Ché tao hat nano alginate-chitosan chira ovalbumin bang ]
phwong phap phun dién dong truc dé dinh hwéng phan phoi
protein

TOM TAT

Liéu phap protein da phat trién vuot trdi nhu liéu phap hiéu qua va doc dao vi nhitng loi ich to 1én ctia chling trong
linh vuc duge pham. Nghién ciru nay di phat trién cac hat nano alginate-chitosan (ALG-CHI) chira ovalbumin (OVA)
béng cach str dung dién phun dong truc ma khong can tac nhén lién két chéo dé cung cép protein OVA qua dudng udng
dé dinh huéng liéu phap protein. Cac thong so ti wu bao gdm dién ap 21 kV, luu lwong 0,1/0,2 mL.h? (16i/vo), khoang
cach thu mau 10 cm, ndng d6 polyme 4 wt% CHI va 0,5 wt% ALG. Céc hat nano ALG-OVA@CHI thu dugc ¢6 hinh cau,
bé mat nhan, khong két tu va ciu tric 16i-vo dugc quan sat thiy bang hinh anh SEM va TEM. Céc hat nano c6 dudng kinh
thity dong 12 313,0 + 129,9 nm va thé zeta 1a +1,6 mV & pH trung tinh, dugc do bang thiét bi DLS. Pang chu ¥ 14 cac hat
nano ALG- OVA@CHI di bao boc OVA & mirc cao v6i higu suat 99,04 £ 0,14%, bao vé OVA khoi axit da day va tao
diéu kién cho OVA giai phong kéo dai trong diéu kién dai tring mo phong trong it nhat 8 ngay. Viéc giai phong cac hat
nano nay chu yeu duoc kiém soat boi sy khuéch tan cia OVA va su phan hily polyme trong moi truong giai phong, theo
co che van chuyén khong phai Fickian cta Korsmeyer-Peppas. Nhing phat hién nay cho thiy thiét ké ALG-OVA@CHI
¢6 tiém nang trd thanh mot cong thirc udng dé cung cép protein.
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Fabrication of ovalbumin-loaded alginate-chitosan nanoparticle
using coaxial electrospray for protein delivery orientation

ABSTRACT

Protein therapeutics have emerged as effective and unique therapies because of their vast benefits in the
pharmaceutical field. This study developed ovalbumin (OVA) loaded alginate-chitosan (ALG-CHI) nanoparticles using
coaxial electrospray without a cross-linking agent to orally deliver OVA protein for protein therapeutics orientation. The
optimal parameters include a voltage of 21 kV, a flow-rate of 0.1/0.2 mL.h (core/shell), a working distance of 10 cm,
polymer concentrations of 4 wt% CHI and 0.5 wt% ALG. The obtained ALG-OVA@CHI nanoparticles had a spherical
shape, smooth surface, no aggregation, and core-shell structure observed by SEM and TEM images. The nanoparticles
had a hydrodynamic diameter of 313.0 + 129.9 nm and a zeta potential of +1.6 mV at neutral pH, as measured by DLS
equipment. Remarkably, the ALG-OVA@CHI nanoparticles highly encapsulated OVA with 99.04 + 0.14% efficiency,
protected it from gastric acid in the stomach, and facilitated sustained release OVA in the simulated colonic condition for
at least 8 days. The release of these nanoparticles were primarily controlled by the diffusion of OVA and polymer
disintegration in the release media, followed the Korsmeyer-Peppas non-Fickian transport mechanism. These findings

suggested that the ALG-OVA@CHI design had potentials as an oral formulation for protein delivery.
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1. INTRODUCTION

Protein therapeutics have been rapidly developed in
the pharmaceutical industry due to their efficacy in
both diseases preventions and treatments by
modulating the physiological or pathological
processes of their targets.!? Proteins' primary
pharmacological activities in therapeutic processes
include i) replacing a deficient or abnormal protein,
ii) augmenting an existing pathway, iii) providing a
novel function or activity, iv) interfering with a
molecule or organism, and v) delivering a payload
such as a radionuclide, cytotoxic drug, or protein
effector.® Many potentially fatal diseases, including
cancer, cardiovascular disease, and diabetes, have
been effectively treated by proteins.? Moreover,
proteins possess high specificity, selectivity,
potency, and low toxicity, which are less likely to
interfere with normal biological processes and
cause adverse effects.*® Furthermore,
macromolecular proteins have a significantly larger
surface area for molecular binding, allowing access
to a much broader range of protein targets while
reducing the possibility of off-target effects.®
Protein  therapeutics are most commonly
administered via parenteral administrations such as

injection or intravenous infusion.’” The routes;
however, contain several drawbacks including
being expensive, painful, inconvenient, and
requiring professional healthcare staff. Therefore,
there has recently been a shift toward producing
needle-free biopharmaceuticals such as the oral
protein therapeutics.’

For this reason, developing effective oral
formulations and increasing intact protein
absorption into the intestinal mucosa is currently a
major focus.® Furthermore, the oral route allows
protein treating expression at specific locations,
particularly mucosal sites, resulting in accurate and
long-lasting therapy. However, direct oral protein
delivery faces a number of challenges, including
protein degradation in the extreme environment of
the gastrointestinal tract, uncontrolled protein
release, and ineffective mucosal permeability, all of
which  contribute to  comparatively  poor
performance when compared to injectable
administration.® To enhance the treatment efficacy,
the proteins must be able to pass through several
physicochemical and biological barriers in the
digestive tract, while also providing adequate drug
concentrations at the disease state. To address these
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challenges, biopolymer-based nanoparticles have
been used as protein delivery carriers to stabilize
proteins against external obstacles and improve the
bioavailability of entrapped proteins in the
gastrointestinal tract.**

Alginate (ALG) is a natural polyanionic (due to
carboxylic groups) biopolymer that has been
prioritized as a protein carrier due to its interesting
biopharmaceutical properties, such as pH
sensitivity, biocompatibility, biodegradability,
muco-adhesiveness, no toxicity, and no
immunogenicity.! ALG has been extensively
investigated and used in a variety of biomedical
delivery systems.’*'* However, ALG has a gel
structure that is typically sensitive to chelating
compounds such as phosphate, citrate,
ethylenediaminetetracetic acid (EDTA), and
lactate, as well as anti-gelling cations found in the
gastrointestinal tract.'® As a result, it is necessary to
improve its stability by coating the ALG
nanoparticles with another positively charged
polymer such as chitosan (CHI).

CHI is a biopolymer with beneficial biological
properties such as biocompatibility with protein
antigens, good biodegradability, and low
toxicity.’**®  Moreover, CHI has excellent
mucoadhesive properties due to electrostatic
interactions between positively charged polymers
and negatively charged mucosal surfaces, as well as
advanced penetration ability across the colonic wall
1 CHI is one of the most promising positively
charged coating materials for improving the
stability of encased proteins. As a result, coating
ALG nanoparticles with CHI (ALG@CHI) could
form a polyelectrolyte complex through ionic
interaction, which was expected to reduce porosity,
encapsulated protein leakage, and increase stability
across wide pH ranges and enzymatic activities.'®
Furthermore, the ALG@CHI nanoparticle system
has been demonstrated to exhibit synergistic
effects, since the CHI infiltrate through the mucus
layer and facilitates the opening of tight junctions
in epithelial cells, allowing macromolecular
proteins to travel paracellularly,® and the
mucoadhesive ALG extends the time that a protein
remains at adsorption sites. This ultimately
improves the efficacy and bioavailability of oral
protein therapies.

In this study, efforts were made to develop an oral
delivery system that loaded ovalbumin (OVA), a
model protein, with CHI and ALG, resulting in
ALG-OVA@CHI nanoparticles. OVA has been

widely utilized in protein therapeutics research due
to its convenient stability at room temperature and
cost effectiveness.?! From the viewpoint of protein
structure, OVA contain disulfide links in their
molecular chains; as is known, the disulfide
linkages have a remarkable antioxidation-reduction
function.”>  The  OVA-loaded  polymeric
nanoparticles are fabricated through the advanced
coaxial electrospraying (CES) method. The CES
technique is a simple one-step method for
encapsulating proteins, which involves applying a
high electric field to the capillary needle. The
proteins and organic solvents flow through the
internal capillary needle, while polymer solutions
flow through the external capillary needle. The
high electric charges in the liquid droplet at the
needle tip result in the formation of nanoparticles
via Coulomb fission.??* The advantage of this
method is that it is possible to prepare nanoparticles
without the use of cross-linking agents. Therefore,
the produced nanoparticles can robustly release the
OVA protein in an appropriate environment,
supplying the required dosage, allowing the therapy
to take place quickly within a specific time.
Furthermore, the biodegradable polymeric system
can be safely removed from the body without
causing harm in the long term, whereas the cross-
linker might remain in the body for an extended
period. Besides, compared to other nanoparticle
production methods, the CES method is widely
used for protein nanoparticle preparation because it
reduces protein denaturation by using less solvent.
This method's other advantages include ease of
processing, high drug encapsulation, and a
narrower range of size distribution.?>?® As a result,
CES technology is expected to produce uniform
ALG-OVA@CHI  nanoparticles  with  high
encapsulation efficiency and controllable release
properties in the gastrointestinal tract.

2. MATERIALS AND METHODS
2.1 Materials

OVA (78%), phosphate buffer saline (PBS, pH 7.4)
were offered by Himedia, India. CHI (deacetylation
of 92%) was supplied by Cemaco company,
Vietnam. ALG sodium salt (low viscosity, <200
mPa.s) was purchased from Shanghai Zhanyun
Chemical, China. Acetic acid (CH3COOH,
99.5%), sodium hydroxide (NaOH, 99%), and
hydrochloric acid (HCI, 37%) were obtained from
Xilong, China. All other chemicals were used
without further purification.



2.2 Preparation of the material solutions

The core solutions were prepared by dissolving
accurate amounts of ALG (0.05 g, 0.1 g, and 0.15
g) in 10 mL of distilled water under stirring at 60
rpm for 6 h at room temperature to get 0.5 wt%, 1
wit%, and 1.5 wt% ALG solutions, respectively.
Subsequently, 0.0125 g OVA was added into the
ALG solutions and stirring at 60 rpm for 3 h at
room temperature to attain the homogeneous core
solutions. The 4 wt% CHI shell solution was
obtained by adding 0.4 g CHI into 10 mL of 90%
(v/v) acetic acid under agitating at 60 rpm within
24 h at room temperature.

2.3 Fabrication of
nanoparticles

The ALG-OVA@CHI  nanoparticles  were
fabricated by a single-step CES method, using
equipment consisted of a high-voltage supply
(GENVOLT 73030, USA), syringe pumps, a
stainless steel capillary needle, 1-mL plastic
syringes, and aluminum nanoparticle collector.

ALG-OVA@CHI

Briefly, the prepared core solutions (0.0125 g OVA
+ 0.5 wt%/1 wt%/1.5 wt% ALG) and shell solution
(4 wt% CHI) were injected into syringes that
connected to coaxial capillary needle. The high
voltage (19, 21, and 23 kV) were applied to the
capillary needle tip. The distance between the
needle tip and the collector (10, 13, and 16 cm)
were investigated. The core and shell solutions
flow rate was at 0.1 mL.h?' and 0.2 mL.h?,
respectively.?’ During the CES process, the
droplets moved to collector while the solvent was
allowed to evaporate and the nanoparticles were
acquired at the collector. Successively, the obtained
nanoparticles were dispersed in absolute ethanol to
remove the free OVA.?® Afterward, centrifugation
was conducted at 10,000 rpm for 15 min at 5°C to
collect the nanoparticles. The particles were then
placed in petri dishes and left to undergo solvent
evaporation at room temperature, resulting in the
final nanoparticles product.

2.4 Characterizations of  physicochemical
properties

Scanning electron nanoscopy (SEM, Hitachi S-
4800, Japan) and an optical nanoscope (Nikon
EPIPHOT 200, Japan) was used to investigate the
shape and surface morphology of two different
types of nanoparticles. Samples were sputter coated
with a conductive layer of platinum for SEM
analysis, then scanned in a low vacuum chamber

with a focused electron beam at 10 kV and
magnifications of 10,000 and 60,000. As the image
formed, secondary electrons emitted by the samples
were detected. Transmission electron nanoscopy
(TEM) was used to investigate the nanostructure of
OVA@CHI and OVA@CHI@ALG particles on
the JEM-1400 Flash in Jeol, Japan, at an
acceleration voltage of 120 kV and magnification
of 80,000 in a vacuum environment. To prepare the
sample for measurement, the nanoparticle
suspensions were diluted in ethanol and placed on
a cellulose net.

The particle size and zeta potential of both
nanoparticles were determined using the dynamic
light scattering (DLS) technique in a Zetasizer on
SZ-100Z2, Horiba, Japan. A 5 mL sample was
prepared in alcohol and measured at a holder
temperature of 25°C and a scattering angle of 90°.
The results were expressed as mean + standard
deviation, with a zeta potential dimension of mV.

To investigate the chemical structures and
interactions between components in nanoparticles,
a Fourier transform infrared spectrometer (FTIR
Nicolet 6700, Thermo Fisher Scientific, USA) was
used to record FTIR spectra of samples. The
scanning parameters were a wavelength range of
4000-400 cm™ and a resolution of 4 cm™. The
spectra samples show their characteristic peaks in
the wavenumber range.

2.5 Determination of OVA encapsulation
efficiency

The encapsulation efficiency of the ALG-
OVA@CHI nanoparticles was assessed by
dispersing 10 mg of the particles in 20 mL of
distilled water and executing ultrasonic process for
280 min. Every 40 min, 2 mL of the sample was
centrifuged at 10,000 rpm for 3 min at 5°C**° to
collect the supernatant and the nanoparticles were
re-dispersed in water to continue the experiment.
From the resulting supernatant, 1 mL was mixed
with 2 mL of Bradford reagent and allowed to react
for 3 min. The concentration of OVA was
determined using UV-Vis spectroscopy method at
a detection wavelength of 595 nm, which based on
the standard curve equation of y = 7.6119x +
0.7886 (R? = 0.9977). Each determination was
conducted in triplicate, the encapsulation efficiency
(H%) was calculated using the formula (1), and the
results were displayed in term of means + standard
deviation (SD).



Hop = Encapsulated mass of OVA
0~ Total mass of OVA
2.6 In vitro OVA release test

The release behavior of OVA from ALG-
OVA@CHI nanoparticles was investigated in PBS
solution with different pH values of 1.2 and 7.4,
simulating the gastric and colonic parts of the
digestive tract, respectively.®*3 Briefly, 10 mg of
the dried nanoparticle was immersed in 20 mL
release medium, which were incubated at 37 + 1°C
within 8 days. At the predefined time intervals, 1
mL of sample were taken out from the release
solution and centrifuged, then, it was mixed with 2
mL Bradford reagent for protein quantification at
595 nm.?*° To the release media, 1 mL of fresh
buffer medium were returned. The amount of OVA
protein released were calculated based on the
calibration curve of y = 7.5107x + 0.7508 (R2 =
0.9966) for pH 1.2 and y = 8.1714x + 0.7458 (R2 =
0.9952) for pH 7.4. All measurements were
performed in triplicate for reliable data and the
cumulative OVA release was calculated using the
following formula (2):

x 100 (1)

CeVo+v Ri 1 ¢

Cumulative release (%) = Mo LT, x 100 (2)

Where C;, C; were the released OV A concentrations
at the time point t and i, VO was the total volume,
V was the withdrawal volume (1 mL), and Mo, M;
were the initial OVA amount and withdrawal OVA
amount at the time point i.

Release kinetic models

The general mathematical models were employed
to evaluate the protein release kinetics, including
the zero-order (3), first-order (4), Higuchi (5) and
Korsmeyer-Peppas (6) kinetic models.

Zero-order kinetic model: indicates that the rate of
protein release is independent of the protein
concentration in the nanoparticles. In another
words, constant amount of protein is released in a
time-dependent manner. Model expression:

Mt = MO + kot (3)

First-order kinetic model: describes a release rate
proportional to the amount of drug remaining in the
nanoparticles, or the release rate decreases as the
protein concentration decreases over time. Model
expression:

In Mt = lnMO - klt (4)

Higuchi kinetic model: argues that the rate of drug
release is related directly to the concentration
gradient within the nanoparticles by expressing the
drug release amount as a square root of a time-
dependent process. Model expression:

1

Korsmeyer-Peppas kinetic model: characterizes the
mechanism of protein release from the polymeric
nanoparticle  systems, including  diffusion,
swelling, erosion or a complex release profile of an
initial burst release followed by a sustained release.
Model expression:

M- kgpt" 6)

Where Mo, M are the initial amount of OVA and
the released OVA at the time point t; whereas Ko, ki,
ku, and ke are the release constants of the zero-
order, first-order, Higuchi and Korsmeyer-Peppas
models, respectively. In Korsmeyer-Peppas model,
the n value is the release exponent indicative of the
mechanism of transport of the protein through the
polymeric matrix, in which 0 < n < 0.45, it is
Fickian diffusion, 0.45 < n < 0.89 is non-Fickian
diffusion or abnormal release, and n > 0.9 is
skeleton dissolution mechanism.

3. RESULTS AND DISCUSSIONS

3.1 Factors affecting ALG-OVA@CHI
nanoparticles formation

To find the optimal formulating condition, this
study aimed to comprehend how applied voltage,
ALG concentration, and injector-to-collector
distance affect the morphology and size of the
ALG-OVA@CHI nanoparticles. The examined
parameters included voltage levels (19, 21, and 23
kV), ALG concentrations (0.5 wt%, 0.1 wt%, and
1.5 wt% wi/v), and working distances (10, 13, and
16 cm).

3.1.1 Effect of the applied voltage

The effect of different voltage levels (19, 21, and
23 kV) on the SEM morphology of ALG-
OVA@CS nanoparticles were firstly investigated
(Figure 1). To that end, the Taylor cone plays a
crucial role in the CES process as it enables the
formation of uniform and stable droplets, which
ultimately determine the morphology and size of
the nanoparticles.
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Figure 1. SEM images of ALG-OVA@CHI
nanoparticles and meniscus morphology at different
voltage of 19, 21, and 23 kV

At 19 kV, the prepared nanoparticles had a nearly
spherical shape but possessed an uneven size
distribution (Figure 1a). This was ascribed to the
low imposed voltage that leads to insufficient
electrical force to overcome the hydrodynamic
forces, including the viscous force, the surface
tension, and the frictional force.*® The imbalance of
these forces caused the formation of unstable
conical meniscus at the needle tip.** In this case, the
CES mode was considered as the nano-dripping
mode, resulting in heterogeneous nanoparticles.®
Increasing the voltage to 21 kV produced spherical
nanoparticles and smooth surfaces with relative
more uniform size (Figure 1b). It was attributed to
the more balanced forces that formed a stable
Taylor cone. In addition, the interface between the
inner and outer solutions was obvious during this
status, contributing to the establishment of the
stable cone-jet mode. However, when the voltage
was further increased to 23 kV, the nanoparticles
had rough surfaces and did not achieve a fully
spherical shape (Figure 1c). It was explained that
the surface tension was substantially reduced while
the electric field dominated the hydrodynamic
force, resulting in the stretching of meniscus tip.
Furthermore, the interface was vibratile and

difficult to observe, suggesting that the pulsed
cone-jet regime was created at 23 kV. As a result,
the findings indicated that a voltage of 21 kV was
ideal for obtaining ALG-OVA@CHI nanoparticles
with desired properties.

3.1.2 Effect of the ALG concentration

ALG concentration plays an important role in the
protection and sustained release of proteins by
polyelectrolyte complexation with CHI. The
nanoparticles produced at an ALG concentration of
0.5 wt% had a spherical shape along with
secondary droplets appearance (Figure 2a), which
proved that the Taylor cone was successfully
created at this concentration. However, undesirable
results attained when the ALG concentrations
increased to 1 wt% and 1.5 wt% (Figure 2b, 2¢),
which yielded sparse-and-undeveloped
nanoparticles.

Table 1. Mean diameter and PDI value of ALG-
OVA@CHI  nanoparticles at different ALG
concentrations with the fixed voltage of 21 kV and
solution flow rate of 0.1/0.2 mL/h (core/shell)

ALG concentration Mean diameter

(Wto6) (hm) ol
0.5 313.0+129.9 0.202
1 3935 +172.7 0.395
15 398.3+195.1 0.022

At higher ALG concentrations, the solution become
more viscous, and the higher viscosity leads to the
requirement of more energy to spray the polymer
solution from the meniscus.*® Therefore, while the
imposed energy was kept constant, it was
inefficiently to transform the liquid into
nanoparticles.  Additionally, as the ALG
concentrations increased, the gravity of polymer
solution boosted up abundantly, thereby the
meniscus tended to be elongated, as in the case of
ALG 1.5 wt%. Moreover, the nanoparticle sizes
were also increased from ~300 nm to ~400 nm,
with increasing ALG concentrations (Table 1).
Furthermore, all PDI values exhibit regular particle
size distributions (PDI < 0.3). Conclusively, to
produce particles of a minimum size range with
narrow size distribution, the ALG concentration of
0.5 wt% was selected for future experiments.
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Figure 2. SEM images of ALG-OVA@CHI
nanoparticles and meniscus morphology at different
ALG concentration of 0.5%, 1%, and 1.5%

3.1.3 Effect of the needle tip-to-collector distance

Besides the applied voltage and the material
concentration, the needle tip-to-collector distance
is another factor that plays a significant role in the
performance and stability of the granulation
process.*>*” Figure 3 demonstrates nanoparticles
produced at various distance of 10, 13, and 16 cm.

Distance Microscopic image Meniscus morphology
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o
13 em i s - ,
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Figure 3. Nanoscope images of ALG-OVA@CHI
nanoparticles and meniscus morphology at different
needle tip-to-collector distances of 10, 13, and 16 cm

When the distance was set at 10 cm, the
nanoparticles acquired spherical morphology and
non-aggregation property, which confirmed that
this distance was adequate to accomplish complete
evaporation of the solvent before reaching the
collector (Figure 3a). At this distance, the Taylor
cone could be kept steady, forming a steady jet
generated at the tip of the cone. The distance
increment to 13 cm and 16 cm has two significant
effects on the CES process. Firstly, the expansion
in distance caused a reduction in collected
nanoparticle, as they dispersed into the surrounding
environment instead of depositing in the grounded
collector plate to form nanoparticles, resulting in a
low electrospraying performance (Figure 3b, 3c).
Secondly, the conical meniscus had an
unconventional morphology that was attributed to
the decreased electric field strength due to a
distance increase between the electrodes (the
electrical field strength is defined as the applied
voltage divided by the distance between the tip and
collector).3* Therefore, it was convinced that
increasing the distance between the injector and the
collector had a direct impact on the nanoparticle
collection efficiency and the stability of the Taylor
cone. In summary, the optimal needle tip-to-
collector distance was set at 10 cm.



3.2 Diameter, zeta potential and structure of
ALG-OVA@CHI nanoparticles

Utilizing the optimal parameter of the applied
voltage of 21 kV, the flow rate of 0.1/0.2 mL.h*
(core/shell), the needle tip-to-collector distance of
10 cm, and the polymer concentrations of 4 wt%
CHI and 0.5 wt% ALG, the final ALG-OVA@CHI
nanoparticles were further investigated their
physicochemical properties.

ST % =77

Figure 4. TEM image of (a) ALG-OVA@CHI
nanoparticles and (b) the core-shell structure of the
nanoparticles

The interaction of orally administered
nanoparticles with the mucous epithelium in the
intestinal environment is critical for protein
delivery. To ensure mucosal adhesion and
penetration through mucous membranes of ALG-
OVA@CHI nanoparticles, the diameter and zeta
potential of nanoparticles synthesized under
optimal conditions were determined using the DLS
technique. For this, the synthesized nanoparticles
had a diameter of 313.0 + 129.91 nm, which was
appropriate diameter for mucus layer permeation
(less than 500 nm).** Moreover, the particles
possessed a zeta potential of +1.6 mV at pH 7.0,
possibly due to the presence of a polycation CHI
layer coating on the surface of the nanoparticles.
This positively charged property allows for
electrostatic interactions with the negatively
charged mucus on the mucosal wall, which helps
nanoparticles adhering to the mucosal surface and
avoiding mucosal clearance.**“° Additionally, the
polydispersity index (PDI) of the nanoparticles was
0.202, indicating good monodispersity in size,
which contributed to the nanoparticles' large
specific surface area, resulting in stable release of
OVA protein, discussed in the next section.
Furthermore, the TEM results showed a
homogeneous size distribution and morphology
(Figure 4a), with a complete core-shell structure
(Figure 4b). The outer dark shell corresponds to the
CHI coating, which surrounds the darkish ALG
core containing uniformly distributed OVA. This

demonstrated the successful fabrication of a core-
shell ALG-OVA@CHI nanoparticle structure with
the single-step CES technique.

3.3 Chemical characteristics

The FTIR analysis revealed important insights
about the chemical characteristics and the
interactions between the components in the ALG-
OVA@CHI nanoparticles (Figure 5). The FTIR
spectra of CHI displayed feature peaks at 3453 cm’
! 1624 cm™, 1416 cm™, 1339 cm™, and 1028 cm™,
corresponding to the overlapping areas of the O-H
and N-H stretching vibrations, C—H stretching, N—
H bending (amide I, I1), C—N stretching (amide I11)
and C-O-C bond, respectively.* In the ALG
spectrum, characteristic peaks at 3479 cm™, 2840
cm?, 1633 cm?, 1358 cm?, and 1045 cm®
represented the —OH group stretching vibrations,
C-H stretching, anti-symmetric, symmetric
stretching of carbonyl groups, and C—O-C linkage,
respectively.*> Notably, in the ALG@CHI
nanoparticles, the amide group of the cationic
polymer (ALG) interacts with the carbonyl group
of anionic polymer (ALG), resulting in the
polyelectrolyte complex.”® As a result of the
interactions, the displacement of these groups were
observed with a shift from 1624 cm™ to 1627 cm™
(amide groups) and from 1358 cm™ to 1397 cm™
(carbonyl groups). Additionally, the absorption at
1045-1084 cm™, relating to the elongation of C—O—
C bonds, confirmed the effective interactions
between CHI and ALG in their structure.

In the ALG-OVA@CHI nanoparticle spectrum, a
broader and intense band centered at 3468 cm™
corresponded to stretching vibrations from the
overlapping areas of the O-H bond in the polymer
structures and N-H of amide group in the protein
structures. The peaks observed at 2921 and 2855
cm™ were due to symmetric and asymmetric C—H
stretching  vibrations of pyranose  ring.**
Characteristic bands of CHI, ALG, and OVA were
usually seen in the range 1600-1650 cm™,
correlated with N-H bending (amide 1), C-O
stretching (carbonyl group) and C-O stretching
(amide 1), repestively. Those bands shifted and
overlapped each other, creating a strong peak at
1609 cm™. The dissappearance of the symmetric
carbonyl group (signal at 1397 cm?), in
comparation to ALG@CHI spectrum, comfirmed
the completely encapsulation of ALG within CHI
nanopaticle. The elongation of C-O-C linkage was
shifted in the ALG-OVA@CHI nanoparticle, from
1084 cm? to 1095 cm™®, which reveals the
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successfully encapsulation of OVA protein in the
nanoparticle. This result is also consistent with
previous study by Cao et al. (2024).*°
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Figure 5. FTIR spectra of (a) CHI, (b) ALG, (c)
ALG@CHI nanoparticle and (d) ALG-OVA@CHI
nanoparticle

3.4 Encapsulation efficiency

The encapsulation efficiency of ALG-OVA@CHI
was determined using UV-Vis measurement as it
directly measures the OVA protein entrapment. In
this experiment, distillated water was used as
medium to disperse the nanoparticles, which could
dissolve OVA completely and had no interference
between protein and Bradford reagent. The OVA
encapsulation efficiency of the nanoparticles was
99.04 + 0.14% (Figure 6), which was significantly
higher than those in other reports.®>® This result
indicated that the CES technique is an effective
method to fabricate core-shell nanoparticles with
outstanding encapsulation efficiency. The reasons
for this is that the nanoparticles preparation process
happened in the air phase, not the liquid phase, thus
limiting the diffusion and loss of OVA. In addition,
as previously discussed, the CES technique could
provide highly dispersed and distributed OVA
within CHI and ALG polymer matrix, leading to a
high encapsulation efficiency. Interestingly, the
formation of polyelectrolyte complex between CHI
and ALG in the shell of the nanoparticles were

considered as a self-assembly cross-linking
process, contributing to the prevention of OVA
leakage. The similar results were observed in the
previous studies of Manosree et al. (2020) and
Zaeim et al. (2017).4748
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Figure 6. OVA encapsulation efficiency of ALG-
OVA@CHI nanoparticles

3.5 In vitro OVA release results

In this study, OV A protein was encapsulated within
ALG-OVA@CHI nanoparticles, which were
expected to both protect the drug from degradation
in an acidic gastric environment (pH 1.2) and
exhibit sustained OVA release in a colonic
environment (pH 7.4). Furthermore, the ALG-
OVA@CHI design aims to improve the
nanoparticles' colon-targeting characteristics by
using of polycationic CHI coating. Therefore, the
in vitro protein cumulative release behaviors of
ALG-OVA@CHI nanoparticles were investigated
in physiological medium PBS (pH 1.2 and pH 7.4)
at 37°C for 8 days (Figure 7).

During the first initial 2 h (i.e., the expected
retention time of the nanoparticles in the gastric
environment), as expected, the nanoparticles
effectively retained OVA release in both the gastric
(pH 1.2) and colonic (pH 7.4) conditions by
limiting protein delivery to less than 30% (Figure
7a). The complexation of CHI and ALG at pH 1.2
reduced the burst release behavior of the
nanoparticles. This reduction was achieved by a
decrease in vacant spaces in the polymer network,
which reduced the swelling of the nanoparticles,
hence limiting protein burst release.* In detail, the
protein highly released within the first 0.5 h
(25.53% for pH 1.2 and 12.02% for pH 7.4),
followed by a stable release until 2 h, reaching
27.51% for pH 1.2 and 19.37% for pH 7.4. This was
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attributed to the free OVA's poor attachment to the
nanoparticles' outermost layer/surface, resulting in
rapid release. On the other hand, the encapsulated
protein was released over an extended period of
time, resulting in a steady release pattern for OVA.
At pH 7.4, the CHI outer shell was insoluble,
resulting in a dense structure. As a result, the
diffusion velocity of protein out of the carrier
decreased, and OVA content release in pH 7.4 was
lower than that in pH 1.2. Conclusively, the ALG-
OVA@CHI design could retain the drug release
and avoid the drug degradation in an acidic
environment, thereby meeting the study's objective.

The OVA protein release experiment was extended
to 8 days to investigate the long-term release
behavior and predict structural variation (Figure
7b). To this purpose, the OVA was steadily
released in both pH settings, reaching maximum
values of 91.41% for pH 1.2 and 93.42% for pH 7.4
after 6 days. The gradual increase in OVA release
content was attributed to the structural variation of
nanoparticles that had been immersed in the release
medium for an extended period of time. In the
acidic condition, the solubility of the CHI layer
increased significantly, causing the CHI shell to
dissolve faster, resulting in strong nanoparticle
degradation. As a consequently, the interaction

(a)
30

204

Cumulative release (%)

104
/ e DH 1.2
——pH 7.4

U T T

T

0.0 0.5 1.0 1.5 2.0

Release time (h)

Cumulative release (%)

between CHI and ALG was weakened and the
repulsion between molecular chains of the polymer
matrix increased, thus, the ALG@CHI carrier
structure could not effectively prevent OVA
diffusion into the release environment.>
Conversely, in a light alkaline environment of pH
7.4, the hydrophilicity of the carriers increased due
to interactions between hydrophilic groups in
polymer structure and water molecules, causing
water to potentially permeate into the nanoparticles
and dissolved OVA, resulting in an increase in the
percentage of cumulative release. It was also worth
noting that the protein content remaining after the
experiments could be the result of drug interactions
with carriers. The above arguments implied that the
release  mechanism of ALG-OVA@CHI
nanoparticles produced by CES method was
primarily based on the dissolution, erosion, or
degradation of ALG@CHI nanocarriers at various
pH values. In summary, the ALG-OVA@CHI
design was identified as a potential material
capable of inhibiting OVA release in gastric acidic
conditions, exhibiting sustained protein release in
the colonic environment, and increasing OVA
bioavailability in the gastrointestinal tract, all of
which contributed to the development of controlled
release and orally therapeutic effectiveness.

(b)
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4612 24w
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Figure 7. In vitro release profile of OVA (a) in initial 2 hours and (b) in 8 days.
Table 2. The kinetic models for the OVA release at different pH of 1.2 and 7.4 within 2 hours and 8 days

Zero-order First-order Higuchi Korsmeyer-Peppas

R’ Ko R? ki R? Kn R® Kkp n
pH 2h 0.4706 10.541 0.4969 0.1278 0.7622 20.499 0.7866 23.150 0.4078
1.2 8day 0.8629 0.4288 0.9683 0.0132 0.9521 5.9453 0.9772 20.482 0.7498
pH 2h 0.8077 9.2479 0.8306 0.1040 0.9103 4.4663 0.9141 11.918 0.3962
7.4 8day 0.9006 0.4777 0.9512 0.0143 0.9211 10.831 0.9791 11.634 0.4774
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To better understand the releasing process of OVA,
the release kinetic models were studied by fitting
the release data of OVA in physiological medium
PBS (pH 1.2 and pH 7.4) using zero-order, first
order, Higuchi and Korsmeyer-Peppas models, and
the release mechanism was obtained by the kinetic
parameters that characterized the models.
According to the Table 2, the Korsmeyer-Peppas
kinetic model had reasonably high correlation
coefficient (R?), which was considered to be
consistent with the release mechanism in all stages.
The release of OV A nanoparticles under simulated
gastric condition exhibited higher release rates than
those at simulated colonic environment (kkp at pH
1.2 > kkp at pH 7.4) demonstrating that the release
of OVA from CHI@ALG nanoparticles was more
promoted in an acidic medium, and this assumption
was compatible with the experiment as discussed in
previous section. During the first phase (2 hours),
the diffusion exponent (n) of the Korsmeyer-
Peppas model was less than 0.45, indicating that
Fickian diffusion was primarily controlling OVA
release from the ALG-OVA@CHI nanoparticles.
While in the entire release process (8 hours), the R?
coefficient was better fitted with the Korsmeyer-
Peppas model, and the n value was in the range of
0.45-0.89 suggesting that the OVA release
followed an anomalous (non-Fickian) transport
mechanism, which involved a combination of
diffusion of OVA and disintegration of polymer
matrix.> Besides, when calculating first-order
release kinetics, the whole release process had a
high R? value, contributing the decrease of release
rates as the OV A concentration decreased over time
corresponding to the late state of release profiles. In
conclusion, the delivery system’s flexibility in
different phases of the release process made the
ALG-OVA@CHI nanoparticles as an ideal and
versatile formulation for orally protein delivery
applications.

4. CONCLUSIONS

This study effectively produced an ALG-CHI
nanoparticle encapsulating OVA, a model protein
utilized in protein therapeutics research, utilizing
the CES approach for possible protein therapies.
The optimal CES parameters included an applied
voltage of 21 kV, a flow rate of 0.1/0.2 mL.h™
(core/shell), a needle tip-to-collector distance of 10
cm, and polymer concentrations of 4 wt% CHI and
0.5 wt% ALG. The SEM and TEM images revealed
that the ALG-OVA@CHI nanoparticles had a
spherical shape, smooth surface, no aggregation,

and a core-shell structure. The DLS measurements
showed that the nanoparticles had a hydrodynamic
diameter of 313.0 + 129.9 nm and a zeta potential
of +1.6 mV at neutral pH. The FTIR analysis
confirmed the interactions between the
nanoparticle components, such as the formation of
a polyelectrolyte complex between CHI and ALG,
as well as the presence of OVA in the formulation.
A notable feature of the ALG-OVA@CHI
nanoparticle was its encapsulation efficiency OVA
reached 99.04 + 0.14%. Under simulated
gastrointestinal conditions, the ALG-OVA@CHI
formulation effectively shielded the encased
protein from the acidic environment of the gastric
fluid, while under simulated environment, the
nanoparticle demonstrated a sustained release
achieving release capacity of above 90%.
Additionally, the OVA protein release profiles
from ALG-CHI nanoparticle primary relied in the
diffusion of OVA and the dissolution of polymer
network, adhering to the Korsmeyer-Peppas
kinetics model. In conclusion, the nanostructure of
ALG-CHI could be an excellent candidate for oral
OVA delivery, contributing to the advancement of
protein therapeutics.
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