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ABSTRACT: The hydrophobicity and aggregation of zein, a biopolymer, limit its application as
an effective drug delivery carrier. Here, we developed a zein-induced polyelectrolyte (ZiP)
complex and investigated its efficiency in delivering 1% hydrolyzed ginseng saponin, a
compound K-rich fraction derived from the root of Panax ginseng. The ZiP complex was
formulated by incorporating the self-assembled amphiphilic prolamin zein into the aqueous
phase. The physical properties, encapsulation efficiency, and stability of the encapsulation system
at room temperature (25 °C) and 45 °C were assessed. The effects of different ratios of zein,
pullulan, and pectin on the formation of the ZiP complex, the encapsulation stability, and the
cellular efficacy of ZiP complexes were also assessed. The ZiP complex was surface-modified
with hydrophilic pullulan and pectin polysaccharides in a mass ratio of 1:2:0.2 through
electrostatic interactions. The primary hydrophilic modification of the ZiP complex was formed
by the adsorption of pullulan, which enhanced the encapsulation stability. The outermost
hydrophilic layer comprised the gelling polysaccharide pectin, which further improved the
stability of the macro-sized oil-encapsulated complex, reaching sizes over 50 μm. The size of the ZiP complex increased when the
concentration of pectin or the total content of the ZiP complex increased to 2:4:0.2. Compound K was successfully encapsulated
with a particle size of 294.8 nm and an encapsulation efficiency of 99.6%. The ZiP complex demonstrated stability at high
temperatures and long-term stability of the encapsulated saponin over 24 weeks. These results revealed the potency of ZiP
complexes that enhance the in vivo absorption of phytochemicals as effective drug delivery carriers that can overcome the limitations
in industrial formulation development as a delivery system.

1. INTRODUCTION
Phytochemicals exert several health benefits and improve the
immune system; however, their efficacy is limited by their low
solubility and adsorption. To overcome these limitations and
accelerate their application in drug delivery systems, research
interests in various innovative technologies, including
emulsification,1,2 encapsulation,3,4 and nanoemulsion sys-
tems,5,6 have increased. Over the past few decades, conven-
tional phytochemical encapsulation systems using biopolymers
have been developed to improve the bioavailability, aqueous
solubility, and targeted delivery of phytochemicals.7,8 Among
various biopolymers, the prolamin storage protein zein is
widely used for industrial applications because of its
biodegradability, biocompatibility, and economic advantages.9

Zein, a water-insoluble prolamin stored in corn kernels, is
generally recognized as safe by the Food and Drug
Administration.9 The potential of zein that exhibits a specific
brick shape in the aqueous phase has been explored in
fabricating encapsulation systems and delivery of hydrophobic
drugs.9 Furthermore, zein overcomes the disadvantages of
hydrophilic protein-based delivery systems because they do not
require hardening by chemical or physical treatment to
continuously increase the stability of the system.10 Zein

nanoparticles have evolved as an efficient encapsulation and
delivery system for hydrophobic materials in core/shell or
hybrid forms.3,5 Native zein nanoparticles have been utilized
for the oxidation stability of tocopherol.2 Zhang et al. used
hyaluronic acid to coat honokiol-loaded zein nanoparticles that
target tumors overexpressing CD44 receptors.11 Song et al.
exploited a hollow nanoparticle zein complex to achieve the
sustained release of crocin with a dual coat effect.12 Although
zein has been considered a smart vehicle for drug delivery
systems, its hydrophobicity and aggregation are major hurdles
that limit its application in phytochemical delivery in industrial
applications.

Polysaccharides, such as pullulan and pectin, are used as
hydrophilic materials to coat the surfaces of protein vectors.13

Pullulan produced by Aureobasidium pullulans is a film-forming
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shell polysaccharide with maltotriose units (α-1,4-; α-1,6-
glucan′) adsorption properties.14−16 Pectin forms a cellulose−
hemicellulose network hydrogel held together by hydrogen
bonding and acts as a physical support fixture in a tree-grid-like
structure.13,17,18 Pectin is negatively charged in acidic environ-
ments,18 and low-methoxyl pectin has more carboxyl groups
than high-methoxyl pectin.19 Therefore, it allows electrostatic
repulsion15 and coassembly interactions with positively
charged zein in the nanocomposites.9 Additionally, pectin
has been demonstrated to enhance the absorption of
phytochemicals, such as flavonoids, in the body by increasing
mucosal adhesion and residence time through the protein−
polysaccharide complex while enabling sustained release and
targeted delivery.20 Therefore, these polysaccharides can
enhance the physical encapsulation stability and water
solubility of the zein-based delivery system. Previous studies
have shown that proline-rich proteins can form hydrogen
bonds and hydrophobic interactions with polyphenols and
triterpenoids owing to the aromatic residues present in
proline.21 Furthermore, pullulan has ideal gel-forming proper-
ties in water14 and is combined with aligned hydroxyl groups;
therefore, it may have an appropriate immobilization ability
between zein and negatively charged hydrophilic pectin. We
hypothesized that formulating a polyelectrolyte complex by
combining pullulan, pectin, and zein can increase the water
solubility of phytochemicals and improve the storage stability
of the complex.

To test the above hypothesis, we formulated a polyelec-
trolyte complex called a zein-induced polyelectrolyte (ZiP)
complex by combining pullulan, pectin, and zein in different
ratios. We quantitatively and qualitatively characterized the
physical properties of the ZiP complex, including hydro-
dynamic size, ζ-potential, encapsulation efficiency (EE; %),
and stability. The plant protein zein can self-assemble9,22 with
carboxylic-group triterpenoids, such as compound K and
oleanolic acid, through hydrophobic interactions.21,23,24

Compound K, derived from ginseng saponin, exerts anti-
inflammatory effects7 and has been extensively researched as a
health-promoting material.25 Therefore, to analyze the EE of
the ZiP complex, we used compound K as the target molecule
and assessed the encapsulation stability of compound K in the
zein delivery system.

2. RESULTS AND DISCUSSION
2.1. Formulation of ZiP Complexes. The ZiP complex

reported here was developed by using biodegradable
biopolymers. The core of this complex contains zein, which
serves as an amphiphilic biopolymer at the interface between
the hydrophobic and hydrophilic phases. It comprised zein,
pullulan, and pectin at a mass ratio of 1:2:0.2. This ratio was
selected based on preliminary trials using mass ratios of
1:2:0.1, 1:2:0.2, and 1:2:0.4, among which the dispersion
prepared at a mass ratio of 1:2:0.2 exhibited a stable nanosized
structure. As illustrated in Figure 1A, zein was phase-separated
from propylene glycerol (80%) by mixing with pullulan
solution (2% w/v), followed by the sequential addition of
pectin solution (0.2% w/v) to form the ZiP complex.
Subsequently, the triterpenoid compound was added to obtain
the nanosized ZiP complex, and both the triterpenoid and
squalene oil were added to obtain the macro-sized ZiP
complex (Figure 1B). Mechanically, in acidic dispersions, zein
becomes protonated and loses its solubility. The hydrophobic
interaction between zein nanoparticles allows triterpenoids to

be encapsulated in the proline-rich regions of the zein protein
owing to the aromatic residues present in proline by self-
assembly. Zein nanoparticles become positively charged under
acidic conditions and exhibit strong adsorption between
immiscible phases, resulting in the formation of hydrophobic
zein coated with hydrophilic layers.26

To evaluate the effects of the proportions of its components,
four types of ZiP complexes were formulated, in which the
mass ratio of zein to pullulan was set at 1:2 and that of pectin
varied from 0.1 to 0.5: Type A: 1:2:0.1; Type B: 1:2:0.2; Type
C: 1:2:0.5; Type D: 2:4:0.2 (Table 1). When a 1:1 mass ratio
of zein to pullulan was used, the formation of nanosized
complexes did not improve (not shown). Instead, these
samples grew to macroscopic sizes and partially precipitated
within 24 h of storage at room temperature, which could be
because of the random occurrence of zein nanoparticle
agglomeration owing to hydrophobic interactions. This result
suggests that the surface modification of pullulan may not have
been sufficient. Additionally, to evaluate the stability of the EE
of 1% hydrolyzed ginseng saponin, type D was prepared by
doubling the amount of type A.

(A) Schematic illustration of formulation of two hydrophilic
layer coated zein complex using phase separation and
coacervation: zein solution (2% w/v) was mixed with a
hydrophilic pullulan solution (2% w/v) in water, and pectin
solution (0.2% w/v) was added sequentially. For the
encapsulation test, 1% hydrolyzed ginseng saponin was
added to the zein stock solution during the encapsulation
step. (B) The hydrophobic interaction of proline-rich zein in
the aqueous phase enables the self-assembly and encapsulation
of triterpenoids within the amphiphilic protein zein. The
nanosized ZiP complex is stabilized through the adsorption of
pullulan onto zein, which has a cationic surface charge, and the
incorporation of negatively charged hydrophilic pectin layers.
This stabilization mechanism allows the encapsulation of
triterpenoids such as compound K or oleanolic acid within the
complex. The macro-sized ZiP complex is stabilized by the
gelation of the outer pectin layer with CaCl2, facilitating the
encapsulation of liquid squalene and triterpenoids.

Figure 1. Scheme of the zein-induced polyelectrolyte (ZiP) complex
formulation through the interfacial complexation of zein, pullulan, and
pectin via electrostatic interactions.
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The size and surface charge of the nanoparticles could be
adjusted by varying the ratio of zein to pullulan and pectin.
Pullulan-coated zein nanoparticles have a positive surface
charge, resulting in a negative charge in the coacervate with
pectin (pH 6.0; Figure 2A). The incorporation of pullulan and
pectin significantly altered the surface properties of the
hydrophilic zein colloidal nanoparticles. In the absence of
hydrophilic polysaccharides, the zein nanoparticles tended to
form larger particles and agglomerates, making them difficult to
disperse in water. The incorporation of pullulan resulted in a
denser core/shell structure owing to its hydrophilic adsorption
onto the zein nanoparticles. When only pectin coacervates
interacted with the zein nanoparticles, the size of the resulting
zein/pectin composite particles became much larger at the
microscale, and the system became unstable, making it
unsuitable for encapsulating 1% hydrolyzed ginseng saponin
at the nanoscale (not shown).

The vector size and surface charge at various formulation
ratios were characterized for each condition. The size and
charge between zein and pullulan (Z/P) and the ZiP complex
structures differed. The average particle size increased from
237.3 to 396.1 nm as the mass ratio of zein, pullulan, and
pectin increased from type A to type C (Figure 2B). The size
of the ZiP complex was 237.3 nm when pectin was added to
type A, which was 1.83 times larger than that of the Z/P
nanoparticles without pectin. When pectin was added, the
electrostatic interactions became stronger, forming stabilized
ZiP complexes. Stable self-assembled ternary complexes were
produced for type B with a mass ratio of pectin that was two
times higher than that of type A (Table 1). These results
indicate that the increased pectin ratio may improve the

complex stability and suitability for various applications.
However, the results for type D showed that doubling the
amount of type A did not improve the formation of stabilized
nanosized complexes. Instead, the size of the particles
increased significantly to over 500 nm and the polydispersity
index (PDI) increased to over 0.3 (Table 1). As shown in
Table 1, the size of the AK nanoparticles (191.0 nm) was
smaller than that of type A (237.3 nm). This could be because
zein in the polyelectrolyte complex also decreased with
increased precipitation because of the inability to form a
good trapping film of pullulan and pectin after the hydrophobic
binding of zein and hydrolyzed ginseng saponin.

No precipitation occurred immediately after the formation
of the type BK complex; however, the type BK complex was
bigger (294.8 nm) than type B (276.4 nm). This indicated that
the active phytochemical compound K in hydrolyzed ginseng
saponin maintained its shape in a denser state because of its
hydrophobic interactions with zein. The zein content of type D
increased 2-fold compared to that of type A, and its size
increased to 527.3 nm, confirming the formation of an unstable
nanocomplex. These data indicated that at a higher mass ratio
of pectin (>0.2), the ZiP complex formed nanoparticles linked
by a galacturonic acid chain rather than a single nanocarrier,
owing to the higher concentration of galacturonic acid chains
in pectin. Additionally, electron microscopy revealed that in
type B, where the pectin content was twice that of type A, the
core size did not increase, but relatively uniform and abundant
particles were formed (Figure S1). It is believed that type B
represents the optimal ratio for stable complex formation due
to the increased pectin content, potentially driven by
electrostatic forces, compared to type A. On the contrary, for

Table 1. Effects of Zein, Pullulan, and Pectin Mass Ratio on Particle Size, Polydispersity Index (PDI), and ζ-Potential of ZiP
Complexesa

types zein pullulan pectin size (nm) PDI ζ-potential (mV)

ZNP 1 129.6 0.215 23.2
Z/P 1 2 189.0 0.172 11.7
ZiP A 1 2 0.1 237.3 0.241 −18.2

B 1 2 0.2 276.4 0.235 −18.0
C 1 2 0.5 396.1 0.438 −31.4
D 2 4 0.2 527.3 0.372 −21.5

ZiP AK 1 2 0.1 191.0 0.108 −19.6
(w/saponin) BK 1 2 0.2 294.8 0.167 −23.9

CK 1 2 0.5 465.9 0.238 −22.2
DK 2 4 0.2 538.8 0.279 −23.7

aThe types AK to DK correspond to the encapsulation of 1% hydrolyzed ginseng saponin, specifically containing the triterpenoid compound K. All
samples were prepared at pH 6.0

Figure 2. Characteristics and stability of zein nanoparticles (ZNP), zein/pullulan (Z/P) complexes, and ZiP complexes prepared with 1%
hydrolyzed ginseng saponin. The ζ-potential (A) and hydrodynamic size (B) of the complexes were determined using dynamic light scattering
(DLS) analysis. * p < 0.01 vs ZiP complexes with ZNP or Z/P complexes. ** p < 0.01 vs ZiP complexes without hydrolyzed ginseng saponin.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c05157
ACS Omega 2023, 8, 44637−44646

44639

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c05157/suppl_file/ao3c05157_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05157?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05157?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05157?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05157?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


type D, where the overall content was doubled compared to
type A, the core particle size increased by more than 2 times.
This result suggests that an increase in zein content led to the
enlargement of the core size and a hydrophilic layer linkage
between each complex, as confirmed when compared to
hydrodynamic size values.

Measurement of the ζ-potential revealed the successful
formation of the ZiP complexes through the physicochemical
combination of zein, pullulan, and pectin. For the Z/P
nanoparticles, pullulan was adsorbed onto the surface of zein
but positively charged, indicating electrostatic reactivity on the
surface. Later, it was confirmed that nanosized ZiP complexes
of types A−D were negatively charged because of the binding
of pectin (Figure 2B). In particular, in types A and B, the mass
ratio of pectin content was 0.1 to 0.2, respectively, leading to a
negative surface charge of around −18 mV. When the mass
ratio of pectin was increased to 0.5 (type C), the charge
decreased to −31.4 mV. In type D, the mass ratio of pectin was
0.2, with a 2-fold increase in the total mass ratio compared to
type A. This resulted in an inability to maintain a sufficiently
negative surface charge, which fell to −21.5 mV. A slight
positive charge was observed when the mass ratio of zein to
pullulan exceeded 1:2. This could be due to the excess
adsorption of pullulan onto the zein surface, forming a film on
the exterior of the Z/P nanoparticles. This film could have
inhibited their interaction with pectin and prevented the
formation of the outermost layer of pectin, which is necessary
for the proper encapsulation of hydrolyzed ginseng saponins.
The negative surface charge of type CK was decreased (−22.2
mV) compared to that of type C (−31.4 mV). On the
contrary, the negative charge of type BK was higher (−23.9
mV) than that of type B (−18.0 mV). The data demonstrated

that after encapsulating compound K, the ZiP complex remains
stably formulated at a nanosized scale, measuring 294.8 nm
with a PDI value of 0.167. Together, these findings suggest that
the ratio of the components is an important factor in
maintaining the stability and proper functioning of zein-
based polyelectrolyte ternary complexes.

2.2. Characterization of ZiP Complexes. The ZiP
system was also applied to squalene oil encapsulation, a
phytochemical-enriched liquid. The simultaneous stable
encapsulation of oil with hydrophobic triterpenoids on a
macroscopic scale in ZiP systems requires hardening of the
outer pectin layer compared with the encapsulation of
triterpenoids alone. Low-methoxy pectin was gelled by adding
calcium chloride under slightly acidic conditions (pH 6.0) to
control particle size based on the oil content. Its shape is
flexible, similar to that of an elastic liposome,27 forming a
double membrane with different phases and serving as a stable
barrier against internal and external ruptures. The B-type ZiP
complexes were optimized by adding calcium chloride in a 0.2
ratio with pectin for outer surface gelation. The macro-sized
ZiP complexes had a homogeneous spherical shape, with an
average size of 59.9 μm. The size of the oil-encapsulated
complexes increased with increasing oil loading; however, the
stability deteriorated when the oil loading exceeded 5% (Figure
3A).

The amphiphilic zein protein was used as a surfactant-like
material in the ZiP system to stabilize the hydrophobic and
hydrophilic interfaces. When macro-sized ZiP complexes were
prepared without zein, the outermost gelation layer did not
form and the oil separated from the complex immediately after
preparation. This may be due to the loss of electrostatic
interactions between zein and pectin, which maintain the

Figure 3. Characteristics of the oil-encapsulated ZiP complexes. (A) Size distribution of ZiP complexes prepared with oil content variations of 3%
(a, b), 5% (c, d), 7% (e, f), and 10% (g, h). Scale bar: 20 μm. (B) Instability of complexes without zein (a, b), pullulan (c, d), or pectin (e, f). Scale
bar: 50 μm. (C) Macroscopic optical (a) and polarized (b) microscopy images of ZiP complexes with 5% oil content and 1% hydrolyzed ginseng
saponin encapsulation. The gelation outer layer of the ZiP complex was detected in both optical and polarized imaging. Scale bar: 50 μm. (D) (a)
Characteristics of ZiP complexes prepared with different types of fatty alcohols and 5% oil content; (b) Size distribution of the macro-sized ZiP
complexes analyzed using a Master Sizer instrument.
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stability of the complex. However, pullulan was adsorbed onto
the zein surface even without pectin, forming a thin inner film
and resulting in a stable oil-encapsulated complex with fewer
particles and a relatively small size. When the complex was
made with zein and pectin without pullulan, the gelation layer
was visible, but the particle size was relatively large and oil
leaked owing to rupture. This indicates that it is difficult to
maintain a sufficiently stable state of a complex that
encapsulates liquid oil and triterpenoids in a single pectin
layer on a macroscopic scale. Together, the findings suggest
that the zein-induced ternary polyelectrolyte complex is
optimal for the encapsulation of liquid oil with triterpenoids
of a macroscopic complex size. Figure 1 indicates that the
stable and uniform loading of oil on the macro-sized ZiP
complex was due to the presence of two different hydrophilic
layers in the complex. This is because pullulan was adsorbed
onto the zein surface, providing primary hydrophilic
immobilization,42 whereas the outermost pectin gelation
layer physically maintained complementary interactions with
pullulan. The structure of the ZiP complex and the mechanism
of complex formation are shown in Figure 1 based on these
results.

2.3. Encapsulation Efficiency (EE) of ZiP Complexes.
Previous studies have attempted to develop encapsulation
technology to achieve efficient delivery and release of drugs for
industrial applications.2,28,29 In this study, we quantitatively
evaluated the EE of a ZiP system with potential applications in
industrial products. To evaluate the EE of the ZiP complex, 1%
hydrolyzed ginseng saponin was added to the samples. The
optimal ratio of the ZiP complex content was determined by
quantitative analysis of the encapsulated compound K in
hydrolyzed ginseng saponin. We studied the mass ratio of
pectin within the range of 0.1, 0.2, and 0.5 for samples AK to

DK while maintaining a fixed concentration of hydrolyzed
ginseng saponin at 1%. In the preparation of type AK,
precipitation of the complex was observed and removed,
leading to significant losses and insufficient encapsulation of
1% hydrolyzed ginseng saponin. Type A was unsuitable for the
stable encapsulation of saponins, as the complexes separated
and precipitated within 48 h. The EEs of saponin in types BK-
DK ranged from 99.6% in BK to 78.74% in CK and 75.29% in
DK complexes. The content of compound K in 1% hydrolyzed
ginseng saponin was found to be 329.83 ppm, whereas that in
type BK was 328.56 ppm, which was 99.6% of the original
content. This data showed that high EE was stably maintained
owing to the initial hydrophobic interaction between
compound K and zein, as well as the electrostatic interaction
between zein and pectin. Type BK had a higher negative
charge than type B, resulting in a more stable packing structure
with successful encapsulation of compound K and no
precipitation. However, in type CK, increasing the pectin
content to a mass ratio of 0.5 limited the encapsulation of
compound K, resulting in a decreased negative charge and a
high PDI value of 0.438. In type DK, in which the content of
each component was twice that in AK, the size increased to
538.8 nm. This can be attributed to the excessive amount of
each component in the self-assembled structures, which may
have caused precipitation. No precipitation or active stability
issues were observed during the long-term storage of
compound K within the type BK ZiP complex. These results
provide evidence that the EE of the ZiP system is influenced by
the mass ratio of its components, with the highest EE observed
at a mass ratio of 0.2 pectin and a 1:2 ratio of zein to pullulan
(Figure 3). These findings suggest that adjusting the mass ratio
of each component is a viable strategy for optimizing the EE of
the ZiP system.

Figure 4. Visualization of macro-sized ZiP complexes prepared with fluorescence dye tagging. (A) Confocal images taken in the Z-direction present
the encapsulated 1% hydrolyzed ginseng saponin and 5% squalene in type BK (a, b). Optical images show the transparent gelation outermost pectin
layer pointed with black arrows (c, d). Red hydrophobic Nile Red with squalene and triterpenoid core part (e, f). Green hydrophilic Fit C-tagged
inner pullulan layer (g, h), which coexist simultaneously at 0 and 30 days. The overlay of all images (i, j). Scale bar: 20 μm. (B) Visualization of BK
type ZiP prepared with 0.05% oleanolic acid for 30 days at room temperature (25 °C) and high temperature (45 °C). The optical and polarization
images of macro-sized ZiP complexes were determined using microscopy to confirm long-term encapsulation stability; Scale bar: 50 μm.
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2.4. Encapsulation Stability of ZiP Complexes. Next,
to optimize the stability of compound K within the oil-
encapsulated system, a liquid phytochemical-enriched hydro-
carbon oil (squalene) was added to type BK. After oil
encapsulation, the sizes increased macroscopically and the
stability was evaluated, as shown in Figure 3. Long-term
stability was not guaranteed when the oil content in the
complex exceeded 5%. Fatty alcohols with long carbon chains
and hydroxyl groups are used in the industry to enhance oil
encapsulation stability.28 We hypothesized that fatty alcohols
could improve long-term stability when more than 5% oil and
poorly soluble phytochemicals are loaded simultaneously. To
test this hypothesis, we tested the suitability of various fatty
alcohols at a concentration of 0.5% in the 5% oil-encapsulated
ZiP system. The oil encapsulation size depended on the carbon
chain length of the fatty alcohol added to the ZiP system and
increased with an increasing carbon number (Figure 3D).
Stearyl alcohol (C18) and behenyl alcohol (C20), with a size
above 67.4 μm, led to inconsistent size distribution depending
on manufacturing mixing speed. Cetostearyl alcohol (C16−
C18) had over 90% of particles within 55.4 μm, and cetyl
alcohol (C16) led to smaller gelation layer sizes and an average
complex size of 20.4 μm.

In the macro-sized ZiP system, the outermost gelation layer
acts as a quasi-solid phase, serving as a physical barrier to
prevent the release of hydrophobic particles. The results
showed that the prevention of precipitation by the aqueous gel
of the outermost layer stabilized the ZiP complex within the
same phase (Figure 4A). Fluorescent dyes confirmed the
hypothesis that pullulan, a key component of the inner surface
layer, plays a crucial role in loading crystallized triterpenoids
and oil. In other words, Fit C-tagged hyaluronic acid30 was
simultaneously formed with pullulan, confirming the stability
of the encapsulated triterpenoids and the successful formation
of the inner pullulan surface layer. Furthermore, the analysis
showed that the leakage of Nile Red dye contained in the oil
did not release the hydrophobic core into the water phase
(Figure 4A). Together, these results demonstrated that
negatively charged hydrophilic active materials, such as
hyaluronic acid, can be loaded into the ZiP system. Based on
the EE of the ZiP complex, 1% hydrolyzed ginseng saponins
were successfully encapsulated in 5% squalene (Figure 4A). To
confirm the stability of encapsulated compound K, its content
was analyzed using HPLC on 8, 12, and 24 weeks of storage.
The stability of compound K was maintained for an extended
period at 101.3, 98.0, and 96.1% on 8, 12, and 24 weeks,
respectively. These results confirm the long-term storage

stability of the complex, indicating the effectiveness of the
potency stability test (Figure S2).

Moreover, oleanolic acid was incorporated into the macro-
scale encapsulated ZiP complex to validate its stability in other
types of triterpenoid encapsulation systems. Oleanolic acid is a
well-known phytochemical.31 However, its use has been
limited because of its low aqueous solubility. In addition,
formulation stability studies are required to prevent
aggregation or precipitation in encapsulation complexes.32

Oleanolic acid inhibits encapsulation stability owing to its high
melting point and less water solubility during long-term
storage.33 This study also tested the ability of the gelation layer
to maintain the encapsulated complex stability under high-
temperature conditions. As shown in Figure 4B, the crystallized
oleanolic acid did not leak to the outer layer of the complex for
30 days at 25 and 45 °C and was stably encapsulated within
the gelation layer. Thus, the oleanolic acid encapsulated inside
the external water layer did not precipitate and was confined
within the pectin layer. These findings indicate that the
outermost gelation layers and primary pullulan inner layers can
effectively act as barriers to ensure long-term encapsulation
stability. These results showed that adopting pullulan with zein
is an effective barrier for encapsulation stability within the
outermost gelation layer. In addition, the ability of the hybrid
vector to effectively encapsulate both hydrophobic and
hydrophilic materials and maintain their stability over time is
also evident. Collectively, the ZiP complex formulated in this
study is promising for encapsulating and stabilizing different
types of materials for various applications.

2.5. Wound Healing Efficacy of ZiP Complexes. The
wound healing assay is used to evaluate the two-dimensional
effects of cell−cell interactions and the cell matrix on cell
migration.34 In this study, the wound healing assay revealed
significant regeneration efficacy in 0.5% ZiP complex-treated
HaCaT cells compared to the negative control within 2 h, and
the efficacy showed a significant difference after 16 h. In
contrast, in the 0.25% ZiP complex treatment condition,
increased wound healing efficacy was observed after 2 h of
treatment compared to the negative control; however, it was
significant only after 32 h of treatment. A quantitative
comparison of the wound healing area at each hour (Table
S1) revealed an increased wound healing area within 2 h of
treatment with the 0.25% ZiP complex (Figure 5). This
experiment confirmed that the ZiP complex at 0.25 and 0.5%
exhibited cell regeneration efficacy in vitro.

Figure 5. Wound scratch assay in the presence of the ZiP complex. (A) Representative images of migrated cells. Scale bar: 100 μm. (B)
Quantitative analysis of the wound healing area by time-lapse microscopy imaged for 48 at 1 h intervals.
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3. CONCLUSIONS
In this study, we strategically exploited the potential of
sustainable drug delivery systems for the effective stabilization
and delivery of phytochemicals using biopolymers. The
adsorption capacity of pullulan on zein colloidal nanoparticles
under aqueous conditions allowed the formation of self-
assembled Z/P nanocomposites through phase separation,
while simultaneously modifying the surface of the zein
particles. The hydrophilic and film-forming pullulan compo-
nent is the key ingredient of the ZiP complex, which can
compete with pectin molecules for dissolution in water,
reducing the hydration of pectin chains and encouraging
their interaction. This trend is believed to increase the stability
of both nano- and macro-ZiP complexes. The ZiP complex
stably encapsulated triterpenoids, such as compound K and
oleanolic acid. In addition, when oleanolic acid was
encapsulated, the shape of the crystalline phase was stable
without long-term precipitation. The double hydrophilic
coating enhanced the solubility and encapsulation efficiency
of the complex, ensuring the long-term stability of nonaqueous
soluble triterpenoid phytochemicals in the inner phase owing
to the primary barrier of the inner membrane and the gelation
of the outermost film. In particular, macro-sized ZiP complexes
were developed in squalene oil encapsulation with the gelation
of the pectin layer. The ZiP complex showed cell regeneration
efficacy within 2 h in vitro. These findings may serve as a
foundation for further research on the ZiP system on a large
scale to evaluate its cellular efficacy for potential industrial
applications and to understand the mechanisms of phytochem-
ical release from the ZiP system. In summary, this newly
designed encapsulation technology is expected to contribute
significantly to numerous sustainable industrial applications as
a platform technology and overcome the limitations in
industrial formulation development as a delivery system that
enhances the in vivo absorption of phytochemicals.

4. MATERIALS AND METHODS
4.1. Materials. Zein [>99%, powder, average molecular

weight (MW) 20 kDa], pullulan (fermented polysaccharides
from A. pullulans, MW 50−100 kDa), oleanolic acid (>97%,
powder), pectin (from citrus peels, MW 195 kDa), calcium
chloride (≥97%, anhydrous powder), and squalene oil (>96%,
liquid) were purchased from Sigma-Aldrich (St. Louis, MO).
Hydrolyzed ginseng saponin, a compound K-rich fraction
containing approximately 30% ginseng from the roots of Panax
ginseng, was produced by the Amorepacific R&D unit (Yongin,
Korea).35 Standard compound K (≤100%, MW 622.87 g/mol)
was purchased from the Ambo Institute. Cetyl alcohol (C16),
stearyl alcohol (C18), cetostearyl alcohol (C16−18), and
behenyl alcohol (C20) were provided from BASF Care
Creations (Monheim, Germany), and Carbomer was obtained
from SEPPIC, Inc. (Paris, France).

4.2. Formulation of ZiP Complexes. To prepare the ZiP
complex, different mass ratios of zein and hydrophobic
triterpenoids were mixed with 80% (w/v) ethanol or liquid
polyalcohol.36 A stock solution of 2% (w/v) zein was prepared
by using a binary mixture of propylene glycol and water at a
mass ratio of 8:2 at 55 °C. Pullulan and pectin stock solutions
were prepared at concentrations of 2 and 0.2% (w/v),
respectively, in distilled water by gentle stirring at room
temperature (25 °C). Each stock solution was stored at 4 °C
before use. Afterward, 1 mL of pullulan stock solution was

added dropwise to 49.4 mL of deionized water and mixed on a
magnetic stirrer plate at 500 rpm (pH 6.0). Subsequently, 500
μL of the zein stock solution and 100 μL of pectin solution
were added to the pullulan dispersion to obtain zein:pullu-
lan:pectin mass ratio of 1:2:0.2. This ratio was selected based
on preliminary trials using mass ratios of 1:2:0.1, 1:2:0.2, and
1:2:0.4, among which the dispersion prepared at a mass ratio of
1:2:0.2 formed stable nanosized complexes. For triterpenoid
encapsulation, a 10% hydrolyzed ginseng saponin or 5%
oleanolic acid stock solution was prepared using a binary
mixture of propylene glycol and water at a mass ratio of 8:2.
Five milliliters of the stock solution was added to zein during
the encapsulation step. To evaluate the triterpenoid and oil EE
of the ZiP complex, squalene oil was added at various
concentrations (3, 5, 7, and 10%) to the ZiP complex obtained
by combining zein, pullulan, and pectin in a mass ratio of
1:2:0.2. The outermost component, pectin, and gels in a
semisolid form13,37,38 to enclose the oil inside the ZiP complex
with calcium chloride (1:0.2 ratio with pectin) of macroscopic
size, and 0.5% fatty alcohols were added to enhance the oil
encapsulation stability by a physical protection effect39 of the
gel phase formed in the ZiP complex. To evaluate the stability
of the complexes, macro-sized ZiP complexes were dispersed in
a 1% concentrated aqueous thickening solution of carbomer to
prevent particle aggregation, and long-term stability at room
temperature and 45 °C was evaluated for one month.

4.3. Characteristics and Morphological Analysis of
ZiP Complexes. The particle size and surface charge of
nanosized ZiP complex with encapsulating compound K were
measured at 25 °C using a dynamic laser scattering instrument
(Malvern). The intensity was measured at an angle of 90°. ζ-
Potential measurements were conducted using a ζ-potential
analyzer (Zetasizer Nano ZS, Malvern) at a pH of 6.0. All
samples were 100 times diluted with deionized water to
prevent isoelectrostatic precipitation and to minimize the
interaction between the nanoparticles. The pH was adjusted by
using an HCl solution, and the average value of three
measurements was reported for each sample. Measurements
were performed immediately after the preparation of the
nanosized ZiP complexes. They were monitored for 8 weeks
and stored at room temperature. The transmission electron
microscopy (TEM) analysis of the nanosized ZiP complexes
was performed at the Sungkyunkwan University for Cooper-
ative Center for Research Facilities using a JEM-3010
transmission electron microscope (JEOL Ltd., Tokyo, Japan).
Briefly, a carbon-coated grid was dipped into each sample
(types A, B, BK, D, and DK) and dried overnight at room
temperature. Afterward, TEM images were acquired under 200
kV with 200,000× magnification. The stability of the macro-
sized ZiP complexes was visualized using a confocal micro-
scope (LSM 980 NLO, ZEISS), and the size distribution of the
macro-sized ZiP complexes (1−100 μm) of the oil-
encapsulated complex was determined using a Master Sizer
instrument (Master Sizer 3000, Malvern). The stability of the
complex was evaluated for one month at room temperature
using an optical microscope (Eclipse 80i, Nikon). Further-
more, we also performed optical and polarization imaging to
visualize the macro-sized ZiP complexes. The sample was
prepared using 0.05% oleanolic acid and 1% hydrolyzed
ginseng saponin encapsulated in 5% squalene oil and stored at
room temperature and 45 °C for 30 days before acquiring the
optical and polarization images.
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4.4. EE of ZiP Complexes. The 1% hydrolyzed ginseng
saponin, a compound K-rich fraction, was encapsulated in each
type of ZiP complex (AK−DK). To remove the unencapsu-
lated complexes that did not form ZiP complexes during the
manufacturing process, the supernatant was transferred and
freeze-dried. Encapsulated compound K (D-glucopyranosyl-
20(S)-protopanaxadiol) was released into an 80% ethanol
solution in ZiP complexes (AK−DK) after ultracentrifugation
at 10,000g for 10 min (Micro Centrifuge 5415C, Eppendorf).
The samples were filtered using a 0.22 μm nylon membrane
and analyzed by reversed-phase high-performance liquid
chromatography (HPLC) using an Alliance e2695 XC HPLC
system following a previously established method commonly
used to analyze phenolic compounds.40 The separation was
carried out in a gradient phase; the mobile phase comprised a
mixture of acetonitrile and water at pH 6.0 to avoid ionization
analysis. Ultrapure water was prepared by using a Direct-Q3
water purification machine (Merck Millipore, Inc.). Mobile
phase A (acetonitrile: water = 60:40) was used at a flow rate of
1 mL/min, and the column was kept at 30 °C. The ultraviolet
(UV) detector was set to 203 nm, and the following equation
was used for the calculations5,41

a AEE (%) / 100%= × (1)

where A is the total amount of compound K added to the ZiP
complexes and a is the total amount of compound K in the
encapsulated ZiP complexes, determined by measuring the
amount released as the supernatant of 80% ethanol solution in
freeze-dried samples.

4.5. Cellular Efficacy of ZiP Complexes. The human
keratinocyte cell line (HaCaT) was obtained from CLS (Cell
Lines Service GmbH; cat. no. 300493) and cultured in
Dulbecco’s modified Eagle’s medium (DMEM) (Lonza, #12−
604F). The cells (2.0 × 105 cells/600 μL) were seeded in a 24-
well cell culture plate and incubated for 24 h at 37 °C in a 5%
CO2 incubator. The medium was then replaced with DMEM
supplemented with 1% fetal bovine serum (FBS), and the cells
were cultured for an additional 16 h. A linear scratch was made
on a fully grown cell culture dish using a scratcher (SPL
Company, #SPL201925), washed twice, and treated with the
test sample in DMEM containing 1% FBS. The culture dish
was then placed on the stage of a time-lapse microscope (JuLI
Stage, NanoEnTek, Seoul, Korea) in a CO2 incubator, and the
same location was photographed hourly for 48 h. Based on the
images captured, the wound healing area (%) was calculated
using the Wound Healing tool, an image J plugin.

4.6. Statistical Analysis. The experiments were performed
in triplicate, and the results were expressed as the mean and
standard deviation (SD). Statistical analysis was performed
using a one-way analysis of variance (ANOVA) with a post-hoc
Dunnett’s test using the SPSS 18.0 software package (IBM
Corporation, Somers, NY). A p-value of <0.05 was considered
significant.
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