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Electrospun nanofibrous wound-dressing materials have been identified as potential
carriers for therapeutic drug delivery and enhanced wound healing processes, creating a
favorable environment for the healing process. In this study, quercetin-loaded
polycaprolactone (PCL) nanofibrous mats with different concentrations of quercetin (1,
3, 5, and 10 wt.%) were produced using the electrospinning method. Field emission
scanning electron microscopy (FE-SEM), X-ray diffraction (XRD), and differential
scanning calorimetry (DSC) analyses were conducted for characterization of the
morphology, crystallinity, and thermal behavior of the nanofibrous membranes formed.

Based on the results, quercetin was effectively immobilized onto the surface of PCL
nanofibers primarily in an amorphous state. Nevertheless, a higher concentration of
quercetin led to increased diameters of the fibers and decreased morphological
uniformity. High efficiency of drug entrapment was attained, but its value tended to
decrease with the increase in the quercetin concentration due to possible saturation of the
polymer matrix and agglomeration of quercetin molecules. Among the samples produced,
the electrospun mat loaded with 5 wt.% quercetin demonstrated the highest efficiency of
encapsulation (93%), contact angle (109.9°), and cumulative release of quercetin
molecules (56.9%, 70.5%, and 81.6% within 24, 72, and 168 hours, respectively).
According to in vivo histological studies, there was a significant enhancement in the
group treated with the PCL loaded with 5% quercetin (Q) nanocomposite material,
evidenced by the absence of inflammation, increased collagen deposition, and accelerated
re-epithelialization at day 21 (p < 0.05). Thus, electrospun mats loaded with 5 wt.%
quercetin may be viewed as a prospective bioactive wound dressing.

1. INTRODUCTION

providing a substantial amount of surface area and porosity to
imitate the natural extracellular matrix and create a favorable

Wound healing can be defined as a multifaceted biological
process that entails repairing injured tissues by passing
through several stages, such as hemostasis, inflammation,
proliferation, and remodeling [1]. Poor wound management
can elevate healthcare expenses, facilitate chronic wound
formation, and delay healing processes, underscoring the
necessity of proper wound dressings [2].

Wound dressings are usually classified as traditional or
advanced dressings depending on their characteristics.
Traditional wound dressings have mostly been passive and
non-occlusive with minimal interaction with the wound site.
These materials lack moisture-retention abilities, manage
minimal amounts of exudate, and cause discomfort during
dressing removal [1, 3]. To overcome these limitations,
current wound care practices have focused on bioactive
dressings, with electrospinning-based nanofibrous dressings
attracting  considerable interest [4]. Electrospinning
technology allows the fabrication of three-dimensional
structures with diameters of sub-micron to nanometer scale,
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environment for healing [5].

Electrospinning is a very sensitive process that depends on
many solution, process, and environmental factors. Such
factors provide control over fiber morphology, porosity, and
loading capacity, which are key parameters for wound healing
dressings [6]. As for synthetic materials, polycaprolactone
(PCL) is frequently applied for the development of wound
dressings due to its biological and mechanical properties.
However, the fact that PCL is hydrophobic and semi-
crystalline is an explanation for its slower degradation process.
But electrospun PCL degrades faster due to a high surface
area-to-volume ratio [7]. In addition, to improve the biological
activity of PCL-based scaffolds, quercetin, a naturally
occurring flavonoid, has been incorporated into the system.
Quercetin has well-known antioxidant and anti-inflammatory
properties, which may be beneficial in the wound healing
process. However, its clinical application is limited by its poor
solubility in water [8, 9].

One effective method to minimize this limitation is to
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disperse quercetin in amorphous forms of the matrix.
Electrospinning is a key process in the drug amorphization
mechanism because it favors the quick solvent-solidification
process in the drug-polymer solution. Thus, the formation of
crystallinity in the quercetin compound is avoided [10, 11].
While quercetin's biological properties and electrospun
nanofibrous membranes have been extensively studied for
wound healing applications, a few studies have investigated
quercetin-loaded PCL mats as a material for surgical incision
wound healing [12, 13]. Most studies have focused on
quercetin-loaded topical formulations, hydrogels, or general
wound dressing membranes. However, the effects of quercetin
loading concentration on the overall performance of PCL
electrospun mats have not been sufficiently clarified. In this
study, quercetin-loaded PCL electrospun mats were designed
and characterized to determine the influence of different
quercetin  concentrations on the structural, surface,
pharmaceutical, and biological properties of the nanofibers.
PCL was selected as a biocompatible and biodegradable
polymeric scaffold for the formation of fibers owing to its
ability to provide mechanical strength, structural stability, and
controlled quercetin release. Quercetin was added as a
bioactive compound due to its antioxidant and anti-
inflammatory capabilities that may contribute to collagen

deposition, re-epithelialization, and tissue regeneration. The
selected solvent system and polymer concentration were used
to get the required spinnable solution to produce continuous
nanofibers with acceptable structural properties. A linear
incision model was adopted since it mimics the closed wounds
that occur following surgery, where the mat will have to
provide support and localized drug delivery at the site of

injury.

As shown in Table 1, previous studies have explored
quercetin-loaded electrospun systems that primarily focused
on PCL-based systems, composite polymers, nanoparticles
embedded in scaffolds, or more widely loaded polyester fibers
with antioxidant molecules. However, these studies have
revealed some improvements in wettability, antibacterial
effects, biocompatibility, sustained drug delivery ability, and
wound healing capacity. However, most previous studies
introduced additional materials like graphene oxide, gelatin, or
copper oxide nanoparticles, making it difficult to isolate the
specific effect of quercetin in the PCL system. Moreover,
histological evidence supporting wound healing remains
limited. Therefore, further investigation is needed to clarify
how quercetin concentration affects the structure, wettability,
and drug-release behavior of electrospun PCL mats.

Table 1. Summary for polycaprolactone (PCL)/quercetin-based electrospun system studies

Gap / Relevance to the Present

Ref. Formula Application Main Results Study
The effect was mainly related to
Quercetin-mediated CuO Antibiofilm and The scaffold tz_;lrgeted. quercet.m-medlated CuO
. . . . Pseudomonas aeruginosa biofilm nanoparticles; therefore, the
[14] nanoparticles incorporated antibacterial wound- . .
. and showed wound-related independent effect of quercetin
into PCL electrospun scaffold related scaffold . . . . S
antibacterial potential. loading concentration in PCL mats
was not clarified.
The presence of graphene oxide
PCL/graphene Wound dressine and The scaffold was evaluated for makes it difficult to isolate the
[13] oxide/quercetin electrospun tissue en inee%in structural, antibacterial, and cell- direct effect of quercetin
scaffold & & related properties. concentration on PCL electrospun
mats.
The n;r;(srf)i}ll)jlrsgs;()ixﬁofszgrable The study used a PCL/gelatin
PCL/gelatin/quercetin Wound dressing hydrophilicity, sustained release, hybrid system; thgrefore, the effect
[15] L . . .. of quercetin loading concentration
electrospun nanofibers application antibacterial activity, fibroblast . .
s in PCL-only mats remains
compatibility, and enhanced . . .
wound healing, insufficiently explained.
Antioxidant-loaded The study investigated The study was broader and
Polyester electrospun fibers electrospun system antioxidant-loaded polyester compared different antioxidants; it
[16] containing antioxidants, for tiss]zle reyair- fibers and included quercetin as did not focus specifically on
including quercetin related a licztions one of the antioxidant quercetin-loaded PCL mats or
pp compounds. surgical wound healing.
Optimization of The present study evaluates the This study addresses the gap by
. quercetin concentration effect on focusing on concentration-
PCL electrospun mats loaded quercetin-loaded o . N
Present o . morphology, wettability, dependent quercetin loading in
with different quercetin PCL mats for . . .
study : . encapsulation efficiency, release PCL electrospun mats without
concentrations wound-healing S . . .
application profile, and in vivo wound healing additional nanoparticles or

activity.

secondary bioactive agents.

This study aimed at a systematic assessment of the dose-
dependent effects of quercetin incorporation into electrospun
PCL mats. Specifically, the impact of drug incorporation on
the morphology, wettability, loading efficiency, release
profile, kinetics, and biological performance of PCL
electrospun mats in a surgical incision wound model was
assessed. Furthermore, histological examination was carried
out for the assessment of wound healing at the tissue level.

2. EXPERIMENT PART

2.1 Materials

PCL (Mw 250,000 gm/mol) was the primary polymeric
carrier and was provided by American Polymer Services, Inc.
(APS, USA). Quercetin (>95% purity) was sourced from
Sigma-Aldrich (St. Louis, MO, USA). The solubilizer used in
the release media, Tween 80, was provided by Central Drug
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House Ltd. (India). Ethanol (analytical grade, >99.9%) and
glacial acetic acid (analytical grade, ~99%) were both
provided by Sigma-Aldrich and CARLO ERBA Reagents
(Italy), respectively.

2.2 Mats preparation

The electrospinning method was employed to create PCL
nanofibrous membranes. The PCL was dissolved in glacial
acetic acid (~99%) using magnetic stirring at 500 rpm for 4
hours at ambient temperature to get 12 wt.% homogeneous
solution. Subsequently, quercetin was added to the mixture at
different concentrations of 1, 3, 5, and 10 wt.% based on PCL
weight, whereas Tween 80 was introduced at 0.8 wt.% as a

Polycaprolactone

—

- -

PCL Solution
PCL dissolving

surfactant. The resulting mixture was stirred overnight, and
probe sonication for 3 min was performed using an ultrasonic
homogenizer (Model 300VT, USA) to eliminate any
aggregates and bubbles.

The prepared solutions were electrospun with the aid of a
bio-electrospinning/electrospray system (ESB-200, South
Korea). In this respect, each solution was placed in a 10 mL
syringe and dispensed via a stainless steel 23-gauge needle at
a constant flow rate of 1 mL/h. The voltage and distance
between the needle and the collector plate were set to 20 kV
and 18 cm, respectively. The electrospinning process was
carried out for 2 hours under ambient conditions of 25 + 2 °C
and 40 = 5% relative humidity, as depicted in Figure 1.

|

= —

LI

‘ Electrospinning
Applied voltage

20kv ; —

Collector Distance 18 ¢M gigcqrospun PCL nanofibers

Figure 1. Electrospinning of polycaprolactone (PCL) mat steps

2.3 Characterization

Properties of the electrospun mats were characterized in
order to study their morphology, structure, thermal properties,
chemical nature, and function, as well as drug encapsulation
and release.

2.3.1 Properties of electrospinning solution

Viscosity of electrospinning solutions was determined at
room temperature using a Brookfield viscometer (DV-II PRO,
USA) with spindle No. 4 at 100 rpm. Measurements were
carried out after stabilization and repeated three times.

Electrical conductivity of solutions was determined at room
temperature using a conductivity meter (Cond 7110). Before
the experiment, the device was calibrated, and measurements
were carried out after stabilization. Conductivity was
measured three times for each solution and expressed as the
mean + SD.

2.3.2 Weight variation and thickness of the electrospun mats

Weight variation was studied by taking squares from each
formulation, measuring 2 cm x 2 cm in size. Three pieces were
randomly selected from each formulation and weighed using
an analytical balance. Thickness was determined by digital
Vernier calipers at five different positions, including a central
one and four peripheral ones.

2.3.3 Morphological characterization

Morphology of the electrospun scaffolds was analyzed
using the field emission scanning electron microscopy (FE-
SEM) technique (Zeiss, Germany). The SEM images were
used for evaluation of the fiber uniformity, surface
morphology, presence of beads, fiber diameter, pore size, and
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porosity. Fiber diameter and pore size were quantitatively
determined using ImageJ software by taking at least 100
measurements.

2.3.4 Wettability test

The wettability of the electrospun membranes was
determined using water contact angle measurements on a
contact angle analyzer (CAM 110, Germany). A drop of
distilled water was applied to the membrane surface, and the
angle was measured after about 3 seconds using the
instrument's image-analysis software.

2.3.5 Crystalline structure analysis

The crystalline structure of the synthesized membranes was
studied using X-ray diffraction (XRD) analysis performed on
a Philips PWI1730 diffractometer (Netherlands). The
measurements were carried out using Cu Ko radiation (A =
1.5406 A) at 40 kV and 40 mA over a 20 range of 3°-32°. The
obtained diffraction curves were used for comparison to
investigate the crystal form of PCL and the effect of quercetin
addition.

2.3.6 Thermal analysis

Thermal behavior of the samples was studied using
differential scanning calorimetry (DSC). For that purpose,
approximately 5 mg of each sample was sealed in an
aluminum pan and subjected to heating from 20 °C to 500 °C
at a rate of 10 °C/min in a nitrogen atmosphere (flow 60
mL/min).

2.3.7 Fourier transform infrared spectroscopy
Fourier transform infrared spectroscopy (FTIR) was
conducted with a Bruker Tensor 27 FTIR spectrometer



(Germany), which was used to characterize the functional
groups and potential interactions between PCL and quercetin.
Changes in the position or intensity of the peaks were analyzed
to compare the spectra of both pure samples and quercetin-
loaded PCL scaffolds.

2.3.8 Saturated solubility test

The saturated solubility of quercetin was evaluated by
dissolving an excess amount of quercetin in a 20 mL solution
of phosphate buffer (0.8% Tween 80, pH 7.4) under stirring
conditions at 400 rpm and room temperature (25 °C) for 72 h.
Afterwards, the filtrate was quantitatively determined for the
concentration of quercetin with a UV-Vis spectrophotometer
at the maximum absorption wavelength of the drug.

2.3.9 Calibration curves

The calibration curves of quercetin release were carried out
in PBS buffer (pH 7.4) with 0.8% Tween 80. In the case of the
encapsulation efficiency experiment, the calibration curve was
developed in ethanol with 5% v/v glacial acetic acid, which is
the same solvent as that for the extraction of the nanofibers.
The solvent used in the extraction of the nanofibers is the same
as mentioned above. Stock solutions were prepared at
concentrations of 15 pg/mL in PBS medium and 13 pg/mL in
ethanol with 5% v/v glacial acetic acid. Various dilutions were
performed in order to prepare different concentrations of
quercetin solutions from the stock solution. The dilution was
done at concentrations of 1.5, 3, 4.5, 6, 7.5, 9, 10.5, 12, and
13.5 pg/mL in PBS pH 7.4 and 1.3, 2.6, 3.9, 5.2, 6.5, 7.8, 9.1,
10.4, and 11.7 pg/mL in ethanol. The absorbances were
determined using a UV-Visible Spectrophotometer Shimadzu
(Japan) at wavelengths 373 nm and 376 nm for ethanol and
PBS media, respectively.

2.3.10 Encapsulation efficiency determination

The quantitative determination of the encapsulation
efficiency of quercetin entrapment by electrospun nanofibers
was done by dissolving 10 mg of the electrospun samples with
0.5 mL of glacial acetic acid. Ethanol was then added
gradually while stirring the solution until reaching a total
volume of 10 mL, thereby obtaining an extraction solution of
5% v/v glacial acetic acid in ethanol. The solution was then
centrifuged at 2000 rpm for 15 minutes in order to eliminate
polymer residues. Prior to UV-Vis spectroscopy of the
solution, the sample was filtered to eliminate interference
caused by the polymer. The absorbance was measured using a
UV-Vis spectrophotometer at A = 373 nm.

Quercetin content was determined based on the calibration
curve of quercetin in ethanol with 5% v/v glacial acetic acid,
since it is the solvent used for nanofiber extraction. Solvent
blanks were used for baseline adjustment. All measurements
were carried out in triplicate, and all values reported are means
+ standard deviation (SD). The encapsulation efficiency (EE)
is given by Eq. (1):
amount of quercetin in mat

EE=

theoretical of quercetin in mat

(1

2.3.11 In vitro drug release study

The procedure for in vitro release was as follows: the
electrospun mat with an average weight of about 18 mg was
suspended in 25 mL of a PBS (pH 7.4) solution containing
0.8% Tween 80. The test was performed at 37 °C, with
magnetic stirring at 50 rpm. All release containers were
protected by aluminum foil from quercetin photolysis. At
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specific time points (1, 2, 3, 6, 12, 24, 48, 72, 96, 132, 168,
200, 240, 270, 300, and 330 h), 2 mL of the release solution
was collected, filtered with a 0.45 um syringe filter, and
quantified by spectrophotometry at 376 nm. The removed
aliquots were replaced immediately with an equivalent volume
of fresh release medium [17]. The release percentage was
cumulatively calculated from the amount of quercetin that had
been released from the sample, as determined from the
encapsulation efficiency test using the calibration graph
generated earlier. This was done in triplicate (n = 3).

2.3.12 Statistical analysis

All tests were carried out in triplicate, and the data were
presented as mean + SD. Analysis of variance (ANOVA) was
used for comparing the values of encapsulation efficiency and
viscosity, with p <0.05 being taken as statistically significant.
In terms of the histological study, the semi-quantitative score
of hematoxylin and eosin (H&E)-stained sections was
subjected to two-way ANOVA with Tukey’s post hoc test to
find out the effect of treatment and healing period on the
outcomes.

2.4 In vivo wound healing evaluation

In total, 27 adult male Wistar rats, each weighing 250 + 20
g, were employed in the in vivo study. The animals were
housed individually in wire cages at the laboratory with
unlimited access to standard pelleted food and water in order
to get acquainted with their new surroundings. After the
acclimatization phase of 15 days, the animals were
randomized into the following groups.

The animals were randomly assigned to experimental
groups at random prior to wound induction. Histopathological
assessment was conducted in a blinded manner, whereby the
evaluator was not aware of the group to which the animal
belonged when assigning scores. The exclusion criteria were
predefined and included significant wound infection, wound
dehiscence, postoperative mortality not attributed to treatment
and poor quality of histopathological slides. Postoperatively,
the animals were evaluated daily for their overall health,
wound healing, eating habits, and signs of pain.

Figure 2. The in vivo surgical process involved the
implantation of the electrospun mat. (a) Preparation of the
dorsal surgical site and formation of a full-thickness wound,
(b) application of the polycaprolactone (PCL) or quercetin-
loaded PCL electrospun mat to the wound site, and (c)
closure of the wound with sutures



A standardized full-thickness linear incision wound of
about 4 cm long was surgically induced on the back of the
animal. As shown in Figure 2, the standardized wound model
was induced. Animals in Group A are seen as the untreated
controls. Similarly, Group B received pure PCL mats. Group
C received quercetin-loaded PCL mats.

Before surgery, the animals were fasted for 2 h and
anesthetized by intraperitoneal administration of ketamine
hydrochloride (75 mg/kg) combined with xylazine
hydrochloride (10 mg/kg). The dorsal area was shaved along
an approximately 8 cm midline region, followed by sequential
disinfection of the operative site with chlorhexidine gluconate,
70% isopropyl alcohol, and 1.5% iodine tincture. All surgical
procedures were performed aseptically while the animals were
maintained in a ventral recumbent position.

In histopathology assessment, skin specimens were
obtained from three animals per group at 7, 14, and 21 days
post-surgery. The removed tissues were promptly placed in
formalin, processed through standard histological techniques,
embedded in paraffin wax, sectioned at 5 pm, and stained with
H&E. The stained slides were analyzed under light
microscopy to evaluate the degree of inflammatory cell
accumulation, collagen deposition, epithelialization, and
wound healing status.

All animal experiments were performed in accordance with
the guidelines for the care and use of laboratory animals and
were approved by the Institutional Animal Ethics Committee
of the College of Pharmacy, Mustansiriyah University, Iraq
(Approval No. 57). Appropriate measures were taken to
minimize animal suffering and to reduce the number of
animals used while maintaining reliable experimental
outcomes.

3. RESULTS AND DISCUSSION

3.1 Measurement of viscosity and electrical conductivity
for electrospinning solutions

The viscosity and conductivity of the electrospinning
solutions are provided in Table 2. The results show that the
viscosity levels increased gradually with an increase in the
amount of quercetin used in each sample. This increase in
viscosity levels was statistically significant for all samples (p
< 0.05). However, in terms of electrical conductivity, only a
slight increase in conductivity level was observed as quercetin
content increased. It is apparent that both the quercetin
concentration and polymer formulation played a role in
defining the properties of electrospinning solutions and the
mat.

3.2 Weight variation and thickness of electrospun mats

Weight variations and thickness of the prepared electrospun
mats are presented in Table 3. The results signified that the
weight of the mats was significantly associated with increased
quercetin concentration in all formulations (p < 0.05). The
mats also showed desirable weight uniformity within each
formulation, as reflected by the relatively low SD values.
Generally, the findings revealed that both the quercetin
concentration and polymer formulation influenced the
characteristics of the electrospun solutions and fabricated
mats.
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Table 2. Viscosity and electrical conductivity for
electrospinning solutions (mean + SD, n = 3)

Quercetin (wt.%)  Viscosity (cP)  Conductivity (mS/cm)
0 268 +2 0.1+0.01
1 276 +3 0.2+0.01
3 292 +4 0.2+0.01
5 308 +3 0.2+0.02
10 334+5 0.3+£0.02

Table 3. Weight variations and thickness of the prepared
electrospun mats (mean = SD, n = 3)

Quercetin (wt.%) Weight (mg) Thickness (mm)
0 12+1 0.16 £0.02
1 164 +2 0.17 £0.02
3 25+2 0.18 £0.02
5 32+1 0.2£0.03
10 50+3 0.23 £0.03

3.3 Morphological characteristics of polycaprolactone
mats

The electrospun PCL nanofibers morphology is shown in
Figure 3 and presents a uniform morphology of the electrospun
PCL nanofibers. As can be seen from the figure, the pure PCL
mat was uniformly structured without any bead formation,
showing the formation of a stable electrospun jet. This shows
the spinnability of the PCL solution, which resulted in a stable
nanofibrous mat structure. It is clear from the figure that the
electrospun mat consists of fibers having an average diameter
of 129.6 £ 2.8 nm. The electrospun PCL fibers were selected
as the base matrix to incorporate the drug due to their high
surface area, fine fiber diameter, and porosity.

WD: 4,713 mm
Det: InBeam
Date(midhy): 12/30/24

MIRAW TESCAN

SEMHV; 15,00 kV
SEM MAG: 20.00 kx
View field: 10.83 pm

Figure 3. Field emission scanning electron microscopy (FE-
SEM) image of the electrospun polycaprolactone (PCL) mat

Figure 4 presents the electrospun nanofibers morphology of
PCL loaded with quercetin. As can be seen, the average
diameter of the PCL nanofiber mat was determined to be 129.6
+ 2.8 nm. With the addition of quercetin, there was an
observed increase in fiber diameter with concentration. At
lower concentrations (1% and 3%), the fibers had smooth
morphology with consistent size. However, with the increase
in the concentration of quercetin to 5% and 10%, the fibers
were found to be larger with rough morphology. The size of



the fiber increased to 165.4 nm for 5% quercetin loading, and
for 10% quercetin loading, it was found to be 193.6 + 5 nm. It
is noteworthy that the electrospun fibers had no beads for the
entire range of concentration studied [10, 18].

The increase in fiber diameter with increasing drug
concentration may be attributed to changes in the
physicochemical properties of the electrospun solution. In fact,
a higher content of quercetin increased the viscosity of the
solution and reduced its electrical conductivity, leading to a

SEMHV: 1500kV  WD: 4.701 mm
SEMMAG: 2000 kx  Det: InBeam
View field: 1083 um  Date(m/ddy): 12/30/24

SEM HV: 15.00 kV WD: 4.651 mm
SEMMAG: 2000 kx  Det: InBeam 2pm
View fleld: 1083 um  Date(m/dl): 12/30/24

o\
MIRAW TESCANSEM HV: 15.00 kv
#SEMMAG: 2000 kx  Det: InBeam
View field: 1083 ym  Date(m/dly): 12/30/24

MIRAN TESCANSEM HV: 15,00 kv
7 SEM MAG: 2000kx  Det: InBeam 2pm
U Viow i 103 ym  Date(midly): 12/30/24

decrease in stretching forces acting on the jet of the
electrospun solution [19]. Therefore, a reduced elongation of
the jet results in fibers with larger diameters. Beyond a critical
concentration, the quercetin molecules had the tendency to
partially segregate and precipitate on the surface rather than
being completely encapsulated in the polymer matrix; this
induced a certain number of surface irregularities and a partial
loss of structural homogeneity, as assessed from FE-SEM
images.

WD 4.940 mm MIRAW TESCAN

Figure 4. Field emission scanning electron microscopy (FE-SEM) images of quercetin-loaded polycaprolactone (PCL) mats by
various concentrations, including (a) 1 wt.%, (b) 3 wt.%, (c¢) 5 wt.%, and (d) 10 wt.%
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Quercetin Concentration (%)

Figure 5. Average fiber diameter and pore size of
polycaprolactone (PCL) mats in the presence of various

quercetin concentrations
Note: Data are presented as mean + SD of three SEM micrographs for each
sample; at least 100 fibers and pores were analyzed using ImageJ software.
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Figure 5 shows the dependence of the average fiber
diameter and average pore size of electrospun mats on the
quercetin concentration. The average pore size decreased with
increasing concentration. This effect can be explained by the
increased fiber diameter and closer fiber packing in the
membrane structure. Pore properties play a significant role in
the development of wound dressings because they affect cell
migration, liquid permeability, gas exchange, drug release, and
bacteria penetration [20]. It is important to control the porosity
because it determines gas, nutrient, and exudate transportation;
bioactive substance transport; and cellular attachment to the
wound area. According to previous studies, the appropriate
porosity in wound dressing scaffolds was between 60% and
90% [21, 22]. Porosity was calculated using the Imagel
program from FE-SEM images, and all obtained mats have the
required porosity value.

3.4 Wettability

Figure 6 shows the influence of the concentration of



quercetin on the wettability of electrospun PCL membranes,
as demonstrated by the water contact angles. The control
sample showed the highest contact angle due to the inherent
hydrophobic nature of PCL. As the drug concentration
increased, there was a significant decrease in the contact angle.
At 10% loading of quercetin, the contact angle reached its
lowest point, around 92.4°. This indicates an improvement in
the surface hydrophilicity of the electrospun membranes after
incorporation of quercetin. The small decrease in the contact
angle observed at lower concentrations could be attributed to
the trapping of quercetin in the fibrous network of the
membrane, thereby reducing its availability on the surface.
However, at high concentrations, particularly 10%, the marked
drop in the contact angle could be due to the enhanced
availability of quercetin and its polar phenolic hydroxyl
groups [15]. Localized moist microenvironment maintenance
by the electrospun mat favored the softening and enzymatic
degradation of the necrotic tissue [23]. Enhanced surface
hydrophilicity may promote a moist wound environment,
which is conducive to cell invasion, collagen deposition, and
re-epithelialization.
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Figure 6. Illustration of the contact angle for
polycaprolactone (PCL) mats in the presence of various

quercetin concentrations
Note: Data are expressed as mean = SD (n = 3).

3.5 X-ray diffraction

The XRD profiles for pure quercetin, the blank PCL
electrospun mat, and quercetin-loaded PCL mats are
illustrated in Figure 7. XRD technique was used to study the
crystallinity of each component separately and to identify any
structural variations that might occur following quercetin
loading into the PCL nanofiber matrix. XRD profile of pure
quercetin exhibited several sharp peaks at angles of
approximately 11°, 13°, 14°, and 28°, thus demonstrating its
crystallinity [24]. On the other hand, the pure PCL mat
possessed the characteristic semi-crystalline structure of PCL,
which consists of two major peaks at about 22° and 24°,
indicating the (110) and (200) planes of the orthorhombic
crystals of PCL. When quercetin was incorporated into the
PCL nanofibers, their XRD patterns showed mainly the
characteristic peak of PCL, while the distinctive crystalline
Bragg diffraction peaks of quercetin were not clearly detected
in the composite nanofibers [25]. The absence of these peaks
may suggest a reduction in the crystalline nature of quercetin
and its transformation toward a more amorphous state within
the nanofibrous matrix. In addition, the intensity of PCL peaks

decreased with increasing quercetin concentration [26]. The
presence of quercetin may have partially interfered with the
crystalline arrangement of PCL chains; nevertheless,
additional investigation on crystallinity is needed for
confirmation of the observation [12, 27].
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Figure 7. X-ray diffraction (XRD) patterns of pure quercetin
(Q), pure PCL mat, and quercetin-loaded polycaprolactone

(PCL) electrospun mats with 3, 5, and 10 wt.% quercetin
Note: The prominent peaks for PCL were seen at about 22° and 24°, which
corresponded to the (110) and (200) crystalline planes, respectively. Pure
quercetin showed its distinctive crystalline peaks at about 11°, 13°, 14°, and
28°.

3.6 Fourier transform infrared spectroscopy

Figure 8 represents the FTIR spectra of PCL mats. The
FTIR spectrum was recorded by loading different
concentrations of quercetin onto PCL nanofibers to determine
the presence of functional groups and confirm the drug
entrapment, as summarized in Table 4. The spectrum of the
PCL mat was observed to exhibit typical peaks of PCL at 2927
cm! (asymmetric CH: stretching) and 2865 cm™ (symmetric
CHz: stretching) along with a prominent ester carbonyl peak at
around 1722 cm™ (C=0 stretching) [28]. The spectrum of pure
quercetin showed a wide band around 3400 cm™ due to O—H
bonding of the phenolic group of quercetin, a prominent
aromatic C=0 stretching of quercetin at around 1654 cm™
along with C=C stretching of the aromatic ring at
approximately 1599 and 1514 cm™ [29].

-~ 10—5—3—0—AQ

Transmittance (%)

r r - r
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™")

Figure 8. FTIR spectra of pure quercetin, pure PCL mat, and

quercetin-loaded PCL electrospun mats
Note: Fourier transform infrared spectroscopy (FTIR), polycaprolactone
(PCL).



Table 4. Comparison of FTIR analysis of the characteristic
absorption bands of pure quercetin, blank PCL mat, and
quercetin-loaded PCL electrospun mats

Change after
FTIR Region Quercetin Scientific Interpretation
Loading
O-H stretching, Broadening / bongi(l)lsgSI(l))rlil?t}ell(‘ig)onggular
~3400 cm™ slight shift g .
interaction
Aromatic Slight Possible interaction
carbonyl C=0, shift/intensity between quercetin and the
~1654 cm™ change PCL matrix
Phenolic C-O Change in the molecular
stretching, Slight shift environment of quercetin
~1240 cm™! after incorporation
PCL bands, Preservation of the PCL
2927, 2865, and Retained backbone without clear
1722 cm™ chemical degradation

Note: Fourier transform infrared spectroscopy (FTIR), polycaprolactone
(PCL).

The FTIR spectrum of pure PCL and PCL-quercetin
electrospun mats at a concentration of 3%, 5%, and 10%
showed typical absorption of PCL at around 2919 cm™ (CH:
stretching) along with a prominent ester carbonyl peak at about
1720 cm™. These bands did not change position with the
addition of quercetin, and this suggests there is no alteration in
the PCL chemical structure. This reduced transmittance of
quercetin-related peaks in the 3600-3200 cm ™ and 1650—1600
cm™' ranges shows that there was enhanced absorption due to
high drug concentration [18]. According to FTIR results for
PCL/Q (quercetin) electrospun fibers, they were similar to the
pure PCL, which indicates that the surface chemistry did not
change significantly due to quercetin incorporation or the
electrospinning process [30].

3.7 Differential scanning calorimetry analysis

The DSC thermograms of pure quercetin and quercetin-
loaded PCL nanofiber mats are shown in Figure 9. The DSC
thermogram of the pure quercetin exhibited a sharp
endothermic peak around 320 °C, which represents the crystal
melting transition, followed by an exothermic peak around 388
°C, which could be attributed to the thermal degradation
process. The DSC thermogram of PCL mat loaded with
quercetin mostly exhibited a melting endothermic peak of PCL
at about 64 °C. However, no clear endothermic peak for the
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melting of quercetin was observed in the composite, implying
that quercetin was incorporated in molecular form or had a
lower crystallinity/amorphous state in the PCL fiber matrix.
This absence of a clear endothermic peak could also be due to
the lower drug loading and overlap/sensitivity limitations of
DSC towards small crystallites [31]. This finding correlates
with the XRD results and may suggest that quercetin was
dispersed within the PCL matrix in a less crystalline or
amorphous-like state.
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Figure 9. Differential scanning calorimetry (DSC)
thermograms for quercetin and polycaprolactone (PCL)/5%
quercetin electrospun mats

Nevertheless, the lack of a clear melting peak for quercetin
does not constitute a reliable criterion to prove the
amorphization of the drug, because its presence can be
affected by several factors, such as low quercetin content,
overlapping or broad peaks, and the sensitivity of the thermal
analysis. From the results of XRD and DSC analyses, it was
concluded that quercetin was less crystalline and dispersed
well in electrospun fibers; however, additional quantitative
crystallinity studies are necessary to determine the precise
crystalline nature of quercetin [32, 33].

3.8 Calibration curve of quercetin
The calibration curve of quercetin in the phosphate buffer

solution with 0.8% Tween 80 and ethanol with 5% v/v glacial
acetic acid is illustrated in Figure 10.
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Figure 10. Calibration curves of quercetin in (a) phosphate buffer solution (pH 7.4) and (b) in ethanol



3.9 Saturated solubility

This result indicated that sink conditions were maintained
throughout the release study. The solubility study was an
essential parameter in characterizing formulations of drugs
with poor water solubility. The saturated solubility was 200
pg/ml.

3.10 Encapsulation efficiency

When the drug shows good compatibility with the polymer,
has low volatility, and is incorporated at an appropriate
concentration, high encapsulation efficiency can be achieved
in electrospun nanofiber mats. A further increase in the drug
concentration results in a gradual reduction of encapsulation
efficiency, likely because the excess drug may form
aggregates on the nanofiber surface rather than being
encapsulated into the nanofibers. The obtained nanofibers
exhibited highly effective entrapment, as presented in Figure
11. Based on the statistical findings, the results indicated that
quercetin loading concentration had a significant impact on
EE% of the electrospun PCL/Q nanofibers (p < 0.05). This
means that the effectiveness of the PCL matrix in retaining
quercetin was based on the concentration of quercetin.

The differences in EE% can be explained by polymer—drug
interactions and electrospinning-related issues. One key factor
is the limited drug-loading capacity of the PCL matrix. At
higher loading levels, the polymer matrix approaches its
saturation limit, beyond which excess quercetin can no longer
be effectively encapsulated and is partially excluded from the
electrospun fibers as aggregates. A low to moderate quercetin
content (1-5%) ensures a good balance between high
encapsulation efficiency and stable electrospinning processes.
These results highlight the significance of optimal drug
concentration for efficient drug incorporation with
reproducible nanofiber morphology in wound healing and

drug delivery [34].
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Figure 11. Encapsulation efficiency of polycaprolactone

(PCL) mats containing quercetin at varying concentrations
Note: Values were expressed as mean + SD (n = 3). The statistical analysis
was done using one-way ANOVA, where a p-value < 0.05 is significant.

3.11 In vivo wound healing profile

The in vitro release profile of quercetin from the electrospun
PCL mats was analyzed using different kinetic models,
including zero-order (Eq. (2)), first-order (Eq. (3)), Higuchi
(Eq. (4)), and Korsmeyer—Peppas (Eq. (5)). In these models,
the cumulative amount of quercetin released was expressed as
a function of time, with each model described by its
corresponding release rate constant [12]. As shown in Table 5,
the release kinetics follow two phases: a burst release phase
initially followed by a gradually sustained release phase until
the plateau phase [15].

Table 5. Kinetic model fitting parameters of quercetin release from electrospun nanofibrous

Quercetin, wt.% Zero R? First R? Higuchi R* Korsmeyer n (< 60%) Korsmeyer R? (< 60%)
1 0.8917 0.9773 0.9827 0.471 0.9760
5 0.8070 0.9395 0.9499 0.494 0.9830
10 0.7251 0.8099 0.9049 0.474 0.9775
0= K, xt () release.
100
In(Q,-Q,)=mQ, K t 3) e
80
0=K, x1% 4 °§
3
T 60-
O=K, xt" (5) ®
2
where, Q is drug fraction, & is kinetic constant, and # is released ‘—é’ 7
time. 3
The initial release was ascribed to the rapid dissolution of 20
quercetin molecules present on or near electrospun PCL fibers
in contact with the release medium. This behavior could be 0

attributed to the large surface-to-volume ratio of electrospun
fibers. The release rate was observed to gradually decrease as
a result of diffusion-controlled drug release in a PCL matrix as
a post-rapid dissolution stage. In this stage, restricted diffusion
of water in a hydrophobic matrix of electrospun PCL fibers, as
well as compaction of electrospun fibers, resulted in sustained
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Figure 12. Illustration of the quercetin release profile from
polycaprolactone (PCL) electrospun mats (n = 3,
independently prepared formulations)



The drug release rate is significantly influenced by the
physicochemical properties of PCL. PCL, being hydrophobic
and semi-crystalline in nature, does not allow water uptake and
movement of drug molecules within PCL, leading to poor drug
diffusion in PCL. Quercetin has both hydrophilic and
hydrophobic groups present in the molecule, resulting in low
miscibility and inhomogeneous distribution of quercetin along
with its presence on the surface and then inside PCL. This
distribution may explain the initial burst release followed by
sustained drug release. Kinetic analysis indicated the best fit
of the Higuchi model to the experimental release data for all
formulations, suggesting that quercetin release from the
electrospun PCL mats was largely driven by diffusion-
controlled mechanisms [32]. Importantly, analysis of the
Korsmeyer—Peppas model in the early stage of the release
process (Mt/Mwo < 0.6) demonstrated the diffusion exponent
(n) to be below 0.5, thus supporting the Fickian diffusion-
controlled release process. This presented an indication that
the drug was released from the matrix via molecular diffusion
as opposed to the relaxation/erosion process of the polymers
[35]. The diffusion-controlled sustained release behavior
observed in this study is particularly advantageous for wound-
healing applications, as it ensures continuous availability of
quercetin during the inflammatory and early proliferative
phases, which are critical for effective postoperative wound
management. A similar pattern of drug release has also been
noted in the case of electrospun poly(e-caprolactone) (PCL)
containing quercetin, wherein drug release was primarily
dependent on the hydrophobic nature of the polymer, fiber
morphology, and drug distribution and diffusion [36], as
schematically illustrated in Figure 12.

3.12 Histological findings

Electrospun PCL mats loaded with quercetin demonstrated
satisfactory physicochemical and biological properties, such
as adequate mechanical behavior, appropriate degradation
rate, and controlled quercetin release, which made them
promising materials for use as local drug delivery wound
dressings. From among all fabricated specimens, the one
composed of 5% quercetin-loaded PCL was chosen for the in
vivo investigation due to its superior performance in terms of
fiber morphology, encapsulation efficiency, release pattern,
and wettability. H&E-stained histological images of the
control group without any treatment, blank PCL, and
quercetin-loaded PCL wounds after 7, 14, and 21 days post-
surgery are shown in Figure 13. Histological analysis aimed to
evaluate the degree of tissue regeneration, inflammatory cell
infiltration, collagen formation, and re-epithelialization, which
are considered essential processes in wound healing.

Figures 13(a), (d), and (g) show the distinguishing
characteristics between the experimental groups on day 7
following surgery. The control group without treatment
displayed a poor state of tissue repair, characterized by a high
degree of inflammation and incomplete epithelialization. The
blank PCL group displayed signs of partial recovery,
indicating that the PCL material was able to give some support
to tissue repair. On the other hand, the PCL mat loaded with
quercetin displayed an improved state of tissue repair, with
decreased inflammation and initial stages of tissue
regeneration. In the control groups: a severely ulcerated
surface with a loss of the epidermis and a granular surface with
a substance consisting of eosinophilic necrotic debris, fibrin
exudates, and chronically infiltrated acute inflammation,
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indicating the persistence of the inflammation phase and a
strong inhibition in the initial healing phase.
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Figure 13. Representative hematoxylin and eosin (H&E)-
stained histological samples of wound healing at various
stages for the control, pure polycaprolactone (PCL) mat, and
PCL mats loaded with quercetin on days 7, 14, and 21 post-
surgery: (a-c) represent control samples, (d-f) are pure PCL
mat samples, and (g-i) are quercetin-loaded PCL mat samples

On the other hand, in those samples with injuries healed
with mats that only had PCL, there was an irregular ulcerated
surface with epithelialization associated with necrotic debris
and fibrin accumulation. In addition, abundant acute
inflammation was seen, showing that it would not play an
adequate role in inducing the stimulus of inflammation to
decrease inflammation during the healing phases.

However, in the case of wounded tissues treated with the
quercetin-loaded PCL mats, the histological features were
much improved. There was some re-epithelialization along
with the migration of the epithelial cells from the margin of
the wounded area. Also, there was marked fibroblast
proliferation along with minimal necrosis and inflammation
cell infiltration. All these factors indicate the early resolution
of the inflammation phase and the onset of the proliferative
phase, which is due to the biological activity of quercetin [13,
37].

After 14 days, differences in wound healing among the
experimental groups became more evident, as shown in
Figures 13(b), (e), and (h). In the untreated control group,
wound repair remained delayed, with the presence of slough
and necrotic tissue covering the wound surface. The
underlying tissue showed an irregular structure with persistent
inflammatory cell infiltration and limited evidence of
epithelial regeneration.

In the PCL-only mats, although there was moderate healing
compared with the control group, the healing process was
incomplete. Besides, the area was still below the debris or
eschar layer, and the dermis part showed serious penetration
of inflammation with an atypical histological structure of the
layers in the dermis. All the above aspects indicated that the
wound was still in the late proliferative phase with a delay in
maturation of the epithelium, along with disorganization of the
collagen layer. Conversely, the wounds treated with the
quercetin-loaded PCL mats presented a high degree of healing.
Histologically, there was a restored and healthy epithelium,
and in the dermis, regularly disposed collagen fibers were



observed. Inflammation was minimal to resolving, and there
was a good jump towards the remodeling phase, with minimal
signs of inflammation. On day 21, as shown in Figures 13(c),
(f), and (i), the untreated control group still exhibited poor
wound healing, characterized by residual necrotic areas,
persistent chronic inflammatory cell infiltration, and
incomplete re-epithelialization. The surface of the area of
injury showed large areas of poorly healed surfaces that were
not in the remodeling phase.

The PCL-only group showed a degree of partial repair.
While there was re-epithelialization, it was found that the
newly formed epithelium was thin and fragile. Furthermore,
there was a noticeable defect in the distance between the newly
formed epithelium and the dermis. However, the junction
between the epidermis and dermis was also weak.
Nevertheless, fibroplasia, rich in immature collagen, was
present. This can be considered as a slow rate of maturation of
the epithelium [7, 38].

On the other hand, wounds treated with quercetin-loaded
PCL mats showed optimal healing. The histological study

showed the complete closure of the epithelial layers without
any gaps. The dermal side showed strong and heavily matured
collagen fibers evenly placed, which indicated an extremely
mature stage. There was minimal evidence of inflammation,
which ensured complete healing with the completion of the
final phase of the inflammatory stage [39, 40]. Overall, the
histopathological analysis indicated that the use of quercetin-
loaded PCL mats resulted in a significant acceleration of
healing compared to the other groups. This is because the
inclusion of quercetin resulted in a significant improvement in
re-epithelialization, inflammation reduction, and
collagenization [41, 42]. On the other hand, the control group
displayed delayed wound healing accompanied by persistent
signs of inflammation and poor tissue regeneration. Treatment
with the blank PCL mats resulted in slight improvement,
implying that the scaffold material was capable of providing
some assistance in wound healing. Thus, the enhanced healing
response seen in the quercetin-loaded PCL group was mostly
due to the biological activity of quercetin.
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Figure 14. Wound healing histological semi-quantitative assessment of control, polycaprolactone (PCL), and quercetin-loaded
PCL-treated samples after 7, 14, and 21 days of surgery: (a) inflammatory score, (b) collagen deposition score, and (c) re-
epithelialization score

Note: Values are presented as mean = SD (n = 3). Analysis of data was carried out by two-way ANOVA followed by Tukey’s post hoc test. Different capital
letters show significant differences among groups at the same time period (p < 0.05).

These results were confirmed by the semi-quantitative
evaluation scores presented in Figure 14. The PCL/Q group
demonstrated lower levels of inflammation along with better
collagen formation and re-epithelialization than those of the
control and blank PCL groups (p <0.05). These results suggest
that quercetin loading into PCL mats was effective in
facilitating wound healing.

4. CONCLUSIONS

The findings of this study suggest that quercetin-loaded

633

electrospun PCL mats may represent a potential approach for
the development of post-surgical wound dressings. To
facilitate localized and sustained delivery of quercetin,
quercetin was incorporated into PCL nanofibers to facilitate
localized and sustained drug delivery. The fabricated mats
showed a continuous fibrous structure, efficient drug
entrapment, and retention of quercetin mainly in an amorphous
state, without clear indication for degradation of the drug.
Furthermore, the in vivo results indicated that quercetin-
infused PCL mats exhibited enhanced histological parameters
of wound healing compared with the control and unloaded
PCL groups. This improvement might be due to the presence



of

improved

tissue organization, increased collagen

deposition, reduced inflammatory response, and enhanced
epithelialization by day 21. The beneficial impact of quercetin
may be related to its anti-inflammatory and antioxidant effects

that

can aid in tissue regeneration. Nonetheless, further

experiments are recommended to confirm the efficacy of the
proposed materials in surgical wound applications.
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