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The influence of ultrasonic processing on the physicochemical characteristics, microstructure, and intermolec-
ular forces of the hybrid gels obtained by heating the mixtures of different ratios of salted ovalbumin (SOVA)-
cooked soybean protein isolate (CSPI) was investigated. With the growth of SOVA addition, {-potential in ab-
solute value, cohesiveness, water-holding capacity (WHC), surface hydrophobicity, and the content of soluble
protein of the hybrid gels decreased (P < 0.05), while the hardness, Ty relaxation time of the hybrid gels

increased (P < 0.05). And the compactness of the network structure of the hybrid gel increased with the increase
of SOVA addition. After being treated with ultrasound, significant increases (P < 0.05) of {-potential in absolute
value, cohesiveness, WHC, and surface hydrophobicity of the hybrid gels were observed. In general, ultrasonic
processing is one of the effective means to improve the gel properties of SOVA-CSPI hybrid gels.

1. Introduction

Salted egg yolk, with a tender taste and rich in vermillion oil, was
popular with consumers and was often used to make dishes, pastries,
and egg yolk-flavored foods (Xu et al., 2018). However, there were over
10,000 tons of salted egg whites produced each year as the by-products
of the production of salted egg yolk in China (Du et al., 2022). Due to the
high content of salt (about 4 %-7%), the salted egg whites were often
discarded directly, resulting in environmental pollution and the
tremendous wastage of high-protein resources (Ding, Li, & Cao, 2014).
Therefore, it is of great significance for both the protection of the
environment and the industrial economic development to resourcefully
utilize the salted egg white. Making egg tofu from salted egg whites was
one of the means to realize the resourceful utilization of salted egg
whites by using the gelling property of the protein.

Soybean protein isolate (SPI), the main component in soybeans, was
usually used as a primary ingredient for making tofu (Taha et al., 2018).
However, the solubility of the SPI was poor, and heat treatment was an
effective physical method to improve the poor solubility of SPI (Wen

etal., 2023). After heating treatment, not only the solubility but also the
other functional properties (such as gelling) of SPI improved due to the
unfolding of the protein structures and the exposure of the buried hy-
drophobic groups (Wen et al., 2023). In the preliminary experiments, we
found that the tofu made by directly heating the mixture of salted egg
whites and cooked soybean protein isolate (CSPI) was fragile. There
were researchers reported that a firmer texture of the tofu produced by
high-intensity ultrasound was formed compared with that of the tofu
produced by traditional methods (Lin, Lu, Hsieh, & Kuo, 2016). This
showed that ultrasonic treatment was one of the effective means to
improve the gel properties of tofu. Ultrasound, as one of the physical
means to improve the functional properties of proteins, has been widely
used in the food industry (Lu et al., 2022). The functional properties of
the proteins were significantly affected by ultrasound due to the modi-
fication of proteins and the changes in the protein conformation caused
by the cavitation effect generated by ultrasound (Higuera-Barraza, Del
Toro-Sanchez, Ruiz-Cruz, & Marquez-Rios, 2016; Hu, Cheung, Pan, & Li-
Chan, 2015).

Therefore, ultrasonic treatment might be an effective means to
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improve the gel properties of tofu made by the mixtures of salted egg
white-CSPI. At the same time, it was of great meaningful to elucidate the
mechanism of ultrasonic treatment to enhance the gel properties of
salted egg white-CSPI hybrid gel. However, due to the complex
composition of proteins in egg white, the mechanism of ultrasonic
treatment to enhance the gel properties of salted egg white-CSPI hybrid
gel was difficult to elucidate directly. Ovalbumin (OVA), the main
protein in egg white and accounted for 54 %65 % of the total egg white
protein content, was selected as a simplified alternative to elucidate the
mechanism of ultrasonic treatment to enhance the gel properties of
salted egg white-CSPI hybrid gel (Xue, Xu, et al., 2021). In this study, the
hybrid gels were prepared by heating the mixtures (without or with
ultrasonic treatment) consisting of different ratios of salted ovalbumin
(SOVA)-CSPI solutions. The variations in the physicochemical charac-
teristics, microstructure, and intermolecular interactions of hybrid gels
were evaluated to get insight into the mechanism of ultrasonic treatment
to enhance the gel properties of the hybrid gel. This study provided a
theoretical basis for the ultrasound-assisted preparation of salted egg
whites into tofu, which was conducive to improving the utilization of
salted egg whites and reducing resource waste.

2. Materials and methods
2.1. Materials

The companies of Sigma Chemical Co. (St. Louis, MO, USA) and
Yuwang Food Ltd. (Shandong, China) provided the OVA and SPI,
respectively. And salt was purchased from Fuda Salt Chemical Co., Ltd.
All other chemicals at analytical grade were employed in this study.

2.2. Obtaining SOVA-CSPI hybrid solution and gels

The preparation of SOVA-CSPI hybrid solution: the SOVA solution
was prepared as follows: before being stirred for 30 min employing a
magnetic stirrer, the OVA powder was blended with the distilled water
at a ratio of 1:10 (w/w), followed by the centrifugation for 15 min at
17,530xg. And 5 % salt (w/w) was added into the supernatant, followed
by magnetic stirring for 5 min to dissolve. The CSPI solution was pre-
pared as follows: the SPI powder was mixed with distilled water and
then stirred for 4 h to obtain SPI solution (10 %, w/w), followed by
heating for 10 min in boiling water to obtain CSPI. After being cooled to
room temperature, the SOVA solution was mixed with the CSPI solution
at a ratio of 1:4, 1:3, 3:7, 2:3, and 1:1 (w/w), respectively. Then the
mixed solution was homogenized for 2 min at 10,000 rpm by using a T25
homogenizer (IKA Instruments Ltd., Staufen, Germany) to obtain a
hybrid solution.

The preparation of SOVA-CSPI hybrid gel: after being stood for 3 h at
4 °C, the hybrid solutions (40 g) were treated with different power of
ultrasound (0, 300 W) in an ice bath for 15 min by employing an ul-
trasound processor (JY92-IIN, Ningbo Xinzhi Biotechnology Co., Zhe-
jiang, China). The pulse mode applied in this study was 3 s ON and 3 s
OFF. After ultrasonic treatment, the collagen casings with a diameter of
14 mm were used to pack the hybrid solutions, then heated for 30 min at
90 °C, followed by being cooled rapidly using ice water. Finally, the
maturation of the samples was conducted by placing them at 4 °C
overnight.

2.3. Determination of(-potential

Similar to the method described by Yang, Gao, and Yang, (2020), the
{-potential of the SOVA-CSPI hybrid gels was determined. Briefly, 2 g of
hybrid gels was blended with 18 mL distilled water and then homoge-
nized for 1 min at 10,000 rpm. After the homogenization, the mixtures
were centrifuged for 20 min at 17,530xg. After being diluted 10 times,
the {-potential of the supernatant was assayed by employing a Zetasizer
Nano ZEN2600 instrument (Malvern Instruments Ltd., Malvern, UK).
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2.4. Texture profile analysis (TPA)

The hardness and cohesiveness of SOVA-CSPI hybrid gels were
determined according to the method described by Sow, Toh, Wong, and
Yang, (2019) with some modifications, employing a TA.XT. Plus texture
analyzer (Stable Micro Systems Ltd., UK), which was loaded with a cy-
lindrical probe (P/36R). Before the determination, cylinders with a
diameter of 14 mm and a height of 10 mm were obtained by cutting the
hybrid gels. The test conditions in this study were as follows: trigger
force 5 g, compression ratio 40 %, test speed 2 mm/s, pre-test and post-
test speed 5 mm/s.

2.5. Determination of water-holding capacity (WHC)

The WHC of the SOVA-CSPI hybrid gels was assayed regarding the
method described by Xue, Tu, et al. (2021). Before being centrifuged at
17,530xg for 30 min, the weighed samples were put into ultra-filtration
centrifuge tubes. The centrifuged samples were then weighed. The WHC
of the hybrid gels was calculated as follows:

WHC (%) = W,/W, x 100 @

Where W; and Wy represented the weight of the hybrid gels before and
after centrifugation, respectively.

2.6. Determination of microstructure

According to the method described by Li et al. (2022), a scanning
electron microscope (SU8100, Tokyo Hitachi Co., Ltd., Tokyo, Japan)
was employed to observe the microstructure of the SOVA-CSPI hybrid
gels. Small cuboids (3 x 3 x 1 mm3), which were obtained by cutting the
hybrid gels, were fixed with 2.5 % glutaraldehyde for 12 h, followed by
washing with phosphate buffer (0.4 M) 3 times and dehydrating with
ethanol. Before freeze-drying, those small cuboids were frozen
completely by placing them at —80 °C. The microstructure of the sam-
ples after being platted with gold was observed by scanning electron
microscope in low vacuum mode. And the observation magnification
was 5,000x.

2.7. Determination of low-field nuclear magnetic resonance (LF-NMR)

The relaxation time (T3) of the SOVA-CSPI hybrid gels was assayed
according to the method described by Shao et al. (2016), employing a
Niumag low-field pulsed NMR analyzer (Niumag Co., Ltd., Shanghai,
China). Before loading into the nuclear magnetic tube, the hybrid gels
were smashed, followed by transferring to the magnetic field center of
the NRM analyzer. The measurement mode of the
Carr-Purcell-Meiboom-Gill (CPMG) sequence was applied to measure
the T of the gel sample. Before the test, the repetition time, number of
scan repetitions, number of echoes, and NECH were set as 1000.000 ms,
4, 140, and 4,000, respectively.

2.8. Determination of surface hydrophobicity

Similar to the method of Chang et al. (2016), a Fluorescence Spec-
trophotometer (F-7000, Hitachi Co., Ltd., Tokyo, Japan) was employed
to assay the surface hydrophobicity of the SOVA-CSPI hybrid gels. The
sample (2 g) was homogenized with 18 mL phosphate buffer solution,
followed by centrifuging for 20 min at 17,530 xg. Before adding 200 pL
ANS (0.69 mM), a final protein concentration of 0.3 mg/mL dilution was
obtained by diluting the supernatant. After being placed at room tem-
perature for 10 min in the dark, the dilutions were scanned at an exci-
tation wavelength of 380 nm, an emission wavelength of 400-600 nm,
and a slit width of 5 nm.
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2.9. Determination of soluble protein content

The SOVA-CSPI hybrid gels (2 g) were blended with phosphate buffer
solution (18 mL), followed by homogenization and centrifugation at
17,530 g for 20 min. Then the BCA Protein Quantitative Assay kit was
employed to obtain the protein concentration of the supernatant.

2.10. Selective protein solubility

Referring to the method of Tan et al. (2022), the selective protein
solubility of SOVA-CSPI hybrid gels was determined. Four different
solvents were used for the assay: S1 (0.6 M NaCl), S2 (0.6 M NaCl + 1.5
M urea), S3 (0.6 M NacCl + 8 M urea), and S4 (0.6 M NaCl + 8 M urea +
0.5 M f-mercaptoethanol). One gram of hybrid gels was homogenized
with 9 mL S1 at 12,000 rpm for 2 min, then centrifuged at 17,530 x g for
20 min, followed by the separation of precipitate and supernatant. The
precipitate was treated in 9 mL of S2 in the same way as in S1. The same
treatment was also conducted sequentially in S3 and S4. The BCA
method was employed to obtain the protein concentration in the four
supernatants. Since f-mercaptoethanol would interfere with the

A [Jow
SOVA:CSPI U 7300 w
1:4 13 3.7 2:3 1:1
-30
Aa Aa
o -34
> Ab
E
=
= -36-
g 1 Ac % oo
S Ac
5 38 Be
Ad Bd
-40 Be
42 4
B 500 -
[ Jow Aa
7300 w 7
400 - Ab  Ba
Bb
—_~ —E—1
&9 300 Ac
2 Be
2 Ad —1—7
-§ Bd
= 200 Ae
= Be
100 -
0 } .
1:4 1:3 3.7 2:3 1:1

SOVA:CSPI

Food Chemistry: X 21 (2024) 101151

determination of protein, the supernatant separated from S4 needed to
be dialyzed by S1 for 24 h to remove p-mercaptoethanol. The results
were presented as a percentage of the protein concentration in each
solvent with respect to the sum of protein concentrations in the four
solvents.

3. Results and discussion
3.1. Variations of the {-potential in SOVA-CSPI hybrid gels

Since the charge on the surface of protein can be characterized by the
{-potential, the {-potential can be used to indicate the stabilization and
aggregation of protein gels (Xue, Liub, Wu, Zhang, Tua, & Zhao, 2022).
The influence of ultrasonic treatment on the {-potential of SOVA-CSPI
hybrid gels was displayed in Fig. 1A. As shown, all the {-potential
values were negative and the absolute values were greater than 30 mV,
indicating the relatively stable of the SOVA-CSPI hybrid gel system.
Thel-potential in the absolute value of SOVA-CSPI hybrid gels untreated
or treated with ultrasound all progressively declined (P < 0.05) with the
growth of SOVA addition, from 37.6 mV (0 W) and 39.4 mV (300 W) to
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Fig. 1. Changes in the {-potential (A), hardness (B) and cohesiveness (C), and WHC (D) of different ratios of SOVA-CSPI hybrid gels untreated or treated with
ultrasound. Different uppercase letters (A-B) indicated significant differences between samples untreated or treated with ultrasound (P < 0.05), and different
lowercase letters (a-e) indicated significant differences between samples of different ratios (P < 0.05).
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32.1 mV (0 W) and 31.9 mV (300 W), respectively. This might be due to
the increase of Na® in the hybrid gel caused by the increase of SOVA
addition, which decreased the relativistic thickness of the protein double
electric layer. The electrostatic repulsion formed between the molecules
of protein can be reflected by the {-potential. The larger the absolute
value of the {-potential, the stronger the electrostatic repulsion, and vice
versa (Han et al., 2022; Yu et al., 2020). Xue, Tu, et al. (2021) found that
when the absolute value of {-potential decreased, the stability of the
protein dispersions decreased or tended to aggregate. The results of
C-potential demonstrated the weaker electrostatic repulsion in the
SOVA-CSPI hybrid gels between protein molecules with the incremental
addition of SOVA, leading to the agglomeration of protein molecules or
the decrease in the stability of the hybrid gel system. A remarkable in-
crease (P < 0.05) in the absolute value of {-potential was observed after
ultrasonic treatment, which suggested that the protein structure of
SOVA-CSPI hybrid gel was partially unfolded and partially cross-linked
due to ultrasonic treatment, enhancing the stability of the hybrid gels
(Xin et al., 2021).

3.2. Variations of the textural properties in SOVA-CSPI hybrid gels

As illustrated in Fig. 1B, the stiffness of the SOVA-CSPI hybrid gels
dramatically increased (P < 0.05) with the increase of SOVA addition.
With the growth of SOVA addition (from ratio 1:4 to ratio 1:1), the
stiffness of the hybrid gels untreated or treated with ultrasound
increased by about 136 % (0 W) and 135 % (300 W), respectively. The
content of salt in the SOVA-CSPI hybrid system increased with the in-
crease of SOVA addition, thus reducing the repulsive force between
protein molecules, which was demonstrated by the previous results of
the ¢-potential (Fig. 1A). The shielding effect of metal cations on the
negative charge of proteins decreased the intermolecular repulsion of
proteins, leading to the enhancement of electrostatic interactions, thus
promoting the aggregation of proteins (Xu et al., 2017). The enhance-
ment in the aggregation of proteins was favorable to enhance the stiff-
ness of the hybrid gels. Compared with the stiffness of the hybrid gels
untreated with ultrasound, the stiffness of the hybrid gels treated with
ultrasound at 300 W exhibited an increase (P < 0.05). This might be
ascribed to the fact that the cavitation effect generated by ultrasonic
treatment partially unfolded the SOVA and CSPI protein structures, and
some groups were partially cross-linked, thus improving the stiffness of
the hybrid gels after being treated with ultrasound (Xin et al., 2021).

Cohesiveness can reflect the strength of the internal binding ability
of the gel. Higher cohesiveness indicated that the gel was more resistant
to external compression and maintained an intact network structure
(Han et al., 2022; Yu et al., 2020). As displayed in Fig. 1C, the cohe-
siveness of the SOVA-CSPI hybrid gels treated or untreated with ultra-
sound declined (P < 0.05) with the growth of SOVA addition. There
were two possible reasons, one of which was that with the increase of
SOVA addition, the electrostatic repulsion formed between the mole-
cules of protein was weakened (as discussed in Section 3.1), which
promoted the gathering of protein molecules in the hybrid gels and
hindered the unfolding of protein molecules, thus causing the weak-
ening of cohesiveness. Another reason was that thermal denaturation led
to the separation of SOVA and CSPI during gelation, and SOVA prefer-
entially aggregated into agglomerates, reducing cross-linking and thus
reducing cohesiveness. And the cohesiveness of ultrasonically treated
hybrid gels was higher (P < 0.05) than that of non-ultrasonically treated
hybrid gels. This result further suggested that the treatment of ultra-
sound might have partially unfolded the protein molecular structure in
SOVA-CSPI hybrid gels, and some groups were partially cross-linked,
enhancing the resistance of the hybrid gels to compression (Xin et al.,
2021).

3.3. Variations of the WHC in SOVA-CSPI hybrid gels

WHC can reflect the extent of the interaction between protein and
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water in the gel. As shown in Fig. 1D, with the increased SOVA addition,
the WHC of the SOVA-CSPI hybrid gels without or with the treatment of
ultrasound all decreased (P < 0.05). In the gel system, the changes in
WHC were related to the interactions of protein-water and protein—
protein (Lan et al., 2019). And the electrostatic repulsion formed be-
tween the molecules of protein had an effect on the amount of protein-
water binding (Wagner, Sorgentini, & Anon, 2000). Combined with the
findings in terms of {-potential (Fig. 1A), the electrostatic repulsion
formed between the molecules of protein gradually decreased with the
growth of SOVA addition, which promoted the gathering of protein
molecules in the hybrid gel and hindered the unfolding of protein
molecules, causing the reduction of protein-water binding, thus result-
ing in the decrease of WHC. Other researchers have reported similar
results that the WHC of the egg white gel decreased with the NaCl
addition (Li, Li et al., 2018).

After the treatment of ultrasound, the WHC of the SOVA-CSPI hybrid
gels increased, which might be due to the cavitation effect generated by
ultrasonic treatment caused the folded protein structure to unfold, thus
forming a more stable gel structure (Xue, Tu, et al., 2021). This result
was identical to the results of {-potential (Fig. 1A), stiffness (Fig. 1B) and
cohesiveness (Fig. 1C). And the treatment of ultrasound strengthened
the interaction between protein and water molecules, making water
molecules tightly wrapped in the protein network structure and less
likely to be thrown out, thus improving the WHC of SOVA-CSPI hybrid
gels.

3.4. Variations of the microstructure in SOVA-CSPI hybrid gels

The microstructure, which was also an important indicator to char-
acterize the gel properties, can reflect the homogeneity of the gel
network structure and the aggregation of protein molecules (Sow,
Chong, Liao, & Yang, 2018). As shown in Fig. 2, all of the SOVA-CSPI
hybrid gels showed a compact network structure. Some researchers
have reported that the denaturation temperature of SPI was 92.5 °C, and
SPI would form a more porous network structure after being modified at
a higher temperature (Tan, Ying-Yuan, & Gan, 2014; Wu et al., 2020).
The denaturation temperature of OVA (72 °C) was lower than that of
SPI, so the gelation process of OVA was faster than SPI (Niu et al., 2018).
Due to the interaction between OVA and CSPI, the microscopic pores of
the CSPI gel can be filled by the random aggregates that formed the
structure of OVA gel, leading to the hybrid gels exhibiting a compact
network structure. Other researchers also observed similar results that a
more dense structure was observed after the microscopic pores in the SPI
gel were filled by hen egg proteins (Zhang et al., 2019). With the growth
of SOVA addition, the network structure of the hybrid gels without or
with the treatment of ultrasound all became denser and the pores were
smaller, which might be attributed to the increase in the extent of pro-
tein aggregation. However, with the growth of SOVA addition, the
surface structure of the hybrid gels without ultrasonic treatment became
rough. With the increase of SOVA addition, the size of the aggregates
formed by SOVA proteins aggregating with each other was larger than
the gaps in the CSPI network structure, resulting in partial embedding
and partial aggregation of SOVA proteins on the surface of the network
structure of CSPI gel.

In addition, a more uniform and denser microstructure of the hybrid
gels was observed after being treated with ultrasound. One of the rea-
sons for this observation might be that the ultrasonic cavitation effect
lowered the particle size of SOVA proteins, resulting in a more uniform
dispersion of SOVA proteins in the CSPI network structure (Hu et al.,
2013). Another possible reason was that ultrasonic treatment can unfold
the tertiary structure of proteins, exposing some functional groups (e.g.,
hydrophobic groups) that rapidly interact with each other, thus pro-
moting agglomeration of proteins and the development of hybrid gels
with denser structure (Renkema & van Vliet, 2002).
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Fig. 2. Changes in the microstructure of different ratios of SOVA-CSPI hybrid gels untreated or treated with ultrasound.
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3.5. T, analysis

The state of a gel can be indirectly reflected by the LF-NMR tech-
nique, as it was commonly used to study the type of water in the gel
(PerezMateos, Lourenco, Montero, & Borderias, 1997). In general, there
were three states of water molecules present in the system of gel: Ty
(1-10 ms) was classified as bound water, To5 (10-100 ms) represented
non-flowable water, T3 (100-1000 ms) was considered as free water
(Srisai, Pansawat, Rattanaporn, & Limpisophon, 2023). After multi-
component processing of the data, the variations of Ty in the hybrid
gels untreated or treated with ultrasound were shown in Fig. 3A-B. As
presented, Ty1, T2z, and Ta3 were observed in the hybrid gels untreated
or treated with ultrasound, and Ty, was the dominant one, indicating
there were three states of water in the hybrid gels, of which bound water
was predominant. As presented in Fig. 3C, with the increase of SOVA
addition, the Ty relaxation time gradually increased (P < 0.05). Ac-
cording to what was reported by Li, Zhang, et al. (2018), the water was
more tightly bound to proteins when the relaxation time was shorter.
Therefore, the binding of water to proteins gradually became weaker
with the increase of SOVA addition, which was also proved by the results
of WHC (Fig. 1D). As discussed earlier, the electrostatic repulsion
formed between the molecules of protein gradually declined with the
growth of SOVA addition (Fig. 1A), which promoted the agglomeration
of protein molecules. The gap in the network of hybrid gel became
smaller with the increase of SOVA addition due to the agglomeration of
protein molecules, thus leading to the reduction in the ability of the
protein to bind water.

As shown in Fig. 3A-B, the Tyg peak area increased after being treated
with ultrasound, suggesting an increase in the content of non-flowable
water. This might be due to that the water molecules in SOVA and
CSPI were not entirely involved in the development of the gel, and the
ultrasonic treatment facilitated the involvement of water in the forma-
tion of the gel. Except for the ratio of 1:1, the T relaxation time tended
to decrease (P < 0.05) after ultrasonic treatment. It indicated that the
distribution of water molecules in the SOVA-CSPI hybrid gel network
was improved under ultrasonic treatment, thus the water was promoted
to bind with proteins.

3.6. Variations of the surface hydrophobicity in SOVA-CSPI hybrid gels

Not only the conformational changes but also the functional prop-
erties of proteins were tightly correlated with the surface hydropho-
bicity. As depicted in Fig. 4A, the surface hydrophobicity all showed a
pronounced decrease (P < 0.05) with the growth of SOVA addition,
regardless of whether the SOVA-CSPI hybrid gels were treated with ul-
trasound or not. The surface hydrophobicity decreased by 37.6 % (0 W)
and 51.1 % (300 W) for SOVA/CSPI of 1:4 compared to the surface
hydrophobicity for SOVA/CSPI of 1:1. The decrease in the surface hy-
drophobicity might be attributed that the hydrophobic amino acid res-
idues of SOVA-CSPI being covered by proteins, changing the
conformation of the protein gel. From the findings in terms of {-potential
(Fig. 1A), the electrostatic repulsion formed between the molecules of
protein in SOVA-CSPI hybrid gels declined with the growth of SOVA
addition, and the protein molecules tended to aggregate, so the hydro-
phobic amino acid residues on the surface of protein might be covered,
thus reducing the surface hydrophobicity.

The surface hydrophobicity showed an increased trend after the
hybrid gels were treated with ultrasound. Some studies have shown that
the strong cavitation effect produced by ultrasonic treatment exposed
the hydrophobic amino residues inside the protein, leading to an in-
crease in the surface hydrophobicity (Hu et al., 2013; Xue, Tu, et al.,
2021). The hydrophobic amino residues buried inside the protein in
SOVA-CSPI might be exposed under the treatment of ultrasound, thus
increasing the surface hydrophobicity after the hybrid gels were treated
with ultrasound. The ultrasonic treatment effectively enhanced the
surface hydrophobicity and promoted the hydrophobic interactions

Food Chemistry: X 21 (2024) 101151

>

50 - .4
i3
45 5y
-~ i3
= 40 - 1
3 0w :
2 354
£ 30+
8
g 254
=
3 20
: |
E 15
=
10
5_
0 1 T T 1 r T T T 1
400 450 500 550 600 400 450 500 550 600
[ |low
1.4 v77)300 W
= i\Ia—Ba
E
E Ab
2 7
= 1.0 Ac
3 = Bc
g
ﬂ_c‘ s Ad Ad
B Ae Ae
2
s %
= 0.6
0.0

1:4 1:3 37
SOVA:CSPI
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ples of different ratios (P < 0.05).

between protein molecules, resulting in an increase in the cross-linking
between protein molecules. This might be the reason for the enhance-
ment in the stiffness (Fig. 1B) and cohesiveness (Fig. 1C) of SOVA-CSPI
hybrid gels after being treated with ultrasound.

3.7. Variations of the soluble protein content in SOVA-CSPI hybrid gels

The extent of degradation and aggregation of the protein, which was
highly correlated with the gelling properties of the protein, can be re-
flected by the protein solubility (Jun, Mu, Hui, Obadi, Chen, & Bin,
2020). As shown in Fig. 4B, with the growth of SOVA addition, the
soluble protein content presented a remarkable downward trend (P <
0.05), regardless of whether the SOVA-CSPI hybrid gels were treated
with ultrasound or not. Combined with the findings in terms of {-po-
tential (Fig. 1A), with the growth of SOVA addition, proteins were
promoted to aggregate due to the reduction in the electrostatic repulsion
formed between the molecules of protein. And the hydrophilic groups in
protein were wrapped due to the aggregation of the protein, thus
causing a reduction in the soluble protein content. After being treated
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with ultrasound, the soluble protein content of the hybrid gels presented
a decreasing trend (P < 0.05). This might be due to that more soluble
aggregates were embedded in the CSPI network structure under the
ultrasonic treatment, thus reducing the solubility of the proteins.

3.8. Variations of the intermolecular forces in SOVA-CSPI hybrid gels

The gelation of protein was a complicated process in which the
intermolecular forces showed a change, eventually leading to protein
aggregation and gel formation (Totosaus, Montejano, Salazar, & Guer-
rero, 2002). To further investigate the formation mechanism of SOVA-
CSPI hybrid gels and to make sure the intermolecular forces partici-
pated in maintaining the structure of SOVA-CSPI hybrid gels, the hybrid
gels were dissolved in four different denaturing solvents.

As shown in Fig. 5, most of the SOVA-CSPI hybrid gels with or
without ultrasonic treatment were dissolved in the solvents of S1, S3,
and S4, comprising more than 95 %, implying that the formation of the
hybrid gels was predominantly dominated by ionic bonds, hydrophobic
interactions, and disulfide bonds. And the solubility of the hybrid gels in
the solvent of S2 was low, implying that the contribution of hydrogen
bonds to the formation of the hybrid gel was low. And the intermolec-
ular forces showed a pronounced change (P < 0.05) with the growth of
SOVA addition. The solubility of the hybrid gels with or without ultra-
sonic treatment in the solvent of S3 declined with the growth of SOVA
addition, suggesting a decrease in the hydrophobic interactions. This
result was similar to the result of changes in the surface hydrophobicity
(Fig. 4A). As discussed earlier, with the increase of SOVA addition, the
protein molecules tended to aggregate due to the decrease in the elec-
trostatic repulsion formed between the molecules of protein (as shown
in Fig. 1A), leading to the burial of hydrophobic amino acid residues,
thus resulting in the decrease in the hydrophobic interactions. While the
solubility of the hybrid gels with or without ultrasonic treatment in the
solvent of S4 increased with the growth of SOVA addition, indicating the
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increase in the disulfide bonds. According to what was reported by
(Zhao et al., 2016), there were four free sulfhydryl groups and a disulfide
bond buried inside the ovalbumin molecule. With the growth of SOVA
addition, the content of OVA in the SOVA-CSPI hybrid gels also
increased, so more disulfide bonds might be generated through the
oxidation reaction of free sulfhydryl. It has been shown that disulfide
bonds might be tightly related to the strength of the gel, and the higher
the content of disulfide bonds, the greater the hardness of the gel
(Totosaus, Montejano, Salazar, & Guerrero, 2002). This might be one of
the reasons for the enhancement in the stiffness of the SOVA-CSPI hybrid
gels with the growth of SOVA addition (Fig. 1B).

After the treatment of ultrasound, the solubility of the hybrid gels in
the solvent of S3 increased (P < 0.05), which might be owing to that the
hydrophobic amino residues hidden inside the protein were exposed
under the ultrasonic treatment, thus increasing the hydrophobic in-
teractions. However, the solubility of the hybrid gels in the solvent of S4
tended to decrease after the treatment of ultrasound, which might be
due to the exposed sulfhydryl groups being buried inside the protein
molecules again under the ultrasonic treatment, thus reducing the for-
mation of disulfide bonds.

3.9. The proposed mechanism of the influence of ultrasonic treatment on
SOVA-CSPI hybrid gels

During the heating process, OVA preferentially aggregated to form
random aggregates. Then those aggregates interacted with CSPI and
filled the porous network structure of CSPI to form a hybrid gel. Com-
bined with the findings in the experiments, Fig. 6 presented the hypo-
thetical mechanism diagram of the influence of ultrasonic treatment on
SOVA-CSPI hybrid gels. The cavitation effect generated by ultrasound
exposed the hidden hydrophobic amino residues inside the proteins,
increasing the hydrophobic interactions (Hu et al., 2013; Xue, Tu, et al.,
2021). After being treated with ultrasound, more water molecules
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Fig. 5. Changes in the intermolecular forces of different ratios of SOVA-CSPI hybrid gels untreated or treated with ultrasound. Different uppercase letters (A-B)
indicated significant differences between samples untreated or treated with ultrasound (P < 0.05), and different lowercase letters (a-e) indicated significant dif-

ferences between samples of different ratios (P < 0.05).
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Fig. 6. The proposed mechanism of the influence of ultrasonic treatment on SOVA-CSPI hybrid gels.

participated in the gel formation, and the binding ability of water
molecules to proteins was strengthened. Under the treatment of ultra-
sound, the exposed sulfhydryl groups were buried inside the protein
molecules again, leading to the decline in the content of disulfide bonds.
In general, the properties and structures of SOVA-CSPI hybrid gels were
enhanced under ultrasonic treatment.

4. Conclusion

It was found that the addition of SOVA to CSPI solution can form a
stable hybrid gel after heating treatment. With the growth of SOVA
addition, the {-potential in the absolute value of the SOVA-CSPI hybrid
gels declined, suggesting that the electrostatic repulsion formed be-
tween the molecules of protein reduced and the proteins tended to
aggregate. The unfolding of proteins was hindered and the binding of
protein-water decreased due to the reduced electrostatic repulsion,
leading to a decrease in the cohesiveness and WHC. In addition, the
surface hydrophobicity and soluble protein content declined with the
growth of SOVA addition, further indicating the aggregation of different
proteins. The intermolecular forces maintaining the SOVA-CSPI hybrid
gels were mainly hydrophobic interactions and disulfide bonds. After
the treatment of ultrasound, the properties of SOVA-CSPI hybrid gels
were improved. The interaction between protein and water molecules
was enhanced by the ultrasonic treatment, thus improving the WHC of
SOVA-CSPI hybrid gels. Additionally, under the treatment of ultrasound,
more functional groups were exposed, resulting in increased cross-
linking and aggregation of proteins, thus leading to the increase in Tyy
and the enhancement of hydrophobic interactions. The hybrid gels

exhibited a denser network structure after ultrasonic treatment, thus
increasing the stability and resistance to extrusion of the hybrid gels.
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