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ABSTRACT: Soybean protein isolate (SPI) cannot meet the needs of
modern food production due to various shortcomings. By change of its
structural characteristics, its application in the food field may be
increased. This study explored the impact of ultrasonic treatment on the
structural and gelation properties of the SPI dispersions. By subjecting
SPI to ultrasonic treatment at 0−800 W for 10 min, it was found that
this treatment significantly reduced the particle size of SPI to 196 nm
and caused an increase in its solubility, surface hydrophobicity, and
sulfhydryl content as well as significant changes in the protein structure.
At an optimal ultrasonic power of 200 W, SPI gels demonstrated an
enhanced gelling ability, strength, and water-holding capacity, forming a
more uniform and compact structure. Application in Chiba tofu showed that water retention, elasticity, and sensory quality were
optimized at 200 W. The findings highlight that a sonication power of 200 W significantly improves the physicochemical and
structural properties of SPI, resulting in a denser and more functional gel suitable for Chiba tofu production.

1. INTRODUCTION
Soybean, a globally cultivated oilseed, is a crucial source of
vegetable protein for human consumption.1 Soy isolate protein
(SPI) is a full-value protein product derived from low-
temperature defatted soybean meal.2 SPI is a product known
for its affordability and high protein content and extensively
used in food processing. However, it is often challenging for
natural SPI to meet the specific needs of modern food
production, such as low solubility,3 deterioration of gelatiniza-
tion,4 low digestibility,5,6 and poor foam stability.7 These
limitations hinder the further development and applications of
SPI in the food industry and significantly restrict its application
in the field of foodstuffs.8 Therefore, exploring efficient and
safe modification methods of SPI, improving the functional
properties of soybean protein, and increasing the added value
of soybean protein have become a hotspot of concern for many
experts and scholars in the food field.9,10

The methods to improve the functional properties of SPI
mainly include physical, chemical, and enzymatic modifica-
tions.11 Among these techniques, ultrasonic technology is a
common physical modification technique widely used in the
field of auxiliary ingredient extraction.8,12 It is characterized by
simplicity, energy-saving, time-saving, and environmental
protection13 and is based on cavitation and mechanical and
thermal effects generated by low-frequency oscillation.14 In
recent years, ultrasound research has focused on the use of

ultrasound for the modification and degradation of various
biomolecules. Ultrasound induces structural changes by
disrupting noncovalent interactions and can even break
peptide bonds, as well as cause changes in their functional
properties.15 Wang et al. induced SPI gel by ultrasonic-assisted
calcium salts.16 Liu et al. carried out ultrasonic modification of
peanut isolate proteins. They found that ultrasonic waves can
reduce the particle size of peanut isolate proteins, change the
structure of proteins, and improve the solubility and
emulsification of peanut proteins.17 Ultrasonic technology
has excellent potential in protein modification and new
product development due to its advantages of being fast and
efficient, safe, and reliable.18,19 However, not much research
has been done on the application of modified SPI in traditional
food processing.

Therefore, SPI was modified by ultrasonic treatment in this
study. The changes in the structure and gel properties of SPI
were analyzed by particle size, free sulfhydryl content, and
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surface hydrophobicity analysis; endogenous fluorescence
spectroscopy and Fourier transform infrared (FT-IR) spec-
troscopy; textural structure; and scanning electron microscopy
(SEM) testing. Then, the modified SPI was applied to Chiba
tofu in the hope that the effect of ultrasonic treatment on the
SPI and its enhanced gel is more clearly elaborated, providing
certain theoretical support for the application of SPI in food,
which is of great significance for its development process and
wide application in the industrialization of food processing.

2. MATERIALS AND METHODS
2.1. Materials. Soybean protein isolate (SPI, SD201,

protein content ≥90%) was purchased from Shanghai Xintai
Food Ingredients Mall (Shanghai, China), and glutamine
aminotransferase (enzyme activity 100 U/g) was purchased
from Beijing Solebao Biotechnology Co., Ltd. (Beijing, China).
Jinluo Chiba tofu was purchased from Linyi Xincheng Jinluo
Meat Products Group (Linyi, China). All chemical reagents
used were of analytical grade.
2.2. Preparation of Ultrasonically Treated SPI

Dispersion Samples. Six sets of SPI solutions with a mass
concentration of 3 g/100 mL were prepared in a 50 mL beaker,
and the mixture was stirred for 3 h until fully dissolved. The
ultrasonic treatment of SPI dispersion was done using an
ultrasonic input power of (0, 100, 200, 400, 600, and 800 W)
for 10 min (with a pulse mode of 9 s on and 9 s off) with an
ultrasonicator (Scientz-IID, Ningbo Scientz Biotechnology Co.
Ltd., Ningbo, China). An ice bath was used to cool the
temperature during the ultrasonication process, and the probe
was maintained at 1−2 cm below the surface of the SPI
solution during sonication. Then, the dispersed solution was
placed in a refrigerator at 4 °C for 12 h, 15 mL was taken and
poured into a Petri dish, and placed at −80 °C for prefreezing
and freeze-drying, and the samples used for the determination
of all the indicators were kept for 5 days.20

2.3. Physicochemical Properties of SPI Dispersion
after Ultrasonic Treatment. 2.3.1. Particle Size Measure-
ments. The concentration of the prepared dispersion was
diluted to about 1 mg/mL with deionized water for
measurement. 1.2 mL of the desired sample was weighed for
each measurement, and the particle size of the dispersion was
determined using an LD-DLS90 laser particle size analyzer.21,22

2.3.2. Solubility. The samples were diluted to approximately
5 mg/mL using deionized water and adjusted to pH 7, and
then the protein content was determined by the Bis-urea
method. 1 mL of the dispersion sample was mixed well with 4
mL of Bis-urea reagent, and then the measurement wavelength
was set to 540 nm on a UV spectrophotometer to determine its
absorbance.23,24 The samples were then centrifuged for 15 min
at 25 °C and 8000 rpm, the supernatant was subjected to the
same treatment, and the absorbance value was measured again
at 540 nm. The protein concentration was calculated by
substituting the measured absorbance value into the bovine
serum albumin (BSA) standard curve. Protein solubility was
the ratio of the protein content in the supernatant to the total
protein content.
2.3.3. Surface Hydrophobicity. The surface hydrophobicity

of proteins was determined with reference to the ANS (8-
aniline-1-naphthalenesulfonic acid) method.25 The ANS
solution was prepared to 8 mM by adding 10 mM, pH 7.0,
phosphate buffer. The sonicated SPI dispersion was diluted to
about 5 mg/mL with deionized water, followed by
centrifugation of the diluted samples for 15 min at a parameter

setting of 4 °C and 10,000g. The supernatant was extracted,
and the protein content was determined by the bis(2-
hydroxyurea) method.23 The SPI solution was diluted with
deionized water at 0.005, 0.01, 0.05, 0.1, 0.3, and 0.5 mg/mL.
Then, 2 mL of the diluted solution was mixed well with 10 μL
of ANS solution. The fluorescence intensity was measured
using a multifunctional enzyme marker, the excitation
wavelength was set at 365 nm, and the emission wavelength
was set at 484 nm. The resulting fluorescence intensity value
was fitted to the protein content measured by the bisulfite
reagent method, and the value of the initial slope in the
resulting linear fit was the magnitude of the surface
hydrophobicity of the corresponding SPI dispersion sam-
ples.15,26

2.3.4. Sulfhydryl Content. The total sulfhydryl content was
measured as described by Li et al. (2023) with some
modification.27 The samples were prepared to a concentration
of 2% (w/v), and 1 mL of the solution was removed and
treated with 8 mL of Tris-glycine solution (pH 8.0, Tris-HCl
10.4 g, EDTA 1.2 g, glycine 6.9 g, and urea 480 g), followed by
homogenization and centrifugation at 10,000 rpm for 15 min,
to remove the insoluble proteins. 4.5 mL of the supernatant
and 0.5 mL of 10 mmol/L Ellman reagent were reacted (this
reagent consisted of 4 mg of DTNB/mL in pH 8.0 Tris-glycine
buffer), and 4.5 mL of Tris-glycine and 0.5 mL of 10 mmol/L
Ellman reagent were used as a blank sample with a reaction
time of 30 min. Afterward, the absorbance values were
measured spectrophotometrically at 412 nm.28 The protein
content of the dissolved samples was determined using the
bisulfite method, the blank control was used without protein
solution, the absorbance value at 540 nm was determined, and
the protein solution was obtained according to the standard
curve equation. The formula is calculated as follows

= [ × ] [ × × × ] ×A A A V C L V

Total sulfhydryl content ( moL/mg)

( ) / ( ) 100%1 2 3 1 2
(1)

where A1 is the absorbance of the measuring tube, A2 is the
absorbance of the blank tube, A3 is the absorbance of the
control tube, V1 is the total volume of the reactants, mL, ε is
the molar extinction coefficient of 13,600 M−1·cm−1, C is the
protein content, L is the optical diameter (0.5 cm), and V2 is
the sample volume, mL.
2.4. Structural Properties of SPI Dispersion after

Ultrasonic Treatment. 2.4.1. FT-IR Spectroscopy Analysis.
1−2 mg of lyophilized sample and 200 mg of KBr were fully
ground and mixed. After pressurizing at 150 MPa for 5 min,
the infrared spectra of the samples were collected by using a
Fourier infrared spectrometer.29 The parameters were set as
follows: wavelength range: 4000−400 cm−1 and scanning
times: 32. Data analysis was processed using PeakFit software,
and the percentage of protein secondary structure was
calculated.
2.4.2. Analysis of Endogenous Fluorescence Spectra. The

fluorescence spectra in the SPI samples were determined using
an SH-6600 fluorescence spectrophotometer, and the samples
were dispersed in phosphate buffer with a concentration of
0.01 mol/L and pH 7.0. The protein solution was prepared to
a suitable concentration with an excitation wavelength of 290
nm and the scanned emission spectral range of 300−400 nm
for fluorescence spectral analysis.30,31
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2.4.3. SDS-PAGE Gel Electrophoresis. SPI and conjugate
samples were analyzed by SDS-PAGE using a 12% separator
gel and 5% concentrate gel. Samples with a protein content of
5 mg/mL were mixed 1:1 with Laemmli sample buffer
containing 5% (v/v) mercaptoethanol. Subsequently, the
samples were heated in a water bath at 95 °C for 5 min and
then centrifuged at 10,000g for 15 min, and the supernatant
was collected for electrophoresis. The electrophoresis sample
was 15 L, and a constant voltage of 125 V was loaded onto the
gel. The gel was eluted in a dish, fixed with fixative for 30 min,
stained with staining solution for 30 min, and then
decolorized.32,33

2.5. Preparation of SPI-Enhanced Gel by Ultrasonic
Treatment. SPI solution with a mass concentration of 18 g/
100 mL was prepared in a 50 mL beaker and stirred for 3 h
until fully dissolved, and the soy protein solution was
ultrasonicated by using a probe. An ice bath was used to
cool the temperature during the sonication process, and the
ultrasonic frequency was 0, 100, 200, 400, 600, and 800 W, and
the ultrasonic time was 10 min. Every 9 s of ultrasonication,
the ultrasonication was stopped for 9 s; the pH value of
ultrasonicated samples was adjusted to 6.9, and then, the
samples were left to stand in refrigeration for 2 h. After heating
in a water bath at 95 °C for 10 min, the TG enzyme was added
at 0.90 U/g, and the samples were incubated in a water bath at
50 °C. The enzyme was held at 50 °C water bath conditions
for 1 h, 75 °C inactivation of the enzyme 15 min immediately
after the cooling of the ice bath, refrigerated overnight, and
then demolded, standby.34−36

2.6. Physicochemical Properties of Gels. 2.6.1. Deter-
mination of Gel Water-Holding Capacity. About 2 g of the
gel was weighed as W1, then wrapped in filter paper, placed in a
centrifuge tube, and centrifuged at 8000 rpm for 10 min. After
centrifugation, the filter paper was removed, and the gel on the
filter paper was carefully scraped off and weighed as W2. The
following formula calculated the water-holding capacity of the
gel37,38

= ×W WWHC (%) / 100%2 1 (2)

2.6.2. Gel Textural Properties. The TMS-PRO mass
spectrometer and P/0.5 probe were used for the determination
of TPA on the SPI gels. The tested gels were 30 mm high and
25 mm in diameter.39 The test conditions are set as follows:
force sensing element range 40 N, probe height above the
sample back up 60 mm, deformation amount 50%, detection
speed 30 mm/min, and starting force 0.075 N. Finally, the
samples were placed on the stage to be tested and measured
after the end of the measurement to save the experimental data
in the gel adhesion data and analyze the processing.40

2.6.3. Gel Strength. The gel strength was measured with a
TMS-PRO mass spectrometer using a P/0.5 probe. To avoid
damage, the gel was not removed from the beaker during
measurement. The probe was punctured at 1 mm/s with a
detection rate of 30 mm/min and a trigger force of 0.075
N.41,42

2.6.4. Gel Solubility. The gel samples were dissolved in four
different buffer solutions: (A) deionized water, adjusted to pH
8.0; (B) Tris-gly buffer (0.086 M Tris, 0.09 M glycine, and 4
mM Na2EDTA, pH 8.0); (C) buffer B dissolved in 8 M urea
and 0.5% sodium dodecyl sulfate (SDS), pH 8.0; and (D)
buffer C dissolved in 10 mM dithiothreitol (DTT), pH 8.0.
The mixtures were shaken at room temperature and then
shaken to 8000 mM. pH 8.0; (D) buffer C was dissolved in 10

mM dithiothreitol (DTT), pH 8.0. The mixture was shaken at
room temperature and centrifuged at 8000 rpm for 2 min. The
supernatant was taken, the absorbance value was measured at
750 nm, and the protein content was obtained according to the
BSA standard curve.43,44

= ×M MProtein solubility (%) / 100%1 2 (3)

where M1 is the protein in the supernatant, mg, and M2 is the
total protein content, mg.

Note: Solution Tris-gly buffer disrupts electrostatic inter-
actions; urea is capable of disrupting noncovalent bonding
interactions such as hydrophobic and hydrogen bonds; SDS is
closely associated with hydrophobic amino acids; and DTT
acts as a strong reducing agent and is capable of breaking
disulfide bonds (S−S).
2.7. Gel Rheology. The prepared gels were placed on an

MCR102 rheometer, a 40 mm diameter flat plate fixture was
selected, the strain was set to 1%, the samples were subjected
to frequency scanning in the frequency range of 0.1−100 rad/s,
and the temperature was set to 25 °C. The changes of G′, G″,
and tan δ with frequency were measured.45 Creep and recovery
tests were performed at 25 °C under a shear stress of 5 Pa.
Constant stress was applied for 300 s, and the recovery
response was applied for 300 s.46

2.8. DSC Measurements. 2.0 mg portion of each freeze-
dried gel powder was weighed accurately and pressed in an
aluminum box and then measured by DSC using an empty
aluminum box as a blank control. The temperature range was
20−150 °C, the heating rate was 10 °C/min, the flow rate of
nitrogen was 20 mL/min, and the DSC scanning curve was
obtained.47−49

2.9. SEM Measurements. The SEM measurements were
performed by taking a certain mass of freeze-dried SPI gel
samples and placing on the conductive gel on the slide,
removing the scattered gel powder, transferring the samples
into the ion sputtering apparatus and vacuum gold spraying for
a while, then observing the samples under the electron
microscope, selecting the magnification as 200 times, adjusting
the appropriate area in order to observe the morphology of the
gel, and taking photographs clearly.50,51

2.10. Application to Chiba Tofu. 2.10.1. Preparation of
Chiba Tofu. First, 15 g of SPI and 80 mL of water were taken
in a clean beaker, stirred well, then sonicated at 200 W
ultrasonic power for 10 min, and then poured into a blender at
the end of the process. Then, 5 g of starch, 0.135 g of
glutamine aminotransferase, 2 g of soybean oil, and 0.5 g of salt
were added successively, and the slurry was mixed rapidly for 2
min until uniform and then mixed slowly for about 5 min to
make the slurry uniform and fine, without bubbles. Finally, the
batter was poured into the tray, about 4 cm thick, and the
surface was covered with plastic wrap and refrigerated at 4 °C
for 10 h to set. At the end of refrigeration, the tofu was
steamed at 80−85 °C for 40 min, so that the center
temperature was higher than 75 °C, and then cooled and cut
into cubes to obtain the desired sample of Chiba tofu.

As described above, unmodified SPI was used to produce
unmodified Chiba tofu, which was cut and set aside. In
addition, two other brands of tofu (Shengfa and Jinluo)
purchased from the market were used as control samples.
2.10.2. Water-Holding Capacity of Chiba Tofu. Chiba tofu

was cut into cubic pieces with a knife, and the mass W1 (about
2 g) of Chiba tofu was accurately weighed into a 50 mL
centrifuge tube, wrapped in filter paper, and then centrifuged
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in the centrifuge tube (8000 rpm, 10 min). After
centrifugation, we removed the filter paper from the centrifuge
tube, carefully scraped the tofu off the paper, and weighed the
mass of centrifuged tofu, W2. The water-holding capacity of the
tofu was calculated according to the following formula38

= ×W WWHC (%) / 100%2 1 (4)

2.10.3. Elasticity of Chiba Tofu. The TPA of Chiba tofu was
determined using an FTC mass tester and a P/50 probe. The
height of Chiba tofu was 30 mm, the length and width were 25
mm, and the test conditions were set as follows: the force
sensing element range was 40 N, the height of the probe above
the sample was 60 mm, the amount of deformation was 50%,
the speed of detection was 30 mm/min, and the starting force
was 0.075 N. Finally, the samples were placed on the table to
be tested, the measurement was started, and the data were
saved in the experimental data and analyzed. At the end of the
measurement, the data on the elasticity of Chiba tofu were
saved and analyzed.52,53

2.10.4. Sensory Evaluation of Chiba Tofu. Twenty people
(10 male and 10 female) trained in specialized courses in food
science were chosen to assess the sensory evaluation of each
type of Chiba tofu according to the criteria in Table 1.54−56

2.11. Data Processing. All of the experiments were
replicated 3 times, and the data were analyzed using Microsoft
Excel 2023, PeakFit v4.12, and SPSS 20 statistical software.
The significance of the difference was established at p < 0.05,
and the results were expressed as calculated mean and standard
deviation (M ± SD). Origin 2022 software was used for
graphing.

3. RESULTS AND DISCUSSION
3.1. Effect of Ultrasonic Treatment on the Phys-

icochemical Properties of SPI Dispersions. As shown in
Figure 1A,B, the ultrasonic power of 100, 200, 400, and 600 W
made the particle size of SPI decrease significantly (p < 0.05).
At the same time, there was no significant difference between
800 W and the control, but the value decreased. As shown in
Figure 1A, the control sample was a single peak state, and 100
W was a bimodal distribution. The small particle size peaks
accounted for the main part; 200 W ultrasound, the particle
size was further reduced, and the small particle size peak area
increased; 400 W ultrasound, the particle size increases, and
the double peaks shifted to the significant direction of the
particle size; 600 W ultrasound, the distribution of the two
peaks tended to be close to the area of the two peaks; 800 W
ultrasound was still a bimodal distribution, and the distribution
of small particles was close to the control. As shown in Figure
1B, the average particle size of SPI after ultrasonic treatment
was reduced compared to that of SPI without ultrasonic
treatment. The average particle size decreased and then
increased with the increase of ultrasonic power and reaches a
minimum of 196 nm under ultrasonic treatment at 200 W.
This is due to the fact that the dispersion of SPI is affected by
the cavity effect generated by ultrasonic waves, resulting in
turbulence. The turbulence is able to generate mechanical
shear and resulting in the protein particles being chopped up.
When the ultrasonic power is too high, there is an increase in
the average particle size. It may be due to the fact that the
protein particles are subjected to noncovalent bonding and
form fine aggregates.57−59

As shown in Figure 1C, the surface hydrophobicity of SPI
showed a tendency to increase and then decreased with the T
ab
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increase of ultrasonic power. It reached a maximum value of
9697.40 when the ultrasonic power was 200 W. This is due to
the fact that ultrasonic treatment may expose the hydrophobic
groups of the proteins, which may increase their surface
hydrophobicity.60 However, suppose that the power of the
treatment is too high. In that case, the protein particles may be
reaggregated due to noncovalent forces, which may cause the
hydrophobic groups to be encapsulated again, leading to a
decrease in the surface hydrophobicity.61,62

As shown in Figure 1D, the total sulfhydryl content of SPI
dispersions showed a trend of increasing and then decreasing
with the gradual increase in ultrasonication power. The total

sulfhydryl content reached the maximum value of 0.008781
moL/mg when the ultrasonication power was 200 W. This is
because the internal structure of the protein was unfolded so
that the sulfhydryl group increased; with the further increase of
ultrasonic power, the sulfhydryl group content would decrease,
probably because the disulfide bond appeared between peptide
and peptide or molecule and molecule, or oxidation reaction
occurred.63

As shown in Figure 1E, the protein content of SPI without
ultrasonic treatment was 5.10 mg/mL. The solubility of SPI
after ultrasonic treatment was significantly improved, and the
protein content of SPI after ultrasonic treatment (100, 200,

Figure 1. Graphs of results of physicochemical properties of SPI dispersions under different ultrasonic powers. (A) Average particle size
distribution; (B) average particle size results; (C) surface hydrophobicity results; (D) total sulfhydryl content results; and (E) solubility between
different solvents.
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400, 600, and 800 W) was increased by 52.84%, 87.45%,
43.14%, 41.57%, and 43.53%, respectively; it can also be seen
that with the increase of ultrasonic power, the protein
solubility first increased and then slightly decreased, and at
200 W, the solubility reached a maximum of 9.56 mg/mL.
Under the SPI dispersion ultrasonic power at 100 and 200 W
treatment, the solubility continues to increase. The main
reason may be the ultrasonic cavity bubbles and turbulence,
etc., to be able to break up the protein molecular polymers.
However, as the ultrasonic power was further increased, some
aggregates were formed, which led to a decrease in solubility.
Thus, ultrasonic treatment can reduce the size of protein
aggregates and make them more susceptible to changes in
water. At the same time, it changed the spatial configuration of
proteins and affected their solubility in water.64

3.2. Effect of Ultrasonic Treatment on the Structural
Properties of SPI Dispersions. As shown in Figure 2A, the
data in Table 2 were obtained by processing and analyzing with
PeakFit software. As can be seen from Table 2, after ultrasonic
treatment, the relative content of the α-helical structure of SPI
decreased, the content of β-folding and β-turning did not
change significantly, and the content of irregular curls
increased significantly. The possible reason for this situation
is that the secondary structure of proteins is mainly maintained
by the hydrogen bonds between carbonyl and amide groups on
the amino acids of the peptide chain. Moreover, the cavitation
effect of ultrasound can disrupt these hydrogen bonding
interactions. Then, the secondary structure of the protein
molecule is damaged.13,67 Therefore, it can be learned that

Figure 2. Plot of the results of SPI dispersion properties under different ultrasonic powers. (A) Endogenous fluorescence spectra; (B)
electropherogram; and (C) FT-IR spectra.

Table 2. Effect on SPI Secondary Structure after Ultrasonic Treatmenta

protein samples components of the secondary structure (%)

α-helix β-folding β-corner irregularly curled

0 W 0.46 ± 0.04a 54.54 ± 0.75a 44.73 ± 0.70a 0.27 ± 0.03a

100 W 0.40 ± 0.02ab 54.85 ± 1.78a 44.26 ± 0.62a 0.50 ± 0.02b

200 W 0.37 ± 0.04b 54.76 ± 0.75a 44.57 ± 0.71a 0.30 ± 0.01a

400 W 0.42 ± 0.01ab 54.74 ± 0.31a 44.57 ± 0.81a 0.27 ± 0.03a

600 W 0.44 ± 0.56ab 54.35 ± 0.23a 44.94 ± 0.45a 0.27 ± 0.05a

800 W 0.42 ± 0.02ab 54.91 ± 0.38a 44.15 ± 0.76a 0.52 ± 0.04b

aAll values shown are mean ± standard deviation. Dates with different letters (a and b) within a column indicate significantly different (p < 0.05).
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ultrasonic treatment can destroy the secondary structure of
SPI.

As shown in Figure 2B, after ultrasonic treatment, the
electrophoretic bands of SPI all indicated that the A subunit
and B subunit of soybean globulin and the β-subunit, α′-
subunit, and α-subunit of companion soybean globulin were
not damaged. This showed that the subunit structure of
soybean isolates was not destroyed by a certain power of
ultrasonication.66

As shown in Figure 2C, the unmodified SPI λmax is 337 nm, a
very small degree of red shift occurs under the condition of

ultrasonic power 200 W, which indicates that under a certain
ultrasonic power, the tryptophan chromophore group of the
protein was exposed to the solvent, the protein molecules
unfold, and its chromophore group was a hydrophobic group,
which caused the hydrophobicity to increase. Under the
condition of ultrasonic power 600 and 800 W. There was a
very obvious decrease in the fluorescence intensity.30,31 Under
the conditions of 600 and 800 W ultrasonic power, the
fluorescence intensity was obviously reduced, which indicated
that the ultrasonic treatment could destroy the protein
structure to a certain extent, causing the chromophore group

Figure 3. Resulting graphs of physicochemical properties of SPI gels under different ultrasonic powers. (A) Result graph of gel strength; (B) result
graph of adhesion; (C) result graph of chewability; (D) result graph of water-holding property; and (E) solubility between different solvents.
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to be exposed to the solvent, so the fluorescence intensity was
reduced.65

3.3. Effect of Ultrasonic Treatment on Physicochem-
ical Properties of SPI-Forming Gels. As shown in Figure
3A, the water-holding property of SPI gel showed a trend of
increasing and then decreasing with the increase in ultrasonic
power. The water-holding property of the gel formed by SPI
was the highest at 96.68% at an ultrasonication power of 200

W. It indicated that ultrasonication can change the protein
structure and promote the formation of network structure,
which can effectively retain water and improve the water-
holding property of the gel.68

As shown in Figure 3B, the strength of SPI gels reached the
maximum at an ultrasonic treatment power of 200 W. This is
because ultrasonic treatment destroyed part of the secondary
structure of the protein, reduced the size of the protein
particles, increased the surface area, and promoted the cross-
linking modification of TG enzyme and SPI. When the
ultrasonic power continued to increase, the protein molecular
fragments were aggregated, their gel properties decreased, and
the strength decreased.4,8

Figure 4. Effect of different ultrasonic power treatments on the rheological properties of SPI-formed gels. (A−C) Changes of energy storage
modulus G′, loss modulus G″, and loss factor tan δ measured by frequency scanning, respectively; and (D) plot of creep and recovery results.

Figure 5. DSC scanning curves of SPI gels with different ultrasound
powers.

Table 3. Thermal Stability of SPI Gels with Different
Ultrasonic Powersa

gel peak temperature, Td/°C heat content, ΔH/J g−1

0 W-SPI 79.5 ± 2.2bc 184.4 ± 2.46a

100 W-SPI 80.6 ± 2.1bc 112.5 ± 3.25d

200 W-SPI 88.5 ± 1.8a 100.2 ± 2.50e

400 W-SPI 78.3 ± 1.8c 119.3 ± 2.27c

600 W-SPI 80.7 ± 2.6bc 125.0 ± 2.66b

800 W-SPI 82.9 ± 2.0b 123.6 ± 2.44bc

aAll values shown are mean ± standard deviation. Dates with different
letters (a−e) within a column indicate significantly different (p <
0.05).
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As shown in Figure 3C,D, the adhesive and masticatory
properties of the SPI gels gradually increased and then leveled
off with the increase of ultrasonic frequency. When the
ultrasonic power was 200 W, the adhesive and masticatory
properties of the gel reached a maximum of 1.15 and 104.63 N,
respectively, which were 1.8 and 2 times higher than those of
the SPI gel formed without ultrasonic treatment. It indicates
that under 200 W ultrasonication, the hydrophobic groups of
proteins were maximally exposed, the degree of cross-linking
between protein molecules was the highest, and the gel
network was finer, which contributed to the maximum
adhesion and chewability of the gels.69,70 As the ultrasonic
power continued to increase, the gel structure of proteins
would receive a certain degree of damage, making the gel
adhesive and chewability decrease.

The difference in the gel solubility among the solvents
indicated the magnitude of the intermolecular interaction
forces, where solvents B and A represent electrostatic
interactions, solvents C and B represent hydrophobic
interactions, and solvents D and C represent hydrogen
bonding interactions. Figure 3E shows the results of the
intermolecular interaction forces of the gels produced under
different ultrasonic power conditions. It can be seen that the
structure of the gel network is mainly based on hydrophobic
and hydrogen bonds, and the hydrophobic bonds play a non-
negligible role in maintaining the gel structure. However, the
solubility of the gel in the solvent was not very high and
reached its lowest at 200 W of sonication. This phenomenon
may be due to the formation of the ε-(γ-glutaminyl)lysine

covalent bond between protein molecules catalyzed by the TG
enzyme, which is 20 times stronger than that of hydrophobic
and hydrogen bonds, and it can be assumed that this covalent
bond is the main force of this gel network.2,34 The lower
solubility of the gel in the solvent indicated the higher
contribution of this bond. The ε-(γ-glutaminyl)lysine bond
was the main force to maintain the ultrasound-modified gel
network, followed by the hydrophobic bond and hydrogen
bond.
3.4. Effect of Ultrasonic Treatment on the Rheology

of SPI-Forming Gels. As shown in Figure 4A,B, the G′ and
G″ of all gel samples showed an increasing trend with
increasing time. Under partial ultrasonic power treatment, both
G′ and G″ of the gel samples were higher than those of the
untreated samples and were more obvious in the case of 200 W
treatment, which indicates that ultrasonic treatment can
increase the viscoelasticity of the gel and can lead to the
formation of dense, homogeneous, and high-strength structure
of the gel network formed by SPI.71 Meanwhile, when the
ultrasonic treatment power is 200 W, the tan δ value of the gel
reached the lowest. It indicated that the network structure of
the gel was less viscous, more elastic, and had a better three-
dimensional mesh structure. Meanwhile, according to Figure
4D, the recovery rate of the gel formed by SPI under 200 W
ultrasonic power treatment was the largest, 65.10%, which
indicated that the mutual displacement between the gel chains
under 200 W as ultrasonic treatment was serious. Due to the
internal formation of huge friction, the structure was not easy
to destroy and easier to recover. Therefore, in summary, the
SPI gel treated with ultrasound has stronger elasticity and a
more stable structure.
3.5. Effect of Ultrasonic Treatment on the Thermal

Stability of SPI-Forming Gels. The DSC test curves of the
freeze-dried samples of SPI gels and curve data are shown
(Figure 5 and Table 3). The testing instrument we used was
DSC214 (NETZSCH, Germany), and the DSC curve
measured by this instrument indicated an endothermic process
when the peak was upward. When the SPI sample was heated,
the hydrogen bonds of SPI were broken, the energy was
absorbed, and the protein molecules were changed from an
ordered state to a disordered state, leading to the expansion of
the protein molecules, which was the thermal denaturation
process. We can also see that the Td and ΔH of the gel samples
treated with different ultrasonic powers have obvious differ-
ences. The more significant peak temperature (Td) indicates
the higher structural stability of the measured proteins, and the
enthalpy (ΔH) is inversely proportional to the degree of
protein denaturation, which can be used as a judgment
indicator of the degree of denaturation of the proteins. 200 W
ultrasonication, the gel reached the highest peak temperature
of 88.5 ± 1.8 °C, which was significantly higher than other
ultrasonic power groups, which indicates that 200 W
ultrasonication can enhance the thermal stability of the gel.
However, the enthalpy (ΔH) had the opposite trend. The ΔH
of the nonultrasonicated SPI gel samples was 184.4 ± 2.46 J
g−1. The ΔH of the ultrasonicated gel samples was significantly
reduced. The ΔH of the 200 W ultrasonicated gel samples was
the lowest among the samples, only 100.2 ± 2.50 J g−1, which
showed that ultrasonication could lead to the denaturation of
some of the soybean protein isolates. In contrast, the 200 W
treatment could lead to the denaturation of some soybean
protein isolates. This indicated that ultrasonic treatment can
lead to the denaturation of some soybean protein isolates and

Figure 6. Scanning electron micrographs of SPI gels with different
ultrasonic powers; (A) untreated gel; (B) 100 W treated gel; (C) 200
W treated gel; (D) 400 W treated gel; (E) 600 W treated gel; and (F)
800 W treated gel.
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that the protein denaturation after the 200 W treatment was
the deepest.
3.6. Effect of Ultrasonic Treatment on the Structural

Characterization of SPI Gel Formation. The SEM results
of the freeze-dried samples of SPI gels are shown in Figure 6,
and a comparison shows that the 200 W ultrasound-treated
gels formed a homogeneous, dense, smaller pore size, and
neater reticulation structure. The improvement of gel strength
and water retention is reflected macroscopically, which is
consistent with the previous study. The reason may be that
ultrasonication reduces the protein particle size and promotes
TG cross-linking; ultrasonication unfolds the protein mole-
cules and exposes more reactive groups, which promotes the
formation of intermolecular disulfide bonds and hydrophobic
interactions, and resulting in the formation of a homogeneous
and dense gel structure. We have also conducted extensive
experiments during the gel formation process of SPI. All the
experiments proved that ultrasonic waves at 200 W for 10 min
can improve the gelling ability, strength, and water retention
capacity of SPI gels and form a more uniform and compact
structure.
3.7. Determination of Physicochemical Indexes of

Chiba Tofu and Analysis of Its Sensory Evaluation
Results. As shown in Figure 7A, the water-holding property of
Chiba tofu made from SPI after 200 W ultrasonic treatment
was 94.85 ± 1.35%, that of Chiba tofu made without treatment

was 72.95 ± 3.30%, that of Chiba tofu made from two brands
purchased from the market was around 85%, and that of Chiba
tofu made from SPI after 200 W ultrasonic treatment
significantly increased (p < 0.05); thus, it can be seen that
200 W ultrasonic treatment of soybean protein isolates in the
process of making Chiba tofu can significantly improve the
water-holding property, which makes the quality of Chiba tofu
better. The water-holding capacity of the 200 W ultrasonically
treated SPI was significantly increased (p < 0.05). These results
indicated that the 200 W ultrasonication process of SPI can
significantly improve the water-holding capacity of Chiba tofu
and make the quality of Chiba tofu superior.

As shown in Figure 7B, the elasticity of Chiba tofu made
from soybean protein isolates after 200 W ultrasonic treatment
was 89.47 ± 1.18%. The elasticity of unprocessed Chiba tofu
was 76.59 ± 1.81%. The elasticity of the two brands of Chiba
tofu purchased on the market was about 84%. The elasticity of
the SPI made from 200 W ultrasonication was significantly
increased (p < 0.05). These results showed that 200 W
ultrasonication of soybean protein isolates in the process of
making Chiba tofu can significantly increase the elasticity of
Chiba tofu and make Chiba tofu of better quality.

The results of the sensory evaluation of each Chiba tofu by
20 food majors trained in specialized courses are shown in
Figures (C,D). Figure (C) shows the radar chart of various
sensory evaluations of each Chiba tofu, and Figure (D) is the

Figure 7. Measurement of physicochemical indexes of Chiba tofu and its sensory evaluation results. (A) Water-holding capacity, (B) elasticity, and
(C,D) sensory evaluation results of Chiba tofu.
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histogram of the total scores of each Chiba tofu sensory
evaluation; it can be learned from Figures (C,D) that the
texture, elasticity, color, and tissue state of the Chiba tofu made
from the SPI after the ultrasound treatment with 200 W are
better than those made from unmodified SPI, and similar to
those of two brands of commercially available tofu, taste,
elasticity, color, and tissue state are all the better than that of
the unmodified SPI and can be similar to the two brands of
soybean curd purchased in the market. Therefore, it can be
concluded that the 200 W ultrasonic treatment of SPI in the
production of Chiba tofu can improve the quality of Chiba tofu
better.

4. CONCLUSIONS
Overall, these results demonstrate that ultrasonic treatment at
200 W significantly enhances the functional properties of SPI
by reducing the particle size, increasing the solubility, and
improving the surface hydrophobicity and sulfhydryl content.
Fluorescence and FT-IR analyses corroborate these changes,
suggesting protein unfolding and structural modifications that
lead to improved gelling ability, strength, and water retention
capacity. The application of these findings to Chiba Tofu
production illustrates the practical benefits of ultrasonic
treatment including enhanced water retention, elasticity, and
sensory quality. This work provides valuable insights into SPI
modification strategies with the potential to broaden the
application of soy proteins in food production.
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