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Abstract

Recently, researchers have shown increasing interest in incorporating bioac-

tive substances with therapeutic properties into fiber-structured mat biomate-

rials, which are favored as tissue scaffolds for wound healing applications. In

this study, curcumin (Cur)-loaded polyvinyl alcohol (PVA)/chitosan

(CS) composite mats were produced using the electrospinning method and fol-

lowed by the freeze-drying method. Scanning electron microscope images

proved the homogeneous structure of the composite mats, and Fourier trans-

form infrared spectroscopy analysis showed that the Cur-loaded composite

mats were successfully produced. The antibacterial activity of Cur-loaded

PVA/CS composite mats was evaluated against Escherichia coli and Staphylo-

coccus aureus, and the results showed that the antibacterial activity of the com-

posite mats increased with the addition of Cur. Furthermore, the antioxidant

test, release kinetics tests, and in vitro biocompatibility studies such as cytotox-

icity, staining, and scratch assay of Cur-loaded PVA/CS composite mats were

carried out. The results showed that adding Cur enhanced the bioactivity of

PVA10/CS10 composite mats. Further, the biocompatibility findings indicated

that 10Cur-PVA10/CS10 exhibited the highest viability value throughout all

incubation periods compared with the other samples. Moreover, the highest

rate of scratch closure on the 10Cur-PVA/10/CS10 composite mats was

observed at the end of 24 h compared with the other composite mats. These

findings indicate that the Cur-loaded PVA10/CS10 composite mats signifi-

cantly positively impact cell migration and wound healing, making them a

promising candidate as transdermal composite mats for tissue engineering and

wound care applications.
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1 | INTRODUCTION

The human skin is the largest organ in the body, both
protective from external factors and permeable to exter-
nal and internal factors, as well as acting as a homeo-
static barrier.1–3 Thanks to its large surface area and
transdermal properties, it is essential in delivering phar-
macological and bioactive materials.4–6 It also shields
against potential thermal, mechanical, and chemical
damage. In processes such as tissue injuries, loss, and
burns, the skin cannot reach its natural healing pro-
cesses. In this case, tissue engineering approaches can
help the skin regain the lost skin tissue function. Tissue
engineering aims to restore the skin's anatomical integ-
rity to its native state. The primary objective of tissue
engineering is to restore the skin to its inherent function-
ality while preserving its ability to allow the passage of
oxygen and maintain moisture levels. In this particular
scenario, tissue engineering involves using transdermal
materials, which serve as a transient protective barrier
within the wound site. This approach aims to expedite
the process of wound healing while reinstating the
mechanical integrity and flexibility of the skin. The trans-
dermal biomaterial is impermeable to skin components
and gives the patch flexibility. Transdermal materials
bind the skin components to each other and the designed
material to the skin. Transdermal biomaterials are used
to increase skin permeability and maintain oxygen per-
meability and moisture while minimizing the risk of
infection. Another aim is to minimize tissue loss by
restoring lost mechanical stability.4,7

An ideal transdermal composite mat for tissue engi-
neering should possess favorable mechanical, biocompat-
ible, and biodegradable properties. Additionally, it should
have the capability to facilitate cellular infiltration, adhe-
sion, and proliferation while mimicking the characteris-
tics of the extracellular matrix (ECM).8 Nanofibrous
scaffolds exhibit considerable potential as viable alterna-
tives that closely resemble the inherent structure of the
ECM, possess mechanical properties akin to the dermis,
and possess suitable porosity and expansive surface area,
hence facilitating cellular adhesion and proliferation.
Composite matrices have garnered significant attention
as scaffolds for tissue engineering applications due to
their numerous advantages.9

Chitosan (CS) is a biopolymer generated from chitin, a
semi-natural polysaccharide, through N-deacetylation. It is
known for its biocompatibility and suitability for various
applications. CS exhibits remarkable biocompatibility, bio-
degradation, antibacterial properties, and low immunoge-
nicity.10 It can be used in a wide range of application areas
such as tissue engineering,11 biosensing,12 drug delivery,8

wound healing, and so forth.13 Therefore, hydrogel mix-
tures containing curcumin (Cur) and CS may be helpful as

functional transdermal composite mats. Furthermore, as
composites can compensate for the shortcomings of single
materials, various blend/composite systems have been
considered transdermal composite mat materials.14 For
instance, Cur and CS materials may be mechanically and
shapeably inadequate; synthetic polymers such as polyvi-
nyl alcohol (PVA) can improve these deficiencies.15 PVA,
a polymer with a semicrystalline structure, has notable
attributes such as excellent biocompatibility, favorable
mechanical properties, water solubility, nontoxicity, and
biodegradability. Consequently, PVA is extensively utilized
in various biomedical applications.16–18

In recent years, Cur, an innate polyphenolic phyto-
chemical derived from the rhizomes of the Curcuma
longa L. plant, has garnered significant attention owing
to its diverse and advantageous range of biological and
pharmacological properties. These enclose anti-
inflammatory, anticancer, antioxidant, wound-healing,
and antimicrobial effects.19,20 Nevertheless, the broad
clinical utilization of this notably effective compound in
the context of cancer and various other diseases has
encountered restrictions assignable to its suboptimal
aqueous solubility, resulting in minimal systemic
bioavailability.20–22 Previous studies have reported efforts
to enhance Cur's aqueous solubility, stability, and bio-
availability by forming complexes or interactions with
macromolecules, including gelatins, polysaccharides, and
phospholipids.23,24

In this research, we developed composite mat config-
urations with different concentrations, using Cur as an
additive component. For the first time, the fabrication of
PVA/CS transdermal composite mat structures, which
were loaded with Cur biomolecule in various ratios
(5 and 10 wt%) and cross-linked with glutaraldehyde, was
achieved through the utilization of electrospinning and
freeze-drying techniques. Furthermore, comprehensive
characterizations such as biocompatibility, biodegradabil-
ity, antibacterial, antioxidant properties, and ability to
promote fibroblast proliferation and adhesion of Cur-
loaded and cross-linked transdermal composite mats as
well as the release kinetic profile of transdermal compos-
ite mats were conducted in the present research.

2 | MATERIALS AND METHODS

PVA (MW = 146–186 kDa, 99% hydrolyzed), CS (glacial,
99–100%), acetic acid (AA, 100% anhydrous for analysis),
glutaraldehyde (GA 50%, MW: 100.12 g/mol), and glycine
were supplied from Sigma-Aldrich, USA. Cur was
obtained from the Viet Nam Institute of Dietary Supple-
ments (Viet Nam). L929 mouse fibroblast cell lines for
cell culture studies were obtained from Fırat University,
Faculty of Veterinary Medicine. The Dulbecco's modified
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Eagle's medium (DMEM), fetal bovine serum (FBS),
phosphate buffered saline (PBS) tablets, penicillin/strep-
tomycin, and L-glutamine were bought from Amresco.
Dimethylsulfoxide (DMSO), Trypsin/EDTA solution
(0.25% [w/v]), and The MTT (3-(4,5-dimethyl-2-thiazole)-
2,5-diphenyl-2H-tetrazolium bromide) powder were
obtained from Sigma-Aldrich.

2.1 | Preparation of the solutions

Initially, a solution of PVA with a concentration of 10%
(w/v) was generated by dissolving PVA in distilled water.
The dissolution process occurred at 90�C and lasted
approximately 2 h. The solution was stirred using a mag-
netic stirrer set at 400 rpm. A total of 10% CS (w/v) was
added to 100 mL acetic acid solution (20%; v/v) and stir-
red to obtain a homogeneous solution. Thereafter, CS
solution was added to the PVA solutions to get 100 mL of
PVA/CS solutions and was stirred until it became a
homogeneous solution. Secondly, 5% and 10% of Cur
(w/v) were separately added in 100 mL PVA/CS solutions
and then stirred with a magnetic stirrer until the Cur was
homogenously dispersed at room temperature. To
decrease the surface tension of the PVA/CS/Cur solutions
before the electrospinning process, Tween-80 was added
at a concentration of 3% and mixed with the solutions for
approximately 15 min. Each PVA/CS/Cur solution was
divided into 10 mL volumes and then stored at room tem-
perature for electrospinning. Various studies were con-
ducted to determine the optimum electrospinning
conditions with the prepared solutions (Table 1).

2.2 | Fabrication of the Cur-loaded
transdermal composite mats

The samples were fabricated using the NS24 electrospin-
ning machine from Inovenso Co., located in Istanbul,
Turkey. This machine is equipped with a single brass

needle (inner diameter 1.63 mm), a high-voltage power
source, and a syringe pump from 33 DDS Pump Systems,
based in Holliston, USA. Fibers were collected on a metal
cylinder covered with grease-proof paper. Upon setting
up the apparatus, 10 mL of each solution was loaded into
the syringes. Optimization of process parameters
included flow rates of 0.5–1.0 and 1.5 mL/h, a needle-
to-collector distance of 15 cm, and operating voltages of
10–12–15 kV. Each solution required approximately 3 h
to achieve a similar thickness in the collected samples.
Cur-loaded fiber samples obtained by electrospinning
were produced as transdermal membranes by steam
crosslinking with GA.25 Briefly, the Cur-loaded fibers
were placed in a petri dish, and a solution of 10 mL GA
(25%) and 20 mL distilled water was placed in a desicca-
tor closed with a lid for 8 h to reach the desired crosslink
density level. Following that, the samples were subse-
quently treated with an aqueous solution of 0.1 M glycine
to hinder any remaining unreacted aldehyde groups.
They were then immersed in PBS for 24 h and left to dry
overnight at 40�C. After the cross-linking process, the
samples were freeze-dried at �80�C for 24 h to fabricate
transdermal membranes. Following the freezing step, the
molds were transferred to a lyophilizer, where the sam-
ples were dried for 12 h. The cross-linking process was
done to improve the swelling behaviors and mechanical
properties of the transdermal composite mats.

2.3 | Determination of physical and
mechanical properties

The mechanical properties of composite mats were deter-
mined by a tensile test device (TA.XTPlus, Stable Micro-
systems, UK). It was decided to do the test at a speed of
5 mm/min using strips (80 � 20 � 1 mm3). The mechan-
ical properties of the composite mats and mats were
determined using the stress–strain curves obtained via
tensile tests. Measurements were carried out with three
parallel specimens for each specimen group.

TABLE 1 The physical properties of electrospinning solutions.

Solution
concentration (%)

Solution flow
rate (mL/h)

Voltage
applied (kV)

Viscosity
(Pa s)

Electrical
conductivity (μs/cm)

Surface
tension (mN/m)

PVA10 0.5 10 0.81 (0.001)* 1008.4 (4.2)* 10.04 (0.38)*

PVA10/CS10 0.5 10 0.75 (0.001)* 1112.0 (7.1)* 4.55 (0.05)*

5Cur-PVA10/CS10 1.0 12 0.78 (0.003)* 1113.6 (1.7)* 6.12 (0.31)*

10Cur-PVA10/CS10 1.5 15 0.79 (0.002)* 1115.1 (4.6)* 8.38 (0.27)*

Note: Fabrication distance 15 cm; n = 3.
Abbreviations: Cur, curcumin; CS, chitosan; PVA, polyvinyl alcohol.

*Statistical significance level was determined as p < 0.05 and the parenthesis indicates standard deviation.
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2.4 | Determination of morphological
features via scanning electron microscopy
analysis

The morphological characteristics of all the produced
composite mats were analyzed using a scanning electron
microscope (SEM; EVO LS 10 by ZEISS) device. The SEM
was operated at 5 kV in secondary electron mode, and
the images were further examined at a voltage of 10 kV.
In order to ensure conductivity, a coating of gold–
palladium was applied to all specimens, as the polymers
did not possess this inherent feature.

2.5 | Determination of chemical bonds
via Fourier-transform infrared
spectroscopy analysis

Fourier-transform infrared (FT-IR) spectroscopy was con-
ducted to analyze functional groups present in the pro-
duced composite mats. The characterization studies were
carried out using a Bruker Alpha FT-IR device. A 4000–
400 cm�1 spectral range was employed to identify and
analyze the functional groups within the composite mats.

2.6 | Determination of swelling profiles
and degradation behaviors of transdermal
composite mats

The swelling profile of the composite mats was deter-
mined through a swelling test. In this test, PBS was used
as the liquid medium, and the composite mats immersed
in PBS (pH 7.4) were placed on an incubator set at
250 rpm at 37�C. The samples were removed from the
buffer solution at the end of the 1st, 2nd, 3rd, 12th, 18th,
and 24th hours of incubation and wet weighed. The
swelling ratio of the composite mats was calculated using
the following Equation (1).

Swelling rate¼W s�Wd

Wd
�100: ð1Þ

The values indicating the swollen and dry weights
were Ws and Wd, respectively. In order to adequately pre-
pare for the examination, it was necessary to conduct an
initial weighing of each composite mat to ascertain its
initial weight (Wo). This Wo would then be compared
with the final weight (Wd) obtained after the degradation
test. The experiment was performed at a controlled tem-
perature (37�C) in an oven, aiming to mimic the condi-
tions of the human body. The degrading media, referred
to as the PBS solution, was taken from the tubes every

24 h. Following that, the Eppendorf tubes, having had
their caps removed, were repositioned in the oven to
facilitate the composite mat drying process for an extra
24 h at a temperature of 37�C. Following the designated
drying interval, the composite mats underwent reweigh-
ing. The deterioration rate was determined by using
Equation (2) as follows:

Degradation rate¼Wo�Wd

Wo
�100: ð2Þ

2.7 | In vitro studies; the modeling of
release kinetics

Standard curves were obtained using concentrations
ranging from 0 to 78.25 μg/mL for Cur, and this process
was repeated three times using ethanol as the solvent. To
ascertain the content of transdermal composite mats'
active ingredients, supernatants extracted from the com-
posite mats were analyzed at 429 nm for Cur and 372 nm
after appropriate dilutions in ethanol. Concentrations
were subsequently determined by reference to the stan-
dard curves. To assess loading efficiency (LE), the weight
of the dried composite fibers was carefully measured, and
the LE was calculated using Equation (3).

LE%¼ Active Ingredient in Composites
Total Weight of Dried Composites

�100: ð3Þ

In vitro release models of Cur-loaded transdermal
composite fiber mats were performed with a Franz diffu-
sion cell. A 9 mL capacity receptor chamber was filled
with dissolution medium (5% [v/v] ethanol + PBS 7.4 pH
[20 mL]). The supporting membrane employed in the
experiment was a cellulose acetate membrane with a
diameter of 25 mm. Transdermal composite fiber mats
with a diameter of 15 mm were positioned on the surface
of the membrane while the receptor was maintained in
continuous contact with the medium. The release profile
of CUR was assessed by sampling 1 mL of PBS from the
receptor medium at various time intervals, including 1, 2,
4, 8, 12, 48, and 72 h. The receptor medium was replen-
ished with an equivalent volume of fresh medium follow-
ing each sampling event. Each portion was then analyzed
blank at 425 nm against a mixture of ethanol and PBS
using a UV–visible spectrophotometer. Different concen-
tration of Cur (0.025, 0.05, 0.075, 0.1, 0.2, 0.5, 0.75, and
1 g/mL) was used to generate linear calibration curves of
Cur. Determining the total quantity of biomolecule
released was performed by utilizing the calibration curve
and then graphing it as a function of time. The release
kinetic curves of transdermal composite mats were
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calculated and analyzed by fitting the equations of math-
ematical models according to Fick's law.8 There are vari-
ous mathematical models aimed at modeling the release
kinetics of bioactive substances loaded in polymeric com-
posites.8,11 The present work utilized release data to
investigate the Cur release mechanism of transdermal
composite mats. These data were analyzed using zero-
order, first-order, Higuchi, and Korsmeyer-Peppas kinetic
models. The optimal model and its corresponding model
parameters were selected based on the evaluation of vari-
ous kinetic models.

2.8 | In vitro studies; antioxidant activity
of transdermal composite mats

The antioxidant activity of the transdermal composite
mats was evaluated through the utilization of the
2,2-diphenyl-1-picrylhydrazyl radical (DPPH*) and 2,20-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS•
+) radical scavenging technique. Each composite mat
sample (0.005, 0.01, and 0.02 mg/mL) was submerged in
of DPPH* assay (50 μM solutions) in ethanol. The reac-
tion took place at room temperature in a dark environ-
ment. The control consisted of a DPPH* assay solution
without any composite matting. After 30 min of incuba-
tion, the decrease in absorbance intensity at a wavelength
of 517 nm was measured using a UV–vis spectroscopy
instrument (PG T80+ UV–Vis Spectrophotometer). For
the ABTS assay, a fixed amount of films were mixed with
10 mL of ABTS assay solution and read the absorbance at
734 nm after 30 min. The radical scavenging activity was
calculated using Equation (4).

Radical scavenging activity %ð Þ
¼ Acontrol�Asample

� �
=Acontrol

� ��100
ð4Þ

Acontrol and Asample is the absorption of the control
DPPH* or ABTS•+ of the corresponding samples,
respectively.

2.9 | In vitro studies; antimicrobial
efficacy of transdermal composite mats

The assessment of the antibacterial activity of transder-
mal composite mats involved the measurement of the
inhibitory zone surrounding the samples after exposure
to two different types of bacteria. A Gram-positive Staph-
ylococcus aureus and a Gram-negative Escherichia coli
bacterial strain were used in this experiment. The sam-
ples were placed on the surface of the nutritious agar

media using sterilized forceps. In order to evaluate the
antimicrobial efficacy of transdermal composite mats,
the plates containing the samples were incubated at a
temperature of 37�C for 24 h. Subsequently, the inhibi-
tory zone's diameter was measured surrounding the com-
posite mats.11

2.10 | In vitro studies; biocompatibility
of transdermal composite mats

2.10.1 | Determination of cytotoxicity

The biological characterization of the composite mats
was conducted using the L929 mouse fibroblast cell line.
Before the experiment, all specimens underwent UV ster-
ilization for 1 h and were subsequently placed into
96-well plates. L929 cells were seeded into each well at
1 x 104 cells/mL density on the prepared composite mats.
The composite mats were then incubated with 5% CO2 at
37�C for 7 days. The growth medium employed consisted
of DMEM-low glucose, FBS, penicillin–streptomycin
solution (0.5%, v/v), and L-glutamine (0.5%, v/v). In vitro
cell viability assessment for the L929 mouse fibroblast
cells seeded on the composite mats was performed using
the MTT assay on the cell culture's first, third, and sev-
enth days. The growth medium was removed after incu-
bation at 37�C with 5% CO2 for each predetermined day.
Subsequently, 90 μL of fresh medium and 10 μL of MTT
solution were added to each well, and the incubation was
kept for 3 h. After this incubation period, the MTT solu-
tion was carefully discarded, and 200 μL of DMSO was
added to dissolve the formazan crystals. The composite
mats were then incubated for an additional 1 h to ensure
complete dissolution. Finally, the media from the wells
were taken, and the absorbance values of the solutions
were measured via a Dynamic LEDETECT96 microplate
reader at 540 nm.

2.10.2 | Cell line staining

DAPI (40,6-diamidino-2-phenylindole) is a stain used to
stain the cell nucleus that targets explicitly and labels cell
nuclei, rendering them blue in fluorescence micros-
copy.26 It is primarily used as a nuclear counterstain. The
blue color of DAPI is instrumental in fluorescence
microscopy because it contrasts vividly with the green,
yellow, or red fluorescent probes used for other cellular
structures. DAPI stains nuclei selectively and typically
does not label the cytoplasm. The staining procedure
involved equilibrating the samples in PBS for 5 min. A
DAPI stock solution was then diluted to a concentration
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of 300 nM in PBS, and the samples were incubated with
this solution for approximately 3–5 min. After incuba-
tion, the samples were washed several times with PBS to
remove excess dye. Finally, the stained nuclei were
observed using a fluorescence microscope.27 Dio-6 (3,3’-
Dihexyloxacarbocyanine iodide) was employed in stain-
ing procedures as in previous dye methodologies.28 The
dye demonstrates selectivity in evaluating the functional-
ity and morphology of endoplasmic reticulum function.

2.10.3 | Wound healing activity

A scratch assay was performed on a mouse fibroblast cell
line to examine the produced mats' effects on in vitro
cell migration and wound healing capabilities. In this
study, L929 cells were grown in 24-well plates and then
incubated at 37�C in a controlled atmosphere containing
5% CO2. A p200 pipette tip was employed to generate a
minor abrasion on the cellular layer, forming a linear
mark. Subsequently, the cells were subjected to a wash-
ing procedure using PBS to eliminate residual debris.
After washing, the cells were exposed to a culture media
supplemented with extracts from the mats. Subsequently,
the cells were incubated for 24 h. The scrape or wound
was examined at several time points (e.g., 0, 12, and 24 h)
using an inverted microscope set at a magnification of
100�. Cell migration between the scratch sites from the
wound margins to fill the gap was seen using an optical
microscope at 0, 12, and 24 h. The area of the wound gap
was measured at the initial time point and after 12 and
24 h using the ImageJ software with the assistance of the
MRI Wound Healing Tool.29

2.11 | Statistical analysis

The experimental data were subjected to a one-way anal-
ysis of variance using GraphPad Prism 8 software for sta-
tistical analysis. The mean values were subjected to
statistical comparison using Duncan's multiple range test,
with significance levels determined at a threshold
of p < 0.05.

3 | RESULT AND DISCUSSION

3.1 | Physical and mechanical properties
of transdermal composite mats

The physical properties of Cur-loaded PVA10/CS10 solu-
tions have played an essential role in determining the
morphology and size of the produced transdermal

composite mats. The physical characterization results,
including electrical conductivity, surface tension, and vis-
cosity of the electrospinning solutions, are shown in
Table 1. Factors required to produce smaller diameter
composite mats include increased electrical conductivity,
lower viscosity, and lower surface tension.30 The electri-
cal conductivity values of the PVA10/CS10 solution
increased, whereas the viscosity values and the surface
tension of the PVA10/CS10 solution decreased compared
with the PVA10 solution as expected. Similar approaches
have been observed in CS-loaded PVA composite nanofi-
ber studies.31 On the other hand, it was observed that
adding Cur to the PVA10/CS10 solution increased the
electrical conductivity, surface tension, and viscosity.
These results obtained are in good agreement with previ-
ous studies.32,33

The Supplementary S2 provided photos displaying the
stress–strain curve of the composite mats. The tensile
performance of the transdermal composite mats is pre-
sented in Table 2. The data presented indicate that the
tensile strength of PVA was lower than the mixture of
PVA and CS. The pure PVA mat exhibited an average
tensile strength of 52.2 ± 0.81 MPa. Moreover, including
CS led to a tensile strength of 69.4 ± 1.7 MPa, demon-
strating more significant variability than the sole pres-
ence of PVA. Nevertheless, the evaluation of the 5Cur-
PVA10/CS10 composite resulted in a discernible
enhancement in its tensile properties, as evidenced by
the attainment of an average tensile strength of 74.3
± 1.1 MPa. The findings indicated an increase in tensile
strength with the augmentation of Cur content in
PVA10/CS10 (98.5 ± 1.1 MPa). A mechanical study of
the results mentioned above revealed that the inclusion
of Cur had a beneficial effect on the tensile strength of
the composite mats. The results may also be evident from
the observed trend of improved strength with higher con-
centrations of Cur. Furthermore, it is worth noting that
PVA exhibited a prefracture elongation of 10.01%.

TABLE 2 Mechanical properties of transdermal

composite mats.

Samples
Tensile
strength (MPa)

Strain at
break (%)

PVA10 52.2 (0.81)* 10.01 (0.9)*

PVA10/CS10 69.4 (1.7)* 7.1 (0.8)*

5Cur-PVA10/
CS10

74.3 (1.1)* 19.2 (1.7)*

10Cur-PVA10/
CS10

98.5 (1.1)* 22.6 (1.3)*

Abbreviations: Cur, curcumin; CS, chitosan; PVA, polyvinyl alcohol.
*Statistical significance level was determined as p < 0.05 and the parenthesis

indicates standard deviation.
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However, when CS was introduced, the elongation value
decreased to 7.1%. The experimental findings demon-
strated a good association between the increase of Cur
concentration and the improvement of tensile strength.
The strain analysis conducted at the point of fracture
demonstrated that the inclusion of Cur had a favorable
effect on the elasticity of the composite mats. The ideal

candidate for achieving desirable mechanical qualities
was identified as 10Cur-PVA10/CS10. This candidate
demonstrated the highest tensile strength and strain
values at the point of break among all the analyzed Cur-
loaded transdermal composite mats. These results were
in a good agreement with the result previously obtained
in a different study, which explains the significant

FIGURE 1 Scanning electron microscope

images and diameter distributions of (a) PVA10,

(b) PVA10/CS10, (c) 5Cur-PVA10/CS10, and

(d) 10Cur-PVA10/CS10 transdermal composite

mats. (e) Comparative statistical analysis of mat

samples (***statistical significance level was

determined as p < 0.05). Cur, curcumin; CS,

chitosan; PVA, polyvinyl alcohol. [Color figure

can be viewed at wileyonlinelibrary.com]
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improvement in mechanical analysis to the extensive
crystallization. The results of this work ensure further
support for the claim that Cur has a favorable effect on
mechanical strength.34,35

3.2 | Morphological properties of
transdermal composite mats

The morphological attitude of the fibers is affected by
solution and process parameters. In Table 1, fabrication
conditions and the solution parameters such as viscosity,
electrical conductivity, and surface tension values are
given. As commonly known, viscosity variation played a
critical role in bead-free fiber formation and fiber diame-
ter. An increment in viscosity leads to more significant
fiber occurrence. When process parameter variations
were handled, high flow rate and voltage values caused
an increment in fiber diameters. According to the results,
flow rate variation influenced the increase in the fiber
diameter. The various diameters produced at the various
solutions are shown in Figure 1. Based on the findings, it
was observed that the pictures acquired were almost
devoid of beads and had a uniform distribution. The aver-
age diameter of the PVA10 was determined to be 652.00
± 235.24 nm. Figure 1a showed the SEM image of the
PVA10/CS10 composite mat with diameter distribution
histogram. The results showed that the PVA10/CS10
composite mat had a uniform and almost beadless mor-
phology with a 661.09 ± 251.95 μm mean diameter value.
Figure 1b illustrates the morphological characteristics of
the transdermal composite mat containing Cur-loaded
PVA10/CS10. The average diameter distributions were
analyzed, and the findings indicated that the addition of
CUR did not significantly alter the morphology of the
PVA10/CS10 composite mat. In the previous PVA/CS
nanofiber study in the literature, the diameter of the fiber
was randomly observed as 279.843 nm.36 The fiber diam-
eters of the 5Cur-PVA10/CS10 were obtained as 680.88
± 255.01 μm (Figure 1c). In similar PVA/Cur studies,
“beading” was observed in fiber diameters, and fiber
diameter was measured as 350 nm.32 The 10Cur-PVA10/
CS10 had a 1001.99 ± 491.24 μm mean diameter value
with smooth and homogeneous morphology (Figure 1d).
In a similar PVA/CS/Cur nanofiber study, the Cur-loaded
PVA/CS fiber measurement was observed as
1250 ± 430 nm.34 SEM image of the 10Cur-PVA10/CS10
transdermal composite mat revealed almost beadless
structure that exhibited mild distortion. Additionally, the
fibers inside the mat exhibited a transformation into
bead-like structures. The findings of this study demon-
strated that the inclusion of Cur resulted in a reduction
in the diameter of the transdermal composite mats.

However, it was observed that a higher Cur ratio may led
to the formation of a bead-like morphology.

3.3 | Functional groups of transdermal
composite mats

The FT-IR spectra of PVA, CS, Cur, and the transdermal
composite mats (PVA10/CS10, 5Cur/PVA10/CS10, and
10Cur/PVA10/CS10) are presented in Figure 2. The PVA
spectrum has distinct peaks corresponding to several
functional groups. These include the OH group at
3319 cm�1,34 stretching vibrations of CH2 at 2941 cm�1,
CH groups at 2912 cm�1, and C O stretching vibrations
at 1734 cm�1. Additionally, deformation bands of CH2 at
1435 cm�1, CH at 1375 cm�1, and C O stretching vibra-
tions at 1096 and 1258 cm�1 were observed.37 The
detected bands in the Cur sample at wavenumbers of
3085–3552, 1588, 1512, 1265, and 1143 cm�1 can be
related to specific molecular vibrations. These vibrations
correspond to the phenolic O H stretching, stretching
vibrations of the benzene ring, C C vibrations, aromatic
C O stretching, and C O C stretching modes, respec-
tively.38 There is a possibility that many types of interac-
tions may take place, wherein PVA and Cur may engage
in hydrogen bonding via their hydroxyl functional groups
or create ionic connections through the charged func-
tional groups found on the molecules.39 The ionization of

FIGURE 2 Fourier transform infrared spectra of the polyvinyl

alcohol (PVA), chitosan (CS), curcumin (Cur), and Cur-loaded

transdermal composite mats. [Color figure can be viewed at

wileyonlinelibrary.com]
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pure CS amino groups is associated with peaks at 1439
and 1593 cm�1 and C O vibrational bands at 1658 cm�1.
The peak at 1439 cm�1 refers to carboxylic acid, and the
peak around 1593 cm�1 is associated with the symmetric
deformation of NH3+ groups.40–42 In addition, the
peaks are assigned to C C at 1375 cm-1, C N at
1159 cm�1, and C O stretching peaks at 1042 cm�1,
respectively.43

3.4 | In vitro behaviors of transdermal
composite mats

The evaluation of swelling behavior in mats is of great
significance in skin tissue engineering. The findings of
the investigation demonstrated that there were discrep-
ancies in the swelling characteristics of the mats. In con-
trast, the Cur-loaded composite mats had a greater
capacity for swelling than the PVA mat. The observed
increase in swelling behavior may be ascribed to various
functional groups within natural materials.44 Combining
PVA with CS and Cur in the fibers improved hydrophilic
properties compared with pure PVA mats. Furthermore,
the electrostatically charged Cur increased the free func-
tional groups within the mats. The incorporation of Cur
in the mats correlated with enhanced water retention
capacity, resulting in a swelling of the mats ranging from
55% to over 100% within a specific time frame
(Figure 3a). The rate of change in the swelling ratio
graphs for composite mats loaded with Cur generally
exhibited a positive correlation with time. This observa-
tion aligns with the results reported in previous research,
which have demonstrated that the swelling properties of
Cur are enhanced when mixed with different sub-
stances.45,46 As fibers swell, their surface area typically
increases, which leads to more significant cell infiltration
and attachment. Consequently, incorporating Cur further
expanded the network, facilitating easier water infiltra-
tion and a higher degree of swelling. It is anticipated that
there exists an inverse correlation between the degrada-
tion of composite mats and the rate at which tissue
regeneration occurs. In skin tissue engineering, it is criti-
cal that the biomaterial endures complete degradation
solely after the proliferative phase of wound healing has
concluded.8,11 The highest swelling was observed in the
PVA10/CS10 mat while the lowest degradation was also
observed in the PVA10/CS10. On the initial day of the
trial, PVA10 experienced a weight reduction of nearly
90%. Nevertheless, the rate at which it degraded exhibited
a steady decrease over time, following the pattern
observed in other composite materials (Figure 3b). In
contrast, it was observed that the composite mats con-
taining 5Cur-PVA10/CS10 displayed the most minimal

degradation rate compared with PVA10 and
10Cur-PVA10/CS10. The inclusion of Cur (up to 5%) in
the composite mat resulted in a noticeable reduction in
the degradation rate of the composite mats. This charac-
teristic is favorable for long-term skin tissue engineering
applications, as it suggests that the composite mat would
maintain its structural integrity during the critical phases
of tissue regeneration. The observed alteration in swell-
ing behavior may be attributed to reduced accessibility of
the hydrophilic functional group inside the composite
mats. A decrease in the concentration of free hydrophilic
groups may be accompanied by the reduction in the
swelling value of the composite mats. This may be attrib-
uted to the creating of a cross-linked and stiff network
through intermolecular and intramolecular bonding. The
primary cause of the swelling behavior observed in
the composite mats was the enhanced binding of the
amine groups of CS in the PVA10/CS10 composite mats
through crosslinking with GA. At the same time, the
swelling rate (%) of the 10Cur-PVA10/CS10 sample was
lower than the swelling rate (%) of 5Cur-PVA10/CS10
sample. This result may be related to the increased con-
centration of hydrophobic Cur in the composite mat.47,48

Following 24 h, it was determined that approximately
50% of the Cur was released from every composite mat.
Compared with the 5Cur-PVA10/CS10 composite mats,
the release of CUR is more rapid in the 10Cur-PVA10/
CS10 composite mats, as indicated in Table 3. This phe-
nomenon is expected to increase systemic bioavailability
and improve in vivo efficacy. The solubility of Cur in
water and its influence on the cellular activity of compos-
ite mats make it necessary to control its release closely.
Therefore, measuring the amount of released Cur is
essential in evaluating materials. Higher composite load-
ings are associated with a faster and more considerable
release. The observed phenomenon can be attributed to
an elevated concentration of Cur, resulting in a more pro-
nounced concentration gradient. Consequently, this cre-
ates a more substantial diffusion driving force, which
promotes the release process. The release rate of 5Cur-
PVA10/CS10 from mats was higher than other mats
loaded with Cur. Following 48 h, it was observed that
only 63% of Cur was released from the 10Cur-PVA10/
CS10 mats, suggesting a sustained release in an in vitro
setting. The Cur delivery profile may be divided into two
separate phases: a first stage lasting 24 h characterized by
a fast release of the bioactive substance, followed by a
secondary period lasting 48 h where the bioactive mate-
rial is dispensed in a protracted and sustained way. The
primary aim of controlled release systems is to maintain
a specific biomolecule concentration at the intended site
of action over an extended period. These systems are gen-
erally activated by administering a fraction of the
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complete dosage to rapidly achieve the desired therapeu-
tic biomolecule concentration. Following this, the release
profile of the bioactive material exhibits a predetermined
pattern, ensuring a continuous supply of the required
dosage to sustain the optimal concentration of the bioac-
tive material. Release kinetic behavior of Cur-loaded
transdermal composite mats was studied with different
kinetic models. The effectiveness of the different release
profiles was assessed using the correlation coefficient
(R2). The mathematical model with the highest degree of
correlation coefficient was deemed the most appropriate
description of the Cur release kinetics. The results of
release kinetic behavior of Cur-loaded transdermal com-
posite mats may be given for 5Cur-PVA10/CS10, first-
order mathematical model correlation coefficient; k;
0.023/R2; 0.83, zero-order mathematical model coeffi-
cients; k; 0.007/R2; 0.71, Higuchi mathematical model
coefficients; k; 0.086/R2; 0.97, Korsmeyer-Peppas mathe-
matical model coefficients; k; 0.02/R2; 0.9832, n; 0.79
(Table 3), and 10Cur-PVA10/CS10, first-order mathemat-
ical model correlation coefficient; k; 0.023/R2; 0.75, zero-
order mathematical model coefficients; k; 0.007/R2; 0.78,
Higuchi mathematical model coefficients; k; 0.082/R2;
0.93, Korsmeyer-Peppas mathematical model coefficients;
k; 0.011/R2; 0.9884, n; 0.82 (Table 3). The findings from
the examination of the first-order model applied to the
5Cur-PVA10/CS10, and 10Cur-PVA10/CS10 composite
mats suggested that the mechanism of biomolecule
release exhibited non-Fickian behavior and adhered to a
release type characterized by anomalous diffusion-
controlled release.49 The observed release profile exhib-
ited a combination of biomolecule release mechanisms,
specifically diffusion-controlled and swelling-controlled
release. The collective findings from the release studies
demonstrated that the composite mats conjugated with
Cur are well-suited for delivering consistent and pro-
longed quantities of Cur. The primary release of

medication will function as an initial dose, effectively
managing the dissemination of the illness, while the pro-
longed release stage will lead to enhanced therapeutic
results.

In the real world of biomolecule release and dissolu-
tion kinetics, a range of parameters and equations serve
to elucidate the patterns of biomolecule release. These
include “Ct,” denoting the concentration of the active
agent released at a particular time “t,” and “C0,” signify-
ing the initial concentration of the active agent at the
start of dissolution (often presumed to be zero). The “K0”
constant characterizes zero-order drug release, maintain-
ing a constant rate throughout. “Q1” represents the
amount released at time “t,” with “Q0” as the initial drug
quantity. “K1” embodies the rate of first-order biomole-
cule release, where the rate diminishes exponentially
with time. “KH” pertains to the Higuchi model, modeling
drug release as a square root of a time-dependent process.
“M∞” stands for the maximum achievable drug release at
equilibrium, while “Mi” designates the drug amount
released at a specified time “t.” “Kr” reflects the release
velocity constant linked to structural and geometric attri-
butes of the system, and “n” is the release exponent indi-
cating how the release rate changes over time. “l”
signifies the latency time, and “b” denotes the burst
effect, where an initial surge of biomolecule release
occurs in specific delivery systems. These parameters and
models play a pivotal role in pharmacokinetics and phar-
maceutical sciences, facilitating the comprehension and
control of biomolecule release dynamics from diverse
delivery systems for therapeutic applications. In order to
assess the release kinetics mechanism of Cur, the
concentration of the released Cur was subjected to fitting
equations proposed by the Higuchi model and
Korsmeyer-Peppas.50 Fick's law predicts that a
diffusion-controlled mechanism will produce a linear
graph when the bioactive molecule is delivered.51,52 As

FIGURE 3 (a) Swelling and (b) degradation behavior profiles of the transdermal composite mats. [Color figure can be viewed at

wileyonlinelibrary.com]
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evidenced in the concluding sections of the two models,
the release profiles encompass two distinct stages within
each model. The data reveal strong linear connections
(R2 ≥ 0.978) between the release rate and t1/2 for the ini-
tial and subsequent stages. Notably, the first stage
exhibits a steeper slope than the second. The phenome-
non can be clarified in the following manner: molecules
of bioactive compounds situated close to the surface of
the composite mats or weakly attached to the surface
exhibit a higher diffusion rate and are liberated during
the first timeframe. During the subsequent release stage,
the bioactive substance molecules within the composite
mats' interior require a prolonged duration to migrate
toward the surface, which entails destroying specific
polymer units. Consequently, the rate of release is decel-
erated. The dissolution of polymers typically encom-
passes the processes of water absorption, swelling, and
dissolution. Composite mats designed for the controlled
release of bioactive chemicals are predominantly fabri-
cated during the initial two phases, adsorption, and
swelling, corresponding to the release profile's initial
phase. In contrast, it is shown that most composite mats
undergo structural degradation due to polymer erosion
during the subsequent phase. Hence, it is probable that a
combination of diffusion and erosion mechanisms gov-
erns the controlled release of the bioactive molecule.

3.5 | Antioxidant activity of transdermal
composite mats

The composite mats' antioxidant activity was assessed
using the DPPH radical scavenging method.53 As

depicted in Figure 4, both Cur, 5Cur-PVA10/CS10, and
10Cur-PVA10/CS10 exhibited antioxidant capabilities.
This finding suggests that Cur can maintain its effective
antioxidant performance even under high electrified
force conditions.54 Notably, 10Cur-PVA10/CS10 demon-
strated superior antioxidant ability compared with 5Cur-
PVA10/CS10, with a radical scavenging activity of 86.941
± 0.02 (%) observed when the concentration of Cur
increased to 0.02 mg/mL in composite mats. The height-
ened antioxidant activity of 10Cur-PVA10/CS10 can be
attributed to the increased water-solubility of Cur, fol-
lowed by CS crosslinking.55 In previous research, nano-
composites have been prepared using various
formulations that involve the encapsulation of Cur
within combinations of CS, sodium alginate (ALG), and
PVA for application in advanced drug delivery systems.
These designed nanocomposites were subjected to DPPH
free radical scavenging activity assays to assess their
antioxidant capabilities. Remarkably, while free Cur
exhibited an antioxidant activity of around 72.29%, the
Cur-loaded nanocomposites displayed even more signifi-
cant antioxidant potential. Precisely, the antioxidant
activities of Cur/Cs, Cur/Cs-ALG, Cur/Cs-PVA, and
Cur/Cs-ALG-PVA were calculated as 79.6%, 81.14%,
82.96%, and 85.79%, respectively.56 Similarly, in another
investigation, Cur nanocarriers were incorporated into
pectin (PEC), β-cyclodextrin (β-CD), AL, and PVA poly-
mers utilizing the ionic gelation technique with nano-
sized CS. Notably, Cur/Cs-PVA and Cur/CS
demonstrated 76% and 72% antioxidant activities, respec-
tively. These findings affirm that Cur effectively retains
its valuable antioxidant properties following encapsula-
tion within these innovative delivery systems.54 The

TABLE 3 Cur release profiles with different models and loading efficiency values of Cur-loaded transdermal composite mats.

Composite
mats Kinetic models Linear equations Equations

Coefficients, buffer pH 7.4
Loading
efficiency (LE)

K (K0, K1, KH

and Kr) R2 n %

5Cur-
PVA10/
CS10

Zero order y = 0.0623x � 0.0016,
R2 = 0.99

Ct = C0 + K0t 6.70 x 10�9 0.719 88.41 ± 0.72

First order log Q1 = log
Q0 + K1t/2.303

2.30 x 10�11 0.835

Higuchi ft = Q = KH t1/2 8.60 x 10�7 0.978

Korsmeyer-Peppas
(power law)

Mt/M∞ = Krt
n + b 2.42 x 10�9 0.983 0.79

10Cur-
PVA10/
CS10

Zero order y = 0.0635x + 0.0038,
R2 = 0.99

Ct = C0 + K0t 6.80 x 10�9 0.786 96.16 ± 2.75

First order log Q1 = log
Q0 + K1t/2.303

2.24 x 10�11 0.754

Higuchi ft = Q = KH t1/2 8.20 x 10�7 0.938

Korsmeyer-Peppas
(power law)

Mt/M∞ = Krt
n + b 1.10 x 10�9 0.988 0.82

Abbreviations: Cur, curcumin; CS, chitosan; PVA, polyvinyl alcohol.
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antioxidant activity of Cur depends on its phenolic
hydroxyl group. The phenoxy group in composite mats
containing CS and Cur revealed antioxidant activity by
carrying hydrogen atoms to free radicals. The results of
the antioxidant activity of the transdermal composite
mats showed that Cur retained its free radical activity
even after loading into fibers by electrospinning and
freeze-drying. Thus, it was concluded that the antioxidant
activity of Cur (5%–10%)-loaded PVA10/CS10 transder-
mal composite mats was more effective (Figure 4).

3.6 | Antimicrobial activity of
transdermal composite mats

The Supplementary S1 provided photos displaying the
antibacterial activity of the Cur-loaded composite mats.
All of the composite mats exhibited promising antibacter-
ial effects against both microorganisms. According to the
data presented in Table 4, the 10Cur-PVA10/CS10 com-
posite exhibited a maximum zone of inhibition of
10.23 mm against S. aureus. In contrast, the PVA10/CS10
composite displayed a minimum zone of inhibition of
8.32 mm against the same bacteria. On the other hand,
the 10Cur-PVA10/CS10 had a higher contact inhibition
value than PVA10/CS10 when tested against E. coli. Add-
ing Cur to PVA10/CS10 demonstrated effectiveness
against E. coli, as evidenced by the increased inhibition
value. The findings of this study align with previous

research,57 which has shown that Cur exhibits antibacter-
ial properties against E. coli. The results of this study fur-
ther corroborated the idea that bactericidal has a
significant inhibitory effect on the growth of two
indicator bacteria. The findings demonstrated that all
composite mats exhibited antibacterial properties against
Gram-positive and Gram-negative bacteria, indicating
their potential application in skin tissue engineering, spe-
cifically for wound dressing.

In earlier studies, the compound Cur (curcumin was
extracted from the rhizome of Curcumi longa) was sub-
jected to cross-linking with CS-PVA membranes to
explore its potential in wound healing. The agar well dif-
fusion sensitivity method was employed to assess the
antibacterial efficacy of Cur in isolation and combination
with CS-PVA against a range of Gram-positive and
Gram-negative bacteria. The study found that the
Cur-CS-PVA membranes showed notable antibacterial
activity against various microbes, including E. coli, Pas-
turellamu ltocida, Bacillus subtilis, and S. aureus.16 Previ-
ous research has conducted in vitro–in vivo
investigations on the efficacy of arginine-modified
CS/PVA hydrogel-based microneedles (MNs) as delivery
vehicles for Cur in the context of tissue engineering
wound healing applications. The antibacterial efficacy of
CUR-MN patches was assessed against Gram-positive
(S. aureus) and Gram-negative (E. coli) bacterial strains
by utilizing the agar well diffusion technique. The experi-
mental findings demonstrated that CUR-MNs exhibit
remarkable antibacterial efficacy against S. aureus and
E. coli.55

3.7 | In vitro cell studies of transdermal
composite mats

Figure 5a presents the data on the proportion of L929
cells that adhered to the surface of the specimens within

TABLE 4 The antimicrobial activity results of the control

group and Cur-loaded transdermal composite mats.

Samples
Staphylococcus aureus (ATCC 29213)
(inhibition zone, mm)

PVA10
(control)

8.03 ± 0.16*

PVA10/CS10 8.32 ± 0.1*

5Cur-PVA10/
CS10

9.56 ± 0.16*

10Cur-
PVA10/CS10

10.23 ± 0.32*

Abbreviations: Cur, curcumin; CS, chitosan; PVA, polyvinyl alcohol.

*Statistical significance level was determined as p < 0.05.

FIGURE 4 Antioxidant ability of Cur, 5Cur-PVA10/CS10, and

10Cur-PVA10/CS10 (*, ** statistical significance level was

determined as p < 0.05 and the parenthesis indicates standard

deviation). Cur, curcumin; CS, chitosan; PVA, polyvinyl alcohol.

[Color figure can be viewed at wileyonlinelibrary.com]
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24 h. The observed cell attachment % on the surfaces of
PVA10/CS10 composite mats and the composite mats
with the addition of Cur were significantly greater than
those on pure PVA mats. The adhesiveness of L929 cells
was shown to be higher on the surfaces of the composite
mats (5Cur-PVA10/CS10 and 10Cur-PVA10/CS10) com-
pared with PVA10 and PVA10/CS10. No relationship was
observed between composite mats loaded with Cur. Nev-
ertheless, the experimental group 10Cur-PVA10/CS10
had the most significant cell attachment rate. PVA10 is a
naturally hydrophilic synthetic polymer with advanta-
geous properties for facilitating cell adhesion. However,
the propensity for proteins is diminished, impacting cel-
lular adhesion's efficacy.58 In addition, incorporating CS
into the composite mat structure, together with PVA, led
to an enhancement in hydrophilicity. This may be attrib-
uted to extra hydroxyl and amine groups from CS.59

Moreover, the presence of functional groups such as
hydroxyl, carbonyl, oxygen, and sulfates in Cur enhances
the ability of the scaffolds to interact with proteins, lead-
ing to an increase in hydrophilicity. In this work, the

impact of hydrophilicity on cell attachment was assessed
by examining the impacts of both Cur and CS10. Upon
careful examination, it was observed that the inclusion of
Cur in PVA10/CS10 resulted in a slight enhancement in
the number of cells stuck to the surfaces. Upon closer
examination, it becomes evident that the composite mat
designated as 10Cur-PVA10/CS10 exhibits the maximum
ability for cell attachment. Cell viability was assessed
using the MTT assay on cell culture's first, third, and sev-
enth days, as presented in Figure 5b. Cell viability and
cytotoxicity were evaluated for all composite mats,
and no cytotoxic effects were observed for any of the
composite mats over the course of 7 days. During these
days, tissue culture polystyrene (TCPS) and PVA10 exhib-
ited relatively close absorbance values. However, the
absorbance values for PVA10 were consistently higher
than those for TCPS throughout the 7-day culture period.
It is worth noting that the addition of CS10 significantly
enhanced the biocompatibility of the composite mats
compared with PVA10 on all days of the study. This
improvement in biocompatibility suggests that the pres-
ence of CS10 in the composite mats is conducive to cell
viability and growth. In line with the findings related to
cell attachment, the inclusion of Cur in 5Cur-PVA10/
CS10 did not significantly impact cell viability. This
observation confirms that the composite mats loaded
with Cur did not exhibit cytotoxic properties. Further-
more, it was observed that the Cur-loaded transdermal
composite mats had superior viability and cell prolifera-
tion results compared with the PVA10 and control
groups. On the seventh day of the experiment, the trans-
dermal composite mat labeled 5Cur-PVA10/CS10 exhib-
ited the highest absorbance value compared with the
control group and the other composite mats. In previous
investigations involving PVA/CS nanofibers loaded with
Cur, it was observed that these scaffolds facilitated the
survival and growth of stem cells.34 The primary objective
of a prior investigation was to develop a targeted drug
delivery system for breast and liver cancer. This was
accomplished by constructing a membrane composed of
polyvinyl alcohol/cellulose nanocrystals (PVA/CNCs)
loaded with Cur. The MTT assay thoroughly assessed the
efficiency of the PVA/CNCs/Cur membrane to measure
its in vitro cytotoxicity. The findings demonstrated that
the membrane had a concentration-dependent selective
suppression of cell proliferation in breast and liver cancer
cells. In contrast, it was seen that normal cells did not
experience any changes, thereby highlighting the promise
of this approach for precise cancer treatment.49

Researchers developed composite materials in a related
study area by combining polyvinyl alcohol/sodium algi-
nate (PVA-SA) and Cur and adding graphene oxide (GO).
These materials were created utilizing solvent casting

FIGURE 5 (a) Cell attachment (%) on transdermal composite

mats, (b) cell viability of L929 cells after cytotoxicity tests of

transdermal composite mats (*, **, ***, a, b, c statistical significance

level was determined as p < 0.05). Cur, curcumin; CS, chitosan;

PVA, polyvinyl alcohol. [Color figure can be viewed at

wileyonlinelibrary.com]
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and electrospinning methods. The anticancer effective-
ness of these novel drug delivery methods was evaluated
by conducting the MTT assay on MCF-7 cells. The study
found that the PVA-SA/GO 1 wt%-Cur film and PVA-SA/
GO 10 wt%-Cur mat showed significant promise as drug
delivery systems, indicating their potential for use in anti-
cancer treatments.60

DAPI is highly specific for staining cell nuclei and
generally does not label the cytoplasm. In this study,
DAPI was used to stain the nuclei of all fixed cells, and
its blue color was observed under fluorescence micros-
copy. This staining revealed that in mats, there were indi-
cations of cell death, with the nuclei of these cells
appearing disrupted. Figure 6 illustrates dead cells within
the mats. The PVA10/CS10 composite mat did not appear
to support sufficient cell proliferation, but an increase in
the amount of Cur resulted in improved cell proliferation
and attachment. These findings suggest that the loading
of Cur may enhance cell proliferation and attachment
within the composite mats, potentially making it more
suitable for tissue engineering applications. Similar Cur-
loaded studies have also shown that the engineered scaf-
folds are not cytotoxic and promote cell proliferation.61

The dyes in this study labeled neurons through lateral
diffusion on the plasma membrane in fixed samples. This
labeling process is faster in living tissue due to active dye
transfer processes. In this particular study, Dio-6 was
employed to assess the endoplasmic reticulum's activity
and determine the extent of cell grafting and prolifera-
tion, particularly concerning the use of Cur. As depicted
in Figure 6, the endoplasmic reticulum of cells loaded

with 10Cur appeared more active and healthier than
others. Furthermore, cell activations were quite good
overall, but when making comparisons, the loading of
Cur appeared to have a significant positive impact on cell
adhesion. This suggests that incorporating Cur into the
system significantly contributes to cell adhesion and
potentially enhances overall cell health and activity. In
previous Cur-loaded PVA/CS film studies, it was
observed that cell adhesion occurred as a result of cell
nucleus staining.62 The scratch assay involving fibroblast
cells was conducted to evaluate the influence of mats on
cell migration and wound healing capabilities. Fibroblast
cells are pivotal in the proliferative phase of wound heal-
ing due to their capacity to migrate, contract, proliferate,
and synthesize collagen. Figure 7 displays microscope
images of scratches treated with PVA10/CS10 (Figure 7b)
and 10Cur-loaded PVA10/CS10 (Figure 7c) composite
mats, along with a control (Figure 7a), at 0, 12, and 24 h.
Upon examination of the results, it is evident that
PVA10/CS10 and 10Cur-PVA10/CS10 composite mats
were highly effective in promoting scratch closure com-
pared with the control group by the end of the 12th
hour. The most notable improvement was observed in
the study involving the treatment with 10Cur-PVA10/
CS10 at the end of 24 h (Figure 7d). In similar studies,
Cur-loaded PVA nanofiber membranes were observed to
be sufficiently effective in an in vitro scratch wound
healing assay.63 After 24 h, the study observed the high-
est rate of scratch closure on the 10Cur-PVA10/CS10
composite mats. The closure rate on the PVA10/
CS10 composite mats was nearly similar to that of the

FIGURE 6 Florescence micrographs of the cells on the transdermal composite mats at the end of 1, 3, and 7 days stained with DAPI

and Dio-6. Cur, curcumin; CS, chitosan; PVA, polyvinyl alcohol. [Color figure can be viewed at wileyonlinelibrary.com]
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10Cur-PVA10/CS10 composite mats and the control
group. These results indicate that the 10Cur-PVA10/
CS10 composite mats yielded the most significant and
clear scratch closure outcomes. Based on the findings
from DAPI and Dio-6 cell line staining, as well as the
scratch closure results, it can be concluded that the
incorporation of Cur, a bioactive substance, into the
10Cur-PVA10/CS10 composite mats, as well as PVA10/
CS10 composite mats, enhances the migration of fibro-
blast cells and expedites wound closure. In similar stud-
ies, PVA/CS nanofibrous mats were observed to be
sufficiently effective in in vitro scratch assay wound
healing.64 Obtained results showed that Cur may be an
effective wound-healing accelerator in wound dressings.
These results hold promise for developing wound dress-
ings that can facilitate and expedite the wound-healing
process. Furthermore, the results showed that the
increased surface roughness of the cross-linked trans-
dermal composite mats may increase cell adhesion.65–67

Thus, this feature may make the cross-linked transder-
mal composite mats a viable candidate for wound heal-
ing applications.68–70

4 | CONCLUSION

The study obtained PVA, PVA/CS, and PVA/CS/Cur
solutions as fiber materials by electrospinning method.
Transdermal composite mats were produced by cross-
linking the fibers by steaming, freezing, and drying.
The Cur (bioactive molecule) exhibited enhanced
retention capacity, biocompatibility, superior mechani-
cal qualities, and biodegradability when used at low
concentrations. The observed augmentation in hydro-
phobicity demonstrated effective release kinetics and
facilitated wound healing through the stimulation of
cellular proliferation. The transdermal composite mats
loaded with Cur exhibited enhanced antioxidant activ-
ity, surpassing 80% and reaching higher levels. A bio-
compatibility assay was conducted on fibroblast cells in
order to assess and compare the extent of cell prolifera-
tion on transdermal composite mats. Because of the
increased intermolecular bonding between the poly-
meric chains in the composite mats, the surface rough-
ness increased significantly after crosslinking, which
aligns with the literature. The increase in surface

FIGURE 7 (a–c) In vitro wound

healing activity cell migration into

the scratch area after 0–12–24 h for

the transdermal composite mats and

(d) wound closure efficiency (healing

ability) for the transdermal

composite mats (*, ** statistical

significance level was determined as

p < 0.05). Cur, curcumin; CS,

chitosan; PVA, polyvinyl alcohol.

[Color figure can be viewed at

wileyonlinelibrary.com]
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roughness facilitates cell adhesion and is a favorable
property for wound healing applications. The study
also showed that Cur-loaded composite mats exhibited
a significant increase in fibroblast adhesion and prolif-
eration, as demonstrated by DAPI and Dio-6 fluores-
cence staining. The composite mats that exhibited the
highest cell adhesion were the 5Cur-PVA10/CS10 and
10Cur-PVA10/CS10 composite mats. These mats dem-
onstrated morphological characteristics that were com-
patible with fibroblast-like cells. In addition, the
composite mats loaded with Cur demonstrated notable
antibacterial efficacy against various harmful bacterial
strains, such as E. coli and S. aureus. Furthermore, the
staining assessments demonstrated that the composite
mats of PVA10/CS10 loaded with Cur had remarkable
cell viability values. Furthermore, the 10Cur-PVA10/
CS10 composite mat exhibited the most rapid rate of
scratch closure. Notably, these mats displayed the most
significant degree of closure after 24 h compared with
the other composite mats under investigation. The uti-
lization of Cur not only affords protection for the
loaded active substance but also may enhance its
potency and increase the efficacy of the treatment.
Because of its multifaceted characteristics and exten-
sive scope for possible utilization, Cur-loaded polymer
composite mats are anticipated to attract growing
attention within the biomedicine, pharmaceutical, and
biomedical sectors.
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