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Abstract: Solenaia oleivora, a rare freshwater shellfish with high protein quality, is unique to China.
However, the poor hydrosolubility and functional properties of Solenaia oleivora proteins hinder their
utilization in food products. Herein, the alkaline dissolution-isoelectric precipitation method was
used for the extraction of Solenaia oleivora proteins. Furthermore, the impact of high-pressure homog-
enization (HPH) treatment varying from 0 to 100 MPa on the structure and functional properties
of Solenaia oleivora proteins was investigated. The obtained results indicated that HPH treatment
decreased the «-helix content and enhanced the 3-sheet and random coil content. Furthermore,
the HPH caused the unfolding of protein structure, exposing aromatic amino acids, increasing the
free thiol group content, and enhancing surface hydrophobicity. As the homogenization pressure
increased from 0 to 100 MPa, the particle size of Solenaia oleivora proteins decreased from 899 to
197 nm with the polymer dispersity index (PDI) value decreased from 0.418 to 0.151, the (-potential
increased from —22.82 to —43.26 mV, and the solubility increased from 9.54% to 89.96%. Owing to
the significant changes in protein structure and solubility, the emulsifying, foaming, and digestive
properties of Solenaia oleivora proteins have been significantly improved after treatment with HPH.

Keywords: Solenaia oleivora protein; high-pressure homogenization; structure; functional property;
digestibility

1. Introduction

The gradual growth in the global population with the rapid increase in the demand for
protein-rich foods has stimulated the exploration of novel sustainable alternative protein
sources [1]. Considering the limited land resources, aquatic creatures as an abundant
source of high-quality proteins are becoming more precious [2]. Shellfish is one of the major
aquatic resources, with an annual aquaculture output of 15.88 million tons in China in 2022.
Besides the abundant resources, shellfish also possess the advantages of extraordinary
nutrition, less greenhouse gas emissions, and a low risk of transmission of zoonotic diseases,
as well as minimized food restriction induced by spiritual or religious reasons [3]. Thus,
it is of great significance to utilize shellfish protein as an alternative source of renewable
animal proteins.

Solenaia oleivora, commonly referred to as the “abalone of the Huaihe River”, is clas-
sified under the class Bivalvia and belongs to the family Umnionidae. It is a scarce and
endangered freshwater edible shellfish endemic to China [4]. The previous studies mainly
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focused on transcriptome and metabolome analysis, clarifying the wound healing and
immunity mechanisms of Solenaia oleivora related to the breeding areas [4—6]. It is worth
noting that the Chinese Academy of Fishery Sciences’ Freshwater Fisheries Research Centre
has overcome the artificial breeding technology of Solenaia oleivora through in vitro culture
since 2020 [7]. Solenaia oleivora possesses higher protein content (up to 12% of wet weight in
edible portions) than Hyriopsis cumingii, Sinonovacula constricta, Meretrix meretrix Linnaeus,
Solen graudis, oysters, and other shellfish [8]. However, little research has been carried out
on the extraction and modification of Solenaia oleivora protein. Like the other invertebrate
muscles, the basic proteins of shellfish mainly consist of actin, myosin, and collagen [9].
The functional properties of shellfish proteins mainly depend on their structures, while
the poor solubility of shellfish proteins at low ionic strength due to the complex structure
results in lower functional properties, further restricting their applications as human food.

High-pressure homogenization (HPH) has attracted much attention in creating de-
sirable functional properties of food proteins due to the advantages of low cost and high
efficiency. The pressure, number of cycles, flow rate, and temperature are the key pa-
rameters affecting the protein structures of fluid samples during the HPH process [10].
The combination of physical effects exerted by HPH, such as intense shear force, high-
frequency turbulence, convective collision, and cavitation forces, induce the alteration
in protein structures, further improving their performance (e.g., solubility, emulsifying
capacity, and foaming ability) as food ingredients [11]. The mechanical forces of HPH can
disrupt intramolecular and intermolecular interactions of proteins, leading to conforma-
tional changes in the secondary, tertiary, and quaternary structures of proteins. It can cause
the dissociation of insoluble protein aggregates, resulting in the exposure of hydrophobic
and hydrophilic moieties, further enhancing the physicochemical and functional properties
of protein aggregates [12]. A few studies have reported that HPH treatment can modify
the structure and enhance the functional properties of several shellfish proteins, especially
in oysters (Crassostrea gigas) [13,14], mussels (Mytilus edulis) [2,15], clams (Ruditapes philip-
pinarum) [16], and scallops (Chlamys farreri) [17]. Notably, shellfish proteins from various
species have different sensitivities to homogeneous pressure and cycle number. Meanwhile,
high-intensity and continuous high-pressure homogenization will exert side effects, includ-
ing thermal denaturation, severe aggregation, and a decrease in solubility and functional
properties. For example, the solubility of oyster protein significantly increased from 31.07%
to 84.7% when the homogenization pressure increased from 0.1 to 100 MPa, while maximal
emulsifying and foaming properties occurred after treatment at 20 MPa [18]. As for the
proteins from clams (Ruditapes philippinarum), the solubility reached its maximum value of
70.8% at 80 MPa homogenization pressure, and a decrease was observed when the homoge-
nization pressure was continually increased to 100 MPa. The homogenization pressure that
ranged from 40 to 100 MPa showed no appreciable influence on the foaming ability of the
proteins from clams (Ruditapes philippinarum) [16]. Thus, it is of great importance to explore
the optimal conditions of HPH treatment for the structural modification and functional
property improvement of shellfish proteins.

In the present study, the influence of HPH on the structure, functional characteristics,
and digestive properties of Solenaia oleivora protein was investigated. Additionally, the rela-
tionship between the structural features and functional attributes of Solenaia oleivora protein
was elucidated. This study not only provides a better understanding of the modifications
in physicochemical and functional characteristics of Solenaia oleivora protein during HPH
processing but also gives a theoretical foundation for the exploitation of Solenaia oleivora
protein as a new food protein resource.

2. Materials and Methods
2.1. Materials

Fresh Solenaia oleivora were obtained from Funan Jinghuai Special Aquatic Prod-
ucts Co., Ltd. (Funan, China). Pancreatin (4 x USP specifications), pepsin (>500 U/mg),
5, 5'-dithiobis (2-nitrobenzoic acid) (DTNB), and 8-anilino-1-naphthalenesulfonic acid
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(ANS) were obtained from Sigma-Aldrich Co., Ltd. (St. Louis, MO, USA). Other chemi-
cals were of analytical purity and obtained from SinoPharm Chemical Reagent Co., Ltd.
(Shanghai, China).

2.2. Protein Extraction

The Solenaia oleivora protein was prepared according to the method described by
Chang et al. [19]. Previously reported studies suggested that the water-to-meat ratio varied
from 3:1 to 9:1 and precipitation pH varied from 4.5 to 5.5 were recommended for the
mussel protein extraction [15,20,21]. In this study, the edible part of the Solenaia oleivora was
washed, crushed, and dispersed in pre-cooled deionized water at a Solenaia oleivora/water
ratio of 1:4, 1:6, and 1:8 g/mL. Then, the dispersion was homogenized for 2 min, and the
pH was adjusted to 12.0. The mixture was stirred for 60 min and subsequently subjected to
centrifugation at 10,000 x g for 15 min. Moreover, 2 M HCl was used to adjust the pH of the
supernatant to 4.5, 5.0, and 5.5, and the dispersion was centrifuged at 10,000 x g for 15 min.
The precipitation was redispersed in deionized water, and the pH of the solution was
neutralized to 7.0 and then freeze-dried. The protein content of the obtained freeze-dried
powder of Solenaia oleivora protein was determined by the Kjeldahl nitrogen approach
with a protein conversion coefficient of 6.25. The yield of protein was determined by the
following formula:

L The mass ofprotein in freeze-dried powder
Prot 1d (%) = 1
roteinyield (%) The mass of Solenaia oleivora meat M

2.3. High-Pressure Homogenization Treatment

A total of 10 mg/mL Solenaia oleivora protein dispersion was treated under the ho-
mogeneous pressure varied from 0 to 100 MPa for 3 min using an AH-2100 high-pressure
homogenizer (ATS Engineering Co., Ltd., Brampton, ON, Canada) [13]. Samples after
homogenization treatment were stored at 4 °C or lyophilized by a Freezone freeze dryer
(LABCONCO Co., Ltd., Kansas, MO, USA).

2.4. Structural Measurement
2.4.1. Circular Dichroism (CD)

The CD spectra of the proteins were determined using a JASCO-1700 circular dichro-
ism spectrometer (JASCO Corporation, Tokyo, Japan) based on the approach reported by
Cheng et al. [22]. The CD spectra of Solenaia oleivora protein solutions at the concentration
of 0.25 mg/mL were measured at the range of 190-260 nm with a bandwidth of 1.0 nm and
scanning speed of 50 nm/min. Secondary structure content was determined according to
Yang’s method [2].

2.4.2. Fluorescence Spectra

The fluorescence spectra were analyzed on a fluorescence spectrophotometer (Agilent
Co., Ltd., New York, NY, USA). A total of 0.20 mg/mL Solenaia oleivora protein solution
was excited at 280 nm, and the emission spectra were captured from 290 to 550 nm with the
excitation and emission slits set at 5 nm.

2.4.3. Free Sulfthydryl Group

The free sulfthydryl group content of the Solenaia oleivora proteins was determined
using the previously reported Ellman’s method with slight modifications [23]. A total of
2 mg/mL Solenaia oleivora protein solution was dispersed in a phosphate buffer solution
containing 1 mM EDTA or 1 mM EDTA and 6 M urea, respectively. Then 50 pL of 4 mg/mL
DTNB solution was added, and the vortexed mixture was kept at 25 °C for 60 min in
darkness. The absorbance of the sample at 412 nm was determined using a UV-1800
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ultraviolet spectrophotometer (Shimadzu Corporation, Kyoto, Japan). The free sulthydryl
group content was calculated by the following formula.

A412 x D x 106

C x 13,600 @

Sulfhydryl group content (umol/g) =
where Ay, is the absorbance value at 412 nm, D is the dilution factor, C is the protein
concentration (mg/mL), 13,600 is a molar extinction coefficient M~ tem™1).

2.4.4. Surface Hydrophobicity (Hp)

The Hy was analyzed on a fluorescence spectrophotometer (Agilent Technologies,
New York, NY, USA) using ANS as a fluorescence probe according to the previously
reported method [24]. Briefly, 50 uL of 8 mM ANS solution at pH 7.0 was added to Solenaia
oleivora protein solution at the concentration of 0.01-0.10 mg/mL. Fluorescence intensity
was measured at an emission wavelength of 470 nm with an excitation wavelength set
at 390 nm. Hy was expressed as the initial slope of fluorescence intensity versus Solenaia
oleivora protein concentration (mg/mL).

2.4.5. Particle Size and (-Potential

The particle size, PDI, and (-potential of the Solenaia oleivora protein solution were
detected by a NanoBrook Omni particle size analyzer (Brookhaven Instruments Corpo-
ration, Holtsville, NY, USA) at 25 °C. The detection parameters were set as follows: the
equilibration time was 60 s, the detection angle was 90°, the refractive index of water was
1.331, and the refractive index of protein was 1.450. The (-potential was calculated using
the Smoluchowski model.

2.5. Solubility and Turbidity Measurement
2.5.1. Solubility Measurement

The Solenaia oleivora protein was diluted to the concentration of 5 mg/mL and cen-
trifuged at 10,000x g for 15 min. The Kjeldahl nitrogen method was applied for the
determination of protein content before and after centrifugation. The protein solubility (%)
was calculated by Formula (3):

The content of nitrogen in supernatant

lubility (100%) =
Solubility (100%) The content of nitrogen in the sample

x100% (3)

2.5.2. Determination of Turbidity

The concentration of the Solenaia oleivora protein sample was diluted to 5 mg/mL.
The transmittance (T%) of different samples at 600 nm was determined using a UV-

1800 ultraviolet-visible spectrophotometer. The turbidity of the sample was expressed as
100%-T%.

2.6. Functional Properties Analysis
2.6.1. Emulsifying Properties

The emulsifying activity and stability indices of Solenaia oleivora protein were assessed
based on the method as described by Malik et al. [25]. A total of 5 mL sunflower oil was
added in 15 mL 2 mg/mL of the Solenaia oleivora protein and homogenized at 10,000 rpm
for 2 min. The emulsion was centrifuged at 1500x g for 5 min. To evaluate the stability
of the emulsion, the emulsion was heated to 80 °C for 30 min before centrifugation. The
emulsifying properties were calculated by the following formula:

. . Height of the emulsified layer
Emulsif t %) = 1 4
mulsifying activity (%) Height of total content in the tube <100 @
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- s Height of emulsified layer after heating
Emulsif lity (%) = 1
mulsifying stability (%) Height of total content in the tube after heating X100 ©)

2.6.2. Foaming Properties

The foaming properties of Solenaia oleivora protein were analyzed refer to the previ-
ously reported approach [2]. A total of 2 mg/mL Solenaia oleivora protein solution was
stirred vigorously for 2 min. The volume of foam was measured immediately. The changes
in the volume of foam were also detected after standing for 20 min at room tempera-
ture. The measurement of foaming capacity and foam stability was conducted using the
following formula:

Volume after whipping-volume before whipping
—— x100
Volume before whipping

Foaming capacity (%) = (6)

Foam stability (%) = V"lumfn?f:lr stﬁﬁfﬁﬂg ime . 100 @)

2.6.3. Determination of In Vitro Digestibility

The INFOGEST in vitro simulated gastrointestinal digestion model was used to evalu-
ate the digestibility of Solenaia oleivora protein as the methods described by Garvey et al. [26].
A total of 5 mg/mL of the Solenaia oleivora protein solution was first incubated with simu-
lated gastric fluid (SGE, pH 3.0, 2000 U/mL pepsin) at a volume ratio of 1:1 for 2 h and then
mixed with simulated intestinal fluid (SIF, pH 7.0, 100 U/mL pancreatin) at a volume ratio
of 1:4 for 2 h. The digestive fluids at digestive times of 15, 30, 60, 120, 180, and 240 min were
collected, and the enzyme deactivation was carried out in a boiling water bath. Then, 30%
trichloroacetic acid was added to the mixture, and the protein precipitate was obtained by
centrifugation at 10,000 x g for 15 min. A total of 1 mL of 1 M NaOH was used to redissolve
the protein, and the protein content was measured using the Kjeldahl nitrogen method.
The protein digestibility was calculated using Formula (8):

C—Cq4

Protein digestibility (%) = c %100 8)

where C; represents the protein concentration prior to digestion, and C4 denotes the protein
concentration following digestion.

2.7. Statistical Analysis

Each experiment was repeated three times, with the findings reported as the average
value =+ standard deviation. One-way analysis of variance (ANOVA) with the Duncan
model was performed to conduct the statistical analysis using SPSS 20.0 software. p < 0.05
indicated a significant difference.

3. Results and Discussion
3.1. Extraction of Solenaia oleivora Protein

The extraction efficiency of shellfish protein by the alkali dissolution-isoelectric pre-
cipitation method is mainly related to factors such as the liquid /solid ratio, pH of alkali
dissolution, and pH of precipitation. [27]. Previous studies have shown that when the
alkali dissolution pH is 12.0, the content of the extracted shellfish protein is the highest [15].
Therefore, this study investigated the effects of liquid /solid ratio and the pH of precipita-
tion on the extraction rate and purity. It was found that under the same pH of precipitation
condition, the extraction rate gradually increased as the liquid /solid ratio increased from
4:1 to 8:1, while the purity of the obtained protein slightly decreased (Table 1). At the same
liquid/solid ratio, the extraction rate and purity of protein significantly improved as the
pH of precipitation increased from 4.5 to 5.5. Among them, the extracted Solenaia oleivora
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protein had the highest purity of 95.44% at the liquid/solid ratio of 6:1. As the liquid/solid
ratio increased to 8:1, a maximum value of 93.92% occurred in the protein yield.

Table 1. Purity and yield of Solenaia oleivora proteins under different liquid/solid ratios and precipi-

tated pH values.
Liquid/Solid Ratio pH Protein Purity (%) Protein Yield (%)
4:1 45 83.44 + 0.93 be 72.58 4+ 1.49 2
5.0 85.44 + 1.83 <d 76.61 +1.27°
55 9244 +224¢ 8124+ 1.71°¢
6:1 45 82.13 + 0.92P 75.29 + 1.36 °
5.0 86.86 + 1.114 80.32 + 1.56
5.5 9544 +1.26f 88.92 +1.43¢
8:1 45 79.39 +2.142 79.13 +£0.92°¢
5.0 83.19 -+ 2.08 b¢ 84.87 +0.73 d
55 87.58 + 0.87 4 93.92 +0.98 f

Data were presented as Mean & SD, n = 3. Different letters within a column represent significant differences at
p <0.05.

3.2. Effects of Homogeneous Pressure on the Structural of Solenaia oleivora Protein
3.2.1. Secondary Structure Analysis

a-Helix structure in Solenaia oleivora protein decreased from 31.3% to 19.1% as the
homogeneous pressure increased up to 100 MPa (Table 2). At the same time, 3-turn
structure increased from 13.5% to 21.2%, and random coil content increased from 39.5% to
43.1%. However, HPH treatment did not significantly influence 3-sheet structure content
in Solenaia oleivora protein. The results indicated that HPH treatment could significantly
change the secondary structure of Solenaia oleivora protein, which was similar to the trend
of secondary structure changes in oyster protein [28]. This may be due to the unfolding of
the protein structure induced by HPH treatment, leading to the disruption of hydrogen
bonds, further resulting in the transformation of the a«-helix to random coils and 3-turn
structures [29].

Table 2. Effect of homogenization pressure on the secondary structure content of Solenaia oleivora

proteins.
Homogeneous TTaliv (O _ o R o .1 (o
Pressure (MPa) a-Helix (%) 3-Sheet (%) B-Tum (%) Random Coil (%)
0 31.3+262 157 +142 135+1.62 39.5+092
20 28.7 +1.623b 16.8 082 144+062 40.1 +1.52
40 26.1+1.3P 159+182 17.1+05b 409+1.0°
60 2214+15°¢ 16.7£1.02 18.6 + 0.6 b¢ 426+02P
80 209 +1.2°¢ 165+0.72 19.7 + 0.6 <4 429 +0.8P
100 191+1.1°¢ 16.6 +1.02 212+1449 431408P

Data were presented as Mean + SD, n = 3. Different letters within a column represent significant differences at
p <0.05.

3.2.2. Fluorescence Spectra Analysis

Intrinsic fluorescence spectroscopy is an effective approach for detecting the positions
of chromophores, reflecting the tertiary structure changes [30]. HPH treatment caused
a red shift in the maximum emissions wavelengths (Amax) from 333 to 337 nm as the
homogeneous pressure increased from 0 to 80 MPa (Figure 1A). Moreover, a 1.54-fold
increase in intensity was also observed under the same conditions. The results revealed
that the HPH treatment caused the partial structure unfolding and induced the transfer
of more tryptophan residues to the hydrophilic environment [31]. It suggested that the
tertiary structures of Solenaia oleivora protein were susceptible to HPH treatment.
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Figure 1. Impact of homogenization pressure on the fluorescence spectra (A), free sulfhydryl group
content (B), and surface hydrophobicity (C) of Solenaia oleivora proteins. Different letters represent
significant differences at p < 0.05.

3.2.3. Sulthydryl Content Analysis

Figure 1B shows the change in free sulfhydryl content in Solenaia oleivora protein
during HPH treatment. When the homogeneous pressure increased up to 60 MPa, the free
sulfhydryl group content in the Solenaia oleivora protein significantly increased from 6.56
to 14.61 umol/g, which was mainly because HPH treatment induced the development
of protein structure and led to the exposure of sulthydryl group in protein molecules [2].
When the homogenizing pressure continuously increased to 100 MPa, the free sulfhydryl
group content gradually decreased to 11.88 umol/g. In the HPH process, the increased free
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sulfhydryl group content can oxidize to form a disulfide bond under aerobic conditions,
resulting in a decrease in free sulfhydryl group content in Solenaia oleivora protein [15,32].

3.2.4. Surface Hydrophobicity Analysis

Surface hydrophobicity (Hp) can reflect the relative content of hydrophobic groups on
the surface of protein or aggregates in contact with a hydrophilic environment. When the
homogenization pressure increased up to 80 MPa, the surface hydrophobicity of the protein
gradually increased from 1894 to 4545 (Figure 1C), indicating that the molecular structure of
the protein was unfolded during the homogenization process, and the hydrophobic groups
buried in the protein were gradually exposed. It was consistent with the fluorescence
spectrum results in Figure 1A. Continuing to increase the homogeneous pressure to 100 MPa
slightly reduced the hydrophobicity of the Solenaia oleivora protein, which may be due to the
reassembly of the protein molecules at higher homogeneous pressure and the re-formation
of protein aggregates, resulting in a decrease in the exposed hydrophobic groups.

3.2.5. Particle Size and (-Potential Analysis

The protein solution of Solenaia oleivora without HPH treatment had a large average
particle size of 899 nm with a PDI value of 0.418, respectively (Figure 2A). The average
particle size and PDI value of protein particles decreased as the homogeneous pressure
increased. When the homogeneous pressure reached 80 MPa, the mean particle size and
PDI were 204 nm and 0.177, respectively, indicating a relatively uniform particle size
distribution. However, no significant changes were observed as the homogeneous pressure
continuously increased to 100 MPa. The decrease in the protein particle size is mainly due
to the cavitation effect induced by HPH and the high hydrodynamic shear force destroying
the non-covalent interactions between protein molecules [17].

The Solenaia oleivora protein without HPH treatment had a negative charge of 22.82 mV
(Figure 2B). The absolute value of {-potential increased with the increasing homogeneous
pressure. When the homogeneous pressure was 80 MPa, the (-potential reached a maximum
value of —43.26 mV, which may be ascribed to the revelation of charged amino acid residues.
Owing to the steric hindrance effect, it is generally believed that the absolute value of -
potential higher than 20 mV could offer sufficient electrostatic repulsion for maintaining
the physical stability of protein aggregates [33].

i A .
(GN] [ Size
1200 - \ —u— PDI 404
i B
1000 F :Tl {\C c ]
Pl E\{ H03
800 |
= b
g - —
S 0F D b 102 2
2 < \E
400 | 2
d . Jo01
200 | <
0 0.0
0 20 40 60 80 100

Homogeneous pressure (MPa)

Figure 2. Cont.
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Figure 2. Effect of homogenization pressure on the mean particle size and PDI (A) and (-potential (B)
of Solenaia oleivora proteins. Different letters represent significant differences at p < 0.05.

3.3. Solubility and Turbidity Analysis

It was found that the Solenaia oleivora protein had a lower solubility of 9.52% and
larger turbidity of 85.42%, respectively (Figure 3). With the increase in homogeneous
pressure to 100 MPa, the protein solubility increased significantly with a maximum value
of 89.96%, and the protein turbidity decreased significantly with a minimum value of
50.18%. The above results indicated that HPH could significantly improve the solubility
of Solenaia oleivora protein. Some studies have shown that the surface hydrophobicity of
proteins will be increased under high homogeneous pressure, leading to insoluble protein
aggregate formation and decreased hydrosolubility [34]. However, in this study, such an
“over-processing” effect was not detected under the high homogeneous pressure of 100
MPa. Protein solubility is dependent on protein structure and conformation, particle size,
exposed functional groups, and surface hydrophobicity [13]. In this study, the (-potential
value of Solenaia oleivora protein varied from —39 to —43 mV as the homogenization
pressure increased from 40 to 100 MPa (Figure 2B), probably giving rise to a negligible
effect on the protein solubility. Meanwhile, the increased homogenization pressure caused
the continuous reduction in the particle size and PDI of protein particles (Figure 2A),
promoting the ability of protein—water interaction and the formation of soluble and small
protein aggregates with better dispersion or hydration [14]. Therefore, the enhancement
in protein solubility due to HPH treatment is primarily attributed to the reduction in
protein aggregate particle size caused by the cavitation effect and high-speed shear force
during the HPH process [2]. At the same time, the unfolding of the protein exposes more
hydrophilic groups, increasing the interaction between water and protein and leading to
the improvement of solubility [35].
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Figure 3. Effect of homogenization pressure on the solubility and turbidity of Solenaia oleivora proteins.
Different letters represent significant differences at p < 0.05.

3.4. Emulsification and Foaming Characteristics

The emulsification properties and emulsification stability of Solenaia oleivora protein
were increased by about 42% and 55% after being treated with a homogeneous pressure
of 100 MPa (Figure 4). The foaming ability and foam stability of Solenaia oleivora protein
also increased by 45% and 38% at the same homogeneous pressure as compared to the
control group. This indicated that HPH treatment can significantly improve the emul-
sifying and foaming properties. According to the results obtained in the solubility and
surface hydrophobicity, HPH treatment can significantly increase the solubility of Solenaia
oleivora protein and reduce its particle size, which is conducive to the rapid diffusion and
adsorption of protein aggregates to water-oil and water-gas interfaces, thus increasing the
emulsification and foaming ability [36]. At the same time, the elevated surface charge and
the interfacial viscoelastic film formation may aid in enhancing the stability of emulsified
droplets and bubbles.
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Figure 4. Effect of homogenization pressure on emulsifying properties (A) and foaming properties
(B) of Solenaia oleivora proteins. Different letters represent significant differences at p < 0.05.

3.5. In Vitro Digestibility Analysis

As shown in Figure 5, the in vitro digestibility of natural Solenaia oleivora protein
without HPH treatment was 82%, indicating that Solenaia oleivora protein had good in vitro
digestion characteristics. HPH treatment increased the rate and degree of protein digestion.
The improvement effect is more obvious with the gradual increase in homogeneous pres-
sure, and the digestibility can reach 94%. During HPH treatment, more aromatic amino acid
residues are produced, while pepsin tends to hydrolyze aromatic amino acid residues [37],
thus improving the in vitro digestibility of Solenaia oleivora proteins. In addition, HPH
treatment also caused a decrease in particle size and an increase in solubility of the pro-
tein aggregates of Solenaia oleivora, resulting in a relatively high specific surface area and
diffusion rate, which further improved the hydrolysis efficiency of digestive enzymes.

B 0 MPa
100 = 7720 MPa
B 40 MPa
8ol B 60 MPa
[ 80 MPa

[ 100 MPa
60

40

Protein digestibility (%)

20

15 30 60 120 180 240
Digestive time (min)

Figure 5. Effect of homogenization pressure on the in vitro digestive properties of Solenaia oleivora proteins.

4. Conclusions

The exploration of renewable proteins and the expansion of their utilization have
attracted great attention. In our study, the Solenaia oleivora protein was prepared by alkaline-



Foods 2024, 13, 2958 12 of 13

isoelectric precipitation methods. The effects of HPH on the structure, function, and
digestion of the protein were investigated. The results showed that high-pressure homoge-
nization can significantly change the structure of the Solenaia oleivora protein, resulting in
the expansion of the protein structure, the increase in the free sulfhydryl group, and surface
hydrophobicity. Meanwhile, HPH can significantly decrease the particle size and increase
the C-potential of the protein aggregates. These changes in structure and size significantly
improved the solubility, emulsification, foaming, and in vitro digestion characteristics of
the Solenaia oleivora protein. This study provides a new resource of proteins from freshwater
shellfish and suggests a strategy to expand the utilization of Solenaia oleivora protein in the
food industry.

Author Contributions: Conceptualization, W.C. and H.C.; methodology, W.C. and H.C; software,
W.C. and H.C,; validation, W.C. and H.C.; formal analysis, W.C. and H.C.; investigation, W.C. and
H.C.; resources, W.C. and H.C,; data curation, W.C. and H.C.; writing—original draft preparation,
W.C. and H.C; writing—review and editing, W.C., H.C., X.M. and W.J.; visualization, W.C. and H.C,;
supervision, H.W. and P.X; project administration, G.X., H.W. and P.X.; funding acquisition, W.C.
and H.W. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by [the Central Public-interest Scientific Institution Basal Research
Fund, Freshwater Fisheries Research Center, CAFS] grant number [2024]JBFR04], [the Central Public-
interest Scientific Institution Basal Research Fund, CAFS] grant number [Grant No. 2023TD64 &
2023TD66]. And The APC was funded by [the Central Public-interest Scientific Institution Basal
Research Fund, Freshwater Fisheries Research Center, CAFS].

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

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

References

1.

10.

11.

12.

Zheng, X.; Zou, B.; Zhang, J.; Cai, W.; Na, X.; Du, M.; Zhu, B.; Wu, C. Recent advances of ultrasound-assisted technology on
aquatic protein processing: Extraction, modification, and freezing/thawing-induced oxidation. Trends Food Sci. Technol. 2024,
144,104309. [CrossRef]

Yu, C.; Wu, E; Cha, Y.; Zou, H.; Bao, J.; Xu, R.; Du, M. Effects of high-pressure homogenization on functional properties and
structure of mussel (Mytilus edulis) myofibrillar proteins. Int. J. Biol. Macromol. 2018, 118, 741-746. [CrossRef]

Chen, W.; Ma, X,; Jin, W.; Wen, H.; Cheng, H. Mussel meat protein: Extraction, processing, nutrition value, and application in
food products. Food Health 2023, 5, 20.

Wen, L.; Ma, X.; Geng, K.; Lv, G; Jin, W.; Chen, W.; Xu, D.; Shen, H.; Wen, H. An investigation into the wound-healing mechanism
in gill injuries of varying severity in the freshwater mussel Solenaia oleivora (Heude, 1877). Aquaculture 2024, 590, 740972.
[CrossRef]

Zhang, T.; Ma, X,; Wen, H.; Xu, D.; Jin, W,; Zhou, Y. Full-length transcriptome analysis provides new insights into the diversity of
immune-related genes in the threatened freshwater shellfish Solenaia oleivora. Fish Shellfish. Immunol. 2023, 140, 108964. [CrossRef]
Zhang, T.; Zhou, Y.; Wen, H.; Ma, X.; Xu, D. Integrated analysis of physiological, transcriptome, and metabolome analyses of the
gills in Solenaia oleivora under ammonia exposure. Ecofoxicol. Environ. Saf. 2024, 271, 115949. [CrossRef]

Ma, X,; Jin, W,; Lv, G.; Chen, W.; Xu, D.; Xu, P.; Hua, D.; Wen, H. In vitro culture of glochidia and morphological changes in
juveniles of the endangered freshwater mussel Solenaia oleivora. Fishes 2024, 9, 49. [CrossRef]

Ma, X,; Sun, G.; Wang, L.; Xu, D,; Jin, W.; Lv, G.; Xu, P; Ding, T.; Wen, H.; Gu, R. Nutrients and mineral elements in Solenaia
oleivora from Huaihe River: Seasonal variations. J. Agric. 2020, 10, 90-94.

Chen, X,; Liang, L.; Xu, X. Advances in converting of meat protein into functional ingredient via engineering modification of high
pressure homogenization. Trends Food Sci. Technol. 2020, 106, 12-29. [CrossRef]

Martinez-Monteagudo, S.I.; Yan, B.; Balasubramaniam, V.M. Engineering process characterization of high-pressure
homogenization-from laboratory to industrial scale. Food Eng. Rev. 2017, 9, 143-169. [CrossRef]

Han, T.; Wang, M.; Wang, Y.; Tang, L. Effects of high-pressure homogenization and ultrasonic treatment on the structure and
characteristics of casein. LWT-Food Sci. Technol. 2020, 130, 109560. [CrossRef]

Wu, M,; He, X,; Feng, D.; Li, H.,; Han, D.; Li, Q.; Zhao, B.; Li, N.; Liu, T.; Wang, ]. The effect of high pressure homogenization on
the structure of dual-protein and its emulsion functional properties. Foods 2023, 12, 3358. [CrossRef]


https://doi.org/10.1016/j.tifs.2023.104309
https://doi.org/10.1016/j.ijbiomac.2018.06.134
https://doi.org/10.1016/j.aquaculture.2024.740972
https://doi.org/10.1016/j.fsi.2023.108964
https://doi.org/10.1016/j.ecoenv.2024.115949
https://doi.org/10.3390/fishes9020049
https://doi.org/10.1016/j.tifs.2020.09.032
https://doi.org/10.1007/s12393-016-9151-5
https://doi.org/10.1016/j.lwt.2020.109560
https://doi.org/10.3390/foods12183358

Foods 2024, 13, 2958 13 of 13

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Wang, Y,; Jiang, S.; Zhao, Y.; Zeng, M. Physicochemical and rheological changes of oyster (Crassostrea gigas) protein affected by
high-pressure homogenization. LWT-Food Sci. Technol. 2020, 134, 110143. [CrossRef]

Wu, E; Shi, X.; Zou, H.; Zhang, T.; Dong, X.; Zhu, R.; Yu, C. Effects of high-pressure homogenization on physicochemical,
rheological and emulsifying properties of myofibrillar protein. J. Food Eng. 2019, 263, 272-279. [CrossRef]

Yu, C.; Cha, Y,; Wu, E; Xu, X,; Qin, Y,; Li, X.; Du, M. Effects of high-pressure homogenisation on structural and functional
properties of mussel (Mytilus edulis) protein isolate. Int. |. Food Sci. Technol. 2018, 53, 1157-1165. [CrossRef]

Wu, F; Cha, Y.; Zou, H.; Shi, X.; Zhang, T.; Du, M.; Yu, C. Structure and functionalities changes in high-pressure homogenized
clam protein isolate. J. Food Process. Preserv. 2019, 43, €13860. [CrossRef]

Wu, D.; Wu, C.; Wang, Z.; Fan, E; Chen, H.; Ma, W.; Du, M. Effects of high pressure homogenize treatment on the physicochemical
and emulsifying properties of proteins from scallop (Chlamys farreri). Food Hydrocoll. 2019, 94, 537-545. [CrossRef]

Liu, Z.; Guo, Z.; Wu, D.; Fei, X; Ei-Seedi, H.R.; Wang, C. High-pressure homogenization influences the functional properties of
protein from oyster (Crassostrea gigas). LWT-Food Sci. Technol. 2021, 151, 112107. [CrossRef]

Chang, L.; Lan, Y,; Bandillo, N.; Ohm, J.-B.; Chen, B.; Rao, J. Plant proteins from green pea and chickpea: Extraction, fractionation,
structural characterization and functional properties. Food Hydrocoll. 2022, 123, 107165. [CrossRef]

Vareltzis, PK.; Undeland, I. Protein isolation from blue mussels (Mytilus edulis) using an acid and alkaline solubilisation
techniqueuprocess characteristics and functionality of the isolates. J. Sci. Food Agric. 2012, 92, 3055-3064. [CrossRef]

Xue, G.; Zhang, K.; Zheng, Y.; Zheng, H.; Zhou, C.; Gao, J.; Qi, X.; Zhang, C. Extraction of three shellfish protein isolates by
isoelectric solubilisation/precipitation and their composition and characteristics analysis. Food Ferment. Ind. 2018, 44, 145-151.
Cheng, M.; Li, Y.n,; Luo, X.; Chen, Z.; Wang, R.; Wang, T.; Feng, W.; Zhang, H.; He, J.; Li, C. Effect of dynamic high-pressure
microfluidization on physicochemical, structural, and functional properties of oat protein isolate. Innov. Food Sci. Emerg. Technol.
2022, 82, 103204. [CrossRef]

Yildiz, G.; Yildiz, G. A new approach to enhance quinoa protein nano-aggregates: Combined pH shifting-High pressure
homogenization. Food Chem. 2023, 415, 135800. [CrossRef]

Yang, J.; Zamani, S.; Liang, L.; Chen, L. Extraction methods significantly impact pea protein composition, structure and gelling
properties. Food Hydrocoll. 2021, 117, 106678. [CrossRef]

Malik, M.A.; Sharma, H.K; Saini, C.S. High intensity ultrasound treatment of protein isolate extracted from dephenolized
sunflower meal: Effect on physicochemical and functional properties. Ultrason. Sonochemistry 2017, 39, 511-519. [CrossRef]
Garvey, S.M.; Guice, ].L.; Hollins, M.D.; Best, C.H.; Tinker, K.M. Fungal digestive enzymes promote macronutrient hydrolysis in
the INFOGEST static in vitro simulation of digestion. Food Chem. 2022, 386, 132777. [CrossRef]

Nolsoe, H.; Undeland, I. The acid and alkaline solubilization process for the isolation of muscle proteins: State of the art. Food
Bioprocess Technol. 2009, 2, 1-27. [CrossRef]

Yu, C; Wu, E; Cha, Y,; Qin, Y.; Du, M. Effects of high-pressure homogenization at different pressures on structure and functional
properties of oyster protein isolates. Int. |. Food Eng. 2018, 14, 20180009. [CrossRef]

Chen, X.; Xu, X.; Han, M.; Zhou, G.; Chen, C.; Li, P. Conformational changes induced by high-pressure homogenization inhibit
myosin filament formation in low ionic strength solutions. Food Res. Int. 2016, 85, 1-9. [CrossRef]

Zhang, A.; Wang, L.; Song, T.; Yu, H.; Wang, X.; Zhao, X.-h. Effects of high pressure homogenization on the structural and
emulsifying properties of a vegetable protein: Cyperus esculentus L. LWT-Food Sci. Technol. 2022, 153, 112542. [CrossRef]

Cheng, H.; Fang, Z.; Liu, T.; Gao, Y.; Liang, L. A study on $-lactoglobulin-triligand-pectin complex particle: Formation,
characterization and protection. Food Hydrocoll. 2018, 84, 93-103. [CrossRef]

Shi, X.; Zou, H; Sun, S.; Lu, Z.; Zhang, T.; Gao, J.; Yu, C. Application of high-pressure homogenization for improving the
physicochemical, functional and rheological properties of myofibrillar protein. Int. ]. Biol. Macromol. 2019, 138, 425-432.
[CrossRef]

Honary, S.; Zahir, F. Effect of zeta potential on the properties of nano-drug delivery systems—A review (Part 1). Trop. ]. Pharm.
Res. 2013, 12, 255-264. [CrossRef]

Ding, Q.; Tian, G.; Wang, X.; Deng, W.; Mao, K.; Sang, Y. Effect of ultrasonic treatment on the structure and functional properties
of mantle proteins from scallops (Patinopecten yessoensis). Ultrason. Sonochemistry 2021, 79, 105770. [CrossRef]

Wang, X.-S.; Tang, C.-H.; Li, B.-S.; Yang, X.-Q.; Li, L.; Ma, C.-Y. Effects of high-pressure treatment on some physicochemical and
functional properties of soy protein isolates. Food Hydrocoll. 2008, 22, 560-567. [CrossRef]

Ma, Y.; Zhang, J.; He, J.; Xu, Y.; Guo, X. Effects of high-pressure homogenization on the physicochemical, foaming, and emulsifying
properties of chickpea protein. Food Res. Int. 2023, 170, 112986. [CrossRef]

Hu, Y; He, C.; Woo, M\W.; Xiong, H.; Hu, ]J.; Zhao, Q. Formation of fibrils derived from whey protein isolate: Structural
characteristics and protease resistance. Food Funct. 2019, 10, 8106-8115. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.lwt.2020.110143
https://doi.org/10.1016/j.jfoodeng.2019.07.009
https://doi.org/10.1111/ijfs.13690
https://doi.org/10.1111/jfpp.13860
https://doi.org/10.1016/j.foodhyd.2019.04.003
https://doi.org/10.1016/j.lwt.2021.112107
https://doi.org/10.1016/j.foodhyd.2021.107165
https://doi.org/10.1002/jsfa.5723
https://doi.org/10.1016/j.ifset.2022.103204
https://doi.org/10.1016/j.foodchem.2023.135800
https://doi.org/10.1016/j.foodhyd.2021.106678
https://doi.org/10.1016/j.ultsonch.2017.05.026
https://doi.org/10.1016/j.foodchem.2022.132777
https://doi.org/10.1007/s11947-008-0088-4
https://doi.org/10.1515/ijfe-2018-0009
https://doi.org/10.1016/j.foodres.2016.04.011
https://doi.org/10.1016/j.lwt.2021.112542
https://doi.org/10.1016/j.foodhyd.2018.05.055
https://doi.org/10.1016/j.ijbiomac.2019.07.110
https://doi.org/10.4314/tjpr.v12i2.19
https://doi.org/10.1016/j.ultsonch.2021.105770
https://doi.org/10.1016/j.foodhyd.2007.01.027
https://doi.org/10.1016/j.foodres.2023.112986
https://doi.org/10.1039/C9FO00961B

	Introduction 
	Materials and Methods 
	Materials 
	Protein Extraction 
	High-Pressure Homogenization Treatment 
	Structural Measurement 
	Circular Dichroism (CD) 
	Fluorescence Spectra 
	Free Sulfhydryl Group 
	Surface Hydrophobicity (H0) 
	Particle Size and -Potential 

	Solubility and Turbidity Measurement 
	Solubility Measurement 
	Determination of Turbidity 

	Functional Properties Analysis 
	Emulsifying Properties 
	Foaming Properties 
	Determination of In Vitro Digestibility 

	Statistical Analysis 

	Results and Discussion 
	Extraction of Solenaia oleivora Protein 
	Effects of Homogeneous Pressure on the Structural of Solenaia oleivora Protein 
	Secondary Structure Analysis 
	Fluorescence Spectra Analysis 
	Sulfhydryl Content Analysis 
	Surface Hydrophobicity Analysis 
	Particle Size and -Potential Analysis 

	Solubility and Turbidity Analysis 
	Emulsification and Foaming Characteristics 
	In Vitro Digestibility Analysis 

	Conclusions 
	References

