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Chronic and non-healing wounds show delayed and incomplete healing process,
which expose the patients to a high risk of infection. These types of wounds
require frequent change of dressing, which is a burden on the patients. In addition,
ideal dressing needs to meet the requirements in minimizing microbial infiltration
and growth while balancing moisture and exchanging oxygen with outside
environment. To overcome the challenge in frequent change of dressing and
meet the design requirements, current researches have focused on the
development of electrospun fibers with incorporation of small molecule drugs
for sustained release purpose. In this study, electrospinning was performed to
fabricate blend fibers consisting of 15 wt% of polycaprolactone (PCL) and 4 wt% of
chitosan (CS) at various blend ratios with the incorporation of a model small
molecule drug, acetylsalicylic acid (ASA). Results showed that fibers became more
hydrophilic when increasing CS concentration from 0% to 60% in PCL/CS blank
fibers. Increasing CS concentration decreased fiber diameter resulting in the
decrease of fiber mechanical properties. Furthermore, the addition of 10% w/w
ASA also made the fibers more hydrophilic and further decreased the fiber
diameter. There were no linear relationships between CS concentrations and
fiber mechanical properties in the drug-loaded samples, which indicated some
level of drug-polymer interactions. Fiber mechanical properties and drug release
rates were two major aspects indicative of strong and/or weak drug-polymer
interactions. In vitro drug release in PBS buffer solution showed a burst profile of
ASA (30%) up to 2 h followed by a zero-order release rate up to 2 days.
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1 Introduction

Chronic and/or non-healing wounds take considerably a longer than usual of time to
heal. Clinical care of chronic and/or non-healing wounds requires frequent change of
dressing materials, which is a painful process for the patients. It also generates social and
economical burden for patients with chronic and/or non-healing wounds. Hence, there is an
urgent need in the development of advanced biomaterials as an alternative dressing material
to replace traditional wound healing cream/gels. The ideal dressing materials are considered
as a drug delivery system that needs to carry a high amount of drug (> 10%) while achieving
controlled-release behaviors to prevent overdosing. A wide variety of antimicrobial agents
have been incorporated in fiber-based materials for sustained release purpose in wound
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dressing (Gizaw et al., 2018). However, most these small molecule
drugs were hydrophobic agents, where their gradual release rates
from drug carriers were due to the poor solubility in media.
Hydrophilic agents represent a major challenge in achieving
sustained release behaviors due to their abilities to alter the
overall hydrophilicity of the carrier and their high solubility in
release media (Chou et al., 2015).

Electrospinning is a simple, robust, and cost-effective method to
produce drug-containing fibers with diameters ranging from tens of
nanometers to several micrometers (Chou et al., 2015; Emerine and
Chou, 2022). The result is a layer of non-woven fiber mesh that
exhibits the texture of typical textiles with a porous structure
allowing drainage of the wound exudates and permeation of
atmospheric oxygen to the wound (Saghazadeh et al., 2018). In
addition to these advantages, electrospinning accepts various types
of small molecule drugs as well as the inclusion of other nano-scaled
drug delivery systems (e.g., nanoparticles and micellles) to serve as a
composite dressing material suitable for multi-stage controlled
release purpose in wound healing (Schneider et al., 2009). The
working principle behind electrospinning involves the application
of a high electric field between the fiber collecting plate and the tip of
a needle, which is attached to a syringe that contains the polymer
solution. The surface tension of the droplet forming at the tip of the
needle (i.e., Taylor cone) is overcome by the electrostatic repulsion
force that causes a stream of continuous fiber depositing on the
collector. The solvents present in the polymer solution evaporate
rapidly due to a high surface area to volume ratio of the fiber as it
travels to the collecting plate forming a fiber mesh (Chou and
Woodrow, 2017).

Several studies have investigated the use of natural and synthetic
polymers in electrospun fibers as wound dressing materials for
sustained delivery of drugs (Wang and Windbergs, 2017; Gizaw
et al, 2018). Among all natural materials, chitosan (CS) showed
excellent intrinsic properties against fungi and bacteria growth
making it suitable for wound dressing materials (Dai et al., 2011;
Cooper et al, 2013; Sapkota and Chou, 2020). CS is the
N-deacetylated product of chitin, and it is soluble in water and
under acidic conditions due to the protonation of amino groups
(Aranaz et al., 2021). Results suggested that CS fiber structure and
morphology as well as overall hydrophobicity determined the drug
release rate. The presence of rigid D-glucosamine makes CS
solutions very viscous and difficult to electrospin alone. As a
result, it is usually electrospun in conjunction with other
synthetic polymers. Polycaprolactone (PCL) is one of the most
studied synthetic biomaterials in electrospun fibers due to its
biocompatibility, slow biodegradability (t;,, > 18 months (Pefa
et al, 2006)), and easy forming of fibers. PCL at room
temperature is a semi-crystalline aliphatic polyester with T,
around —60°C and T,, around 55°C-60°C resulting in a tensile
strength of 28 MPa and an elastic modulus of 217 MPa
(Wachirahuttapong et al., 2016). PCL has limited applications
before blending other polymers due to its high hydrophobicity,
slow degradation, and lack of functional groups (Roozbahani et al.,
2013; Liverani et al., 2018). Therefore, the combination of PCL and
CS in electrospun fibers may be a potential drug carrier for wound
dressing materials.

Our previous work showed that the ability to achieve sustained
release of a hydrophilic small molecule drug from blends of
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hydrophobic polymers was mainly due to drug-polymer
interactions investigated by mechanical testing (Chou and
Woodrow, 2017). In addition, we observed tunable drug release
rates through drug dissolution and diffusion in blend fibers of ethyl
cellulose and polyethylene oxide (Hawkins et al., 2022). In this study,
we extend our investigation on drug release behaviors and
mechanical properties from blend PCL and CS fibers with the
incorporation of a hydrophilic model drug, acetylsalicylic acid
(ASA). The hypothesis is that composition of CS and loading of
ASA play an important role in determining drug release rate and
mechanical properties of the PCL/CS fibers. We investigated the
fiber morphologies and average fiber diameters of PCL/CS fibers at
various blend compositions for potential use as drug carriers in
dressing materials. Average elastic moduli and tensile strength
showed effects of CS compositions and incorporation of ASA
without clear evidence of plasticizing effects. Fibers wettability
studies showed an improved wetting behavior with increasing of
CS composition and loading of hydrophilic ASA in the PCL/CS
blend fibers, where fast release of ASA from PCL/CS fibers indicated

drug dissolution.

2 Materials and methods

2.1 Materials

Polycaprolactone (PCL) (My; ~ 80 kDa) was purchased from
Huaian Ruanke Co., Ltd. (China). Chitosan (CS) (degree of
90%) was
Biotechnology Co., Ltd. (China). USP grade acetylsalicylic acid
(ASA), an experimental model drug, was purchased from
Thermo Fisher Scientific Inc. (Waltham, MA, United States).
Hexafluoro-2-propanol (HFIP), 99% purity, was purchased from
Richest Group Ltd. (China). Glacial acetic acid (AA), 99.7% minimal
ACS, was supplied by BDH" Avantor (Radnor, PA, United States).
Biotechnology grade phosphate-buffered saline (PBS) solution,
pH 7.3-75, 2.7 mM
potassium chloride, and 10 mM phosphate buffer, was purchase
from Avantor (Radnor, PA, United States). Deionized (DI) water
was obtained from Chemistry Department at the University of Texas

deacetylation: supplied by Xian ZhongYun

containing 137 mM sodium chloride,

at Tyler.

2.2 Preparation of PCL/CS solutions

15 wt% (wt/vol) PCL solution was prepared by dissolving PCL
beads in pure HFIP solvent according to our previous study (Chou
and Woodrow, 2017). 4 wt% CS solutions of were prepared by
dissolving CS powder in 90% AA solution, which was obtained by
volumetric mixing of AA and DI-water. Both PCL and CS solutions
were set on a rotisserie mixer at room temperature overnight to
create homogeneous polymer solutions.

After reaching homogeneous PCL and CS solutions in separate
vials, blend PCL/CS solutions of 100/0, 80/20, 60/40, and 40/60 were
created by volumetric mixing of the corresponding polymer
solutions. ASA-loaded polymer solutions were prepared by
adding 10% of ASA in PCL/CS solutions (w/w = drug/total
solids) and stirred for 2 h.
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To study the effects of PCL weight percentage on the overall
mass of the polymer fibers, 17.75wt% and 22.33 wt% of PCL
solutions were prepared separately using the same procedure as
described above. The 17.75 wt% and 22.33 wt% PCL solutions were
mixed with 4wt% CS solution at 80/20 and 60/40 volumetric
fractions, respectively. These modifications allowed the total
polymer weight percentage to be same as 15 wt% pure PCL solution.

2.3 Electrospinning of PCL/CS nanofibers

2 mL of PCL/CS solution was loaded in a 3 mL BD Luer-Lok™
syringe and secured on a New Era syringe pump (Farmingdale, NY,
United States). A 21-gauge stainless steel dispensing needle was attached
to the syringe and was connected to the positive voltage source from
Gamma High Voltage (Ormond Beach, FL, United States). The negative
end was connected to a stationary-grounded collector plate covered
with a layer of wax paper. During electrospinning, the flow-rate was set
to 20 pL/min, the applied voltage was 15 kV, and the distance between
the tip of the needle and the collector plate was 10 cm. Once the
electrospinning was done, the fiber mats were stored in a vacuum
desiccator to remove excess solvents.

2.4 Fiber morphologies and average fiber
diameters

Scanning electron microscopy (SEM) was used to investigate the
fiber morphologies and average fiber diameters of electrospun PCL/
CS fibers. In brief, circular punches of the fiber meshes were sputter
coated with Au/Pd for 30 s using a SPI sputter-coater (West Chester,
PA, United States) at 80-100 mTorr. SEM micrographs were
acquired from a filament typed SEM system at LeTourneau
University (Longview, TX, United States) at 15KV, using a spot
size 3, and a working distance of 15.0 cm. Images taken from SEM
were analyzed by Image] software, National Institutes of Health
(Bethesda, MD, United States), for average fiber diameters (n = 30).

2.5 Fiber mat uniformity and porosity

To study the effects of PCL and CS concentrations and PCL/CS
blends on the distributions of fiber depositions, thickness of electrospun
PCL/CS fiber mats at various locations were was measured using a
digital thickness gauge (resolution = 1 um) on a squared grid system.

Fiber mat porosities were determined by the apparent density
method. In brief, thickness and weight of 7/16” fiber disc punches
were measured to determine the apparent density (He et al., 2005).
The bulk densities of the blend polymers were then calculated using
the theoretical densities (i.e., PCL = 1.145 g/cm’ and CS = 0.25 g/
cm?®). The fiber mat porosities were determined by the ratio of
apparent to bulk densities.

2.6 Mechanical testing

Mechanical testing was performed on an Instron” 3,342 universal
material tester (Norwood, MA, United States) in accordance with
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ASTM standard D882-18 under 24°C + 1°C and 45% + 5% RH
(ASTM D882-18, 2018). A dog-bone shaped fiber specimen with
22 mm nominal length and 5 mm nominal width were cut out using a
stainless steel die (ODC Tooling and Molds, Waterloo ON, Canada)
in accordance with ASTM 1708-18 (ASTM D1708-18, 2018). The
thickness of each sample was measured using a digital thickness gauge
(resolution = 1 um). The test was performed with a constant strain
rate of 0.01/s. Stress and strain was calculation from the raw load and
displacement data for each sample. A total of 3 specimens were used
for each fiber composition (n = 3).

2.7 Water contact angle measurements

To measure the water contact angle, a 4-uL DI-water droplet was
dispensed on a dry fiber sample at room temperature. The water
contact angle was determined by the angle between the surface and
the contact tangent using ImageJ software, National Institutes of
Health (Bethesda, MD, United States). To observe the dynamic
change of the water contact angle, images at various time points, up
to 60 s, were taken for measurements. Results were average of three
independent measurements (n = 3).

2.8 In-vitro drug release

7/16" diameter circular disks were taken from electrospun fibers
mats using a metal die. The thickness of each sample was measured
using a digital thickness gauge (resolution = 1um) and their
respective mass was measured using an analytical balance. The
samples were placed into glass vials containing 10 mL of PBS
buffer solution pre-heated to 37°C for sink drug release. For the
reminder of the experiment, the PBS (pH 7.3-7.5) solution
containing fiber samples were kept in a rotary incubator with
120 rpm at 37°C. At pre-determined time points, up to 48h, a
200-pL liquid sample containing unknown concentration of ASA
was taken from each glass vial and placed in HPLC vials followed by
refilling with 200-pL fresh PBS to compensate for the lost of volume.

The collected liquid samples were then analyzed using a Waters
€2695 high-performance liquid chromatography (HPLC) (Milford,
MA, United States) equipped with a C18 column. The HPLC mobile
phase consisted of 50% HPLC graded DI-water with 0.045%
trifluoroacetic acid buffer and 50% acetonitrile. The parameters
included 30°C column, 1 mL/min flow rate, 5 min run time, 10 uL
sample injection volume and UV/vis detection at 225 nm.

The ASA standard curve was generated by dissolving 4 mg of
ASA in 20 mL of PBS solution followed by serial dilutions to solution
concentrations of 100, 50, 10, and 0.1 pg/mL. All drug release data
were collected from triplicates and used to report mean and standard
deviation of the sample (n = 3).

2.9 Statistical analysis

Results were expressed as average + standard deviation (SD).
Statistical studies of the averages were performed using GraphPad
Prism (San Diego, CA, United States) on one-way analysis of
variance (ANOVA). Significance was accepted with p < 0.05.
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FIGURE 1

SEM images of electrospun PCL/CS blend fibers at various compositions. The top row shows blank PCL/CS fibers of (A) 100/0, (B) 80/20, (C) 60/40,
and (D) 40/60 compositions. The bottom row shows the ASA-loaded PCL/CS fibers of (E) 100/0, (F) 80/20, (G) 60/40, and (H) 40/60 compositions. Scale
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FIGURE 2

(A) Average fiber diameter and (B) average fiber mat porosity for blank and ASA-loaded PCL/CS fibers at various CS compositions.

3 Results and discussion compared to the blank fibers. No fiber formations were observed
for the 20/80 and 0/100 PCL/CS blend fibers. Chitosan has a rigid
3.1 Fiber morphology molecular structure that inhibits the electrospinnability of the PCL/

CS blend polymer solutions (Qasim et al., 2018).

Fiber morphologies from electrospun blank and ASA-loaded
PCL/CS fibers at various blend ratios were investigated using SEM.
As shown in Figure 1, smooth and defect-free fibers were obtained 3.2 Average fiber diameters and fiber mat
from blend PCL/CS fibers with blend ratios of 100/0, 80/20, and 60/ porosities
40. Formations of beads and large wet spots were observed in 40/
60 PCL/CS fibers. ASA-loaded PCL/CS fibers showed no The average fiber diameters for electrospun blank and ASA-
morphological changes as well as no drug crystallization as  loaded PCL/CS fibers at various blend ratios are shown in Figure 2A.
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The average fiber diameters for blank and ASA-loaded 100/0 PCL/
CS fibers were 2.17 + 0.32 um and 1.79 + 0.15 pm, respectively.
Increasing CS composition in the blend PCL/CS fibers significantly
decreased the average fiber diameters to 0.19 + 0.02 um and 0.10
0.03 um for blank and ASA-loaded PCL/CS fibers, respectively. The
decrease in average fiber diameter was due to a decrease of the
overall polymer concentration when mixing 15 wt% of PCL with
4 wt% of CS. Interestingly, the average fiber diameters of ASA-
loaded PCL/CS fibers were smaller than those of the blank fibers.
Since the electrospinning parameters were kept the same for all fiber
formulations, the smaller average fiber diameter of the ASA-loaded
fibers suggested an improved electrospinnability. Studies had shown
that polymer solution properties and electrospinning parameters
affected the average fiber diameters (Tan et al., 2005). For instance,
fibers electrospun with 10 wt% PCL (120-300 kDa) exhibited fiber
diameters between 0.44-1.04 um (Baker et al, 2016). Others
electrospun PCL/CS fibers using 1 wt% CS and 10 wt% PCL in
HFIP, where the fiber diameter was 200 nm for 1 wt% chitosan and
730 nm for 10 wt% PCL (Yang et al.,, 2009).

Average fiber mat porosity is described by apparent porosity that
represents the empty space between the neighboring fibers. A highly
porous dressing is desired for cell attachment and growth,
adsorption of the wound exudates, and permeation of
atmospheric oxygen to the wound (Aghdam et al,, 2012). Porous
fiber mats also encourage cell proliferation attributed to cell
infiltration and exchange of oxygen and nutrients (Poornima and
Korrapati, 2017). It also provides mechanical support of newly
formed tissue by interlocking the fibers with the surrounding
tissue (Loh and Choong, 2013). However, the mechanical
properties of the fibers will become poor if the fiber mats are too
porous. Hence, there is a balance between the fiber mat porosity and
the desired mechanical properties. Figure 2B shows the average
apparent porosities for blank and ASA-loaded PCL/CS blend fiber
mats at various CS compositions. The average apparent porosities
decreased from 83.0% * 0.6% to 65.4% * 1.1% and from 84.3% =+
0.8% to 73.6% * 1.1% for blank and ASA-loaded PCL/CS fibers,
respectively. Literature recommends electrospun scaffolds used for
tissue engineering application to exhibited an average fiber mat
porosity that is higher than 80% (Ferreira et al., 2014). Others
reported the porosity in the range of 70%-90% for electrospun fiber
mats (Croisier et al., 2012). Fiber mat porosity varies with the types
of fibers being electrospun. For instance, PCL/PLA blends in ratio of
4/1 resulted in a fiber mat porosity of up to 77.2%, and the fiber mat
porosity for pure PCL was 72.9% (Yao et al., 2017).

3.3 Fiber mat uniformity

Electrospun fibers produced from syringe/nozzle assembly with
a stationary collector plate generate circular-shaped fiber mats due
to the “whipping” process of the polymer jets. To investigate the
effect of solution properties on fiber mat uniformity, a grid system
was used to measure the thickness of the fiber mat at fixed locations.
Figure 3 shows the topological profiles of blank and ASA-loaded
PCL fibers electrospun from 15wt% and 20 wt% PCL solutions.
Results suggested that incorporation of ASA in PCL solutions
produced a fiber mat with a larger deposition area due to the
improved “whipping” ability of the fibers. This observation was
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in accordance with the decrease in average fiber diameter due to fiber
stretching associated with a stronger “whipping” behavior. In
addition, increasing polymer solution concentration showed a
Our
demonstrated the dependence of fiber mat uniformity with the

minimal effect in the fiber deposition area. results

inclusion of small molecule drugs.

3.4 Mechanical properties of PCL/CS fibers

Literature suggested that types of polymers and solvents,
electrospinning parameters, fiber diameter and morphology, and
fiber mat porosity influenced the mechanical properties of
electrospun fibers (Tan et al., 2005). To understand the mechanical
responses of the blank and ASA-loaded PCL/CS blend fibers, dog-
bone specimens of fibers were stretched with a strain rate of 0.01/s.
Representative stress-strain curves for the blank and ASA-loaded
PCL/CS fibers at various blend ratios are shown in Figure 4. All
samples exhibited an initial linear viscoelastic region followed by a
yield region of plastic deformation until reaching maximum stress for
fracture. According to the stress-strain curves, blending CS in PCL
fibers significantly reduced the elongation of the fibers. Incorporation
of ASA in PCL/CS fibers decreased the elongation to failure as well as
tensile stress in some of the PCL/CS compositions. However, it was
unclear if ASA served the role of a plasticizer in PCL/CS blend fibers,
which could indicate drug-polymer interactions.

The mechanical strength of PCL/CS fiber mats may be feasible for
skin wound care since the average elastic modulus of human skin is
83.3 + 34.9 MPa in addition to the average tensile strength of 21.6 +
8.4 MPa and elongation of 54.0% * 17.0% (Hendriks et al., 2006; Pailler-
Mattei et al,, 2008; Kim et al., 2012). Figure 5 shows the average elastic
moduli and tensile strength of blank and ASA-loaded PCL/CS fibers at
various CS compositions. The average elastic moduli ranged from 5.7 +
0.7 MPa to 21.8 + 1.1 MPa and from 3.2 + 0.9 MPa to 14.3 + 1.7 MPa for
blank and ASA-loaded PCL/CS fibers, respectively. Furthermore, studies
showed that tensile strength of 7 wt% PCL fibers was 3.13 MPa with
elongation up to 96.3% (Wang et al,, 2017). Furthermore, the average
tensile stress ranged from 0.49 + 0.24 MPa to 2.16 + 0.18 MPa and from
0.33 +0.08 MPa to 1.77 + 0.17 MPa for blank and ASA-loaded PCL/CS
fibers, respectively. Studies showed that increasing the fiber diameter
increased the tensile strength and elastic modulus of PCL fibers (Baji
etal,, 2010). Others reported a higher modulus (307 + 6 MPa) and tensile
strength (58 + 4) of electrospun fibers as compared to those fabricated by
compression molding (Wong et al., 2008). Another factor that could
affect the elastic modulus of the electrospun fibers is the alignment of the
fibers. For example, poly (vinylidene fluoride) (PVDF) received elastic
moduli of 225 MPa, 27 MPa, and 23 MPa for the 0%, 45°, and 90° in fiber
alignment, respectively (Maciel et al,, 2018). In addition, fibers made
from 1wt% CS and 10 wt% PCL at various blend ratios showed a
decrease in mechanical properties when increasing CS concentration in
the blend fibers (Yang et al., 2009).

3.5 Surface wettability of electrospun PCL/
CS fibers

Our previous studies showed that surface wettability of
electrospun drug-eluting fibers determined the in-vitro drug
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CS with
hydrophobic PCL is expected to change the surface wettability of
the PCL/CS fibers (Wang et al., 2017). The average water contact
angles as a function of time for blank and ASA-loaded PCL/CS fibers
are shown in Figure 6. As seen from the figure, the average water
contact angles for both 100/0 and 80/20 blank PCL/CS fibers stayed
above 90° during the time of observation. For 60/40 and 40/60 blank
PCL/CS fibers, the initial average water contact angles were above
90" followed by a decrease to 0° within 80 s. The results suggested
that increasing CS composition in the PCL/CS fibers increased the

release rates. Specifically, blending water-soluble

overall wettability of the fiber mats. In contrast, incorporation of
ASA in the PCL/CS fibers promoted the surface wettability of the
fiber mats for the 80/20 PCL/CS fibers. Average water contact angles
for the rest of the ASA-loaded samples containing CS showed a
decrease with time. The results suggest that both the incorporation
of a hydrophilic drug (i.e., ASA) and the increase of CS composition
in PCL/CS blend fibers promoted the overall wettability of the PCL/
CS fiber mats. Our results were in accordance with a study using
PLAA/CS fibers, where the water contact angle decreased as the
concentration of CS increased in the blend fibers (Cui et al., 2012).
Others demonstrated that surface wettability of the electrospun
fibers played an important role in cell attachment (Kim et al,
2012; Wang et al.,, 2017; de Cassan et al., 2018). This property
enables the opportunity in cell culture, cell delivery, and/or
promoting cell growth locally, which is essential in wound healing.
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3.6 In vitro ASA release from PCL/CS fibers

Figure 7 shows the standard curve of ASA and in vitro ASA
release profiles from various compositions of electrospun PCL/CS
fibers. The 100/0 PCL/CS fibers exhibited a slow release behavior
over 48 h, while the rest of the PCL/CS fibers displayed a burst
release characteristic. Specifically, the 100/0 PCL/CS fibers released
25% of ASA at the 2-h time point followed by a zero-order release
rate up to 48 h. In addition, the 80/20 and PCL/CS samples achieved
a complete release of ASA after 4 h, while the 60/40 and 40/60 PCL/
CS fibers achieved complete releases of ASA at 1-h time point. Our
findings demonstrated the effects of surface wettability of the
electrospun PCL/CS fibers due to the presence of CS that
promoted the fast release of a hydrophilic small molecule drug.

Studies showed that hydrophobic PCL slowed down the release
of a hydrophilic drug in aqueous PBS while water-soluble CS
promoted the fast release (Park et al., 2006; Kim et al, 2012).
Others showed that PCL fibers were relatively stable in PBS
solution after 14 days, while CS fibers showed significant level of
degradation after 1 day resulting in rapid release of drug molecules
(Yang et al., 2009). Although the presence of CS is highly desirable in
wound dressing due to its antimicrobial properties (Ahmed and
Tkram, 2016), the incorporation of hydrophilic drugs and the CS
composition in wound dressing enhance drug release rates that
result in early depletion of the therapeutic agents.

frontiersin.org


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2023.1144752

Gizaw et al. 10.3389/fmats.2023.1144752

>
w

257 — Blank 309 — Blank
< 204 — Asa = 254 — ASA
o T 504
= 1.54 =~
@ @ 1.5+
g 1.0 g 1.0
9 0.54 @ 0.5+
0.0- 0.0-
! L ) L ) L) ) L] J I ) ! I I ) !
0 200 400 600 800 0 5 10 15 20 25 30
Engineering Strain (%) Engineering Strain (%)
Cc D
g-g' — Blank 159 — Blank
= 3'0_ — ASA = — ASA
o o o 404
g 2.5= g :
@ 2.0+ @
o 1.5+ 2 0.5+
o 1.0- )
0.5+
0.0~ 0.0~
! ) ) 1 ! 1 ) 1 ) ) !
0 5 10 15 20 0 2 4 6 8 10
Engineering Strain (%) Engineering Strain (%)
FIGURE 4

Engineering stress-strain curves of representative blank (blue) and ASA-loaded (red) PCL/CS blend fibers, showing (A) 100/0, (B) 80/20, (C) 60/40,
and (D) 40/60 PCL/CS compositions.

A B
© 25- © 2.5+
T 2] © Bank & ASA 5 & 267 < Blank 3 ASA
E 20— / — 2.0 §\
g ] # = 1 N @
2 15+ ‘ 2 1.54 o
- Y4 g -3 ~o

-8 N ¢ /’ 9 i -~ N NN\
E 10 §§\ ,/ ’, ('75 1.0 ~~~ \\
L ] S2.Q --8.- o ] ‘é-_ S
S 54 Q.ezz2? 7 057 ---é
® y i
i o- 2 0.04

) 1 I 1 ! 1 1 1

20 40 60 0 20 40 60
Chitosan Composition (%) Chitosan Composition (%)

FIGURE 5
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3.7 Effects of PCL concentrations on PCL/CS  fibers promoted the formation of beads and a smaller average fiber
fibers diameter. To compensate for the decrease of overall polymer
concentration in the blend PCL/CS solutions, in this section, the

As previously observed in the fiber morphology and average  wt% of PCL were increased prior to mixing with 4 wt% chitosan to
fiber diameter, increasing CS composition in the blend PCL/CS  keep the overall concentrations of blend PCL/CS solution at 15 wt%.
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For example, in 80/20 and 60/40 PCL/CS compositions, PCL
concentrations were increased to 17.75wt% and 22.33 wt% to
achieve the overall polymer concentration of 15 wt%. In addition,
the 40/60 PCL/CS composition required 31.50 wt% of PCL in HFIP
for mixing with 4 wt% of CS, where the PCL solution was too viscose
to work in blend polymer solution. Therefore, the 40/60 PCL/CS
fibers were excluded from the studies on the effects of PCL
concentrations in PCL/CS fibers.

3.7.1 Fiber morphology and average fiber
diameters

Figure 8 shows the SEM images and the average fiber diameters
of PCL/CS blend fibers after adjusting the PCL concentrations.
According to the images, PCL/CS fibers exhibited uniform
surface morphology with a defect free structure. Studies
demonstrated that fiber morphologies changed drastically based
on the polymer concentration in electrospinning. For example,

Frontiers in Materials

increasing PCL concentration from 14 to 26 wt% increased zero
shear viscosity of the solution from 4.4 to 81 Pas (Ferreira et al,
2014). At high PCL concentration, electrospun fibers typically
received a larger diameter with a fused web structure between the
adjacent fibers.

The average fibers diameter decreased from 2.17 + 0.32 pum,
0.80 + 0.09 um, to 0.60 + 0.15 um for 100/0, 80/20, and 60/40 blank
PCL/CS fibers, respectively. The average fiber diameter of the ASA-
loaded PCL/CS fibers also decreased from 1.79 + 0.15pm,
0.76 £ 0.12pm, to 0.52 = 0.05um for 100/0, 80/20, and 60/
40 compositions, respectively. While the average fiber diameters
decreased with increasing CS compositions, the average fiber
diameters for the 80/20 and 60/40 PCL/CS blend modified fibers
were higher than those with a fixed PCL concentration (i.e., 15 wt%).
In addition, a similar trend of smaller average fiber diameters was
observed for ASA-loaded fibers when comparing with the blank
fibers. Studies showed that increasing PCL concentration in the

frontiersin.org


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2023.1144752

Gizaw et al.

10.3389/fmats.2023.1144752

FIGURE 8
SEM images of electrospun PCL/CS fibers, showing (A) blank 100/0 composition using 15% PCL, (B) blank 80/20 composition using 17.75% PCL,

(C) blank 60/40 composition using 22.33% PCL, (D) ASA-loaded 100/0 composition using 15% PCL, (E) ASA-loaded 80/20 composition using 17.75%, and
(F) ASA-loaded 60/40 composition using 22.33% PCL. Scale bar = 5 ym. (G) Average fiber diameter of blank (blue) and ASA-loaded (red) blend PCL/CS
fibers after modifying the PCL concentrations at various CS compositions.
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polymer solution resulted in the formation of thicker fibers, while
higher CS concentration resulted in thinner fibers (Yao et al., 2014).
Others showed that increasing PCL concentration from 16 wt% to
22 wt% resulted in a better fiber morphology with an increase in
fiber diameter (e.g., from 190 nm to 384 nm) (Li et al,, 2018).

3.7.2 Mechanical properties

Figure 9 shows the average elastic moduli and tensile strength of
PCL/CS blend fibers modifying the PCL
concentrations. Results showed that the average elastic moduli of
the fiber mats increased with increasing CS compositions in the

various after

blend PCL/CS fibers. For example, the average elastic moduli of
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blank 80/20 and 60/40 PCL/CS fibers increased to 25.4 + 3.2 MPa
and 74.2 + 0.5 MPa as compared to those of the PCL/CS fibers
electrospun from 15 wt% PCL. The same trend of increasing in
elastic moduli was found in the ASA-loaded fibers. Average tensile
strength for the 17.75 and 22.33 wt% blank fibers were 2.08 *
0.05 MPa and 2.10 + 0.25 MPa, respectively. The average tensile
strength for the 17.75 and 22.33 wt% ASA-loaded PCL/CS fibers
were 3.09 + 0.14 MPa and 1.77 + 0.30 MPa, respectively.

Effects of PCL concentrations on mechanical properties of
nanofibers were reported by several studies. For example, studies
showed that 75/25 PCL/CS blend fibers exhibited a higher modulus
than the 50/50 PCL/CS fibers due to an improved inter-connectivity
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of the fibers (Sarasam and Madihally, 2005). Others showed a
change in Young’s modulus and elongation at break for
electrospun scaffold of PCL/CS with different CS compositions
(3%-23%) (Trinca et al, 2017). The findings suggested the
dependence of mechanical properties of PCL/CS fibers on both
polymer concentration and composition of the blend fibers. The
main factor that altered the mechanical properties of drug-loaded
fibers was the interactions between the drug and polymer (Chou and
Woodrow, 2017). The mechanical properties of scaffolds designed
for topical wound dressing should be at least greater than that of the
skin itself (tensile strength of 2-16 MPa and elastic modulus of
6-40 MPa). A good dressing material is expected to have good
mechanical antimicrobial

properties, biocompatibility, and

properties (Trinca et al.,, 2017).

3.7.3 Fiber wettability

The effects of modifying PCL concentrations on fiber wettability of
PCL/CS blend fibers were studied using water contact angle
experiments over time. Since PCL is a hydrophobic polymer, it is
expected that increasing PCL concentrations in various blends of PCL/
CS fibers will increase the average water contact angles. Figure 10
shows the results from the various blends of PCL/CS fibers on the
effects of modifying PCL concentrations. According to the results, all
blank fibers exhibited a hydrophobic Interestingly,
incorporation of a hydrophilic small molecule drug (ie., ASA)
promoted the surface wettability of the blend PCL/CS fibers. This
finding suggested that surface drugs on electrospun fibers were capable

surface.

of alter their surface wettability. In general, polymer matrix (e.g., PCL
concentrations in the blend PCL/CS fibers) and surface drugs
determined the surface wettability of the electrospun fiber mats.

3.7.4 In-vitro ASA release

In-vitro ASA release assays were performed on various blends of
PCL/CS fibers electrospun from modified PCL concentrations. The
release curves, as shown in Figure 11, displayed the same fast release
characteristics as observed from the original 80/20 and 60/40 PCL/
CS fibers (Section 3.6) despite using more PCL in making the blend
PCL/CS fibers. This finding was in accordance with the surface
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In-vitro cumulative release curves of ASA from various blends of
PCL/CS fibers on the effects of modifying PCL concentrations (e.g.,
100/0 = 15%/4% PCL/CS, 80/20 = 17.75%/4% PCL/CS, and 60/40 =
22.33%/4% PCL/CS).

wettability study in the previous section that the ASA-loaded PCL/
CS blend fibers exhibited a hydrophilic surface, which promoted
drug diffusion and dissolution. Studies showed that a less burst
release followed by a steady release profile was mainly due to the
incorporation of hydrophobic PCL to water-soluble chitosan
(Surucu and Turkoglu Sasmazel, 2016). PCL is usually added to
nanofibers composition to slow down the drug release rate, and
hence, achieving a controlled release. For example, PCL was
incorporated with collagen fibers to slow down the burst release
of insulin (Kanungo et al., 2013).

The effect of PCL concentrations on alendronate release was
reported using samples containing 2 and 4 wt% PCL (Bose et al.,
2018). Results showed a slower burst release of drug molecules (34%
and 26%, respectively) as compared to samples containing no PCL,
which demonstrated a burst release up to 75% within 24-h period.
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Others implemented PCL nanofibers as a layer of coating to slow
down drug release rate (Xue et al., 2009; Tarafder et al., 2013; Tarafder
and Bose, 2014). Most drug delivery systems exhibit initial burst
release due to the interaction between drug molecules and releasing
medium, especially for hydrophilic small molecules (e.g., ASA).

4 Conclusion

In this study, various compositions of PCL/CS fibers intended for
uses of topical dressings were successfully developed using
electrospinning. The use of a hydrophilic model drug was compatible
at 10% loading. The fibers showed good morphology and mechanical
properties. In vitro drug release showed a burst release of at 2-h time
point followed by gradual release. To compensate the loss of solution
properties in PCL/CS solutions when increasing CS compositions, an
additional study was carried out to investigate PCL concentrations in the
blend solutions for electrospinning. Results demonstrated an increase in
average fibers diameter, fiber surface wettability, and fiber mechanical
properties of the modified PCL/CS blend fibers while still maintaining
the burst release characteristics. Our findings suggest a strong
dependence on polymer fiber compositions and physicochemical
properties of the small molecule drugs on the mechanical properties
and in-vitro release rate of the blend fibers.
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