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ARTICLE INFO ABSTRACT

Keywords: Propolis extract (PE) is a natural polyphenol with various biological activities; however, its application is limited
Propolis ex;rract due to low solubility and instability. To overcome these drawbacks, we encapsulated PE in nanoparticles (PE-
Encapsu@tlon_ loaded nanoparticles, PE-NP) using chitosan (CS) and hyaluronic acid (HA) as wall materials. We examined the
Is{glilllalirl(i)tr;m acid physicochemical characteristics (size, polydispersity index, zeta potential, and entrapment efficiency) of PE-NP
Stability prepared with the various ratios of CS to HA and core to the wall material, and confirmed the optimal ratio for

the formulation of PE-NP as 4:7 and 1:2, respectively. In addition, PE-NP significantly increased the solubility of
PE by 2.43-fold compared to that of free PE (p < 0.05). Moreover, the retention rate of total flavonoid content
(TFC) in PE-NP was significantly higher than that in free PE after the heat treatment (90 °C) for 24 h (p < 0.05).
Furthermore, PE-NP showed significantly higher retention rates of TFC and DPPH radical scavenging effects than
free PE after storage for 4 weeks at 30 and 50 °C (p < 0.05). In conclusion, these findings suggest that PE-NP may
be a promising approach to enhance the solubility and stability of PE and could provide helpful information for
expanding the application of PE.

1. Introduction

Propolis is a natural phytochemical compound, a mixture of plant
resins and the salivary secretion of bees (Santos et al., 2020). Propolis is
composed of 50% resin, 30% wax and fatty acids, 10% essential oils, and
5% pollen (Boisard et al., 2015). Propolis extract (PE) is obtained after
the wax removal, followed by solvent or supercritical extraction. PE
contains high levels of flavonoids such as quercetin, chrysin, galangin,
and pinocembrin (ladnut et al., 2019). In addition, several biological
activities of PE, including antioxidant, anti-inflammatory, antimicro-
bial, antitumor, and antiviral activities have been reported owing to the
abundance of flavonoids (Anjum et al., 2019). Despite its
health-promoting effects, the application of PE has been limited owing
to its low water solubility and instability (do Nascimento et al., 2022;
Jansen-Alves et al., 2019). To overcome these drawbacks, previous
studies have attempted to encapsulate PE using various carriers such as
particles, liposomes, emulsions, and cyclodextrins (Zhang et al., 2019;
Ramli, Ali, Hamzah, & Yatim, 2021; Seibert et al., 2019; Kalogeropoulos
et al., 2009).

Encapsulation is a promising technique because it can increase sol-
ubility and bioavailability and prevent degradation by heat, oxidation,
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and UV (Fang & Bhandari, 2010). Among the various encapsulation
methods, nanoparticles (NP) have advantages such as long shelf life and
high entrapment efficiency. Moreover, NP protect core materials from
degradation or deactivation before reaching the target site (Anselmo &
Mitragotri, 2014). Furthermore, they can be manufactured with natural,
non-toxic, biocompatible, and biodegradable materials and are regarded
as safe (Wu, Yang, Wang, Hu, & Fu, 2005).

Chitosan (CS) is a widely used cationic biopolymer, produced by the
deacetylation of chitin present in crab or shrimp shells. It can be used to
fabricate NP through electrostatic interactions with anionic bio-
polymers, such as hyaluronic acid (HA), gum arabic, and dextran sulfate.
HA is an anionic polysaccharide that is widely distributed throughout
the human body, particularly in the skin, connective tissue, intestine,
and eyes (Oyarzun-Ampuero, Brea, Loza, Torres, & Alonso, 2009). HA
exhibits a strong affinity for CD44, a cell surface protein that is over-
expressed in many types of cancer cells and cancer stem cells (Platt &
Szoka, 2008). The utilization of NP formulated with HA has been mainly
focused on the pharmaceutical industry. Our previous study suggested
the possibility of HA as a promising wall material with CS as an oral
delivery system in the food industry, with high mucoadhesive proper-
ties, cell permeability, and antioxidant activity compared to those of
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other anionic biopolymers (Kim, Lee, & Lee, 2021). However, no study
has investigated the optimal preparation conditions for PE-loaded
nanoparticles (PE-NP) under both CS/HA and core/wall ratios.
Furthermore, to the best of our knowledge, none of the studies have
attempted to enhance the solubility and thermal and storage stabilities
of PE by NP with CS and HA.

The aim of this study was to investigate the optimal CS/HA and core/
wall ratios for the formulation of PE-NP, and the effects of PE-NP on
solubility and stability. To this end, PE-NP were prepared by ionic
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efficiency of PE-NP was indirectly determined by measuring the TFC
entrapped within the PE-NP, as previously described (Zhang et al.,
2019). PE-NP were ultracentrifuged at 4,000xg for 30 min at 4 °C using
a 50 kDa centrifugal filter device (Amicon Ultra-4 Centrifugal Filter,
Millipore, Billerica, MA, USA). Free PE was quantified by measuring the
TFC of the filtrate. Entrapment efficiency (%) was calculated using the
following equation (1):

Entrapment efficiency (%) = {(total amount of total flavonoid content — free amount of total flavonoid content) / total amount of total flavonoid content} x 100

gelation between CS and HA by controlling the CS/HA and core/wall
material ratios. Then, their physicochemical properties, such as size,
polydispersity index (PDI), zeta potential, and entrapment efficiency,
were measured. More importantly, the efficacy of HA for the encapsu-
lation of PE in terms of solubility and thermal and storage stabilities was
revealed in our study.

2. Materials and methods
2.1. Materials

PE was donated by Neo Cremar Co. Ltd (Sungnam, Korea). Low-
molecular-weight chitosan, i-a-phosphatidylcholine, aluminum chlo-
ride hexahydrate, 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid (Trolox), 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
diammonium salt (ABTS), potassium persulfate, sodium phosphate
dibasic, fluorescein isothiocyanate isomer, and 2’'-azobis(2-methyl-
propionamidine) dihydrochloride (AAPH) were purchased from Sigma-
Aldrich Chemical Co. (St. Louis, MO, USA). Hyaluronic acid and
cholesterol were obtained from Bioland (Cheonan, Korea) and Yakuri
Pure Chemicals Co. (Kyoto, Japan), respectively. 2,2-Diphenyl-1-picryl-
hydrazyl (DPPH) was purchased from Alfa Aesar (Ward Hill, MA, USA).
Quercetin dihydrate was purchased from the Shanghai Aladdin
Biochemical Technology Co. (Shanghai, China). Trehalose dihydrate
and potassium phosphate monobasic were purchased from Tokyo
Chemical Industry (TCI) (Tokyo, Japan) and Daejung Chemical and
Metals Co. (Siheung, Korea), respectively. All chemicals used in this
study were of analytical grade.

2.2. Preparation of PE-loaded nanoparticles (PE-NP)

PE-NP were prepared by the ionic gelation method, which involved
electrostatic interactions between the amino groups of CS and the
carboxyl groups of HA (Lu, Zhao, Wang, & Lv, 2011). CS, HA, and PE
were completely dissolved in 1 mL/100 mL acetic acid, distilled water,
and ethanol, respectively. Under magnetic stirring (1000 rpm) at room
temperature, 1 mL of PE was added to 7 mL of the CS solution at a flow
rate of 1.0 mL/min and stirred for 10 min. Then, 2 mL of the HA solution
was added to the 8 mLCS solution containing PE and stirred for 20 min.
The mass ratios of CS to HA were adjusted to 4:5, 4:6, 4:7, 4:8, and 4:9
(w/w) and the final concentration of PE was 0.4 mg/mL. Moreover, the
mass ratios of the core (PE) to the wall materials (CS/HA) were set to
1:2, 1:3, and 1:4 (w/w).

2.3. Physicochemical properties of PE-NP
The particle size, PDI, and zeta potential of PE-NP were investigated

using the dynamic light scattering method with a Malvern Zetasizer
Nano ZS (Malvern Instruments Ltd., Malvern, UK). The entrapment

@

The TFC was measured using a modified method of Chang, Yang,
Wen, & Chern, 2002. Briefly, each sample was mixed with the same
volume of 20 mg/mL solution of aluminum chloride. The mixture was
then vortexed and incubated at 25 °C for 10 min. The absorbance was
read at 415 nm on a Synergy HT Multi-microplate reader (Bio-Tek In-
strument Inc., Winooski, VT, USA). TFC was expressed as milligrams of
quercetin equivalent (QUE) per gram of the sample (mg QUE/g).

2.4. Morphological characterization

The shape and surface morphology of propolis extract-unloaded
nanoparticles (BLK-NP) and PE-NP were investigated by scanning elec-
tron microscopy (SEM) (Verios G4UC, FEI, Hillsboro, OR, USA) (Kaushik
and Roos. 2007). Freeze-dried samples were mounted onto carbon tape
and coated with platinum. They were then analyzed at an acceleration
voltage of 5 kV.

2.5. Solubility of PE-NP

The effect of PE-NP on solubility was evaluated as previously
described (Lee, Kim, & Lee, 2017). The solubilities of both free PE and
PE-NP were analyzed after lyophilization. As a cryoprotectant, 50
mg/mL trehalose was added to the PE-NP suspension and freeze-dried
for 48 h. Lyophilized PE-NP were suspended in the same volume of
distilled water before lyophilization and stirred for 10 min. They were
then centrifuged at 3,000xg for 10 min. The supernatant was filtered
through a membrane filter with a pore size of 0.45 pm to remove the
remaining insoluble PE. To rupture PE-NP, 0.5 mL of the sample and 0.5
mL of acetonitrile were mixed and vortexed for 30 s as previously
described (Smits, Smits, & Vromans, 2013). The mixture was incubated
for 10 min at 25 °C. The completely dissolved PE was quantified by
measuring TFC, as previously mentioned in Section 2.3.

2.6. Stability of PE-NP

2.6.1. Thermal stability

Free PE and PE-NP were incubated at 90 °C in the dark for 24 h. The
retention rates of TFC were measured after 2, 4, 12, and 24 h of heat
treatment to investigate the thermal stability, following the procedure
described in Section 2.4 (Muhammad et al., 2020). Retention rate (%)
was calculated using the following equation (2):

Retention rate (%) = (residual TFC after storage / initial TFC) x 100 2)

2.6.2. Storage stability

Free PE and PE-NP were stored at 30 and 50 °C in the dark for 4
weeks (Chang, Feng, He, Chen, & Liang, 2020). The retention rates of
TFC and DPPH radical scavenging effects were measured every week to
investigate storage stability, according to the procedure described in
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sections 2.3 and 2.6.1.

The DPPH radical scavenging assay was performed according to the
method described by (Bai et al., 2019) with slight modifications. An
aliquot of each sample was mixed with the same volume of 0.36 mM
DPPH ethanol solution and placed in the dark for 30 min at 25 °C. The
samples were then centrifuged at 17,000 rpm for 10 min. The absor-
bance of the supernatant was measured at 517 nm using a microplate
reader. The DPPH radical scavenging activity was calculated using the
following equation (3):
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polysaccharide, whiek may contribute to having a denser structure as a
barrier, thereby entrapping PE effectively (Akolade, Oloyede, & Onye-
nekwe, 2017; Yang et al., 2015). The highest entrapment efficiency
(91.2 £+ 0.5%) was obtained in PE-NP with a 4:7 ratio because super-
fluous CS and HA caused aggregates and low stability, decreasing
entrapment efficiency. Taken together, these findings indicated that the
CS/HA ratio significantly affected the PDI, zeta potential, and entrap-
ment efficiency of PE-NP, but not their size. Based on the above results, a
4:7 CS/HA ratio was confirmed as the optimal ratio for preparing PE-NP
and was used in further experiments.

Entrapment efficiency (%) = {(absorbance of control — absorbance of sample) / absorbance of sample} x 100 3)

2.7. Statistical analysis

All experiments were performed in triplicates. The results are pre-
sented as mean =+ standard deviation. The results were analyzed using a
Student’s t-test and one-way analysis of variance, followed by Duncan’s
multiple range test using SPSS Version 26.0 (SPSS Inc., Chicago, IL,
USA). Differences were considered statistically significant at p < 0.05.

3. Results and discussion

3.1. Physicochemical properties of PE-NP prepared under various
conditions

3.1.1. Effect of CS/HA ratio

The physicochemical properties of PE-NP prepared with the different
mass ratios of CS/HA are shown in Fig. 1. The sizes of PE-NP with
different CS/HA ratios ranged from 357.5 + 14.1 nm to 378.3 + 6.1 nm.
The CS/HA ratio did not significantly change the size of PE-NP. Inter-
estingly, as the HA concentration increased, the PDI significantly
decreased from 0.424 + 0.059 to 0.173 + 0.019 and the zeta potential
significantly decreased from 29.6 + 1.7 to 21.0 £ 0.7 mV (p < 0.05). In
addition, the entrapment efficiency of PE-NP ranged from 85.8 + 0.3 to
91.2 + 0.5%, and the highest entrapment efficiency was obtained with a
CS/HA ratio of 4:7.

In this study, the CS/HA ratio did not significantly affect the size of
PE-NP; however, they did affect the PDI, zeta potential, and entrapment
efficiency of PE-NP. These results are similar to a previous study in
which the sizes of pDNA-loaded CS/HA NP (267.7-328.1 nm) did not
change significantly regardless of the changes in CS/HA ratio (Oliveira,
Bitoque, & Silva, 2014). In addition, the result that PDI significantly
increased with increasing CS concentration could be explained by a
previous study showing that superfluous CS beyond the optimum level
in PE-NP suspension may produce aggregates (Kim, Baek, Yoo, Lee, &
Lee, 2022). The PDI values of PE-NP with 4:5 and 4:6 ratios were higher
than 0.3, implying heterogeneous dispersion, and these results may be
due to CS aggregates (Lee, Kim, & Lee, 2017).

Moreover, the increase in HA concentration resulted in a decrease in
zeta potential due to an increase in the degree of neutralization of amino
groups, as PE-NP were prepared by ionic gelation between the positively
charged amino groups of CS and the negatively charged carboxyl groups
of HA (Lu et al., 2011). Furthermore, high entrapment efficiencies (85.8
+ 0.3 to 91.2 + 0.5%) in PE-NP were obtained in this study compared
with those in previous research (Cavalu et al., 2018; Zhang et al., 2018).
For instance (Cavalu et al., 2018), reported that the entrapment effi-
ciency of PE-NP prepared with CS and gum arabic reached 71%. The
high entrapment efficiency of PE-NP in our study may be due to the
hydrophilic property of HA. In addition, HA, a high molecular weight

3.1.2. Effect of core/wall ratio

PE-NP were prepared with different mass ratios of core (PE) to wall
materials (CS/HA), and their physicochemical properties are shown in
Fig. 2. As the concentration of wall material increased from 1:2 to 1:4,
the size and PDI significantly increased from 378.3 + 6.1 to 549.5 +
30.3 nm and from 0.309 + 0.018 to 0.495 + 0.017, respectively (p <
0.05); however, there was no significant change in the zeta potential.
The entrapment efficiency of PE-NP decreased significantly as the
amount of wall material increased (p < 0.05).

These findings indicate that the core/wall material ratio has a sig-
nificant effect on the size, PDI, and entrapment efficiency but not on the
zeta potential of PE-NP. These observations are consistent with a pre-
vious study which showed that an increase in the concentration of wall
material led to an increase in the size and PDI (Yazicioglu, Sahin, &
Sumnu, 2015). This phenomenon can be explained by the formation of
thick layers and aggregation between small PE-NP as the concentration
of the wall material increased. According to a previous study, the
excessive wall material content, compared to the core material content,
has a remarkable influence on entrapment efficiency, since an amount of
wall material above the optimal level would induce aggregation and
release of PE (Ghatak & Iyyaswami, 2019). For instance, Shao, Xuan,
Wu, & Qu, 2019 reported that the highest entrapment efficiency was
obtained at a core/wall ratio of 1:2 among the different ratios (1:1, 1:2,
1:3, and 2:1). A previous study reported that the core/wall ratio had no
significant influence on the zeta potential of saffron essential oil-loaded
NP (Astutiningsih, Anggrahini, Fitriani, & Supriyadi, 2022). Based on
the above results, a core/wall ratio of 1:2 was selected for further
studies.

3.2. Morphological characterization

To observe the morphology of BLK-NP and PE-NP prepared under
optimal conditions, they were analyzed using SEM. As shown in Fig. 3a
and b, both BLK-NP and PE-NP possessed similar glass-like structures.
The surfaces of both BLK-NP and PE-NP were smooth and free of cracks
(Fig. 3c and d). The morphology of PE-NP was in accordance with a
previous report (Chen, Chi, & Xu, 2012). Lemon pomace aqueous
extract-loaded NP, developed using maltodextrin and carrageenan,
showed broken glass or flake-like structures formed by the dehydration
process during freeze-drying (Chen et al., 2012; Kaushik & Roos, 2007).
This may be due to the lack of force to break up the frozen suspension
into droplets at low temperatures during freeze-drying (Chen et al.,
2012). Kaushik & Roos reported that an amorphous structure could
protect entrapped PE from harsh environments such as heat, light, and
oxygen. Moreover, the existence of cracks on the surface of lyophilized
PE-NP may have an adverse effect on redispersibility (Kaushik & Roos,
2007). Thus, our observations suggested a successful encapsulation of
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Fig. 1. The effect of the mass ratio of CS to HA on the (a) size and PD], (b) zeta
potential, and (c) entrapment efficiency of PE-NP. CS, chitosan; HA, hyaluronic
acid; PE-NP, propolis extract-loaded nanoparticles; PDI, polydispersity index.
All data are expressed as mean + standard deviation. ¢ The values with

different letters are significantly different by Duncan’s multiple range test p
< 0.05.
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Fig. 3. SEM images of (a) BLK-NP (1,000x magnification), (b) PE-NP (2.500x magnification), (c) BLK-NP surface (5,000x magnification), and (d) PE-NP surface
(10,000x magnification). SEM, scanning electron microscopy; BLK-NP, propolis extract-unloaded nanoparticles; PE-NP, propolis extract-loaded nanoparticles.
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Fig. 4. (a) The appearance of free PE and PE-NP dispersed in distilled water and (b) their solubility, while the PE concentration was fixed at 0.4 mg/mL. PE-NP,
propolis extract-loaded nanoparticles. All data are expressed as mean =+ standard deviation. *Asterisk indicates a significant difference between the two groups

using the Student’s t-test at p < 0.05.

PE into glass-like structures and the possibility of PE-NP enhancing
solubility and stability.

3.3. Solubility of PE-NP

As denoted in Fig. 4a and b, the effect of PE-NP on solubility was
investigated. The PE concentrations of both samples were fixed at 0.4
mg/mL. TFC in free PE and PE-NP was 14.43 + 0.71 and 35.03 + 0.75
mg QUE/g, respectively, indicating that the solubility of PE-NP
remarkably increased by 2.43-fold compared to that of free PE (p <
0.05). In addition, PE-NP were thoroughly redispersed in distilled water
without agglomeration.

According to previous studies, CS-based NP enhanced the solubility
of insoluble materials. For instance, the solubility of coenzyme Q10-
loaded NP prepared with CS and two types of anionic biopolymers,

sodium triphosphate and dextran sulfate, increased approximately 1.24
times compared to free coenzyme Q10 (Lee, Suh, Kim, & Lee, 2017).
Enhanced solubility was also reported by (Jeon, Lee, & Lee, 2016), who
demonstrated the efficiency of NP prepared with CS and y-poly glutamic
acid in enhancing the solubility of resveratrol. However, there have been
no previous studies on the effect of NP made of CS and HA on the sol-
ubility of insoluble substances. The higher solubility of PE-NP compared
to that of free PE could be explained by the increased surface area and
reduced molecular mobility (Lee, Kim, & Lee, 2017). The larger surface
area of PE-NP compared to that of free PE allowed PE to interact with the
medium more effectively. In addition, the high mobility of dried extract
tends to cause stickiness, caking, and aggregation and impair dis-
persibility and solubility (Li, Lin, Roos, & Miao, 2019). In contrast, as
shown in the 1H NMR spectroscopy of a free insoluble drug and its solid
dispersion with HA, encapsulation with HA exhibit a decrease in the
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NMR peak resolution, indicating a decrease in molecular mobility and
an increase in solubility (Wei et al., 2022). Another possible explanation
for the high solubility is the hydrophilic property of HA (Choh, Cross, &
Wang, 2011). Similarly, the solubility of decoquinate-loaded solid
dispersion was higher than that of free decoquinate, owing to the
interaction between hydrophilic HA and hydrophobic decoquinate (Wei
et al., 2022). This is the first study to show that NP with CS and HA
significantly enhanced the solubility of PE. Taken together, PE-NP have
a remarkable potential to enhance the solubility of PE.
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3.4. Stability of the PE-NP

3.4.1. Thermal stability of the PE-NP

The thermal stability of the free PE and PE-NP was investigated by
measuring the residual TFC after heat treatment at 90 °C (Fig. 5). Free
PE started to degrade significantly after 2 h of heat treatment (p < 0.05),
and only 56.7 + 0.5% of PE remained after 24 h. Conversely, the
retention rate of PE-NP after 24 h was 92.5 £ 1.3%. The retention rate of
PE-NP after 24 h was significantly higher than that of free PE (p < 0.05).

These results were consistent with those of a previous study showing
that heat treatment of free PE at 50, 80, and 100 °C reduced the DPPH
radical scavenging effect, indicating that flavonoids in PE are highly
unstable to heat (Lu, Chen, & Chou, 2003). In the previous study, the
thermal stability of PE was enhanced by encapsulation within NP,
confirmed by thermogravimetric analysis and differential thermal
analysis (do Nascimento et al., 2022). Similarly, the retention rates of
PE-NP were remarkably higher by 1.63-fold than free PE after 24 h of
heat treatment. As confirmed by the differential scanning calorimetry
thermogram, NP prepared with CS and HA protected the core material
and weakened the effect of temperature owing to electrostatic in-
teractions between CS and HA (Shabani Ravari et al., 2016). Considering
the thermogravimetric analysis, the major decomposition of HA
occurred between 200 and 300 °C with the breakage of the molecular
structure and electrostatic property (Lewandowska, Sionkowska, Grab-
ska, & Kaczmarek, 2016). Similarly, CS exhibited the main decomposi-
tion at temperature ranges of 210-240 °C (Woranuch & Yoksan, 2013).
Therefore, heat treatment at 90 °C did not dramatically affect the
structure and properties of CS and HA. In conclusion, the PE-NP pre-
pared using CS and HA remarkably enhanced the thermal stability of PE.

3.4.2. Storage stability of the PE-NP

The retention rates and DPPH radical scavenging effects were
monitored after storage at 30 and 50 °C for 4 weeks to investigate the
storage stability of PE-NP. As shown in Fig. 6a and b, the retention rates
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Fig. 6. The retention rate of TFC of free PE and PE-NP during their storage at (a) 30 and (b) 50 °C for 4 weeks. The DPPH radical scavenging effect of free PE and PE-
NP during their storage at (c) 30 and (d) 50 °C. PE, propolis extract; PE-NP, propolis extract-loaded nanoparticles. All data are expressed as mean + standard
deviation. *Asterisk indicates a significant difference between the two groups using the Student’s t-test at p < 0.05.
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of TFC in free PE significantly decreased to 45.4 + 3.8 and 36.1 + 2.0%
after storage at 30 and 50 °C, respectively (p < 0.05). In contrast, PE-NP
exhibited significantly higher retention rates than free PE (p < 0.05).
Furthermore, the DPPH radical scavenging effect of free PE significantly
decreased to 40.6 + 2.5 and 67.4 + 2.0% at week 4 after storage at 30
and 50 °C, respectively, whereas PE-NP showed a constant antioxidant
capacity during storage (Fig. 6¢ and d).

These results, which showed low storage stability of PE are consistent
with previous findings that the stability of antioxidant activity of soft
drinks containing PE ranged from 76.3 to 78.6% during 30 days of
storage at 4, 25, and 45 °C (Vasilaki, Hatzikamari, Stagkos-Georgiadis,
Goula, & Mourtzinos, 2019). To our knowledge, there is no study on
the effects of enhancing the storage stability of PE-NP. In this study,
PE-NP showed a smaller decrease in the retention rates of TFC than free
PE. This may be related to the higher molecular weight of HA compared
to that of other anionic biopolymers, resulting in a denser PE-NP
structure (Akolade et al., 2017; Yang et al., 2015). Therefore, PE-NP
may maintain their matrix throughout storage without structural
degradation or the release of PE (Kim, Kim, Lee, & Lee, 2019). The in-
crease in the DPPH radical scavenging effect after storage could be a
result of the enhanced retention rate of TFC (Asem, Abdul Gapar, Abd
Hapit, & Omar, 2020). Another reason for enhanced DPPH radical
scavenging effect may be due to a higher initial DPPH radical scavenging
effect than free PE. According to (Lee, Kim, & Lee, 2010; Luo et al.,
2020), the increased antioxidant activity of PE-NP may be associated
with their enhanced solubility, as described in Section 3.3. Similarly, our
previous study reported that quercetin-loaded NP formulated with CS
and HA had a higher DPPH radical scavenging effect than free quercetin
(Kim et al., 2021). Collectively, these results suggest that PE-NP could be
a potential method for improving the storage stability.

4. Conclusions

In the present study, we encapsulated PE within PE-NP via electro-
static interactions between CS and HA. Physicochemical characteristics,
such as size, PDI, zeta potential, and entrapment efficiency were
partially influenced by the ratios of CS to HA and core to wall. Consid-
ering PDI values lower than 0.3, a zeta potential higher than 20 mV, and
entrapment efficiency, PE-NP with a 4:7 ratio of CS and HA and a 1:2
ratio of core and wall were found to be optimal. The solubility of free PE
and PE-NP was 14.43 £+ 0.71 and 35.03 + 0.75 mg QUE/g, respectively,
indicating that PE-NP showed a dramatic increase in solubility.
Furthermore, the retention rate of TFC increased after encapsulation
into PE-NP after both 24 h of heat treatment and 4 weeks of storage. In
conclusion, PE-NP have great potential for enhancing solubility and
thermal and storage stability. This research could provide helpful in-
formation for expanding the applications of PE in the food, pharma-
ceutical, and cosmetic industries.
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