis with high-speed
shear homogenization exhibited a significant influence
on the structural and functional properties of SPI. The
results showed that hydrolysis had a certain destructive
effect on the primary structure of SPI, and the degree of
destruction of 7S and 11S globulins gradually increased
with increasing DH. The results of FTIR also showed that
limited enzymatic hydrolysis combined with high shear
homogenization had a marked effect on the hydrogen
bonding present among peptide chains, thereby resulting in a reduction of the contents of β-sheet and β-turn
structures. Restriction hydrolysis significantly reduced
the protein particle size in the protein solution system,
especially when the DH reached 5%. Furthermore, results
for hydrolyzed protein processing characteristics showed
that mild hydrolysis could significantly reduce the particle size of protein particles to improve their emulsification properties. However, with the increase in the DH,
the flexibility of protein molecules decreased, the interaction between molecules strengthens and the emulsification significantly decreased. Compared with SPI, SPH
displayed significantly improved foaming properties due
to enhanced hydrophobicity and the destruction of protein molecular structures, and we obtained the key result
of the worst foaming stability when the degree of hydrolysis was 5%. Therefore, the results of the present work
provide a theoretical basis for the further study of micronized proteins, and can also be used in other food processing areas, such as in the research and development
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of fat replacements and soy peptides. They also comprise
an effective means to modify the functionality of globular
proteins. Therefore, the combination of alkaline protease
hydrolysis and high-speed shearing homogenization
represents an effective method by which to improve the
functional properties of SPI.
Author contributions
JYH, MY, YLZ and ZCZ performed the research; JYH, ZCZ, MY, RL and WJS wrote
the manuscript; TW and MZ designed and funded the research, reviewed the
manuscript. All authors read and approved the final manuscript.
Funding
Tianjin "131" Innovative Talent Team Project [201926] and Tianjin Science and
Technology Plan Project [21ZYQCSY00050].
Availability of data and materials
All data generated or analyzed during this study are included in this published
article.

Declarations
Ethics approval and consent to participate
Not applicable.
Consent for publication
Not applicable.
Competing interests
The authors declare no competing interests.
Author details
1
Sate Key Laboratory of Food Nutrition and Safety, Food Biotechnology
Engineering Research Center of Ministry of Education, Tianjin University
of Science & Technology, Tianjin 300457, China. 2 Tianjin Agricultural University,
Tianjin 300384, China. 3 China‑Russia Agricultural Processing Joint Laboratory,
Tianjin Agricultural University, Tianjin 300392, People’s Republic of China.
Received: 9 May 2022 Accepted: 13 July 2022

References
Achouri A, Nail V, Boye JI (2012) Sesame protein isolate: fractionation, secondary structure and functional properties. Food Res Int 46(1):360–369.
https://doi.org/10.1016/j.foodres.2012.01.001
Adlernissen J (1986) Enzymic hydrolysis of food proteins. Can Med Assoc J.
https://doi.org/10.1503/cmaj.1041203
Akyuz S, Akyuz T, Celik O, Atak C (2018) FTIR spectroscopy of protein isolates of
salt-tolerant soybean mutants. J Appl Spectrosc 84(6):1019–1023. https://
doi.org/10.1007/s10812-018-0580-1
Álvarez-Viñas M, Rodríguez-Seoane P, Flórez-Fernández N, Torres MD, Díaz-Reinoso B, Moure A, Domínguez H (2021) Subcritical water for the extraction
and hydrolysis of protein and other fractions in biorefineries from agrofood wastes and algae: a review. Food Bioprocess Technol 14(3):373–387.
https://doi.org/10.1007/s11947-020-02536-4
Ashaolu TJ (2020) Soy bioactive peptides and the gut microbiota modulation.
Appl Microbiol Biotechnol 104(21):9009–9017. https://doi.org/10.1007/
s00253-020-10799-2
Buma TJ, Henstra S (1971) Particle structure of spray-dried lactose as observed
by a scanning electron microscope. Neth Milk Dairy J 25:75–80
Cha Y, Shi XJ, Wu F, Zou HN, Chang CT, Guo YN, Yuan M, Yu CP (2019) Improving the stability of oil-in-water emulsions by using mussel myofibrillar
proteins and lecithin as emulsifiers and high-pressure homogenization. J
Food Eng 258:1–8. https://doi.org/10.1016/j.jfoodeng.2019.04.009

Hao et al. Bioresources and Bioprocessing

(2022) 9:77

Chen L, Chen J, Ren J, Zhao M (2011) Modifications of soy protein isolates
using combined extrusion pre-treatment and controlled enzymatic
hydrolysis for improved emulsifying properties. Food Hydrocoll
25(5):887–897. https://doi.org/10.1016/j.foodhyd.2010.08.013
Chen WP, Liang GJ, Li X, He ZY, Zeng MM, Gao DM, Qin F, Goff HD, Chen J
(2019) Effects of soy proteins and hydrolysates on fat globule coalescence and meltdown properties of ice cream. Food Hydrocoll
94:279–286. https://doi.org/10.1016/j.foodhyd.2019.02.045
Dong X, Zhao M, Shi J, Yang B, Li J, Luo D, Jiang G, Jiang Y (2011) Effects of
combined high-pressure homogenization and enzymatic treatment on
extraction yield, hydrolysis and function properties of peanut proteins.
Innov Food Sci Emerg Technol 12(4):478–483. https://doi.org/10.1016/j.
ifset.2011.07.002
Fegade SL, Tande BM, Cho H, Seames WS, Sakodynskaya I, Muggli DS, Kozliak EI
(2013) Aromatization of propylene over hzsm-5: a design of experiments
(Doe) approach. Chem Eng Commun 200(8):1039–1056. https://doi.org/
10.1080/00986445.2012.737385
Guan HN, Diao XQ, Jiang F, Han JC, Kong BH (2018) The enzymatic hydrolysis
of soy protein isolate by Corolase PP under high hydrostatic pressure and
its effect on bioactivity and characteristics of hydrolysates. Food Chem
245:89–96. https://doi.org/10.1016/j.foodchem.2017.08.081
Guo CF, Zhang ZN, Chen JJ, Fu HF, Subbiah J, Chen XW, Wang YY (2017) Effects
of radio frequency heating treatment on structure changes of soy protein
isolate for protein modification. Food Bioprocess Technol 10(8):1574–
1583. https://doi.org/10.1007/s11947-017-1923-2
Hsieh L-S, Lu M-S, Chiang W-D (2022) Identification and characterization of
immunomodulatory peptides from pepsin–soy protein hydrolysates.
Bioresour Bioprocess 9(1):39. https://doi.org/10.1186/s40643-022-00526-2
Hu Y, Wu XY, Zhong NJ, Xu JR (2016) Study on the conformation of soybean
selenoprotein solution with spectroscopy methods. Spectrosc Spect
Anal 36(9):2874–2878. https://doi.org/10.3964/j.issn.1000-0593(2016)
09-2874-05
Huang LR, Ding XN, Li YL, Ma HL (2019) The aggregation, structures and
emulsifying properties of soybean protein isolate induced by ultrasound
and acid. Food Chem 279:114–119. https://doi.org/10.1016/j.foodchem.
2018.11.147
Jiang S-J, Zhao X-H (2011) Transglutaminase-induced cross-linking and
glucosamine conjugation of casein and some functional properties of
the modified product. Int Dairy J 21(4):198–205. https://doi.org/10.1016/j.
idairyj.2010.12.004
Jiang J, Chen J, Xiong YL (2009) Structural and emulsifying properties of soy
protein isolate subjected to acid and alkaline pH-shifting processes. J
Agric Food Chem 57(16):7576–7583. https://doi.org/10.1021/jf901585n
Joshi M, Adhikari B, Aldred P, Panozzo JF, Kasapis S (2011) Physicochemical
and functional properties of lentil protein isolates prepared by different
drying methods. Food Chem 129(4):1513–1522. https://doi.org/10.1016/j.
foodchem.2011.05.131
Kato A, Nakai S (1980) Hydrophobicity determined by a fluorescence probe
method and its correlation with surface properties of proteins. BBA Protein Struct 624(1):13–20. https://doi.org/10.1016/0005-2795(80)90220-2
Li L, Wang CZ, Li KX, Qin W, Wu DT, Hu B, Yang WY, Dong HM, Zhang Q
(2021a) Influence of soybean protein isolate-dextran conjugates on the
characteristics of glucono-δ-lactone-induced tofu. LWT Food Sci Technol
139:110588. https://doi.org/10.1016/j.lwt.2020.110588
Li M, Yu R, Fu RX, He YT, Zhao PP, Jiang ZM, Hou JC (2021b) Limited hydrolysis
of glycosylated whey protein isolate ameliorates the oxidative and physical stabilities of conjugated linoleic acid oil-in-water emulsions. Food
Chem 362:130212. https://doi.org/10.1016/j.foodchem.2021.130212
Lowry OH, Rosebrough NJ, Farr AL, Randall RJ (1951) Protein measurement
with the Folin phenol reagent. J Biol Chem 193(1):265–275. https://doi.
org/10.1016/S0021-9258(19)52451-6
Ma WJ, Qi BK, Sami R, Jiang LZ, Li Y, Wang H (2018) Conformational and functional properties of soybean proteins produced by extrusion-hydrolysis
approach. Int J Anal Chem 2018:9182508. https://doi.org/10.1155/2018/
9182508
Ma XB, Chen WJ, Yan TY, Wang DL, Hou FR, Miao S, Liu DH (2020a) Comparison
of citrus pectin and apple pectin in conjugation with soy protein isolate
(SPI) under controlled dry-heating conditions. Food Chem 309:125501.
https://doi.org/10.1016/j.foodchem.2019.125501

Page 11 of 12

Ma XB, Hou FR, Zhao HH, Wang DL, Chen WJ, Miao S, Liu DH (2020b) Conjugation of soy protein isolate (SPI) with pectin by ultrasound treatment. Food
Hydrocoll 108:106056. https://doi.org/10.1016/j.foodhyd.2020.106056
Mao XY, Hua YF (2012) Composition, structure and functional properties of
protein concentrates and isolates produced from walnut (Juglans regia
L.). Int J Mol Sci 13(2):1561–1581. https://doi.org/10.3390/ijms13021561
Matsumiya K, Murray BS (2016) Soybean protein isolate gel particles as foaming and emulsifying agents. Food Hydrocoll 60:206–215. https://doi.org/
10.1016/j.foodhyd.2016.03.028
Matsumoto H, Haniu H, Komori N (2019) Determination of protein molecular
weights on SDS-PAGE. Electrophor Sep Proteins 1855:101–105. https://
doi.org/10.1007/978-1-4939-8793-1_10
Meinlschmidt P, Schweiggert-Weisz U, Brode V, Eisner P (2016) Enzyme assisted
degradation of potential soy protein allergens with special emphasis on
the technofunctionality and the avoidance of a bitter taste formation.
LWT Food Sci Technol 68:707–716. https://doi.org/10.1016/j.lwt.2016.01.
023
Molina E, Papadopoulou A, Ledward DA (2001) Emulsifying properties of
high pressure treated soy protein isolate and 7S and 11S globulins. Food
Hydrocoll 15(3):263–269. https://doi.org/10.1016/S0268-005X(01)00023-6
Pozdnyakov N, Shilov S, Lukin A, Bolshakov M, Sogorin E (2022) Investigation of
enzymatic hydrolysis kinetics of soy protein isolate: laboratory and semiindustrial scale. Bioresour Bioprocess 9(1):37. https://doi.org/10.1186/
s40643-022-00518-2
Seguracampos MR, Espinosagarcía L, Chelguerrero LA, Betancurancona
DA (2012) Effect of enzymatic hydrolysis on solubility, hydrophobicity,
and in vivo digestibility in cowpea (Vigna unguiculata). Int J Food Prop
15(4):770–780. https://doi.org/10.1080/10942912.2010.501469
Sha L, Liu SS, Liu DY (2020) Effects of soybean protein isolate on protein structure, batter rheology, and water migration in emulsified sausage. J Food
Process Preserv. https://doi.org/10.1111/jfpp.14711
Shen PH, Zhou FB, Zhang YH, Yuan D, Zhao QZ, Zhao MM (2020) Formation
and characterization of soy protein nanoparticles by controlled partial
enzymatic hydrolysis. Food Hydrocoll 105:105844. https://doi.org/10.
1016/j.foodhyd.2020.105844
Silva M, Chandrapala J (2021) Ultrasonic emulsification of milk proteins stabilized primary and double emulsions: a review. Food Rev Int. https://doi.
org/10.1080/87559129.2021.1934006
Song C-L, Ren J, Chen J-P, Sun X-H, Kopparapu N-K, Xue Y-G (2018) Effect of
glycosylation and limited hydrolysis on structural and functional properties of soybean protein isolate. J Food Meas Charact 12(4):2946–2954.
https://doi.org/10.1007/s11694-018-9910-5
Tang C-H, Ma C-Y (2009) Effect of high pressure treatment on aggregation
and structural properties of soy protein isolate. LWT Food Sci Technol
42(2):606–611. https://doi.org/10.1016/j.lwt.2008.07.012
Wang ZQ, Cui YY, Liu PY, Zhao Y, Wang LP, Liu Y, Xie J (2017) Small peptides isolated from enzymatic hydrolyzate of fermented soybean meal promote
endothelium-independent vasorelaxation and ACE inhibition. J Agric
Food Chem 65(50):10844–10850. https://doi.org/10.1021/acs.jafc.7b050
26
Wu SJ, Bekhit AE-DA, Wu QP, Chen MF, Liao XY, Wang J, Ding Y (2021) Bioactive
peptides and gut microbiota: candidates for a novel strategy for reduction and control of neurodegenerative diseases. Trends Food Sci Technol
108:164–176. https://doi.org/10.1016/j.tifs.2020.12.019
Yan SZ, Xu JW, Zhang S, Li Y (2021) Effects of flexibility and surface hydrophobicity on emulsifying properties: ultrasound-treated soybean protein
isolate. LWT Food Sci Technol 142:110881. https://doi.org/10.1016/j.lwt.
2021.110881
Yang F, Liu X, Xe R, Huang Y, Huang C, Zhang K (2018) Swirling cavitation
improves the emulsifying properties of commercial soy protein isolate.
Ultrason Sonochem 42:471–481. https://doi.org/10.1016/j.ultsonch.2017.
12.014
Yu C, Cha Y, Wu F, Xu X, Du M (2018) Effects of limited hydrolysis and high-pressure homogenization on functional properties of oyster protein isolates.
Molecules. https://doi.org/10.3390/molecules23040729
Yuan B, Ren J, Zhao M, Luo D, Gu L (2012) Effects of limited enzymatic hydrolysis with pepsin and high-pressure homogenization on the functional
properties of soybean protein isolate. LWT Food Sci Technol 46(2):453–
459. https://doi.org/10.1016/j.lwt.2011.12.001
Zhang C, Guo X, Ma Y, Zhao X (2015a) Drying temperature affect secondary
structure of soybean protein-isolate/carboxymethyl cellulose/stearic acid

Hao et al. Bioresources and Bioprocessing

(2022) 9:77

composite films. Adv Mat Res 1092–1093:1525–1528. https://doi.org/10.
4028/www.scientific.net/AMR.1092-1093.1525
Zhang QT, Tu ZC, Wang H, Huang XQ, Fan LL, Bao ZY, Xiao H (2015b) Functional
properties and structure changes of soybean protein isolate after subcritical water treatment. J Food Sci Tech 52(6):3412–3421. https://doi.org/
10.1007/s13197-014-1392-9
Zhang WX, Boateng ID, Zhang WJ, Jia SF, Wang TT, Huang LR (2022) Effect of
ultrasound-assisted ionic liquid pretreatment on the structure and interfacial properties of soy protein isolate. Process Biochem 115:160–168.
https://doi.org/10.1016/j.procbio.2022.02.015
Zhao F, Zhang DF, Li XY, Dong HZ (2018) High-Pressure homogenization
pretreatment before enzymolysis of soy protein isolate: the effect of pressure level on aggregation and structural conformations of the protein.
Molecules 23:1775. https://doi.org/10.3390/molecules23071775

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Page 12 of 12

