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ABSTRACT
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This study focuses on producing monodisperse nanocapsules with a triclosan/chitosan core-shell structure
using the coaxial electrospray method. The coaxial electrospraying method enables the production of
core/shell structured nanocapsules in a single step. The effects of flow rate, core-to-shell flow rate ratio, and
needle size on the coaxial electrospray process were systematically analyzed. The resulting nanocapsule
structures were characterized using scanning electron microscope (SEM), transmission electron microscope
(TEM) and size measurements. The experiments demonstrated that fibrillation more likely occurred when

the chitosan content was highest.
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INTRODUCTION

Chitosan (CS), a natural polysaccharide-based
biopolymer derived from chitin deacetylation. It has
diverse applications in drug delivery, tissue
engineering, encapsulation, nano- and microparticle
formation, plant protection thanks to its
biocompatibility, biodegradability, low toxicity, and
antibacterial properties [1-4]. Triclosan (Irgasan),
another widely used antibacterial agent, is often
applied on synthetic fibers like polyester,
polypropylene, nylon, cellulose acetate, and acrylic,
and is valued for its durability during washing [5] [6].
It can be applied on textile material by several
application methods, exhaustion during or after
dyeing, pad-dry-cure and melt mixing [7].
Electrospraying is increasingly recognized as an
advanced method for encapsulating sensitive
bioactives with minimal damage or structural loss [1]
[8]. Coaxial electrospraying is also a one-stage
process given in multiple studies to capsulate varied
materials [9-11]. Nano- and microparticles provide
larger surface area and consequently allows greater
bioavailability of the encapsulated substances.
Several studies reported that both solution
parameters as well as process parameters directly
affect particle size and formation [1].

Because of chitosan’s cost-effectiveness, non-
toxicity, antibacterial properties, and compatibility

with biological systems, it is viewed as an ideal
encapsulating agent for textile applications [12].
Several methods can be used for the formation of
chitosan micro- and nanospheres, including solvent
evaporation, coacervation/precipitation, ionic gelation
and spray drying [13]. For microencapsulation
process, technigues such as emulsification, spray
drying, coaxial electrospray systems, freeze-drying,
coacervation, in situ polymerization, extrusion,
fluidized-bed coating, and supercritical fluid
technology can be utilized [12]. Cotton fabric was
treated with antimicrobial peptides encapsulated in
alginate-chitosan microcapsules, for potential textile
applications [14]. O. sanctum leaf extract was
encapsulated in chitosan and applied to cotton
garments, showed exceptional antibacterial activity
and wash durability [15]. Hui et al. [16]
microencapsulated Traditional Chinese Herbs in
chitosan—sodium alginate blend matrix and grafted
onto the cotton fabric’s surface for the clinical
treatment of atopic dermatitis. Another study reported
excellent antimicrobial efficacy of electrosprayed
chitosan onto wool surface [17].

Triclosan loaded chitosan and alginate-based
microcapsules have been wused for coating
applications in surfaces such as textiles or plastics
[18]. Santos Alves de Lima [5] investigated these
microcapsules using 2.5 wt% to 3 wt% of triclosan in
both shell and core structures produced through
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emulsification method. These microcapsules were
aimed for future applications in antibacterial textiles
and other materials such as medical device materials
and plastics [18-21]. For antibacterial purposes,
triclosan, silver and chitosan were used via pad-dry-
cure method and showed significant performance
against Gram-positive and Gram-negative bacteria
[22]. Ouerghemmi et al. [23] focused on the
manufacture of core-sheath nanofibers (NFs) based
on chitosan (CHT) as sheath and cyclodextrin
polymer (PCD)/triclosan as core triclosan using
coaxial electrospinning method. They investigated
the nanofibrous structure. This study, differing from
previous researches, aims to produce monodisperse
distributed nanocapsules with a triclosan/chitosan
core/shell structure using the coaxial electrospray
method. The influences of flow rate, core/shell flow
rate ratio, and needle size on the coaxial electrospray
process, which facilitates single-step production,
were systematically investigated. The resulting
nanocapsule structures were characterized through
SEM images, TEM images and size measurements.

EXPERIMENTAL
Materials

Chitosan polymer was purchased from Sigma Aldrich
(448869, low molecular weight; DDA <75.0%). Acetic
acid (Merck & Co., Inc.) was used as solvent for
chitosan. Chitosan solutions were prepared
according to weight/volume percent (wt/v%) which
was the ratio of solute quantity as volume in 100 unit
of solution. Chitosan solutions were prepared by
dissolving chitosan polymer (2 wt/v%) in acetic acid,
90/10 v/Iv% acetic acid/distilled water. Triclosan was
purchased from Sigma Aldrich (72779, >97.0%).
Ethanol (Merck & Co., Inc.) was used as solvent for
triclosan. Triclosan solutions were prepared by (1
wt/v%) in 50/50 v/v% ethanol/distilled water.

Methods

The coaxial electrospraying process was carried out
using a vertically arranged electrospraying setup
which consists of a high voltage power supply
(Gamma High Voltage Series ES100P), a syringe
pump (New Era NE-1000X), a nozzle, and a
grounded collector. Chitosan solution is fed from the
outer needle tip while the triclosan solution is fed from
inner needle tip through dual syringe pumps via micro
pumps. The resulting samples were collected on
aluminum foil (200x200 mm) placed over the
grounded plate. The coaxial electrospraying
application is carried out at 2.5 kV.cm electrical field,
8 cm distance between the needle and collector for 5
min. Different co-fluids flow rates are studied
throughout the study. First, total flow rates are
arranged as 5 pl.min-1, 10 pyl.min-1, 20 yl.min-t, and 40
pl.min-l, Different coaxial needle sizes were also
investigated. Moreover, varied core/shell flow rates
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are studied as 25/75%, 50/50% and 75/25% for 10
pl.min-! total flow rate.

Co-axial electrosprayed nanocapsules  were
examined with SEM (JEOL JSM 6390) for
determining morphology. Before SEM investigation,
samples were coated with Au/Pd in SC 7620 Sputter
Coater. SEM pictures were taken at 5-20 kV
accelerating voltage and 12-15 mm working distance
with magnifications between 100 and 5000.
MALVERN Zetasizer Nano ZS was also used to
determine the dimension of nanocapsules.
Transmission electron microscopy (TEM, FEI Tecnai
G2 F30) was used to reach a high-level resolution for
identification of nanocapsules' formation.
Electrosprayed nanocapsules were collected onto Cu
grids during co-electrospraying.

RESULTS AND DISCUSSION

Effects of Total Flow Rates on Chitosan
Nanocapsule Formation

To investigate the effect of total flow rate on the
formation of chitosan/triclosan nanocapsules, four
different total flow rates were determined; 5 pl.min-t
(2.75/2.25), 10 pl.mint (5.5/4.5), 20 pl.mint (11/9)
and 40 pl.min (22/18). Core/shell flow rate ratios
were calculated as 55/45%. In Figure 1, it is seen
clearly flow rate of the solution has a major impact on
the particle formation. At higher flow rates (20 pl.min-
1 and 40 pl.min't), the nanocapsules began to lose
their spherical morphology and exhibited a tendency
to aggregate. Higher flow rates lead to the formation
of larger particles as the increased supply of polymer
solution causes the droplets from the needle to
exceed the rate of solvent evaporation, resulting in
the production of these larger particles [1,24].
Particles generated at higher flow rates exhibited a
tendency to agglomerate or adhere to one another,
leading to the absence of distinct independent
particles [9,25]. Irregular morphology may observe
due to insufficient drying time. Conversely, reducing
the flow rate leads to smaller droplet formation at the
needle and enhances solvent evaporation, resulting
in the production of smaller particles [1]. At 5 pl.min-t
total flow rate, even though the smaller particles were
seen, fibrillation was also observed which may occur
at low total flow rates due to the rapid drying of
nanocapsules, without sufficient time to separate
from each other. At 10 ul.min! total flow rate, no
fibrillation was observed, and the particle size was
smaller compared to those at higher flow rates.

In the size distribution graph, all flow rate conditions,
with the exception of 10 pl.min-1, exhibit a measurable
percentage of larger particles within the distribution.
At a flow rate of 10 pyl.min-t, monodisperse distribution
is observed (Figure 1). Both the SEM analysis and the
particle size distributions indicated that the 10 pl.min-
1 flow rate was optimal.
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Figure 1. SEM images and size distributions (intensity) of nanocapsules at various total flow rates.
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Figure 2. SEM images of nanocapsules at various core/shell flow rate ratios.
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Figure 3. Size distributions (intensity) of nanocapsules at various
core/shell flow rate ratios.

Effects of Core/Shell Flow Rate Ratios on
Chitosan Nanosphere Formation

A specific flow ratio between the core and shell
solutions must be maintained to achieve a stable
cone-jet mode during electrospraying [26]. To
investigate the effects of core/shell flow rate ratios on
nanocapsule formation, three different ratios were
selected; 75/25%, 50/50%, 25/75%, respectively.
Total flow rate was kept constant at 10 pl.min-t. SEM
images and size distributions of electrosprayed
nanocapsules at various core/shell flow rate ratios are
presented in Figure 2 and Figure 3, respectively.
Since the core solution, triclosan, is water-based and
has a low concentration, a higher core flow rate
promoted film formation. Conversely, reducing the
core flow rate while increasing the shell flow rate—
and thus the chitosan concentration—enhanced
nanocapsule formation. As concentration rises,
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interactions between chains lead to intermolecular
entanglement, which limits the mobility of individual
chains [27]. The lowest shell flow rate resulted in
fewer particles being formed, as a low shell flow rate
may lead to inadequate encapsulation of the core
[28]. As the shell flow rate increased, particle
formation correspondingly increased. However, at
higher shell flow rate ratios, particles tended to
agglomerate and fibrillate. Higher flow rates hindered
complete solvent evaporation, leading to adhesion
and clumping, which reduced the formation of
individual particles [25].

Even though the sizes of the nanocapsules were
similar at different ratios, higher chitosan content led
to fibril formation between the nanocapsules.
Although the 2.5/7.5 pl.mint core/shell flow rate ratio
yielded the most uniform size distribution (Figure 3),
because of the fibrillation, the 5/5 pl.min-1 core/shell
flow rate ratio represented the most optimal
configuration. Wang et al. [29] was reported smaller
particle sizes at higher shell flow rate too.

Effects of Needle Size on Chitosan
Nanosphere Formation

Modifying the needle characteristics in electrospray
processing directly affects the operating conditions
and the outcomes of the process [30]. Different
needles with varied gauge were employed to assess
the impact of needle size on nanocapsule formation
and size. Nanocapsule formation was examined
using 26/22 gauge, 26/21 gauge, and 24/21 gauge
needles for core/shell solutions, respectively. SEM
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Figure 4. SEM images of nanocapsules at various needle size.
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Figure 5. Size distributions of nanocapsules at various needle size
(intensity).
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Figure 6. TEM image of nanocapsules at 5/5 pl.min-1 flow rate
ratio and 26/22 G needle.

images of nanocapsules produced with different
needles are presented in Figure 4. Nanocapsules
were successfully formed with all needle
configurations. However, significant fibrillation was
observed with 24/21 gauge needles. Larger needle
diameter leads unseparated particles. A smaller
needle diameter results in reduced droplet size at the
nozzle tip due to a smaller meniscus and increased
surface tension. This requires a greater Coulombic
force to initiate the jet, which slows down jet
acceleration and extends flight time, providing more
opportunity for Rayleigh disintegration and further
breakdown into smaller droplets [9]. The use of 26-
gauge needle for the core solution yielded more
uniform spherical structures.

The size distribution of the nanocapsules is illustrated
in Figure 5. Among the configurations with
comparable SEM image appearances, the 26/22
gauge needle combination demonstrated a more
monodisperse distribution than 26/21 gauge.
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Consequently, the 26/22 gauge needle configuration
was selected to achieve better distribution.

The TEM image of the nanocapsule at a 5/5 pl.min-t
flow rate ratio and a 26/22 G needle, shown in Figure
6, clearly displays both the core and the shell in
spherical structure, indicating successful
encapsulation.

CONCLUSIONS

The objective of this study is to produce chitosan-
based nanocapsules with a spherical structure and
monodisperse  distribution. To achieve this,
experiments were conducted with various process
parameters, including total flow rates, flow rate ratios
for core/shell solutions, and core/shell needle sizes.
When the total flow rate was reduced, fibrillation was
observed between the capsules, while at higher rates,
the capsules tended to aggregate, leading to
deformation of their shapes. In the experiments
focused on core/shell flow rate ratios, fibrillation was
noted when the chitosan content as shell material
was at its highest. In comparison with other flow rate
ratios, the study with an equal core/shell ratio
demonstrated the most promising size distribution.
Smaller needle diameters produced smaller particles,
while larger needles resulted in poorly separated
capsules. The optimal results were achieved using
the smallest needle gauge.
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