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Large yellow croaker (Pseudosciaena crocea) roe protein isolates are excellent marine-derived functional
proteins. To expand the application of pcRPI in the food industry, the effects of pH and mass ratio on
the complex coacervation of pcRPI with gellan gum (Gg) was discussed. According to the turbidity
titration results, the pH values for the formation of soluble complexes and complex coacervates
increased and then tended to plateau with an increase in the pcRPI/Gg mass ratio. Moreover, the pcRPI/
Gg gels were prepared at a pcRPI: Gg mass ratio of 10:1 at different pH values chosen from different
phases (6, 8 and 10). The pcRPI/Gg formed a gel at pH 6, showing the highest storage modulus (G')
value, which was 2.5-fold and 12.1-fold higher than those at pH 8 and pH 10, respectively. The addition

of Gg significantly improved the gelation behavior of pcRPI, enabling stable gel formation at pH 6,
Received 17th July 2025 diti d hich th tei l d ¢ f L Th l L imulati It
Accepted 15th January 2026 a condition under whic e protein alone could not form a gel. The molecular simulation results
revealed the binding patterns between pcRPI and Gg under different pH conditions, highlighting the

DOI: 10.1039/d5fb00392) critical role of hydrogen bonding in stabilizing the complexes. This study offers theoretical guidance for
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the application of pcRPI and Gg based coacervation in the field of food gels.

As we know, the aquaculture of the large yellow croaker has rapidly expanded in many countries in recent decades. In 2024, the production of large yellow
croaker (Pseudosciaena crocea) has exceeded 292 thousand tons in China. However, a mass of roe, accounting for about 20% of the fish weight, is produced as the

low-value by-product, which is usually used as animal feed. In our previous studies, we demonstrated that pcRPI is mainly composed of vitellogenin, having
great functional capacities. The development of methods to convert edible large yellow croaker waste into functional ingredients will not only reduce envi-
ronmental contamination but also generate significant profits for the large yellow croaker industry. This study may provide more information and guidance for
the sustainable utilization of large yellow croaker resources and provide new ideas for the development of food gels.

1 Introduction

Proteins and polysaccharides are the main biopolymer macro-
molecules in food systems, and their interactions play a crucial
role in determining food texture, stability and processing
performance. Complex coacervates formed by protein-poly-
saccharide interactions generally exhibit improved functional
properties compared with individual components." Recently,
many studies have focused on common proteins, such as whey
protein® and soy protein,® along with various polysaccharides.
In aquatic protein systems, previous studies have found that the
formation of composite gels from fish proteins and
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polysaccharides typically requires a certain concentration or the
presence of salt ions, such as Spanish mackerel myosin/yeast -
glucan* and grass carp myofibrillar protein/starch.’ Therefore, it
is necessary to develop a fish protein-polysaccharide composite
system that can form gels at a lower concentration without the
need for a salt.

Generally, when proteins and polysaccharides are physically
mixed, their interactions can either be attractive or repulsive,
resulting in the formation of two phases: thermodynamically
incompatible and thermodynamically compatible, depending
on factors such as ionic strength, pH, biopolymer type,
concentration, mass ratio, and temperature.*” Among these, pH
and mass ratio are especially critical, as they regulate the ioni-
zation state of biopolymers and the availability of interaction
sites, thereby controlling the formation of soluble complexes or
phase-separated coacervates.®>® Igartua et al.'® investigated the
phase behavior of pea protein isolate and soluble soybean
polysaccharide mixtures in response to changes in the pH and
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mass ratio, and they found that the addition of soluble soybean
polysaccharide enhanced the protein solubility and stabilized
the colloidal system. Although experimental techniques such as
spectroscopy and calorimetry have been widely used to inves-
tigate these interactions, they provide limited insight into
molecular-scale interaction mechanisms. Molecular simulation
offers a complementary approach by enabling direct visualiza-
tion of binding patterns and interaction forces. Zhang et al.™
comprehensively analyzed the interaction mechanisms between
chickpea protein isolate and dextran by multispectral analysis
and molecular docking. However, studies on the interaction
between aquatic proteins and polysaccharides using a combi-
nation of experimental and computational methods from
multiple perspectives are limited.

The large yellow croaker (Pseudosciaena crocea) is a significant
species in aquaculture, owing to its great economic value and
nutritional benefits. Roe is a by-product of P. crocea processing
and is rich in protein. The protein isolates from P. crocea roes
(pcRPI) are mainly composed of vitellogenin, and they show
excellent functional properties, including strong gel-forming
ability, high emulsifying capacity and oil-holding capacity,
compared with soy protein isolates.'>** Several studies have also
indicated that coacervates formed between protein and poly-
saccharides exhibit desirable textural and structural properties,
which also enhance the gel properties of proteins.* Gellan gum
(Gg) is an anionic polysaccharide produced by the bacterium
Sphingomonas elodea,"” having a low gelling concentration and
a wide range of applications.’ Gg also exhibits a good effect in
improving the characteristics of protein gels, including potato
protein,"” whey protein isolate,'® pea protein,” fish gelatin® and
tilapia proteins.®® Our previous study demonstrated that
compared to cold-set whey protein/chitosan hydrogels** and egg
white protein/dextran sulfate hydrogels,” the cold-set pcRPI/Gg
hydrogels at lower concentration showed great gel properties.>
However, the link between phase separation, molecular interac-
tions and gel properties in pcRPI/Gg systems remains unclear. It
is hypothesized that the phase-separation behavior of the pcRPI/
Gg system governs the intermolecular interactions and network
formation and that complex coacervation under appropriate pH
enhances gel stability and strength.

This study intends to develop a novel gel system based on
pcRPI and Gg. First, the phase-separation behavior of pcRPI and
Gg was systematically modulated by adjusting the mass ratio
and pH, and the gel properties of the pcRPI/Gg gels were also
investigated. The rheological properties, water migration and
microstructure of the pcRPI/Gg gels formed at different phases
were determined using a rheometer, low field-nuclear magnetic
resonance (LF-NMR) relaxometry and cryo-scanning electron
microscopy (cryo-SEM). Molecular dynamics simulations were
further used to analyze the interaction mechanisms between
pcRPI and Gg under different pH conditions.

2 Materials and methods
2.1 Materials and chemicals

Large yellow croaker roes (pcRs) were provided by Qingdao Yujie
Group Co., Ltd (Qingdao, China). The Gg was purchased from
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Macklin Biochemical Co., Ltd (Shanghai, China). All other
chemicals used in this research were of analytical grade.

2.2 Preparation of pcRPI

The pcR powder (10%, w/v) was dispersed in a NaCl solution
(0.6 M), stirred at 400 rpm for 2 h, and then centrifuged at
8000 rpm for 15 min. The supernatant was collected, the lipid
from the top layer was skimmed off, and the solid residue was
extracted again using the same method. The supernatant was
mixed, dialyzed and lyophilized to obtain pcRPI. The purity of
the pcRPI was 80.5%, and the isoelectric point of pcRPI was
around pH 5.6."

2.3 Preparation of pcRPI/Gg mixture solutions and heat-
induced pcRPI/Gg gels

Stock Gg and pcRPI solutions at a concentration of 1.5 mg mL ™"
were prepared by mixing Gg and pcRPI powder in deionized
water. Binary dispersions were assembled by adding appro-
priate Gg solutions into the pcRPI solutions with pcRPI/Gg
mass ratios of 30:1, 20:1, 15:1, 10:1, 5:1, 2:1, 1:1, 1:2,
and 1:5 (w/w) to achieve a total biopolymer concentration of
1.5 mg mL™".

For the samples to be used for rheology, LF-NMR relaxometry
and cryo-SEM measurements, the total biopolymer concentra-
tion was maintained at 55 mg mL ™" with a pcRPI/Gg mass ratio
of 10: 1. The pH values of the mixture solutions were adjusted
to 10.0, 8.0 and 6.0 with NaOH or HCI solutions. Finally, gela-
tion was induced by heating at 85 °C for 20 min. The resulting
gels were then stored at —4 °C until further analysis.

2.4 Turbidity measurement

Following the procedure reported by Yan et al.,* the turbidity
changes of different mixture solutions were determined. Briefly,
the pH values of the pcRPI, Gg and pcRPI/Gg solutions were
adjusted to pH 10 using NaOH solutions, and different
concentrations of HCI solution were used to change the pH of
the mixed solution. Turbidity during acidification from pH 10 to
pH 1 was measured at 500 nm using a microplate reader
(Infinite 200 NANO, Tecan, Switzerland), and turbidimetric
titration was performed by gradually adding HCI during
acidification.

2.5 Rheological properties

Frequency sweep tests were conducted over the frequency range
of 0.1 to 10 Hz, with a gap of 1 mm in the rheometer (Discovery
HR-1, TA Instruments Menu Co., Ltd, USA) according to Du
et al.®® A strain of 0.3%, chosen from the linear viscoelastic
region, was applied, and the storage modulus (G’') and loss
modulus (G”) were recorded. The fluctuation of G'/G" as
a function of angular frequency was noted, and it aligned with
a power-law equation.

G =K wn’

"
GI/ — kl/w}’l
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where k' and k" are the constants associated with the power law,
w is the angular frequency (rad s~ ') and n’ and n” represent the
frequency exponents.

2.6 Texture profile analysis

Different gels were sliced into cylinders. Texture analysis was
conducted using a TA-XT Plus texture analyzer (Stable Micro
Systems, Godalming, UK). The P/50 probe was used for texture
profile analysis (TPA). The test parameters were as follows: pre-
test speed of 1.5 mm s, test speed of 1 mm s, post-test speed
of 1 mm s~ !, compression percentage of 40%, and trigger force
of 5 g. The experiment was conducted at room temperature.

2.7 LF-NMR relaxometry

The water distribution of various gels was assessed using an LF-
NMR analyzer (MesoMR23-060V-1, Niumag Co., Ltd, Shanghai,
China) equipped with a 0.5 T permanent magnet, in accordance
with our previous research.”® The test parameters were config-
ured as follows: 7-value = 100, the number of echoes NECH =
5000, and TW = 3000 ms. The transverse relaxation time (75)
was also collected. Each sample was measured at least three
times.

2.8 Cryo-SEM

The microstructure of various gels was examined using cryo-
scanning electron microscopy (Hitachi Co., Ltd, Tokyo,
Japan), following the methodology described by Yan et al?
Briefly, the samples were plunge-frozen, freeze-fractured,
sublimated, and then sputter-coated with Pt in the cryo-
preparation chamber (PP3010T cryo-SEM preparation system,
Quorum Technologies, UK). A SU8010 SEM system (Hitachi Co.,
Ltd, Tokyo, Japan) was employed to observe different gels at an
accelerating voltage of 10.0 kv, and micrographs were captured
at 2000x magnification. The vessel percentage area (VPA), total
number of junctions (TNJ) and lacunarity of cryo-SEM images
were also analyzed by the AngioTool64 software.

2.9 Molecular docking

Molecular docking analysis was conducted with modifications
based on previous reports.”** Vitellogenin protein structures
were generated via homology modeling using the Swiss-Model
server (https://swissmodel.expasy.org/), while the Gg structure
was retrieved from the PubChem database. To prepare for
docking, water molecules were eliminated from the crystal
structures of vitellogenin, followed by the addition of
hydrogen atoms. Molecular docking was executed using the
Glide module in the Schrodinger Maestro software, and the
docking scores were calculated.

A comprehensive analysis of the electrostatic potential of
vitellogenin at pH 6, 8, and 10 was also conducted. Specifically,
the protonation states of all ionizable residues of vitellogenin at
PH 6, 8, and 10 were first determined using the H++ web server.
The resulting pH-specific structures were then used to calculate
the electrostatic surface potential via the Adaptive Poisson-
Boltzmann Solver (APBS) tool and were visualized in PyMOL.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.10 Molecular dynamics simulation

Molecular dynamics (MD) simulations were executed using
Desmond version 2020, following the method of Umashankar
et al.** The OPLS3e force field was employed for the MD simu-
lations, and the system was solvated with the TIP3P water model.
Ions were added to neutralize the system. The energy minimi-
zation of the entire system was performed using the OPLS3e force
field (an all-atom force field). The SHAKE algorithm was used to
constrain the geometry of water molecules, as well as the bond
lengths and angles of heavy atoms. Periodic boundary conditions
were implemented to simulate a continuous system, and long-
range electrostatics were handled using the Particle Mesh
Ewald (PME) method. The system was equilibrated in an NPT
ensemble at 300 K and 1.0 bar, with temperature and pressure
regulated employing the Berendsen coupling algorithm. During
the final preparation, the simulation was run for 100 ns with a 1.2
fs timestep, and trajectory snapshots were recorded every 100 ps,
generating 10 000 frames in total. Root mean square deviation
(RMSD), root mean square fluctuation (RMSF), and the number
of hydrogen bonds were analyzed.

2.11 Statistical analysis

All the data are expressed as the mean =+ standard deviation (n =
3). The level of significance (p < 0.05) was determined by the
SPSS 11.5 software.

3 Results and discussion

3.1 Phase-separation behavior of pcRPI/Gg complex
coacervation

Generally, the formation of complex coacervates involving
proteins and polysaccharides is governed by intermolecular
interactions and is influenced by pH and the mass ratio.** The
turbidity of pcRPI/Gg at different pH and ratios is presented in
Fig. 1. As shown in Fig. 1A, the turbidity of the Gg solution
remained constant at very low values in the pH 2-10 range,
indicating that Gg did not form any aggregates. However, as the
pH value decreased, the turbidity of the pcRPI solution changed
and reached the maximum around its isoelectric point (pH 5.6).
For pcRPI/Gg, during acid titration, four notable changes in the
turbidity values were also observed: pH., pHe1, PHmax and pHy,
(Fig. 1B). pH, is the pH value at which the slope of the turbidity
curve initially changes; pH,, is the pH value at which a sudden
increase in the turbidity curve's slope occurs; pHy,ax represents
the pH value at which the turbidity reaches its maximum, and
PH,,, denotes the pH value corresponding to the point where the
slope of the turbidity curve decreases to a stable level.>* These
critical boundary pH values also correspond to distinct phase
behaviors:* (i) cosoluble polymer (at pH > pH.): pcRPI and Gg
both carried negative charges, and due to electrostatic repulsion,
each remained stable in a monomeric form, thereby preventing
the formation of coacervates; (ii) soluble complex (at pH,; < pH <
pH,): the turbidity of the composite solution started to increase,
suggesting that protein and Gg formed soluble complexes with
the ability to scatter light in the solution; (iii) complex coacervates
(at pHy, < pH < pHg,): the emergence of insoluble composite
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Fig.1 Effect of pH and mass ratio on the turbidity of the pcRPI/Gg mixt
Gg mixtures.

aggregates induced a macroscopic phase separation in the
system,; (iv) return to cosoluble polymer (pH < pH,,): as the pH
value decreased, the composite aggregates gradually dissociated,
resulting in a reduction in turbidity. When the pH value exceeded
the isoelectric point of pcRPI, although the protein carried
a negative charge, the formation of soluble complexes with
anionic polysaccharides was still feasible due to the weak elec-
trostatic interactions. Similar phenomena were observed for
ovalbumin/chondroitin sulfate** and rice bran protein/flaxseed
gum® systems during the acidification process.

The ratio of proteins to polysaccharides influences the
charge balance, subsequently altering the critical pH of the
phase transition. As illustrated in Fig. 1, with the increase in the
PCcRPI/Gg mass ratio (from 1: 5 to 30: 1), the turbidity profile of
the pcRPI/Gg system progressively approached a normal
distribution, with the critical pH shifting towards higher values
(Fig. 1B). As the proportion of Gg in the system increased, the
absorption peak of the pcRPI/Gg mixture broadened, and the
maximum absorption peak intensity gradually decreased. A
similar phenomenon was observed in the study of composite
coagulation involving tragacanth gum with pea protein isolate®
and whey protein isolate with hyaluronic acid.*® At a protein-to-
polysaccharide ratio of 1:5, the turbidity of the composite
solution was notably lower, indicating that the protein mole-
cules were able to bind to the polysaccharide chains, which
further inhibited interactions between the protein molecules.
For the mixture of pcRPI/Gg, when the pcRPI : Gg ratio gradually
increased, an elevated Gg fraction augmented the binding of
negative charges on the pcRPI surface, thereby promoting the
complex formation to a certain extent. Compared with that of
the sole pcRPI, the pH ., of pcRPI/Gg decreased. This effect can
be attributed to the intensified electrostatic repulsion from
abundant sulfate and carboxyl groups on free polysaccharides,
which constrain the protein/polysaccharide association and
aggregate growth.”” Generally, a certain total biopolymer
content and ratio ranges promote phase separation or coacer-
vation, while extremely high concentrations can increase
viscosity and slow down or prevent phase separation. At
a pcRPI:Gg ratio of 10:1, the pH,, pH, and pHp.x reached
a relatively high level and remained stable with an increase in

3038 | Sustainable Food Technol., 2026, 4, 3035-3048

ures. (A) Turbidimetric titration curve and (B) state diagram of the pcRPI/

the protein content. It was considered that the Gg chain was
saturated and adsorbed by pcRPI, and the amount of coacer-
vates reached the maximum. Ratios above or below 10 : 1 lead to
excess unbound protein or polysaccharide, respectively, result-
ing in weaker and less stable complexes.*® A similar phenom-
enon was also reported for bovine serum albumin/sodium
alginate® and scallop female gonad protein isolates/sodium
alginate.*® Many studies have also determined mass ratios
through turbidity data, including for fish gelatin/Tremella
polysaccharides** and scallop male gonad hydrolysates/Gg
systems.** Therefore, the differences in the properties of the
pcRPI/Gg composite gels in a mass ratio of 10:1 in the coac-
ervate (pH 6), soluble complex (pH 8) and cosoluble polymer
(pH 10) regions were further analyzed, while the potential
impacts of mass ratios on pcRPI/Gg gelation will be analyzed in
the future studies.

3.2 The visual appearance and rheological characteristics of
PcRPI/Gg gels

As illustrated in Fig. 2, pcRPI/Gg presented as viscoelastic fluids
after heat treatment at pH 10, and it showed gel behavior at pH
6 and 8. The sole pcRPI and Gg still existed in a fluid state after

pH 8

Fig. 2 The visual appearances of pcRPI, Gg and pcRPI/Gg gels at
various pH levels.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The storage modulus G’ (A) and loss modulus G” (B) of pcRPI,

heat treatment at pH 6-10, and pcRPI exhibited significant
insoluble protein precipitation at pH 6, as this value is near its
isoelectric point. Therefore, the formation of a cosoluble poly-
mer not only changed the solubility of pcRPI but also promoted
the formation of heat-induced protein gels.

Furthermore, the rheological characteristics of different
systems were analyzed. Initially, we investigated the influence of
mass ratio (30: 1 to 5: 1) on the rheological properties of pcRPI/
Gg hydrogels with a total biopolymer concentration of 55 mg
mL~'. The results showed that as the proportion of Gg
increased, the G' values of the composite gel gradually
increased (Fig. S1). Furthermore, upon reaching a ratio of 10: 1,
the G’ of the pcRPI/Gg composite gels exceeded 200 Pa, indi-
cating the formation of a stable gel structure. At 1 Hz, the G'
value of pcRPI/Gg gels was about 15-fold and 1150-fold higher
than those of Gg alone, which were approximately 55 Pa (9.2 mg
mL ") and 0.5 Pa (5 mg mL ") at mass ratios of 5:1 and 10: 1,
respectively. This result indicated that a more pronounced
interaction occurred between the pcRPI and Gg at 10:1.
Moreover, the phase-separation behavior caused by pH and its
impact on the properties of the composite gel were further
investigated. As shown in Fig. 3, all pcRPI/Gg mixtures showed
gel-like behaviors in the coacervate (pH 6), soluble complex (pH
8) and cosoluble polymer (pH 10) regions with higher G’ values
than those of the sole protein gels. When the pH increased, the
G’ values of pcRPI/Gg decreased. The G’ values of the sole pcRPI
gels were both <20 Pa, highlighting their soft-solid or
viscoelastic-solid behavior. This phenomenon likely occurred

Frequency (Hz)

Gg and pcRPI/Gg gels against frequency at various pH levels.

because the protein concentration (55 mg mL~ ") was lower than
the pcRPI gelation concentration, resulting in limited stretch-
ing and relaxation of the existing bonds within the pcRPI
molecules.*® Our previous study found that pcRPI can form gels
at a concentration of 100 mg mL ™" and pH 7-9 after being
heated at 85 °C for 20 min, while it could not form heat-induced
gels at pH 6.* However, pcRPI/Gg formed gels at pH 6 and
showed the highest G’ value of 464.2 Pa at 1 Hz, which was 2.5-
fold and 12.1-fold higher than those at pH 8 and pH 10,
respectively. The isoelectric point of pcRPI is around pH 5.6;"
thus, when the system pH exceeds the isoelectric point, both
pcRPI and Gg will possess a net negative charge, reducing the
likelihood of electrostatic attraction between the polymers.*
Accordingly, as the pH decreased, the G’ and G” values of the
pcRPI/Gg complex system increased, enhancing the electro-
static attraction between the two biopolymers. This result
indicated the formation of a highly interconnected gel-like
network with pronounced elastic characteristics, which is
likely governed primarily by electrostatic interactions between
the protein molecules and polysaccharide chains.*® At pH 6.0, it
is likely that large aggregates of insoluble pcRPI/Gg complexes
generated stronger fluid resistance compared to the cosolubility
observed at pH 8.0 and pH 10.0. Such behaviors have been re-
ported in other systems, such as soy protein/polysaccharide®”
and scallop male gonad hydrolysates/sodium alginate complex
coacervate systems.* In addition, the power-law model was
employed to describe the relationship between the modulus
and frequency of the non-Newtonian system. The n’' and n”

Table 1 The power-law model parameters of large yellow croaker (Pseudosciaena crocea) roe protein isolate/gellan gum gels”

Sample K (Pas™) n k' (Pas™) n”
PcRPI/Gg-pH 6 151.74 + 21.79% 0.17 + 0.01¢ 47.18 + 0.75% 0.21 £ 0.02¢
PCcRPI/Gg-pH 8 137.97 + 0.02° 0.17 + 0.00¢ 38.36 + 0.49° 0.17 + 0.01°
PCRPI/Gg-pH 10 23.61 + 8.98° 0.42 =+ 0.03% 17.69 + 4.35° 0.38 + 0.001°
PCRPI-pH 6 0.001 + 0.00° 1.98 =+ 0.08° 0.003 + 0.002° 1.37 £ 0.25°
PCRPI-pH 8 14.52 + 4.92"¢ 0.12 + 0.09¢ 3.21 + 0.62¢ 0.25 + 0.02°
PCcRPI-pH 10 0.02 + 0.02° 1.33 + 0.67%"° 0.01 + 0.00° 1.19 + 0.01°
Gg-pH 6 0.06 =+ 0.04° 1.13 + 0.30%° 0.28 £ 0.03¢ 0.62 £ 0.01°
Gg-pH 8 0.03 + 0.04° 1.46 + 1.13%° 0.15 + 0.01° 0.72 + 0.02°
Gg-pH 10 0.22 =+ 0.26° 0.71 + 0.60°¢ 0.31 £ 0.07° 0.63 £ 0.06"

“ Data are expressed as means =+ SD from triplicate determinations. Different letters in the same column indicate significant differences (P < 0.05).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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values represent the frequency dependence of different gels,
whereas the k' and k” values are associated with the gel's
properties.* As shown in Table 1, both ¥’ and k” values of the
composite gels were higher than those of the individual protein
or polysaccharide systems, indicating a denser cross-linked
network that enhanced the elasticity and structural stability of
the gels. Moreover, as the pH decreased, the k' and ¥” values of
PcRPI/Gg slightly increased. The pcRPI/Gg gels also exhibited
relatively low n’ values (0.17-0.42), reflecting weak frequency
dependence and implying that their viscoelastic response was
less affected by the applied oscillatory frequency. Therefore, the
complex coacervation of pcRPI with Gg improved the gel
strength of pcRPI in different phases and enabled pcRPI to form
a gel near the isoelectric point.

3.3 The textural properties of pcRPI/Gg gels

In addition, TPA was conducted to discuss the hardness,
springiness, cohesiveness, chewiness and gumminess of the
pcRPI/Gg gels. Among the parameters, hardness is the force
required for the gel to achieve the target deformation, chewi-
ness is the energy required for the gel to reach the swallowing
state, and springiness is the ability of a material to stretch and
return to its original length.*® Due to the flow or weak gel state of
sole pcRPI and Gg, they could not be accurately detected by TPA.
As shown in Table 2. With the increase in pH, the hardness of
the gel decreased significantly from 57.15 to 45.87, corre-
sponding to the rheological results (Fig. 3). The cohesiveness of
the pcRPI/Gg gel increased with the pH, while different pH
values had little effect on the elasticity of the pcRPI/Gg gel. The
springiness values of all pcRPI/Gg gels were more than 0.94,
which further proves that the pcRPI/Gg gels were more inclined
to be elastic gels.”* In this study, although the purity of pcRPI
was 80.5%, the pcRPI/Gg systems could form heat-induced gels
at 55 mg mL™". These results suggested that the pcRPI/Gg gel
systems have great potential for applications in food fields and
other functional materials, and their application value can be
further elevated by improving their purity in future studies.

3.4 Effect of pH on relaxation time T, of the pcRPI/Gg gels

LF-NMR is frequently used for analyzing the water distribution
in food products, particularly gels, and it is non-destructive and
highly sensitive as regards capturing subtle changes in water
mobility.>” Fig. 4 illustrates the distribution of the T, relaxation
times for the pcRPI/Gg gels at different pH levels, displaying two
distinct peaks centered at 0.9-2.9 ms (7,;) and 130.1-208.1 ms
(T»3). Generally, T,; indicates bound water that interacts closely
with macromolecules via non-covalent bonds, including
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Fig. 4 The relaxation time T, curves of pcRPI and pcRPI/Gg gels at
various pH levels.

electrostatic interactions, hydrogen bonding, and hydrophobic
forces. In contrast, T3 corresponds to free water, which exists
outside the gel network and displays unrestricted mobility.>*
Most of the moisture in Gg (5 mg mL™") is free water at different
pH values, with T,3 values exceeding 1700 ms (data not shown).
Previous studies have also found that the T,; values of Gg at 2-
10 mg mL ™' are about 1431-2035 ms.*>**55 Moreover, T,
occupied a minor part in different pcRPI/Gg complexes and was
almost not affected by pH and Gg addition. The addition of Gg
led to a shift of the pcRPI T,; toward shorter times, while it did
not change significantly compared with that of pcRPI, except at
pH 6 (Table 3). Ge et al.>® also reported that the T,; values of
a set of yoghurts mixed with Gg did not change significantly.
The shorter relaxation times indicate a stronger interaction
between water and the biopolymer.>® The incorporation of Gg
facilitated the development of a gel structure at pH 6, which
may have immobilized the outer hydration layer, thereby
shortening T,;. This decreasing trend was related to the water
uptake of gels, suggesting an enhanced binding effect of the gel
to water with Gg addition. Moreover, there was an additional
peak for pcRPI-6 at 79.1 + 18.7 ms (data not shown), which may
be attributed to the insoluble protein particles bound to the
water molecules; notably, this peak was not observed for pcRPI/
Gg-6. Additionally, as the pH increased, the T,; values of pcRPI
and pcRPI/Gg gels shifted slightly toward shorter times,
revealing an increased water-binding ability and restricted
water movement at higher pH values, similar to the observa-
tions in our previous study.** These results suggested that the
addition of Gg had a slight effect on the migration rate of water
molecules in the co-soluble state of the pcRPI complexes,
whereas it promoted water interception in the coacervate state.

Table 2 Texture profile analysis of large yellow croaker (Pseudosciaena crocea) roe protein isolate/gellan gum gels®

Sample Hardness (g) Springiness Cohesiveness Chewiness (g) Gumminess (g)
pcRPI/Gg-pH 6 57.15 + 7.57° 0.95 + 0.01° 0.79 + 0.03" 42.91 + 7.13%° 45.24 + 7.28%°
PcRPI/Gg-pH 8 47.37 + 5.34° 0.94 + 0.01° 0.83 + 0.03" 36.91 + 3.15° 39.15 + 3.26°
PcRPI/Gg-pH 10 45.87 + 2.52° 0.96 + 0.02* 1.05 + 0.04* 46.44 + 4.13% 48.33 + 4.31%

“ Data are expressed as means =+ SD from triplicate determinations. Different letters in the same column indicate significant differences (P < 0.05).
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Table 3 The LF-NMR parameters of large yellow croaker (Pseudo-
sciaena crocea) roe protein isolate/gellan gum gels®

Relaxation time (ms)

Sample T>, (ms) T,3 (ms)
PCRPI/Gg-pH 6 1.63 + 1.20%° 208.05 + 11.97°
PCcRPI/Gg-pH 8 2.93 + 1.28%° 157.45 + 4.99°
PCRPI/Gg-pH 10 0.94 + 0.35° 130.10 + 9.09°
PCRPI-pH 6 3.68 & 1.99° 1549.16 + 414.01°
PCcRPI-pH 8 2.30 + 0.87%° 201.66 + 4.59°
PCRPI-pH 10 2.21 + 1.41%° 172.36 + 8.46°

“ Data are expressed as means + SD from triplicate determinations.
Different letters in the same column indicate significant differences (P
<0.05).

3.5 Effect of pH on the microstructure of the pcRPI/Gg
complex

Cryo-SEM is frequently utilized for analyzing the microstructure
of food products, and it offers high-resolution imaging capa-
bilities, allowing for the observation of delicate structures and
the spatial distribution of samples.?” In Fig. 5, pcRPI/Gg shows
a heterogeneous network structure with uniform holes, while
pcRPI at pH 6/10 and Gg at pH 6-10 did not show a gel network
structure. In detail, protein aggregates appeared at pH 6 due to
poor solubility near the isoelectric point of the pcRPI, and the
microstructure of Gg at pH 8-10 was similar to that of a thin

pH6

pPcRPI

pcRPIIGg !

VPA: 46.74+1.662
TNJ: 788.33+28.042
i Lacunarity: 0.08+0.007¢

VPA: 32.95+1.09°
TNJ: 284 +27.620 !
Lacunarity: 0.16+0.01>  Lacunarity: 0.18+0.0032;
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film. Gg at pH 6 showed a large and broken mesh structure, and
the wall of the structure was relatively thin and contained
numerous small cavities. Nie et al.>® also found that pure Gg
shows a uniform structure with large pores. Moreover, the
electrostatic interaction between Gg and pcRPI prevented the
precipitation of proteins and facilitated the development of
a three-dimensional gel network structure. Several studies have
also indicated that the incorporation of Gg improves the
microstructural properties of protein gels, including oat protein
isolate,” egg white proteins®® and soy protein isolate.*!
Furthermore, the cryo-SEM images of samples were analyzed
using the AngioTool software, including VPA, TNJ and lacu-
narity. The AngioTool software was originally developed for the
microscopic analysis of vascular networks in medical research.
Currently, it has been widely applied in the analysis of micro-
structures of various materials.®> Fig. 5 shows the network
parameters of the pcRPI/Gg gels at various pH values. The VPA
and TN] of pcRPI/Gg-pH 6 are significantly higher than those of
other pcRPI/Gg gels, while the lacunarity is significantly lower
than those of other pcRPI/Gg gels (p < 0.05). Networks with
a uniform organization and consistent pore sizes exhibit low
lacunarity, whereas the presence of irregular gaps and large
voids increases lacunarity.®* These results indicated that as pH
decreased, the pcRPI/Gg gel exhibited a denser structure.
Generally, pore size is related to the interactions between
protein and polysaccharide molecules; smaller pore sizes
correspond to greater gel strength, consistent with our

VPA: 30.60+0.45b

TNJ: 220.33+15.31¢

Fig. 5 The cryo-SEM micrographs of pcRPI, Gg and pcRPI/Gg gels at various pH levels. The vessel percentage area (VPA), total number of
junctions (TNJ) and lacunarity of cryo-SEM images analyzed by the AngioTool software. Different letters (a—c) indicate significant differences in

the VPA, TNJ and lacunarity (p < 0.05) for the different samples.
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rheological data (Fig. 3). A previous study has also shown that as
the pH decreases, the hole sizes of scallop male gonad protein
hydrolysates/k-carrageenan complexes decrease with higher G’
values.”® Therefore, it is suggested that Gg facilitated the
formation of a uniform three-dimensional network structure of
pcRPI at different pH environments and transformed the
aggregated state of pcRPI near its isoelectric point into a more
compact and continuous network structure.

3.6 Correlation analysis

The relationships among the G’ values at 1 Hz, textural prop-
erties, and microstructural parameters of the pcRPI/Gg gels
were further examined by correlation analysis. As shown in
Fig. 6, the G’ exhibited positive correlations with hardness, VPA
and TNJ, with correlation coefficients of 0.70, 0.71 and 0.68,
respectively, indicating that enhanced viscoelastic behavior was
associated with improved gel strength and network connec-
tivity. Meanwhile, hardness, VPA and TN]J were perfectly corre-
lated with each other (r = 1.00), demonstrating a strongly
positive correlation among these parameters. In contrast,
lacunarity showed strong negative correlations with G’, hard-
ness, VPA and TN]J, with correlation coefficients of —0.75, —1.00,
—1.00 and —1.00, respectively. This suggests that a lower lacu-
narity, corresponding to fewer and more uniformly distributed
pores, is closely related to a more homogeneous microstructure
and better mechanical properties. Overall, these correlations
indicate that the incorporation of Gg promotes the formation of
a denser and more uniform network in pcRPI gels, thereby
enhancing the gel properties.

3.7 Molecular docking and MD simulation study

To further elucidate the interaction mechanism between pcRPI
and Gg under different pH conditions, molecular docking and
molecular dynamics simulations were performed. Our previous
study revealed that the primary protein component in pcRPI is
vitellogenin."”” Therefore, vitellogenin can be wused as
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Fig. 6 Correlation analysis of the gel properties and microstructural
characteristics of pcRPI/Gg gels at various pH levels. Positive corre-
lation is represented by red and negative correlation by blue.
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a representative protein to investigate protein interactions with
Gg. The protein-ligand complexes were visualized using Pymol
2.1 for further analysis. In this study, the Gg was docked with
the vitellogenin at pH levels of 6, 8, and 10. The molecular
docking results indicated that vitellogenin exhibited strong
binding affinity and high compatibility with the Gg, and the
binding energies were —9.42, —9.12 and —8.71 kcal mol " at pH
6, 8 and 10, respectively. Furthermore, the complexes were
visualized to reveal the binding mode between protein and Gg.
As shown in Fig. 7, at pH 6, eight amino acid residues (Asp 186,
Cys 188, Arg 191, Asp 195, Thr 201, His 203, GIn 208, and Arg
790) bind with Gg by conventional hydrogen bonds, two amino
acid residues (Ala 671 and Ser 803) by carbon hydrogen bonds,
and one amino acid residue (Leu 802) by hydrophobic interac-
tions. At pH 8, eight amino acid residues (Asp 195, Thr 201, His
203, Lys 212, Asp 449, Lys 528, Asp 449, and Arg 790) bind with
Gg by conventional hydrogen bonds, one amino acid residue
(Ile 448) by carbon hydrogen bonds, and one amino acid residue
(Ala 451) by hydrophobic interactions. At pH 10, six amino acid
residues (Glu 190, Arg 191, Met 193, Lys 212, Leu 214, and Asp
449) bind with Gg by conventional hydrogen bonds and two
amino acid residues (Asp 186 and Gln 208) by carbon-hydrogen
bonds. Thus, hydrogen bonds are essential for stabilizing the
molecule within the protein cavity, and hydrophobic interac-
tions further contribute to the stability of the complexes. Vari-
ations in the binding sites of vitellogenin may be due to changes
in its positive charge distribution. At pH levels above the
isoelectric point, a strong repulsion occurred between the
protein and Gg. A similar phenomenon was observed regarding
the binding sites between bovine serum albumin and sodium
alginate.®

Moreover, the correlation between the electrostatic potential
of the binding pocket and the docking scores was further
analyzed. As shown in Fig. 8A, the binding pocket of vitelloge-
nin exhibited a strong positive potential (blue-colored surface)
at pH 6. This positive environment was highly complementary
to the anionic nature of Gg, which was rich in deprotonated
carboxylate groups, thus facilitating strong electrostatic attrac-
tion and leading to the most favorable binding energy
(—9.42 kecal mol™). As the pH increased to 8 and 10, key resi-
dues within the pocket (e.g., His 203, Lys 212, and Lys 528) were
deprotonated. This resulted in a progressive decrease in the
positive charge of the binding pocket, which transitioned
toward a more neutral or even slightly negative potential
(Fig. 8B and C). The diminished electrostatic complementarity
accounted for the observed decline in the binding affinity, with
binding energies decreasing to —9.12 kcal mol ' at pH 8 and
—8.71 keal mol " at pH 10. This trend is also consistent with the
turbidity change in pcRPI/Gg (Fig. 1). At pH 6, the system
exhibited maximal turbidity, indicative of complex coacervate
formation. As the pH increased, the complexes progressively
dissociated, and the suspension became clear with low
turbidity. Molecular docking also showed that positively
charged surface patches in the protein binding pocket enhance
electrostatic complementarity and promote tight association
with anionic Gg. Deprotonation at higher pH levels removes
these positive patches and thus weakens the protein—-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The 3D docking model and 2D schematic of the interaction between vitellogenin and Gg at various pH levels.

polysaccharide interaction. Moreover, the pcRPI/Gg complexes
exhibited the largest binding energy magnitude at pH 6, high-
lighting the strong interaction between both components;
further, they showed better gelation performance with higher ¢/
values and superior water-retention capacity (Fig. 3 and 4). To
gain deeper insights into Gg-protein interactions, a 100 ns
molecular dynamics simulation on the protein-Gg complexes
was conducted. As shown in Fig. 9A, the average RMSD of
vitellogenin is less than 8.0 A, and the complex reached equi-
librium after about 20 ns, suggesting good compatibility
between the Gg and the vitellogenin, enabling the formation of
a stable complex. Additionally, there were no significant
discontinuities in the conformational changes of the complex,
indicating that Gg binds well to the protein without leaving the

© 2026 The Author(s). Published by the Royal Society of Chemistry

active pocket. Furthermore, the RMSD fluctuations for the
vitellogenin/Gg complex formed at pH 6 were notably smaller
than those for the other two complexes, suggesting that it is
more stable than the others. Root mean square fluctuation was
used to characterize the conformational changes in each amino
acid in the protein chain during the simulation (Fig. 9B). Peaks
represent regions with the highest fluctuations in amino acids.
A larger RMSF value indicates greater conformational flexibility
of the amino acid residue. According to Fig. 9B, a small portion
of amino acids in the vitellogenin/Gg complexes exhibited large
conformational changes (e.g., around the 700-1000 region),
likely because these amino acids are located in the B-sheet
region of the protein, which is relatively isolated and lacks
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effective interactions with surrounding residues, making the
conformations more prone to change during the simulation.

Fig. 9C shows the number of hydrogen bonds between vitel-
logenin and Gg as a function of the simulation time. It is clear
that the Gg could form around four hydrogen bonds with the
protein pocket amino acids for the majority of the simulation
time, playing a crucial role in stabilizing the complexes. Among
the three complexes, vitellogenin/Gg-pH 6 formed slightly more
hydrogen bonds than the other two. The number of hydrogen
bonds showed a negative correlation with the ligand RMSD value
(Fig. 9A), suggesting that hydrogen bonds positively influence the
complex stability. Furthermore, the findings revealed that at pH
6, the vitellogenin/Gg complex exhibited relatively high binding
capacity and stability. Liu et al.** also found that compared to the
results at pH 2, 4, and 7, B-lactoglobulin-sodium alginate
complex exhibited a relatively high binding capacity and stability
at pH 5 with lower RMSD values and a higher number of
hydrogen bonds. Overall, these results indicated that a stable
vitellogenin/Gg complex was formed during the MD simulation
due to favorable interactions at pH 6.0, which may also
contribute to the composite gel formation.

4 Conclusions

In conclusion, the formation of soluble and insoluble complexes
between pcRPI with Gg is dependent on the pH and protein to
polysaccharide ratio. The pcRPI/Gg gels showed a higher G’ value
in the insoluble coacervate phase (pH 6). The addition of Gg also
improved the gel strength of the pcRPI gel in different phases,
especially at pH 6, where the protein alone failed to form a gel, but
the addition of Gg resulted in a dense network structure. Mean-
while, the pcRPI/Gg gels showed denser network microstructures
with smaller pore sizes at acidic pH levels. At pH 6, the greater
number of hydrogen bonds formed between pcRPI and Gg
contributed to the enhanced stability of the complex, potentially
promoting gel formation and resulting in better gelation proper-
ties. Therefore, pcRPI/Gg gels show a wide application range, and
they can be regulated to exhibit excellent rheological properties
and microstructures by adjusting the pH and mass ratios. The
binary gels also exhibit great application potential in the food and
biological materials fields, particularly for applications such as
texture modification and nutrient microencapsulation.
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PpcRPI Pseudosciaena crocea roe protein isolates
Gg Gellan gum

G Storage modulus

G’ Loss modulus

LF-NMR Low-field nuclear magnetic resonance
Cryo-SEM Cryo-scanning electron microscopy

VPA Vessel percentage area
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TNJ Total number of junctions
MD Molecular dynamics

RMSD Root mean square deviation
RMSF Root mean square fluctuation
TPA Texture profile analysis
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