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Abstract: In this study, we discovered that a certain concentration of Na* (15 mM) significantly im-
proved the bond strength (12.94 & 0.93 MPa), thermal stability (72.68 °C), rheological properties, and
textural attributes of walnut protein isolate (WNPI)-k-carrageenan (KC) composite gel. Electrostatic
force, hydrophobic interaction, hydrogen bond, and disulfide bond were also significantly strength-
ened; the x-helix decreased, and the 3-sheet increased in the secondary structure, indicating that the
protein molecules in the gel system aggregated in an orderly manner, which led to a much denser
and more uniform gel network as well as improved water-holding capacity. In this experimental
research, we developed a new type of walnut protein gel that could provide technical support for the
high-value utilization and quality control of walnut protein.

Keywords: NaCl; walnut isolate protein; k-carrageenan; gel characteristics

1. Introduction

Walnut (Juglans regi L.) is a member of the Juglandaceae family that is particularly
popular among consumers for its rich nutritional value [1,2]. China is the world’s largest
producer and consumer of walnuts, and most walnuts are used for oil extraction due to
their extremely high content of polyunsaturated fatty acids [3]. Walnut meal is a byproduct
of walnut oil production. Studies have shown that walnut meal contains more than
50% protein, but it is usually discarded, resulting in a waste of walnut protein [4]. In
addition, walnut protein can be added to functional food as a natural raw material with
good functionals characteristics and biological activity, which plays an important role in
promoting human health [5]. Glutelin is the main protein group present in walnut protein
(about 70%), and its low water solubility limits the functional performance of walnut
protein in food [6]. At present, research on walnut protein is mainly focused on protein
components, extraction and preparation methods, physical and chemical properties, and
biologically active peptides [7-10]. There are few reports on gel and adhesion properties of
walnut protein. Therefore, improving the gel properties of walnut protein is very important
for the development of new gel foods for various applications.

Protein-polysaccharide complexes are commonly used to enhance the physicochem-
ical properties of proteins [11]. Studies have shown that the electrostatic interactions,
hydrophobic interactions, hydrogen bonds, and disulfide bonds between proteins and
polysaccharides can overcome the repulsion between molecules and improve the final
performance of the gel [12,13]. In addition, the filling effect of polysaccharides is conducive
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to the further cross linking of protein chains during heat treatment [14]. k-carrageenan (KC),
a linear polygalactose extracted from seaweed, has the functions of emulsification, thicken-
ing, gelling, and stabilization and is widely used in many fields [15,16]. Cao et al. added
KC to sausages to improve gel properties [17]. Alavi et al. found that the curcumin loading
capacity of whey protein isolate gel was significantly improved after adding KC [18].

Salt ions are another important factor that affects protein gelation [19]. A proper
concentration of salt ions can increase the surface charge of the protein, thereby improving
its solubility. In addition, studies have shown that salt ions can neutralize negatively
charged amino acids, altering protein—polysaccharide interactions [20]. It is well known
that NaCl is often added in the preparation process of many foods, so it is important to
understand the behavior of protein gels in the presence of NaCl and that the electrostatic
shielding of Na* is beneficial to the formation of composite gels [21].

With this experiment, we aimed to explore the influence of Na* concentration on the
rheological, textural properties, and gel properties, as well as the water-holding capacity
(WHC), of walnut protein isolate-k-carrageenan (WNPI-KC) composite gels. Moreover, the
interaction force and microstructure of WNPI-KC composite gels were also investigated to
reveal the mechanism of Na* on the gel and the bonding behavior of WNPI-KC composites.
This research could reveal new methods for improving the gel properties of WNPI so
as to expand the width and depth of the development and utilization of walnut protein
resources.

2. Results and Discussion

2.1. Effect of Na* Concentration on the Rheological and Texture Properties of WNPI-KC
Composite Gel

2.1.1. Rheological Properties

Rheological behavior is often used to evaluate the gelling ability of proteins [22]. As
shown in Figure 1A,B, by measuring the changes in G’ and G” of the WNPI-KC composite
gel with strain, the linear viscoelastic region was determined to be 1%, and the temperature
and frequency of the WNPI-KC composite gel were scanned in this region. During the
cooling stage, the G” value of all gel samples was significantly lower than G’ at the
same temperature, indicating that an elastic-based gel was formed (Figure 1C,D). With
the increase in Na* concentration from 0 to 15 mM, G’ and G” of the composite gel
increased, indicating that during gel formation, stronger molecular interactions occurred
between WNPI and KC, which resulted in the enhanced network structure of the composite
gel [23]. When Na* concentration reached 20 mM, G’ and G” values of the mixed gel
decreased. Similar results were reported by Beck et al. [24]. In addition, G’ and G”
increased rapidly, indicating that the composite gel network continuously strengthened.
Appropriate salt ion concentration was beneficial to protein aggregation and the formation
of an elastic-dominant gel network, but excessive salt ion concentration led to excessive
protein aggregation and was not conducive to the formation of gel.

As seen in Figure 1E,F, the modulus G’ and G” values of all gel samples increased with
increased angular frequency in the frequency scanning process in a frequency-dependent
manner. At the same angular frequency, the G” values were significantly lower than the
same angular frequency of G/, indicating that the gel has strong elastic properties. The
G’ and G” of WNPI-KC composite gel increased from 0 to 15 mM with increased Na+
concentration, indicating that there was a stronger molecular interaction between WNPI
and KC during gel formation. When Na* concentration reached 20 mM, the G’ and G” of
WNPI-KC composite gel decreased. Wang et al. observed similar results, reporting that an
appropriate Ca?* concentration (0-200 mM) increased the G’ and G” of rice glutelin-sugar
beet pectin complex gels, but excessive Ca?* (400 mM) decreased these values, which was
not conducive to the formation of gel network [25].
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Figure 1. Rheological behaviors of WNPI-KC composite gel samples with NaCl. (A,B): Storage
modulus (G’) and loss modulus (G”) of composite gel samples with NaCl during strain sweep;
(C,D): G’ and G” of the composite gel samples with NaCl during cooling process; (E,F): G’ and G” of
the composite gel samples with NaCl during frequency sweep.

2.1.2. Textural Properties

Texture performance is an important indicator of gel properties. As shown in Table 1,
the hardness, adhesiveness, gumminess, and chewiness of WNPI-KC gel increased slightly
with increased NaCl concentration (0-15 mM), but there was no significant difference in
springiness, cohesiveness, or resilience (p < 0.05). This is mainly because the appropriate
concentration of Na* reduced the repulsion between WNPI and KC and promoted the
combination of WNPI and KC [26]. In addition, when the Na* concentration reached
20 mM, the hardness, adhesion, and chewiness of the WNPI-KC gel decreased. This may
be due to the excessive aggregation of proteins caused by the addition of 20 mM Na* [27].
This was also consistent with the results of the microstructure. The dense gel network
structure improved the texture properties of the gel [28].
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Table 1. Textural properties of WNPI-KC composite gel samples with NaCl.

Hardness Adhesiveness Springiness Cohesiveness Gumminess Chewiness Resilience

WNPI 9.05 +1.06¢ —3.71+0.164 0.55 &+ 0.05P 0.38 £0.03 ¢ 348 £0.70¢ 1.92 +0.55¢ 0.32+0.01°
NaCl-0mM  47.94 +2.06 ¢ —5.80 4+ 0.69 0.86 +-0.052 0.52 4 0.15 b¢ 2407 +£15849  21.60 +£2124 0.51 +0.082
NaCl-5 mM 61.91 £0.14 ¢ —7.824+0.90" 091 +£0.042 0.65 + 0.11 2 4119 £2.65°¢ 37.71 £244°¢ 0.53 +£0.092
NaCl-10 mM 70.83 + 0.60 P —7.924+1.01° 091+0.002 0.76 £0.032 53.65 +£2.21b 4854 +21P 0.51+£0.042
NaCl-15 mM 96.18 £3.852 —-10.79 £1.852 0.92+0.012 0.76 £0.052 7038 £2.722 64.86 £1.892 0.50 +0.034
NaCl-20 mM 76.29 + 1.07® —6.99 +£0.52b © 092 +0.042 0.69 + 0.16 2 52.30 4+ 2.97b 48.47 +2.24° 0.52 +£0.072

Different letters in the same column indicate significant differences (p < 0.05).

2.2. Effect of Na* on the Apparent Viscosity, Bond Strength, Water-Holding Capacity, and Thermal
Stability of WNPI-KC Composite Gel

2.2.1. Apparent Viscosity

The apparent viscosity of the WNPI-KC composite gel in the presence of NaCl is
displayed in Figure 2A. As can be seen from the figure, 15 mM Na* had the highest
apparent viscosity. This behavior may be due to the fact that appropriate concentration of
Na* strengthened the hydrophobic interaction and the electrostatic interaction between
WNPI and KC, and the high-molecular-weight polymers formed by the two may have
caused higher apparent viscosity [29].

Figure 2. Apparent viscosity (A), Adhesive strength, (B) WHC (C), and DSC (D) of WNPI-KC
composite gel samples with NaCl. Different letters on the bars indicate significant differences
(p < 0.05).

2.2.2. Bond Strength

Bond strength is an important indicator for evaluating the adhesiveness of gels [30].
As shown in Figure 2B, the bonding strength of WNPI-KC composite was higher than
that of a single protein and polysaccharide. After NaCl treatment, the bonding strength
was further improved, with a maximum of 12.94 Mpa at an Na* concentration of 15 mM.
This might be due to the fact that Na* promoted the unfolding of the protein molecular
structure, increased the molecular force between WNPI and KC, and produced a good
binding force, which is consistent with the results of apparent viscosity.
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2.2.3. Water-Holding Capacity (WHC)

WHC could reflect the ability of protein gel to retain water. As presented in Figure 2C,
the WHC of the WNPI-KC gel was the highest at 15 mM Na*, at 90.18%. Na* concentrations
among 5-15 mM had no significant effect on the WHC of the composite gel (p > 0.05). It is
possible that salt ions induced a dense gel structure. However, 20 mM Na* might cause
the gel network to be rough and irregular, resulting in a decrease in WHC. Zhang et al.
found that the composite gel of wheat gluten protein and potato isolate protein had
a dense network structure under low concentrations of Na*, whereas it was relatively
loose under high ionic strength [31]. Studies have shown that a denser three-dimensional
network structure better confines water in the gel system, thereby significantly enhancing
its WHC [32].

2.2.4. Thermal Stability

The effect of NaCl treatment on the thermal stability of the gel is presented in
Figure 2D. The denaturation temperature of the gel without NaCl treatment was 69.19 °C.
With an increase in Na* concentration, the heat denaturation temperature gradually in-
creased and reached a maximum value of 72.68 °C at 15 mM Na®. The rising trend of
thermal denaturation temperature was reversed due to the salting-out effect when Na* con-
centration reached 20 mM. Therefore, it can be inferred that the appropriate concentration
of Na* could improve the thermal stability of the composite gel. This might be due to the
stronger gel structure and stronger intermolecular interaction of the composite gel induced
by Na*, which was consistent with the findings from Zhou et al.

2.3. Effect of Na* Concentration on the Moisture Distribution of WNPI-KC Composite Gel

LF-NMR was used to characterize the moisture characteristics of the gel system,
and the quality of the gel was reflected by the evaluation of the distribution of water
molecules [33]. It can be seen from Figure 3 that the T, curve possesses four separate peaks,
which represent strongly bound water (Ty,), weakly bound water (Tp,.1), immobilized
water (T,1), and free water (To;). The concentration of Na* at the Ty, To.1, To1, and Toy
relaxation times of WNPI-KC composite gel and the corresponding peak areas, Py}, Pop.1,
P»1, and Pyy, are shown in Table 2. Substances with a shorter relaxation time were closer to
water molecules than those with a longer relaxation time. The water content of different
states in the gel system was determined by comparing the corresponding peak areas. It can
be seen from the relaxation times of Ty, and Tyy,.; after adding NaCl that the relaxation time
showed a significantly shorter trend (p < 0.05). The Ty},; relaxation time of the composite
gel with 15 mM Na* was the shortest, and the Ty, relaxation time appeared at the same
time, revealing that the combination of WNPI and water molecules was tighter. After
adding NaCl, the T, relaxation time was shortened, and there was almost no change with
different concentrations of NaCl (p > 0.05). The relaxation time of free water appeared at
20 mM Na*, which indicates that excessive Na* concentration loosens the binding of water
molecules and proteins. This result is consistent with WHC. It can be seen from the peak
area that 15 mM Na™* reduced the immobilized water of the composite gel, increased the
bound water, and migrated to the strongly bound water. This might be due to the enhanced
binding ability of WNPI to water molecules by Na* treatment.
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Figure 3. T relaxation times distribution of WNPI-KC composite gel samples with NaCl

Table 2. T, relaxation times and relative peak areas of WNPI-KC composite gel samples with NaCl.

Top (ms) Top-1(ms) T21(ms) Tz (ms) Py, (%) P31,.1(%) P31(%) P3,(%)
WNPI 529 4+0.21°¢ 264.45 4 10.47 2 - 0.71 +0.07 4 99.29 + 0.07 2 -

KC - 5.18 £+ 0.36 - 2025.50 + 0.00 - 0.41 4 0.02°¢ - 99.59 +0.022
NaCl-0 mM 7.3240.002 241.07 £ 9.77° 2171.12 £ 0.00 ® 221 +0.002 97.18 £ 0.16 0.62+0.16°
NaCl-5 mM - 6.37 +0.00 22490 +9.12¢ - - 1.92 +0.07° 98.08 +0.07° -
NaCl-10 mM - 6.83 +0.00° 235.43 4 0.00 b¢ - - 2.13 +0.052 97.87 +0.05° -
NaCl-15 mM 0.22+0.012 5.94 4+ 0.00 4 235.43 4 0.00 b* - 1.46 £0.182 1.69 £ 0.06 96.85 4 0.12 ¢ -
NaCl-20 mM - 6.99 + 0.28 ab 230.17 £ 9.12 be 2327.20 4+ 0.00 2 - 2.17 £0.082 96.75 4 0.50 © 1.07 £ 043"

Different letters in the same column indicate significant differences (p < 0.05).

2.4. Effect of Na* on the Particle Size and Zeta Potential of WNPI-KC Composite Gel

The particle size distribution reflects the size and uniformity of the particles in the
sample solution. D[4,3] represents the volume-weighted average particle diameter, which
indicates the degree of protein aggregation. (-potential is a vital indicator for evaluating
colloidal stability; the lower the absolute value of the potential, the lower the stability of
the solution system [34]. The particle size distribution of all samples was roughly bimodal
(Figure 4A), and D[4,3] of the composite gel was minimal at 15 mM NaCl (Figure 4B). This
indicates that the appropriate concentration of Na* ultrasound might cause the protein
to unfold and reduce the particle size, thereby forming a much stabler and more uniform
system, whereas an excessively high concentration of Na* would cause the formation of
protein aggregates, leading to an increase in the particle size. Compared with WNPI and
KC alone, the absolute value of the potential of the WNPI-KC composite system increased
significantly (p > 0.05) (Figure 4B). With the increase Na* concentration, it first increased
and then decreased, reaching a maximum at 15 mM (46.37 mV). This might be due to
the fact that WNPI and KC both carried negative charges, which increased the negative
charges in the composite system and electrostatic repulsion between the droplets [35]. NaCl
also had a certain amount of negative charge, which resulted in an increase in negative
charge on the surface of the droplet. When Na* concentration was 20 mM, the protein
reaggregated and shielded some charged groups, which increased the negative charge of
WNPI-KC. The results show that the composite system had the smallest particle size and
the highest absolute value of potential after treatment with 15 mM Na*, which effectively
improved the stability of the composite system.
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Figure 4. Effect of Na* on the Particle size distribution (A), D[4,3] and zeta potential (B) of WNPIKC
composite gel samples. Different letters in (B) indicate significant differences (p < 0.05).

2.5. Effect of Na* on the Structural Properties of WNPI-KC Composite Gel
2.5.1. FTIR

FTIR can be used to study the interaction between the various components in compos-
ite gel [36]. As shown in Figure 5A, the composite gel had several characteristic absorption
peaks located at 3365 cm~1, 1660 em™1, 1543 cm™ 1, and 1240 cm~1. No new peaks were ob-
served in any of the samples, confirming that no new functional groups were generated by
Na* treatment. When the Na* concentration was 0-15 mM, the broadband intensity from
3100 to 3500 cm ! increased, indicating that the hydrogen bond strength was enhanced, but
the high concentration of Na+ partially broke the hydrogen bond, resulting in a decrease
in the broadband strength [37]. Similarly, peak intensities of amide I, amide II, and amide
III bands were enhanced at low Na* concentrations (0-15 mM), which might be another
important reason why Na* promoted the formation of a dense and stable network structure
in WNPI-KC composite gel. The peak intensity decreased at a higher Na* concentration
(20 mM), which might be due to the weakened interaction between WNPI and KC, as well
as the decreased thermal stability caused by changes in the protein during heating.

Figure 5. FTIR (A) structural content; (B) intrinsic fluorescence; (C) SH groups; (D) surface hy-
drophobicity; (E) WNPI-KC composite gel samples with NaCl. Different letters on the bars indicate
significant differences (p < 0.05).
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The secondary structure of WNPI was fitted according to the amide I region in
FTIR [38] (Figure 5B). The «-helix content reduced from 15.64 (0 mM) to 12.39% (15 mM),
whereas the -sheet content increased from 35.23 to 39.02%. Studies have shown that
an increase in (3-sheet content is conducive to the formation of a dense and uniform gel
network [39]. Zhao et al. also reported that the transformation of the «-helix to 3-sheet of
sweet potato protein was conducive to the formation of gel after adding salt ions [40]. In
addition, with an increase in Na* concentration (20 mM), the random coil content increased,
indicating that the structure of the protein gradually became irregular.

2.5.2. Fluorescence Spectroscopy

Fluorescence spectroscopy has been widely used to determine tertiary structural
changes in proteins [41]. As described in Figure 5C, the fluorescence intensity of the KC
solution was close to 0, and the other samples all had maximum fluorescence emissions at
335 nm. Compared with WNPI alone, the fluorescence intensity of WNPI-KC composite
solution was significantly reduced. As the concentration of Na* increased, the fluorescence
intensity first increased and then decreased reaching the lowest value at 15 mM (475). This
might be due to the fact that Na+ accelerated the WNPI molecule-deployable structure
and the chromophore was exposed to the solvent, which changed the polarity of the
environment and reduced the fluorescence intensity [42]. Pallarés et al. revealed that
the decrease in fluorescence intensity might be due to the tight tertiary conformation in
WNPI shielding tryptophan residues [43]. The increased fluorescence intensity at high
concentrations of Na* (20 mM) might be due to the weakening of the interaction between
WNPI and KC.

2.5.3. Sulfthydryl Content

Sulfhydryl content can reveal changes in protein conformation and the degree of
protein denaturation, which play an important role in the functional properties of the
protein. With an increase in Na* concentration, the content of -SH in the composite solution
increased gradually, and the highest sulfhydryl content was 141.54 pmol/g at 15 mM
(Figure 5D). Na*-induced protein unfolding was beneficial to the exposure of internal -SH
groups, resulting in an increase in -SH content. Liu et al. reported that the disulfide bonds
induced by sulfhydryl groups facilitated the formation of a gel network during thermal
gelation [44]. In addition, the increase in free sulthydryl groups enhanced the hydrophobic
interaction between WNPI molecules and induced the composite system to form a stable
gel. However, 20 mM Na* caused protein molecules to aggregate, and sulfthydryl groups
were buried, resulting in a decrease in their content.

2.5.4. Surface Hydrophobicity

Surface hydrophobicity can reflect changes in protein structural properties [45]. The
surface hydrophobicity showed an increasing trend when the Na* concentration increased
from 0 mM to 15 mM and decreased at 20 mM Na™ (Figure 5E). The maximum surface
hydrophobicity of the composite solution was 209.00 at 15 mM Na*. This may be because
Na+ promotes the unfolding of the WNPI structure, exposing the hydrophobic group
originally embedded in WNPI on the surface. However, excessive Na* (20 mM) caused
salting out, and the hydrophobic groups and -SH groups would be hidden, which might
affect the gel performance of the protein [46].

2.5.5. Microstructure

The influence of Na* concentration on the three-dimensional network structure of
WNPI-KC composite gel was directly observed by laser scanning confocal microscopy:.
WNPI was marked as red by rhodamine B, and KC was marked as dark black (Figure 6A-G).
At low concentrations of Na* (0-15 mM), the protein molecules gradually unfolded, and
the microstructure of the WNPI-KC gel gradually became homogeneous, indicating that
the interaction between WNPI and KC was enhanced. However, 20 mM Na* aggregated
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protein molecules, suggesting that the microstructure was destroyed by excessive Na™.
Zhang et al. reported that an appropriate concentration of Na* promoted the cross linking
and polymerization of wheat gluten protein and potato isolate protein molecules, forming
a uniform and dense gel network; however, with a continuous increase in Na*, the network
structure of the gel was destroyed.

Figure 6. CLSM and SEM images of WNPI-KC composite gel samples with NaCl. (A-G, a-g) WNPI,
KC, NaCl-0 mM, NaCl-5 mM, NaCl-10 mM, NaCl-15 mM, and NaCl-20 mM, respectively.

The morphology of the WNPI-KC gel was further observed by scanning electron
microscopy. The single protein had a sheet-like structure, and the polysaccharide had a rod-
like structure (Figure 6a—g). The complex gel network without salt ions was relatively rough
and had large gaps. With Na* concentration increased from 5 mM to 15 mM, the gel became
dense with smaller pores, but at higher Na* concentrations, the gel matrix presented a
concave-convex surface with many holes, which is consistent with the observation results
of CLSM. Yang et al. also found that an appropriate concentration of Na* caused the protein
form a uniform and dense network structure during heating. Excessive salt ions disrupted
the balance and formed protein aggregation, resulting in a rough and uneven morphology,
which might lead to reduced WHC and textural properties [47].

2.6. Effect of Na* on the Intermolecular Force of WNPI-KC Composite Gel

The intermolecular forces were determined by measuring the solubility of WNPI-KC
gel in different solutions [48]. It can be seen from Figure 7 that the main interaction force
in the composite gel was hydrophobic interaction, which is consistent with the research
results of Xia et al. [49]. The low concentration of Na* (5-15 mM) enhanced the electrostatic
interaction, but as the Na* concentration further increased, the electrostatic interaction
weakened. This may be due to the fact that a moderate concentration of NaCl can reduce
the electrostatic repulsion between proteins and polysaccharides, thereby narrowing the
distance between the two and promoting the formation of aggregates. In addition, the
salt bridge formed by Na* and protein molecules also reduced the electrostatic repulsion.
However, excessive Na* caused the protein particles aggregate and precipitate quickly,
thereby reducing the electrostatic repulsion. Compared with composite gels that did not
contain Na*, 15 mM Na* enhanced hydrophobic interactions. This indicates that Na*
exposed the hydrophobic groups inside the protein molecules. However, WNPI might
form irregular aggregates at 20 mM NaCl, reducing hydrophobic interactions. When the
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concentration of NaCl is 15mM, the hydrogen bonding effect is the strongest, which may be
due to the fact that Na+ promoted the interaction between WNPI and water molecules [50].
The strength of disulfide bonds showed the same trend as that of hydrogen bonds. It is well
known that sulfhydryl groups can induce the generation of disulfide bonds and promote
the cross linking of proteins and polysaccharides during heating. The concentration of Na*
at 15 mM induced the production of more —-SH, so the content of disulfide bonds increased.

- Electrostatic forces
50 1 [ Hydrophobic interactions

|:| Hydrogen bonds
D Disulfide bonds

d

Protein solubility(g/100g)
(73
[—]

WNPI 0 5 10 15 20

NaCl Concentration(mM)

Figure 7. Molecular interaction forces of WNPI-KC composite gel samples with NaCl. Different
letters (a—d) on differently colored bars indicate significant differences (p < 0.05).

2.7. Effect of Na* on the Schematic Mechanism of WNPI-KC Composite Gel

Based on the above research results, the gelling mechanisms of different concentrations
of NaCl on WNPI-KC composite are shown in Figure 8. In the absence of NaCl, WNPI-
KC composite gel did not show good gel strength, so the bond strength was low. At
15 mM NaCl, WNPI-KC composite gel had the best gel properties. This is because the
combination of electrostatic shielding and ion bridging cause the protein molecule to
unfold, and more sulfhydryl groups and hydrophobic groups in the protein molecule were
exposed and enhanced the interaction between WNPI and KC, which promoted the ordered
aggregation of the composite system, forming an ordered network structure with the best
gel performance. However, salting out occurred at 20 mM NaCl, which led to excessive
aggregation of the composite system, resulting in a rough and irregular structure in the gel
system, so it had poor gel strength. In conclusion, 15 mM NaCl improved the gel properties
of the WNPI-KC composite system.

Figure 8. Schematic mechanism of WNPI-KC composite gel samples with NaCl.
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3. Conclusions

In this study, we explored the influence of NaCl concentration on the rheological,
structural, and gelling properties of WNPI-KC composite gel. The results showed that
an appropriate concentration of Na* (15 mM) significantly increased the free sulthydryl
content and surface hydrophobicity of WNPI-KC and promoted the transformation of its
structure from x-helix to 3-sheet, which was beneficial to promote the orderly aggregation
of the composite system and formation of an orderly network structure. A concentration
of 15 mM Na' also enhanced the interaction force between WNPI and KC; thus, the
cohesiveness, rheological properties, texture properties, and WHC of the composite gel
were significantly improved. However, excessive Na* (20 mM) led to excessive aggregation
of the composite system, resulting in irregular gel structure and damage to the gel and bond
strength. With this experiment, we constructed a new type of salt-ion-regulated walnut
protein gel system, which could represent a new method for improving the gel properties
of WNPL. It could also provide technical support for its application in the food industry and
other related industries. Further research is needed concerning the mechanism of action
and practical application scenarios.

4. Materials and Methods
4.1. Materials

Walnuts were obtained from a local market in Wuhan (Hubei, China). k-carrageenan
was obtained from Henan Chinuo Food Ingredients Co., Ltd. (Henan, China). Other
chemicals were obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

4.2. Preparation of WNPI and WNPI-KC Composite Gels

WNPI was prepared according to the method described in a previous study [51].
A given amount of WNPI, KC, and NaCl was mixed in deionized water and stirred
magnetically at 25 °C for 2 h. The final concentration of WNPI and KC in the composite
solutions was 5% (w/v) and 0.5% (w/v), respectively. The Na* concentrations were 0, 5,
10, 15, and 20 mmol/L. Then, the composite solution was heated in a 90 °C water bath
for 30 min, immediately cooled, and then kept at 4 °C for 12 h to prepare WNPI-KC
composite gel.

4.3. Rheological Measurement

The dynamic rheological properties of the composite gels were determined with an
Anton Paar rheometer (Thermo Fisher Scientific, Karlsruhe, Germany) consisting of a
parallel-plate geometry (40 mm diameter, 1 mm gap) [52]. The parameters of the viscosity
scan were: shear rate, 0.01-100 s~ !; temperature, 25 °C. The parameters of the amplitude
sweep were: temperature, 25 °C; frequency, 1 Hz; strain, 0.1-100%. The parameters of the
temperature scan were: frequency, 1 Hz; strain, 1%; rate, 5 °C/min; temperature, 25-90 °C
(heating) or 90-25 °C (cooling). The parameters of the frequency sweep were: strain, 10%;
angular frequency, 0.1-10 rad/s.

4.4. Texture Analysis

The textural properties (hardness, adhesiveness, springiness, cohesiveness, gummi-
ness, chewiness, and resilience) of WNPI-KC composite gels (15 mm height and 30 mm
diameter) were determined using a texture analyzer (Stable Micro System, Godalming,
UK) [53]. A P/0.5 cylindrical probe and TPA mode were selected, and the test parameters
were set as follows: compression rate, 30%; trigger force, 5 g; pre-test speed, test speed, and
post-test speed: 1.0 mm/s, 0.5 mm/s, and 1.0 mm/s, respectively.

4.5. Determination of Bond Strength

Three samples of the same size were glued together with a gel sample using corrugated
cardboard as a material. The bonding strength was measured with an electromechanically
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universal testing machine with a tensile speed of 10 mm/min. The average value of each
sample was taken, and the corresponding test was carried out six times [54].

4.6. Water-Holding Capacity (WHC)

An amount of 5 g gel sample was placed in a centrifuge tube and centrifuged at
8000 r/min for 10 min. WHC is expressed as the ratio of the gel weight after centrifugation
to the gel weight before centrifugation [55].

4.7. Thermal Stability

A Micro-DSCIII differential scanning calorimeter (DSC) (TA Instruments, New Castle,
DE, USA) was used to determine the thermal stability of the composite gel [56]. A given
amount of lyophilized gel powder was added to the crucible, and then the heating rate and
scanning temperature were set to 10 °C/min and 25-125 °C, respectively.

4.8. Low-Field Nuclear Magnetic Resonance (LF-NMR)

The moisture distribution of the composite gel was determined using an LFE-NMR
analyzer (MesoMR, Niumag Electronic Technology Co., Ltd., Shanghai, China) as described
by Zhang et al., with minor modifications [57]. The number of scans, echo time, and waiting
time were set to 4, 0.5, and 5000 ms, respectively. A total of 4000 echoes were collected for
analysis. DLX software was used to analyze the results through the corresponding relative
signal amplitude.

4.9. Particle Size and Potential

The D[3,4] of the composite solutions was measured with a Malvern 2000 instru-
ment (Malvern Instruments, Zetasizer Nano SZ, Malvern, UK) with a pump speed of
2000 r/min. The zeta potential of the composite solutions was measured using a Nano-ZS
zetasizer(Malvern Instruments, Zetasizer Nano SZ, Malvern, UK) after 50-fold dilution in
deionized water at 25 °C [58].

4.10. Fourier Transform Infrared (FTIR) Spectroscopy

The freeze-dried gel sample was scanned 64 times in the range of 4000 cm~! to
400 cm~! with a resolution of 4 cm~! using an FTIR spectrometer [59]. The changes in
secondary structure of amide I bonds in the 1600-1700 cm~! range were analyzed by Omnic
and PeakFit software. The content of each secondary structure was calculated by absorption
peak area.

4.11. Fluorescence Spectroscopy

The fluorescence spectra of composite solutions (1 mg/mL) were measured by a
fluorescence spectrofluorometer. The parameters were set as follows: excitation wavelength,
280 nm; scanning range, 300400 nm; scanning speed, 1200 nm/min; slit width, 5 nm.

4.12. SH Content

A volume of 4 mL of WNPI-KC composite solution (1 mg/mL) was mixed with 40 pL
DTNB solution, and the reaction was incubated at 25 °C for 30 min in the dark [60]. The
calculation method was as follows:

A412 X D x 105

Sul fhydryl (umol/100 mg) = 13.600 < C
, pr

1)
where

Ay represents the absorbance at 412 nm;
D represents the dilution factor; and
Cyr represents the sample concentration (mg/mL).
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4.13. Surface Hydrophobicity

The surface hydrophobicity of the samples was measured according to the method of
Wang et al., with slight modifications [61]. The samples treated with different concentrations
of NaCl were diluted into solutions with a concentration of 0.1-0.5 mg/mL, and 20 uL of
8 mmol/L ANS was added to 4 mL of different concentrations of solution. The reaction
was performed in the dark for 20 min at 25 °C, and then the fluorescence intensity was
measured with a fluorescence spectrophotometer. The measurement parameters were set
as: excitation wavelength, 390 nm; emission wavelength, 470 nm; slit, 5 nm; scanning speed,
240 nm/min. Finally, the fluorescence intensity was plotted versus protein concentration,
and its initial slope was used as an index of protein surface hydrophobicity.

4.14. Microstructure

The CLSM of the composite gels was observed using a laser confocal microscope(Tecnai
G2 Spirit BIOTWIN, FEI, Rochester, NY, USA). Before observation, the composite solution
(20 uL/mL) was stained with 0.02% rhodamine B reagent. The surface morphology of
the WNPI-KC gel was observed at 1000 times magnification using SEM as described by
Feng et al. [62].

4.15. Molecular Interaction Forces

The intermolecular forces during WNPI-XG gel formation were measured according to
the method described by Sun et al. [63]. An amount of 0.5 g of gel samples was mixed with
ultrapure water (pH 8.0), 0.086 M Tris-0.09 M glycine-4 mM-Na2EDTA (pH 8.0), 0.5% SDS,
8 M urea, and 2% [-mercaptoethanol. After 20 min of reaction, samples were centrifuged
(5000% g, 15 min) and the supernatant (8000 x g, 10 min) was obtained, and the solubility
of the protein in the supernatant was calculated according to the Biuret method.

4.16. Statistical Analysis

Analysis of variance (ANOVA) and Tukey’s test were performed on the data using
SPSS 25.0, and Origin 2017 was used for graph drawing. Differences were considered
statistically significant when p < 0.05. Each experiment was performed in triplicate, and the
results are expressed as the mean =+ standard deviation.
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