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Abstract

Resveratrol is a naturally derived polyphenolic compound with antioxidant, anti-inflam-
matory, and metabolic regulatory properties. Nevertheless, low stability, low water sol-
ubility, and low bioavailability greatly limit its applications. Hugeul and Nelson pre-
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used in this study to encapsulate and protect resveratrol and enhance its physicochemical
characteristics and stability. The protein-to-polysaccharide ratio, particle size, polydis-
persity index (PDI), zeta potential, encapsulation efficiency, loading capacity, and ther-
mal stability were examined systematically by adjusting the ratio. The findings showed
that the system with appropriate proportions had high encapsulation efficiency and load-
ing capacity, as well as greatly improved the thermal stability and retention rate of
resveratrol. This composite nanoparticle architecture provides improved stability for
resveratrol and offers a theoretical basis and technical support for its development in
functional foods and pharmaceutical formulations.
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1. Introduction

Resveratrol (3,4',5-trihydroxystilbene) is a polyphenolic compound that is abundant in grapes, Polygonum cuspidatum,
peanuts, and different berries. It is one of the phytoalexins produced by plants under stress conditions. Resveratrol has
been in the limelight mostly in recent years owing to the rapid advancement of functional foods and natural bioactive
compounds with various biological activities and health benefits. It is said to have antioxidant, anti-inflammatory, anti-
tumor, anti-diabetic, neuroprotective, and cardioprotective properties [1-3]. The principal mechanism by which it exerts
its antioxidant action includes scavenging reactive oxygen species (ROS) and regulating signaling pathways, including
SIRT1/AMPK and Nrf2/Keapl [4, 5]. It could improve insulin resistance and lipid metabolism disorders [2]. It may alle-
viate depressive-like symptoms and cognitive impairment in the nervous system [6, 7]. Also, in vitro, it has demonstrated
a high level of scavenging activity against DPPH and hydroxyl radicals [8, 9]. Physicochemically, resveratrol (C14H1203,
MW 228.24) has three phenolic hydroxyl groups and is subject to oxidation [10]. It is very lipophilic and insoluble in water
(<0.05 mg/mL), and is readily isomerized and degraded by light, oxygen, and heat [11, 12]. Such drawbacks greatly limit
its use in the field of food and pharmaceuticals. Thus, enhancement of its stability as well as its bioactivity and bioavaila-
bility has emerged as a critical area of study.

Despite its wide bioactivity, resveratrol has not found practical use because of its instability and low bioavailability [3,
11]. It is readily oxidized and destroyed in the presence of light, oxygen, and alkaline conditions [11]. In addition, its
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gastrointestinal absorption is poor because of its poor solubility, and its metabolism (glucuronidation and sulfation) is rapid,
leading to low plasma concentrations [3, 12]. To settle these problems, several delivery systems have been provided, such
as nanosuspensions, solid lipid nanoparticles, and biopolymer-based nanoparticles (protein/polysaccharide systems) [3, 11,
12]. Nanosuspensions are better dissolved and released [11], whereas composite systems like barley protein/PGA are better
encapsulated and are more stable at different temperatures [10]. Electrostatic and hydrophobic interactions are also used
to produce zein-pectin core-shell nanoparticles that have stable structures [13]. Nevertheless, recent systems continue to
have issues with large particle size, limited dispersion, tradeoffs between encapsulation and stability, environmental sen-
sitivity, and a lack of mechanistic understanding of structure-function interactions.

To overcome the lack of solubility in water, degradation vulnerability, and insufficient bioavailability of resveratrol, on
top of the past studies on the protein polysaccharide nano-delivery systems [10, 12, 13], a composite nanocarrier system
with core-shell architectural properties was invented in this study. In this system, resveratrol was encapsulated through
hydrophobic interactions with the protein matrix, while the polysaccharide layer provided electrostatic shielding and steric
protection. As a result, the system was designed to enhance encapsulation efficiency and loading capacity, improve col-
loidal stability under different pH conditions, increase stability under light exposure and thermal treatment, and optimize
release behavior as well as the retention of bioactivity. Compared with single-protein or single-polysaccharide systems,
the composite system offered greater tunability in particle size control, surface charge regulation, and overall stability [10,
13]. In addition, compared with lipid-based systems, it exhibited higher biosafety and greater potential for food applications
[12]. This study not only provides a new structural design strategy for the efficient delivery of resveratrol but also offers a
theoretical reference for the functional development of natural polyphenolic bioactive compounds.

2. Materials & Methods
2.1 Materials

Resveratrol standard (>98% purity), zein (>98% purity), and hyaluronic acid (>98% purity) were used in this study. Etha-
nol, hydrochloric acid, and deionized water were used for solution preparation. All reagents were analytical grade.

2.2 Preparation of Solutions

(1) A zein/resveratrol mixed solution was prepared by dissolving 2.0 g of zein and 0.6 g of resveratrol in 200 mL of 70%
(v/v) ethanol solution. The mixture was stirred at 600 rpm for more than 8 hours under dark conditions until completely
dissolved, then stored at 4 °C.

(2) A hyaluronic acid stock solution was prepared by adjusting 400 mL of deionized water to pH 4.0 using 0.01 mol/L
HCI. Then 1.0 g of hyaluronic acid was slowly added and stirred at 600 rpm for 8 hours until completely dissolved. The
final HA concentration was 2.5 mg/mL.

2.3 Preparation of Nanoparticles

Composite nanoparticles were prepared using an anti-solvent precipitation method. The HA stock solution was diluted to
different concentrations so that the Zein/HA mass ratios were 1:1, 2:1, 4:1, 8:1, 10:1, 12:1, 20:1, and 40:1.

Then, 8.0 mL of zein/resveratrol solution was added dropwise into 32 mL of HA solution while stirring at 1200 rpm for
10 minutes. The resulting samples were stored at 4 °C. A control group without HA was also prepared by adding 8 mL of
zein/resveratrol solution into 32 mL of deionized water at pH 4.0.

2.4 Particle Size, PDI, and Zeta Potential

Samples were diluted ten times with deionized water at pH 4.0. Particle size, polydispersity index (PDI), and zeta potential
were measured. One milliliter of each sample was placed in measurement cells, and all tests were conducted at 25 °C. Each
sample was measured three times, and the average value was recorded.

2.5 Standard Curve of Resveratrol

A 1 mg/mL stock solution of resveratrol was prepared by dissolving 10 mg of resveratrol in 10 mL of 70% ethanol. The
stock solution was diluted to concentrations of 2.0-5.5 pg/mL. Absorbance was measured at 306 nm using a UV-visible
spectrophotometer, and a concentration—absorbance standard curve was established.
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2.6 Encapsulation Efficiency and Loading Capacity

Nanoparticle dispersions were centrifuged at 1000 rpm for 10 minutes to remove free resveratrol and insoluble material.
The supernatant was diluted with 70% ethanol and measured at 306 nm using a UV-visible spectrophotometer. Each sam-
ple was tested in triplicate.

Encapsulation efficiency (EE) and loading capacity (LC) were calculated as follows:

Encapsulation efficiency (%) = Encapsulated resveratrol / Total added resveratrol x 100%
Loading capacity (%) = Encapsulated resveratrol / Total nanoparticle mass % 100%

2.7 Thermal Stability Test

Twenty milliliters of each sample were heated in an 85 °C water bath under dark conditions. Samples were taken at 1, 2,
3,4, and 5 hours. The remaining resveratrol concentration was measured using the same method described above, and the
retention rate was calculated.

Retention rate (%) = Remaining resveratrol / Initial added resveratrol x 100%
2.8 Data Analysis
All experiments were performed in triplicate. Results are presented as mean =+ standard deviation.
3. Results & Discussion
3.1 Effect of Zein/HA Ratio on Particle Size and PDI

250 - 1.0

200 4 - 0.8

150 .6

PDI

1000 ~ 0.4

Particle size (nm)

50 4 L 0.2

] T T T T T T T T 0.0
I:1 2:1 4:1 Bl 11 12:1 20:1 40:1

Zein : HA (wiw)

Figure 1. Effect of Zein/HA Ratio on Particle Size and PDI.

As shown in Figure 1, different mass ratios of zein (Zein) to hyaluronic acid (HA) had a significant effect on the particle
size and polydispersity index (PDI) of the composite nanoparticles. The average particle size of pure zein nanoparticles
without the addition of hyaluronic acid was 60.82 nm, which was the smallest among all samples, but its PDI was 0.234,
which was higher than that of most composite systems. Previous studies have shown that although single zein nanoparticles
can form structures with a small particle size, because their assembly mainly relies on hydrophobic interactions between
molecules, a certain degree of secondary aggregation is likely to occur during the formation process, resulting in a rela-
tively wide particle size distribution [1, 4]. In contrast, in protein—polysaccharide composite systems, the steric hindrance
effect and electrostatic repulsion of polysaccharide molecules help to inhibit further aggregation between particles, thereby
reducing the PDI and improving dispersion uniformity [2]. Therefore, although the pure zein system in this study had a
smaller particle size, its dispersibility still had certain limitations.
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After the introduction of hyaluronic acid, the average particle size of the composite nanoparticles increased overall,
while the PDI decreased significantly. The increase in particle size mainly resulted from the formation of an outer coating
structure by polysaccharide chains on the surface of protein particles, which increased the hydrodynamic diameter [5].
Similar phenomena have also been reported in zein—pectin and barley protein—alginate systems, in which the particle size
of composite particles is usually larger than that of single protein particles, but their dispersibility is significantly improved
[6, 8]. The decrease in PDI indicates that hyaluronic acid formed a certain degree of a stabilizing layer on the particle
surface, enhancing the electrostatic repulsion and steric barrier between particles, thereby improving the colloidal stability
of the system. Further comparison of different zein/HA mass ratios shows that particle size and PDI exhibit obvious non-
linear characteristics with changes in ratio: when the mass ratio increased from 1:1 to 10:1, the average particle size grad-
ually decreased and reached the minimum value (124.6 nm) at 10:1; subsequently, as the zein content further increased to
40:1, the particle size increased again. The variation trend of PDI was basically consistent with that of particle size, reach-
ing the lowest value (0.092) at 20:1, and then increasing sharply to 0.466 at 40:1, indicating that the system stability
decreased significantly.

This change reflects that the structure of the composite system adjusts with the ratio. Under conditions of high HA
content, excessive polysaccharides may form a relatively thick adsorption layer on the surface of protein particles and may
even produce a “bridging flocculation” phenomenon through chain extension [7]. Bridging is a common structural behavior
in protein—polysaccharide systems, in which a single polysaccharide chain adsorbs simultaneously onto the surfaces of
multiple protein particles, thereby promoting connections between particles and leading to an increase in particle size *.
Therefore, the increase in particle size at high HA content has a structural basis, resulting in a larger particle size; as the
zein ratio increases to an appropriate range, a relatively dense and uniform composite structure can form between protein
and polysaccharide, causing the particle size to decrease and the distribution to become more concentrated. However, when
the zein content is further increased, and HA is relatively insufficient, the surfaces of some protein particles cannot be fully
covered, hydrophobic interactions are enhanced, and the system is more prone to aggregation, ultimately leading to sim-
ultaneous increases in particle size and PDI.

Similar phenomena have also been reported in other protein—polysaccharide systems. Zhao Tianyu et al. pointed out in
their study on barley protein/propylene glycol alginate composite nanoparticles that, as the proportion of polysaccharide
decreased, the particle size showed a trend of first decreasing and then increasing, which was attributed to the formation
of a stable composite structure between protein and polysaccharide at an appropriate ratio. In addition, in the zein—pectin
core—shell nanoparticle system, significant improvements in particle size and PDI were also reported within a specific
protein/polysaccharide ratio range, indicating that this behavior is a common characteristic of protein—anionic polysaccha-
ride systems.

3.2 Effect of Zein/HA Ratio on Zeta Potential
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Figure 2. Effect of Zein/HA Ratio on Zeta Potential.
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Zeta potential is a useful parameter that describes the characteristics of surface charge and colloidal stability of nano-
particles, and its change is plotted in Figure 2. At pH 4.0, Zein nanoparticles without added hyaluronic acid had a rather
high positive potential, +41.93 mV, and this means that the positive charge property of zein dominated the overall surface
charge.

After hyaluronic acid was added, the surface potential of the particles quickly began to take negative values (the surface
potential of the particles dropped to -38.95 mV when a zein/HA solution at a ratio of 1:1 was added). Thereafter, when the
Zein/HA ratio gradually increased to 20:1, the absolute value of the zeta potential successively dropped (to 18.05 mV from
-38.95 mV), indicating that the negative charge density of particles on the surface was slowly weakening as they became
covered with smaller amounts of HA. When the ratio reached 40:1, the zeta potential turned back to a positive value
(+25.33 mV). This phenomenon indicates that under conditions of insufficient HA content, the particle surface is no longer
able to form a continuous polysaccharide coating layer, and the surface charge properties are once again dominated by
zein. The isoelectric point of zein is usually around pH 6.0, and it exhibits a clearly positive charge under pH 4.0 conditions
[12]; therefore, when the degree of polysaccharide coverage decreases, the surface potential of the system returns toward
positive values. A similar charge reversal phenomenon has also been observed in zein—pectin core—shell nanoparticle sys-
tems and is considered to result from the competitive adsorption between protein and polysaccharide on the particle surface
[6].

The changes in potential indicate that the dominant components on the particle surface vary with the ratio. Under con-
ditions of high HA content, the particle surface is mainly dominated by negatively charged polysaccharide chains; as the
zein ratio increases, the degree of HA coverage on the particle surface gradually decreases, and the contribution of protein
to the surface charge increases; when the HA content is insufficient to form a continuous coating layer, the surface prop-
erties of the particles are once again dominated by zein. Zhao Tianyu et al. also observed a transition of zeta potential from
negative to positive in their study on barley protein/propylene glycol alginate composite nanoparticles and attributed it to
the competitive adsorption behavior between protein and polysaccharide on the particle surface.

In addition, in studies on zein—pectin core—shell nanoparticles, as the degree of polysaccharide coverage decreased, the
surface charge of the particles shifted from negative to positive, which was considered to result from the weakening of the
polysaccharide coating layer and the re-dominance of protein on the surface. In protein—polysaccharide composite systems,
the surface charge characteristics of particles are usually dominated by the carboxyl groups or other anionic groups carried
by polysaccharides, and the degree of coverage directly determines the absolute value of the potential and the electrostatic
stability of the system [2,9]. When the absolute value of the surface potential is higher than £30 mV, the system usually
exhibits good electrostatic stability [10].

3.3 Encapsulation Efficiency
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Figure 3. Standard Curve of Resveratrol.
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Resveratrol has a stable characteristic absorption peak around 300 nm, which is suitable for ultraviolet quantitative
analysis [1]. In order to determine the actual content of resveratrol in the composite particles, ethanol solutions of resvera-
trol at different concentrations (2.0-5.5 pg/mL) were used as standards in this experiment, and the absorbance was meas-
ured at 306-307 nm to establish a standard curve. The line equation obtained was y = 0.1382x + 0.0012 and R? = 0.9996,
suggesting a good linear correlation; hence, this linear relation could be applied to determine the resveratrol content. The
high linear correlation coefficient shows that the method is reliable and may be used to make further calculations of the
encapsulation efficiency and loading capacity.
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Figure 4. Encapsulation Efficiency of Resveratrol.

Encapsulation efficiency is the percentage of resveratrol that is encapsulated by the particles relative to the overall
amount. As Figure 4 reveals, the encapsulation efficiency of resveratrol was fairly consistently high overall at varying
mass ratios of zein (Zein) to hyaluronic acid (HA), although it showed a diminishing tendency with the rise in the propor-
tion of zein. In cases where the zein/HA ratio was low or moderate, the system was capable of maintaining good encapsu-
lation performance; however, further increases in the proportion of zein led to lower encapsulation performance.

This finding suggests that the successful encapsulation of resveratrol is directly linked to whether the composite nano-
particles have a complete surface structure. Single zein particles are comparatively loose in structure, and their surfaces
may have small defects that allow part of the compound to leak during preparation or separation. In this case, despite the
possible involvement of resveratrol in the formation of particles, its encapsulation stability is low. Hyaluronic acid mole-
cules may spread on the surface and adsorb onto the surfaces of zein particles, forming a continuous or semi-continuous
outer coating layer, thus reducing surface defects and reducing the chance of resveratrol escaping from the particles. Thus,
when the concentration of HA is relatively large, the surface structure of the particles becomes more complete, and the
total encapsulation efficiency of resveratrol can be retained at a rather high level. With a steady rise in the percentage of
zein, the extent of surface coverage on the particle surfaces by HA also decreases, and some fraction of the particle surface
is re-exposed. The outer coated structure is no longer complete, and resveratrol is more likely to be lost during the prepa-
ration or separation step, incurring a reduction in the encapsulation efficiency. These findings show that hyaluronic acid is
an important structural component in the composite system.

In the test of Zein/HA = 1:1-8:1, the encapsulation efficiency was within a fairly constant range; when the ratio was
raised to 40:1, encapsulation efficiency was lower by a significant margin. This transformation is strongly connected with
the structural integrity of the protein-polysaccharide composite system. Previous studies have shown that zein itself is a
hydrophobic protein, and the nanoparticles formed have a hydrophobic core structure, but their surface structure is rela-
tively loose and prone to the presence of micropores or structural defects [4]. On this basis, polysaccharide molecules (such
as pectin, alginate, or hyaluronic acid) can adsorb onto the surface of zein through electrostatic interactions and hydrogen
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bonding, forming a continuous coating layer and thereby reducing the leakage of active substances [12]. Zhao Tianyu et
al. found in the barley protein/PGA system that when the proportion of polysaccharide was appropriate, the encapsulation
efficiency was significantly improved, and the mechanism was attributed to the formation of a structural barrier by the
outer polysaccharide layer [8]. Similar phenomena have also been observed in zein—pectin core—shell systems [7]. There-
fore, in this study, when the proportion of HA decreased, the integrity of the surface coating layer of the particles decreased,
leading to a reduction in encapsulation efficiency, which is consistent with the cooperative coating mechanism of protein—
polysaccharide systems reported in previous studies.

3.4 Loading Capacity
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Figure 5. Loading Capacity of Resveratrol.

Loading capacity describes the actual amount of resveratrol carried per unit mass of composite nanoparticles. As shown
in Figure 5, the loading capacity of resveratrol exhibited an overall trend of first increasing and then decreasing with the
increase in the mass ratio of zein (Zein) to hyaluronic acid (HA). As the Zein/HA ratio increased from 1:1 to 20:1, the
loading capacity increased from approximately 9.76% to 15.62%; when the ratio was further increased to 40:1, the loading
capacity showed a certain decrease.

Based on the results, it may be observed that in the case of a low proportion of zein, despite a rather complete polysac-
charide coating system in the system, the effective space of the composite nanoparticles available to carry resveratrol is
small, which leads to rather poor loading capacity. The higher the zein content, the greater the hydrophobic space within
the particles and the structural space available to fit resveratrol, and the loading capacity will gradually increase.

As the Zein/HA ratio becomes larger and larger, the degree to which the loading capacity is enhanced becomes much
lower, and even a decline emerges. This shows that the capacity of the composite nanoparticles to carry resveratrol does
not grow indefinitely but is dependent on the structural space and the number of binding sites offered by the carrier itself.
The loading capacity is hard to increase any further when these structural spaces are gradually filled, although the zein
percentage may be increased again.

The findings are that the encapsulation structure and internal hydrophobic capacity both restrict loading capacity. Zein
molecules contain more hydrophobic amino acid residues, and the higher the concentration, the greater is the hydrophobic
interior zone within the particles, thus increasing the resveratrol carrying capacity [4, 11]. However, when the hydrophobic
regions approach saturation, further increasing the proportion of zein cannot significantly improve the loading amount.
Similar “structural capacity limitation” phenomena have been reported in various protein—polysaccharide nanoparticle
systems [8, 12]. It has also been found in NLC systems that even when the encapsulation efficiency approaches 100%, the
loading capacity is still limited by the structural space of the carrier [9]. Therefore, loading capacity more directly reflects
the structural carrying capacity of the system rather than simply the coating ability.
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3.5 Thermal Stability
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Figure 6. Thermal Stability of Resveratrol.

Resveratrol is prone to degradation under heating conditions, and its thermal stability can be evaluated by the change in
retention rate over time during the heating process. A faster decrease in retention rate indicates poorer thermal stability of
resveratrol; under the same heating time, a higher retention rate indicates a stronger protective ability of the system for
resveratrol.

As shown in Figure 6, under different mass ratios of zein (Zein) to hyaluronic acid (HA), the retention rate of resveratrol
in all samples gradually decreased with the extension of heating time, indicating that thermal degradation commonly oc-
curred in all systems. However, there were obvious differences in the rate of decrease among different ratios. Among all
ratios, the samples with Zein/HA = 4:1 and 8:1 maintained relatively high retention rates of resveratrol throughout the
entire heating process, and the extent of decrease was relatively small. Among them, in the 4:1 system, the retention rate
slowly decreased from 91.09% to 73.45% within 1-5 h, and was higher than that of other ratios at all time points; the 8:1
system showed similar performance, maintaining a retention rate of 70.05% after 5 h. In contrast, the retention rates of the
1:1 and 40:1 systems decreased more significantly, dropping to 54.89% and 52.04%, respectively, after 5 h, indicating that
their thermal protective ability for resveratrol was weaker.

The results indicate that thermal stability is closely related to the structural state of the composite nanoparticles. Under
appropriate ratios, protein and polysaccharide can cooperatively form a relatively complete and dense coating structure,
which can, to a certain extent, block heat transfer and limit oxygen diffusion during the heating process, thereby slowing
down the thermal degradation rate of resveratrol. When the content of either zein or hyaluronic acid is too high, the integrity
of the composite structure decreases, the protective effect is weakened, and resveratrol is more prone to degradation under
heating conditions, resulting in a rapid decrease in retention rate.

Studies have indicated that resveratrol is prone to oxidation and cis—trans isomerization reactions during thermal pro-
cessing [10]. Protein—polysaccharide composite structures can improve stability through the following mechanisms: con-
structing a dense coating layer to limit oxygen diffusion; reducing the direct effect of thermal convection; and decreasing
the opportunity for contact with free radicals. Zhao Tianyu et al. reported that the barley protein/PGA system can signifi-
cantly improve the retention rate of resveratrol under heating conditions [8]. The zein—pectin system also showed that a
core—shell structure helps to delay degradation [7]. The results of this study are consistent with previous reports, indicating
that the composite structure formed under appropriate ratios possesses a more stable physical barrier function under ther-
mal stress.

3.6 Overall Discussion

Based on the results of particle size, PDI, zeta potential, encapsulation efficiency, loading capacity, and thermal stability,
it can be seen that the Zein/HA mass ratio has a significant effect on both the structural characteristics and functional
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performance of resveratrol composite nanoparticles. Each parameter shows a different variation trend with the ratio, and
it is difficult to comprehensively evaluate the system performance using a single parameter.

In terms of structural parameters, under the condition of Zein/HA = 10:1, the particles exhibited a moderate particle size,
relatively low PDI, and a relatively high absolute value of zeta potential, showing relatively ideal dispersibility and a good
basis for colloidal stability; in terms of functional parameters, under the condition of 4:1, the encapsulation efficiency was
relatively high, the loading capacity was within a relatively optimal range, and better protective ability was exhibited
during thermal processing.

Regarding structural stability and functional protective effects, 4:1 would be more appropriate for maintaining stability
during processing, and 10:1 is more comprehensive in its application, resulting in structural-functional coordination. The
8:1 ratio displays similar performance in the majority of parameters and could be applied as a relatively stable substitute
condition.

4. Conclusion

The paper developed a zein (Zein)/hyaluronic acid (HA) composite nano-delivery system and investigated the variation of
the particle structural parameters and functional indicators under various mass ratios. The findings revealed that manipu-
lation of the Zein/HA ratio has a concomitant effect on particle size, PDI, zeta potential, encapsulation efficiency, loading
capacity, and thermal stability of resveratrol. The parameters do not vary in one direction; rather, under different ratio
conditions, there is a certain trade-off between structure and function.

Structurally, a better protein ratio would be more effective in creating a colloidal system with increased dispersibility;
with regard to functional performance, appropriate polysaccharide coverage would benefit the development of encapsula-
tion integrity and stability upon thermal processing. This implies that the proportionality of components used in protein-
polysaccharide composite systems directly influences the surface coverage state and internal structural properties of the
particles, further influencing the protective effect on active substances.

Thus, the comparatively optimal balance between functional protective capacity and structural stability can be ensured
by the moderate regulation of Zein/HA mass ratio. The findings of this paper provide a reference for the optimization of
experimental ratios in protein-polysaccharide composite nanoparticle systems.
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