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Abstract

Wound healing is a complex process that can be severely impaired in chronic or infected wounds. To overcome
these challenges, we developed a bioinspired, double-layer asymmetric hydrogel scaffold combining a
conductive hydrogel with an antibacterial electrospun fiber layer. The conductive hydrogel, composed of

gelatin, Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT: PSS), and carboxymethyl chitosan
(CMCY), provides electrical conductivity under external electric fields, thereby promoting cell activity, migration,
and tissue regeneration. CMCS further contributes antibacterial and hydrating properties, creating a favorable
microenvironment for wound repair. The electrospun fiber layer, consisting of polycaprolactone (PCL), polylactic
acid (PLA), and curcumin (CUR), provides sustained antibacterial protection by inhibiting bacterial proliferation and
forming a protective barrier. In vitro experiments showed that electrical stimulation (ES) enhanced cell migration
and alignment via electrotaxis, while the electrospun fiber layer effectively suppressed bacterial growth. These
results demonstrate the synergistic effect of the conductive hydrogel and antibacterial electrospun fiber layer. This
multifunctional, skin-like dressing addresses limitations in current wound care by integrating electrical stimulation
with bioactive materials, accelerating tissue regeneration, and providing long-term antibacterial efficacy. The
scaffold design mimics natural skin properties and supports efficient wound healing, highlighting its potential as a
platform for regenerative medicine applications.
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Introduction

Wound healing is a complex physiological process involv-
ing cell migration, proliferation, differentiation, and
remodeling to restore damaged tissues [1, 2]. However,
chronic wounds, such as diabetic ulcers, burns, trauma,
or infected wounds, can disrupt this process, imped-
ing cellular activities and tissue regeneration [3, 4]. Tra-
ditional wound dressings often fail to create an optimal
healing environment, particularly in non-healing wounds
[5]. As a result, there is a growing demand for innovative
therapeutic strategies that can regulate the wound envi-
ronment and accelerate the healing process [6—8]. Recent
studies have shown that physical stimuli, such as electri-
cal stimulation (ES), effectively promote wound healing,
and there has been significant progress in developing
conductive biomaterials to harness this potential [9-12].
To address these challenges, researchers have increas-
ingly turned to biomimetic approaches, which aim to
replicate the structure and function of natural skin.
These strategies seek to create wound healing environ-
ments that closely mimic the physiological conditions of
healthy skin, promoting more effective and natural heal-
ing processes.

ES is vital for enhancing tissue regeneration by induc-
ing key cellular behaviors, such as electrotaxis (directed
cell migration), proliferation, and differentiation [13]. In
normal tissues, electrical signals are naturally present but
may weaken or disappear following severe injuries [14].
ES restores these signals by providing appropriate volt-
age and frequency, thereby modulating cellular responses
and promoting healing [15]. Specifically, ES enhances the
migration and proliferation of fibroblasts and keratino-
cytes, facilitating new tissue formation at the wound site
[16-19]. Direct current (DC) ES at 250 mV for 20 min/
day has been reported to significantly enhance the pro-
liferation of human bone marrow-derived mesenchymal
stem cells (hBMSCs) [20]. Accordingly, the ES param-
eters in this study were optimized to 200 mV for 25 min/
day to ensure effective stimulation while minimizing
potential thermal and electrochemical effects.

Furthermore, it stimulates angiogenesis and extracellu-
lar matrix (ECM) formation, optimizing the wound envi-
ronment for recovery [21-23]. Additionally, ES generates
reactive oxygen species (ROS) and hydrogen peroxide
(H,0O,), which are critical for inhibiting bacterial growth
and disrupting biofilm structures. These molecules dam-
age bacterial cell membranes, proteins, and DNA, lead-
ing to bacterial death and the suppression of biofilms.
ROS-induced oxidative stress degrades key bacterial
components, while H,O, penetrates cell membranes and
converts them into ROS, further enhancing antibacterial
effects.

Although the use of electrospun fiber membranes to
provide antibacterial properties and conductive polymers
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to promote cell activity have been investigated in earlier
research, these approaches are frequently constrained
by their low biocompatibility, limited integration, and
inability to replicate the layered structure of natural
skin [24—-26]. To overcome these restrictions, we devel-
oped the PG hydrogel scaffold. This structurally biomi-
metic double-layer scaffold combines a top layer of PCP/
CUR (PCL + PLA + CUR) electrospun fibers and a base
layer of GCP (gelatin + CMCS + PEDOT: PSS) hydrogel,
designed to mimic the key features of the epidermis and
dermis, respectively [27, 28].

Importantly, the morphological parameters of each
layer were carefully tuned to resemble the hierarchical
architecture of natural skin. The electrospun PCP/CUR
electrospun fiber layer exhibited an average fiber diam-
eter ranging from 33.66 to 5.30 um, which corresponds
to the microscale collagen bundles and keratin filament
network found in the epidermal ECM. Meanwhile, the
3D-printed GCP hydrogel exhibited tunable pore sizes
ranging from approximately 201.94 pm to 64.94 pm,
depending on the PEDOT: PSS concentration, closely
matching the porous architecture of dermal connec-
tive tissue (20-125 pm pore size) [29]. This multiscale
structural correspondence provides an ECM-like topog-
raphy that can promote fibroblast infiltration, nutrient
diffusion, and neovascularization. At the same time, the
0°/90° printing pattern further emulates the anisotropic
alignment characteristic of dermal collagen fibers. Such
morphological biomimicry allows the PG hydrogel scaf-
fold to bridge the structural and functional gap between
synthetic materials and native skin tissue, offering a bio-
logically relevant platform for wound repair.

This study aims to evaluate the effects of ES on the
wound healing process, facilitated by the PG hydrogel,
by combining spatial biomimicry, electroconductivity,
and structural layering into a structure that dynamically
supports key stages of wound healing (Figure 1). This
approach enables synchronized promotion of bacterial
infection control and tissue regeneration. Thereby pro-
viding innovative solutions for the effective management
of chronic wounds and facilitating more natural healing
processes.

Experimental sections

Materials

N, N-dimethylformamide (DMF) and dichlorometh-
ane (DCM) were purchased from Shanghai Titan Sci-
entific Co., Ltd., China. The polycaprolactone (PCL)
(Mw: 80,000), poly(lactic acid) (PLA) from a 3D factory
(Republic of Korea), and CUR were purchased from
Sigma-Aldrich (USA). The high-molecular-weight chi-
tosan powder (Mw: 310-375 kDa, deacetylated chitin:
>75%) was also obtained from Sigma-Aldrich, USA.
Sodium hydroxide was sourced from Junsei Chemicals,
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Fig. 1 (a) Schematic illustration of the double layered PG hydrogel scaffold, consisting of a electrospun fiber top layer and a hydrogel bottom layer. (b)
Mechanistic illustration showing how the PG hydrogel scaffold promotes cell migration and exhibits antibacterial activity to enhance wound healing.

Japan. Isopropanol and glutaraldehyde (50% wt, cer-
tified) were obtained from Thermo Fisher Scientific,
USA. Gelatin type B powder from porcine skin (purity:
> 98%; gel strength appx. 300 g bloom) and PEDOT: PSS
were purchased from Sigma-Aldrich (USA). All other
chemicals and reagents used were of analytical grade. A

fully automated CELLINK® BIO-X 3D bio-printer was
purchased from CELLINK Corporation, Sweden. Bio-
mechangen Ltd., Republic of Korea, supplied a custom-
designed microcurrent stimulation device. Escherichia
coli (E.coli) was provided from the Korean Collection
of Type Cultures (KCTC) (Jeonbuk, Republic of Korea).
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Table 1 Concentration of PCL, PLA, and CUR complex in
electrospun fiber development
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Table 2 Concentration of  Gelatin, CMCS, PEDOT: PSS complex
in hydrogel development

Compositions PCL (w/v) PLA (w/v) CUR(w/v) TotalVolume
PC 189 0g 0g 10 ml
PCP 129 0072g 0g 10 ml
PCP/CUR-1 129 00729 0013g 10 ml
PCP/CUR-3 129 00724 0.054 g 10ml

DifcoM Tryptic Soy Broth and BBLM Mannitol Salt Agar
were purchased from Becton. WST-8 kit (Cellrix®, Medi-
Fab Co., Ltd., Seoul, and Republic of Korea), human der-
mal fibroblasts (HDF, ATCC No. PCS-201-012), human
keratinocyte (HaCaT, ATCC No. PCS-200-011>), and
Methicillin-resistant = Staphylococcus aureus (MRSA,
ATCC BAA-41) were purchased from American Type
Cell Culture (ATCC) (Manassas, Virginia, USA). The
Live-dead staining kit and F-actin probe were purchased
from Sigma-Aldrich, USA. Crystal violet was purchased
from the Tokyo Chemical Industry (Tokyo, Japan). The
WST-8 kits (Cellrix®) were provided by MediFab Co., Ltd.
(Seoul, Republic of Korea). The PrimerScript™ RT kit and
SYBR Green qRT-PCR master mix were obtained from
TaKaRa Bioscience (Japan). Western blot antibodies and
cell culture reagents were sourced from Welgene (Repub-
lic of Korea) and Santa Cruz Biotechnology (USA).

Preparation of PCP/CUR electrospun fiber and conductive
GCP hydrogel

For electrospun fiber synthesis, a blend solution was pre-
pared by dissolving 12% poly(e-caprolactone) (PCL, w/v)
and 6% poly(lactic acid) (PLA, w/v) in a 7:3 (v/v) mixture
of dichloromethane (DCM) and dimethylformamide
(DMF). Additionally, 1 and 3% of CUR was incorporated
into this mixture. The resulting solution was then loaded
into an 8 mL special syringe. Subsequently, electrospin-
ning was performed using the KH-1089 electrostatic
spinning equipment with a 21G spinning needle. The
operating voltage, distance, and rolling speed for elec-
trospun were 18.5 kV, 15 c¢cm, and 2000 rpm, respectively
(Nano NC, Electrospinning System, Republic of Korea).
The prepared electrospun fibers, designated PCP/CUR,
are detailed in Table 1.

The CMCS was synthesized using a method adapted
from Luo et al. (2018) [30]. Initially, 10 g of sodium
hydroxide was weighed and dissolved in water to create
a 50% aqueous solution. To this solution, 10.0 g of chito-
san was added, and the mixture was thoroughly mixed,
then frozen at -4 °C for 24 h. The alkali-treated chitosan
was then transferred to a three-necked flask, and 200 mL
of isopropanol was added. The mixture was mechanically
stirred for 2 h until the chitosan was well dispersed. Fol-
lowing this, 15.0 g of monochloroacetic acid was added
in two batches, and the reaction was allowed to pro-
ceed with continuous stirring at 60 °C for 5 h. After the

Compositions Gelatin CMCS PEDOT: D. Total
(w/v) (w/v) PSS (v/v) Vol-
ume
GCP, 08g 029 0mL 10 mL 10 mL
GCPg 5 08¢ 029 025mL  975mL  10mL
GCPys 08¢ 029 0.5 mL 9.5 mL 10mL
GCP, 08g 029 TmL 9mL 10 mL
GCP, 08¢ 029 2mL 8 mL 10 mL

reaction, the mixture was filtered and washed with abso-
lute ethanol to obtain the crude product. The resulting
product was dissolved in deionized water and dialyzed
for 72 h. The final CMCS was freeze-dried using a freeze
dryer (EYELA® Freeze Drying Unit 2200, Tokyo, Japan)
and stored under constant temperature and dry condi-
tions for future use. FTIR was used to characterize the
lyophilized CMCS to study carboxymethylation.

To prepare the 3D printing ink, 10 mL of deionized
water was heated on a magnetic stirrer set at 50 °C, and
8% gelatin (w/v) was dissolved completely. The solution
was then stirred continuously while 2% CMCS (w/v) was
added and dissolved thoroughly. PEDOT: PSS was subse-
quently incorporated at concentrations of 0, 0.25, 0.5, 1,
and 2% (v/v) to create the final bioink. The mixtures were
stirred until homogeneous. The prepared hydrogels were
designated as GCP and are detailed in Table 2.

3D printing, & Preparation of biomimetic double-layer
asymmetric PG hydrogel scaffold

SolidWorks software (Dassault Biosystems, USA)
was used to build the target models, which were then
exported as STL files. The open-source Slic3r v1.3.0 pro-
gram was used to slice them, and the resulting G-code
files were ultimately uploaded to the printer. A CELLINK
BIO-X 3D bioprinter (Cellink Corporation, Sweden) with
regulated nozzle and platform temperatures was used to
print all of the hydrogels. With the nozzle temperature
set to 37 °C, the platform temperature set to 10 °C, and
the printing speed set to 2 mm/s, the produced GCP
bioink was put into a syringe fitted with a 22G needle.
The hydrogel scaffold height was 3 mm, and the model’s
dimensions were 20 x 20 mm. Table S1 lists the printing
parameters. After printing, the hydrogel scaffolds were
first crosslinked at 4 °C and then chemically crosslinked
for 15 min at room temperature while submerged in a
0.25% glutaraldehyde (w/v) solution. The hydrogel scaf-
folds were then cleaned and freeze-dried for 2 days to
characterize them.

To create a double-layer asymmetric scaffold by com-
bining the external layer of PCP/CUR electrospun fibers
and the internal layer of GCP hydrogel, the GCP hydro-
gel was directly printed onto the PCP/CUR electrospun
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fibers to form the PG hydrogel scaffold. In this study,
PCL/PLA is referred to as PCP, Gelatin/CMCS/PEDOT:
PSS as GCP, and the combination of PCP/CUR electros-
pun fibers and GCP hydrogel is designated as PG hydro-
gel scaffold. The hydrogel devoid of PEDOT: PSS was
designated as the control group.

Chemical characterization

Morphological characterization

The surface structures of the PCP/CUR electrospun
fibers and the GCP hydrogel were observed using Scan-
ning Electron Microscopy (SEM) with an S-4800 instru-
ment from Tokyo, Japan. Before testing, the samples
were dried in a vacuum freeze dryer at -90 °C for 24 h
to remove moisture, and each sample was sputtered with
platinum (Pt). The elemental composition of the surface
was analyzed using energy-dispersive X-ray Spectroscopy
(EDS) mapping equipment connected to the SEM.

FTIR and XRD analysis

The Fourier-transform infrared (FTIR) spectra of PCP/
CUR electrospun fibers and GCP hydrogel were recorded
using a Perkin Elmer FTIR analyzer (Frontier, Perkin
Elmer, UK) in the transmitted mode, covering a wave-
number range of 500-4000 cm™ with a resolution of
4 c¢cm™. The X-ray diffraction (XRD) patterns of PCP/
CUR electrospun fibers and GCP hydrogel were acquired
at room temperature using X'Pert PRO X-ray diffrac-
tometer (X’Pert PRO MPD, Philips, Eindhoven, Nether-
lands) with an operational voltage of 40 kV and a current
of 40 Ma utilizing Cu Ka rays (A=1.5414 A). The opera-
tional range (20) was 5-40°.

Contact angle measurement

The hydrophilicity of the PCP/CUR electrospun fibers
was investigated through a contact angle analyzer (SEO-
Phoenix MT (M.A.T), Malaysia). The hydrophilic prop-
erties of the samples were evaluated using the confined
droplet approach. A 5 pL drop of water was dispensed by
a syringe positioned vertically over the fiber surface. Fol-
lowing the application of water to the surface for 5-10 s,
a charge-coupled device (CCD) camera quantified and
documented the contact angle (0) and the interfacial wet-
ting energy. Each sample was tested in triplicate.

Mechanical characterization

The PCP/CUR electrospun fibers were prepared for
mechanical property analysis. The tensile test was per-
formed on a Universal Testing Machine (UTM; MCT-
1150, AND Inc., Japan) at a constant speed of 10 mm/
min. Compression testing of GCP hydrogels was per-
formed on a Universal Testing Machine (UTM; MCT-
1150, AND Inc., Japan) at a test speed of 10 mm/min.
Young’s modulus for each sample was calculated as the
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slope of the linear region of the stress-strain curve (strain
range 3—-5%), while toughness was measured as the area
under the stress-strain curve.

Further, the rheological measurements of the GCP
hydrogels were conducted using an ARES-G2 rheom-
eter (TA Instruments, New Castle, Delaware, USA) with
a 6 mm parallel plate setup. Strain-dependent measure-
ments were conducted at 1 rad/s with strain ranging
from 0.1% to 100%, while frequency-dependent tests
were performed at 0.1% strain over 0.1-100 rad/s. Stor-
age modulus (G’), loss modulus (G”), complex viscosity
(n*), and shear stress (1) were analyzed. All experiments
were performed at room temperature.

Swelling rate and degradation

The swelling test was conducted to evaluate the hydro-
philic-hydrophobic behavior of the fabricated PCP/
CUR electrospun fibers and GCP hydrogels. For this,
the dry weight of a certain amount of each sample was
recorded (Wj). Next, the samples were immersed in
PBS at 37 °C under static conditions. The samples were
then blotted, and the swollen weight of each sample was
recorded ( W) at different time intervals (0, 0.5, 1, 2, 3, 6,
12, 24, 48 h) until equilibrium swelling was reached. The
swelling ratio was calculated according to the following
equation.

Swelling ratio (%) = (WSW;de) x 100% (1)

To further evaluate the degradation behavior of PCP/
CUR electrospun fibers, samples were prepared and sub-
jected to enzymatic degradation using trypsin enzyme
and non-enzymatic degradation under different pH con-
ditions. Electrospun fiber sheets were cut into uniform
square Sect. (2 cm x 2 c¢m), and the initial dry weight
(W;) of each sample was recorded using an analytical
balance. The samples were then immersed in 1 mL of
phosphate buffer solutions at pH 4, pH 7.4, and pH 10,
each containing 1 mg/mL of enzyme. The test tubes were
incubated at 37 °C under shaking conditions to simulate
physiological conditions and enhance enzymatic activity.
At predetermined time points, the samples were carefully
removed from the buffer solution, rinsed with deionized
water to remove residual enzymes or buffer salts, and
dried in a hot-air oven. The final dry weight (W) was
measured, and the degradation percentage was calcu-
lated using the equation:

Degradation ratio (%) = <%> x 100% (2)

Additionally, the pH of the buffer solution was recorded
at each time point to monitor potential changes
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during degradation. To assess the structural changes
in the degraded electrospun fibers, scanning electron
microscopy (SEM) was performed after gold sputter
coating.

Drug release

To study the drug release behavior, PCP/CUR electro-
spun fibers of equal weight were immersed in a buffer
solution (2% Tween 20 in PBS) at pH 7.4. The experiment
was conducted with stirring at 150 rpm and 37 °C. At
predetermined time intervals (0, 0.5, 1, 2, 3, 6, 12, 24, and
48 h), samples were collected for UV—-vis analysis (OD at
425 nm) and immediately replaced with fresh buffer solu-
tion. The cumulative drug release was calculated using
the following formula.

Drug release (%) = % x 100% (3)
where D,.cjcaseq is the total amount of released CUR, and
Dyytq1 is the amount of CUR incorporated in the electro-
spun fibers. The amount of released CUR was calculated
based on a calibration curve of various concentrations.
For accurate analysis, the experiment was repeated three
times.

Electrochemical measurements

For electrochemical measurements of the developed
hydrogels, cyclic voltammetry (CV) was conducted using
a three-electrode setup with a working electrode, a refer-
ence electrode (Ag/AgCl), and a counter electrode (Pt).
The glassy carbon electrode (GCE) was used as a working
electrode to coat the hydrogel solution. For this, the GCE
was polished with diamond-alumina paste and sonicated
in a mixture of ethanol/acetone (1:1 ratio) for 15 min.
After that, the GCE was washed with sterile DI water and
dried before hydrogel coating. Next, 25-30 pL of hydro-
gel solution was drop-cast onto the surface of the GCE
in the presence of Nafion (ionic conductivity ~ 1.23 x 1072
Q7' cm™!), and the resulting film was dried properly
before CV measurement. After that, the GCP electrode
was applied to a definite potential, and oxidation of the
electrode began as soon as current began to flow. Elec-
trochemical impedance was measured using electro-
chemical impedance spectroscopy (EIS) via a Nyquist
plot. The conductivity (o) of the hydrogel was calculated
using Ohm’s law (Eq. 4).

g = RE:S (4)

Here, R represents the average resistance of the hydrogel,
while L and S denote the length and cross-sectional area
of the hydrogel, respectively. The average resistance was
calculated from each voltage sweep, and three samples
were tested for each hydrogel.
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Design of the ES system

The configuration of the DC stimulation device is pro-
vided in the Supporting Information. A DC electric field
(EF) stimulation device was fabricated to enable precise
control of small-volume cell culture conditions (Figure
S1(a)). The device comprised a stainless-steel lid and
base (147 mm x 105 mm x 60 mm) specifically designed
to accommodate a standard 6-well culture plate (Figure
S1(b)). Each chamber contained a pair of rectangular
platinum electrodes, which were connected to a regulated
DC power supply. The electrical system was configured
using a digital waveform generator (1-channel, 25 MHz,
250 MSa/s sampling rate; Tektronix Inc., Oregon, USA)
coupled with a digital oscilloscope to ensure stable and
accurate voltage output.

In vitro biocompatibility assay

HDF and HaCaT cells were cultured in DMEM contain-
ing 10% FBS and 1% P/S antibiotics at 37 °C in a humidi-
fied incubator with 5% CO, (Steri-Cycle 370 Incubator;
Thermo-Fisher Scientific, USA). The cytotoxicity of the
fabricated hydrogel scaffolds was evaluated using WST-8
and Live/Dead assays, with or without ES. Initially, ES
(100 mV/25 min/day) was applied daily for up to 7 days
to compare its effects. For the WST-8 assay, HDF and
HaCaT cells were cultured individually (1 x 10* cells/100
uL medium) and/or co-cultured (1x10* cells each/100
puL medium) in 96-well plates. The experimental groups
consisted of cells cultured on GCP hydrogel and on PCP/
CUR electrospun fibers, while cells cultured without
samples served as the control group. The cells were cul-
tured for 1, 3, and 7 days. After incubation, 10% WST-8
reagent was added to each well, and the cells were incu-
bated for an additional 2 h. The absorbance of the result-
ing formazan was measured at 450 nm, with 625 nm used
as the reference wavelength.

For the Live/Dead assay, cultured cells (4x 10" cells/2
mL/6-well) were treated with 10 pL of a 1:1 acridine
orange/propidium iodide solution (1 mg/mL each) and
incubated at 37 °C for 15 min. Images were immediately
captured using a fluorescence microscope (DMi8 series,
Leica Microsystems, Germany) with Leica Microsystems
Suite X software (Leica Microsystems, Germany) under
appropriate filter channels. The viability of the treated
cells was quantified using Live/Dead fluorescence imag-
ing after 1, 3, and 7 days of culture.

The number of Live/Dead cells was quantified using
Image] software (v1.8, NIH, USA) equipped with the Live
Cell Counter tool.

Cytoskeleton and cell migration study

The arrangement of F-actin and paxillin was investi-
gated through fluorescence imaging to visualize the effect
of the hydrogel scaffold on the cell cytoskeleton. The
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cytoskeletal morphology of HDF and HaCaT cells with
and without ES was evaluated after 7 days of culture. For
this, 2.5 x 10* cells were seeded on PG hydrogel scaffolds
and cultured with respective samples. The cells were then
exposed to 200 mV of ES for 25 min/day for 7 days. After
the desired incubation period, the cells were washed with
PBS, fixed with 3.7% PFA for 15 min, and then permea-
bilized with 0.1% Triton X-100 for 10 min. The permea-
bilized cells were washed twice with PBS and blocked
with 1% BSA. The cells were then incubated with 200 pL
of Alexa Fluor (AF) 555 F-actin probe (ex/em =553/568)
for 1 h to visualize F-actin. After actin staining, the
cells were washed twice with PBS, and the nuclei were
stained by adding 500 uL of DAPI solution for 2 min in
the dark. After staining, the cells were rinsed, mounted
with mounting media, and covered with a glass coverslip.
Fluorescence images were captured using a fluorescence
microscope (DMi8, Leica, Germany) at a magnification
of 20x. The cell fluorescence intensity was measured
using Image] software, and graphs were plotted using
origin software. Corrected total cell fluorescence (CTCF)
was calculated as follows:

CTCF
= Integrated density

( Area of selected cell ) (5)

X Mean fluorescence
of background readings

Because the HDF and HaCaT cells in PG hydrogel scaf-
folds were visually distinguishable under the microscope,
their CTCF values were measured and compared with
those of the control groups.

Cell migration assays were performed to evaluate the
effects of PG hydrogel scaffolds and ES. To accomplish
this, HDF and HaCaT cells were cultured in 6-well plates
for 24 h to allow attachment, and then the cell mono-
layer was scraped using a 200 pL sterile pipette tip. After
washing twice with 1x PBS to remove detached cells, the
culture medium was replenished. ES (200 mV/25 min/
day) was applied daily, and cells were observed under a
microscope at 0, 24, and 48 h. Images of each well were
captured at each time point. The scratch area percent-
age was measured using Image J, and the scratch closure
percentage over 48 h was calculated using the following
equation:

Scratch closure (%)
__ Scratch area at 0 h (%)—Scratch area at 48 h (%) % 100% (6)
- Scratch area at 0 h (%) 0

The degree of wound healing was determined based on
the distance the cells migrated to the scratched area.
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Analysis of reactive oxygen species (ROS)
The intracellular oxidative stress in HDF cells was
evaluated using dichlorodihydrofluorescein diacetate
(DCE-DA) fluorescence staining and 2, 2-diphenyl-2-pic-
rylhydrazyl (DPPH) assay. Cells untreated with H,O,
were used as the negative control, whereas cells exposed
to 200 uM H,O, for 30 min were used as the positive con-
trol. After incubation at 37 °C, the cells were treated with
20 uM DCE-DA for 30 min and rinsed twice with PBS.
Fluorescence intensity (Ex/Em=485/538 nm) was mea-
sured using a fluorescence microscope, and intracellular
ROS levels were quantified using Image] (NIH, USA).
Next, the antioxidant efficiency of the samples was
evaluated by measuring their ability to scavenge the sta-
ble free radical DPPH [31]. Typically, 1.0 mg of the pre-
pared PG hydrogel scaffold was added to 500 pL of 100
1M (100 x 10™° M) DPPH solution in ethanol. The mix-
ture was then incubated in the dark for 30 min. Subse-
quently, the absorbance was measured at 517 nm using
a UV-vis spectrophotometer (Infinite® M Nano 200 Pro;
TECAN, Switzerland). The radical scavenging capacity of
the hydrogel was calculated using a standard equation.
All results were obtained from three independent
experiments and are presented as mean + SD (n=3).

Ap — Ag
Ap

Radical scavenging ef fect (%) = x 100% (7)

where Ay and Ay are the absorbance values of the blank
(DPPH +ethanol) and the samples (DPPH +etha-
nol + sample), respectively.

RNA isolation and real-time PCR (qRT-PCR) analysis

The expression of marker genes in PG hydrogel scaffolds-
treated cells was evaluated using qRT-PCR based on
the presence or absence of ES stimulation. Briefly, cells
(4x10* cells/100 pL medium) were cultured in DMEM
in 6-well plates for 7 days, and the cells were exposed to
ES (200 mV for 25 min/day). RNA was extracted using
TRIzol® reagent following the manufacturer’s instruc-
tions. The purity and concentration of the extracted RNA
were assessed using a spectrophotometer. cDNA was
synthesized, and PCR was performed from 2 pg of RNA
using reverse transcriptase and SYBR Green Master mix.
mRNA expression was quantified using Bio-Rad Real-
Time PCR (CFX96TM Maestro Real-Time System, Bio-
Rad, USA). The reaction conditions included 43 cycles of
denaturation at 95 °C for 15 s and amplification at 60 °C
for 1 min. All experiments were performed in triplicate,
and data were normalized to the housekeeping gene
GAPDH. Relative mRNA expression of HDF and HaCaT
was compared using histograms. Details of the primers
used in this study are listed in Table S2.
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Immunocytochemical staining of marker protein

The expression of marker proteins was assessed by
immunocytochemistry. HDF cells (4x10* cells/100 pL
medium) were cultured in 6-well plates with PG hydro-
gel scaffolds and treated for 7 days. Cell staining was per-
formed after washing with PBS, followed by fixation with
3.7% PFA at room temperature for 15 min. Permeabiliza-
tion was performed by incubating the cells with 0.1% Tri-
ton X-100 at room temperature for 10 min. The cells were
then washed twice with PBS, blocked with 1% BSA, and
incubated with 250 pL of mouse monoclonal antibod-
ies targeting fibronectin. The nuclei were counterstained
with 20 puL of 1 mg/mL DAPI solution for 2 min in the
dark. Following staining, the cells were washed, mounted
with mounting media, and a glass coverslip was placed
on top. Fluorescent images were captured at 20x magnifi-
cation using a fluorescence microscope.

Antibacterial and anti-biofilm efficiency

The antibacterial properties of the PG hydrogel scaf-
folds were evaluated against Escherichia coli (E. coli) and
methicillin-resistant Staphylococcus aureus (MRSA). For
antibacterial tests, fresh bacterial cultures were prepared
by inoculating a single colony from stock cultures into
Nutrient Broth (NB) and incubating overnight at 37 °C
with shaking at 100 rpm. The optical density (ODg,) of
the bacterial cultures was adjusted to 0.09+0.01. Steril-
ized PG hydrogel scaffolds of equal weight were used
for testing, and wells without hydrogel scaffolds served
as controls. The bacterial cultures were incubated under
two conditions: without electrical stimulation (-ES) and
with electrical stimulation (+ ES). Incubation was carried
out for 6 and 12 h. After exposure, bacterial viability was
assessed using colony-forming unit (CFU) analysis. The
cultures were serially diluted up to 10™ in phosphate-
buffered saline (PBS), and 100 pL of each dilution was
plated on NB agar plates. These plates were incubated
at 37 °C for 24 h, and the average CFU per milliliter was
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calculated. Relative bacterial viability was assessed by
comparing the CFU counts of the samples with those of
the control group, in which bacteria were grown without
hydrogel scaffolds or stimulation.

The antibacterial efficiency was calculated using the
following equation.

F
Antibacterial ef ficiency (C U) (%)
plate

_ CFUcontrol - CFUtreatment (8)
B CFUcontrol
x 100%

where CFU .oniro; represents the total CFU in the con-
trol group and CFU reqtment represents the total CFU
in the experimental group.

The anti-biofilm properties of the PG hydrogel scaf-
folds were evaluated independently of their antibacterial
effects to distinguish their efficiency in inhibiting biofilm
formation. For the antibiofilm analysis, the bacterial cul-
ture was diluted to an OD600 of 0.09 +0.01 and inocu-
lated into 6-well plates, then incubated at 37 °C for 48 h
to form biofilms. PG hydrogel scaffold extracts were
added to the culture medium, while a bacterial culture
with pure media was used as the control. The samples
were incubated with the biofilm for 12 h to evaluate their
effect on biofilm formation and inhibition. After incuba-
tion, the supernatant was carefully removed, leaving the
biofilm in the wells. Then, 0.1% crystal violet stain was
added for 20 min, and the stain was removed by washing
with PBS and drying. The retained stain was dissolved
in 95% ethanol, and the absorbance was measured at
490 nm using a UV spectrophotometer (Table 3).

Statistical analysis
Statistical analysis was performed using OriginPro 9.0
software. Statistical significance between the control

Table 3 Comparison of antibacterial efficacy with ES: A review of previous and recent studies

Formulations Stimuli Time Typeof  Advantage Limitations Ref.
bacteria
Mg-Al LDH, PTFE, +8V,3Hz 48h S aureus, The strong antibacterial effect, even at low Relatively lower antibacterial effecton  [96]
Minocycline E. coli voltage, E. coli
100% drug release rate achieved
PPY/Chitosan Film  DC 48h  S.aureus 50x reduction in biofilm bacteria DC + gentamicin, Biofilm reduction, [97]
@ Gentamicin (200 pA) Bacterial autolysis, Increased sensitivity
CNT, Polyvinylidene DC(<3V) 21h P Biofilm dissolution, recovery of membrane Effective only within the limited treat- [98]
fluoride aeruginosa permeability ment time, reliant on H,0, electro-
chemical generation
PEDQT, Zn 0.75V 30 E. coli, High antibacterial efficacy, strong biofilm Dependent on battery configuration [99]
min  S.aureus  disruption, enhances chronic wound healing  and current
PG hydrogel scaf- DC (200 25 E. coli, High antibacterial efficacy, enhanced cell Requires optimization for clinical appli-  This
fold (GCP hydrogel ~ mV/mm,  min  MRSA proliferation and migration, Strong biofilm cation; Potential long-term effects of ES  study
@ PCP/CUR electro- 25 Hz) disruption; Accelerates chronic wound

spun fiber) healing
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and treatment groups was determined using one-way
ANOVA. All the data are presented as mean+SDs.
Differences were considered significant at * p<0.05,
**p<0.01, and ***p <0.001.

Results and discussion

Synthesis and morphological characterization of PG
hydrogel scaffolds

Electrospinning of PCP/CUR electrospun fibers and 3D
printing of GCP hydrogel

A blend solution was prepared by dissolving 12% poly(e-
caprolactone) (PCL, w/v) and 6% poly(lactic acid) (PLA,
w/v) in a mixture of dichloromOOQethane (DCM) and
dimethylformamide (DMF) in a 7:3 (v/v) ratio. Addi-
tionally, 1% and 3% CUR were incorporated into this
mixture. The PCP/CUR electrospun fiber layer was then
prepared through electrospinning. The resulting elec-
trospun fibers were designated as PC, PCP, PCP/CUR-1,
and PCP/CUR-3 based on their composition. Figure 2(a)
represents the SEM images of electrospun fibers. The
outer layer of the PCP/CUR electrospun fiber membrane,
depending on CUR content, shows a tightly connected
mesh structure with a uniform bead-free morphology
across all samples. Pure PCL electrospun fibers displayed
a smooth structure with an average diameter of 33.66 +
2 um, while the addition of PLA reduced the diameter to
13.57 £ 0.1 um (Figure S2(a)). Additionally, as the CUR
concentration increased, the average diameter of PCL/
PLA electrospun fibers decreased, indicating that CUR
content influences electrospun fiber diameter. According
to previous studies, the addition of polar CUR increases
the conductivity of the electrospinning solution, enhanc-
ing the electrical drawing effect and thus facilitating fiber
miniaturization [32, 33]. Consequently, electrospun fibers
containing 1 and 3 wt% CUR exhibited average diameters
of 11.24 + 2 pm and 5.30 + 0.2 pum, respectively.

Next, GCP hydrogel ink was prepared by thoroughly
mixing and homogenizing a Gelatin/CMCS solution with
PEDOT: PSS. To achieve high conductivity and excel-
lent processability simultaneously in conductive polymer
hydrogels, the hydrogel must be designed with a conduc-
tive network and tunable rheological properties [34, 35].
For this purpose, PEDOT: PSS was selected as the con-
ductive network, and Gelatin/CMCS was chosen as the
mechanical matrix to enhance the rheological properties
suitable for 3D printing. The ink was prepared with five
different molar concentrations of PEDOT: PSS, desig-
nated GCP,, GCP,,5, GCP,, 5, GCP1, and GCP,, respec-
tively. As the PEDOT: PSS concentration increased,
the hydrogel exhibited a deep blue color, indicating
that PEDOT: PSS was uniformly distributed within the
hydrogel. In contrast, the hydrogel without PEDOT: PSS
appeared almost transparent (Figure S2(b)).
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The viscosity of the ink increased with higher PEDOT:
PSS concentrations, significantly affecting 3D print-
ing performance. At PEDOT: PSS concentrations below
0.5%, the ink exhibited severe lateral spreading on the
substrate, while concentrations exceeding 2% led to
extrusion discontinuity and nozzle clogging. However,
PEDOT: PSS concentrations between 0.5% and 2% dem-
onstrated rheological properties suitable for 3D print-
ing. The fabricated GCP hydrogel ink exhibited excellent
printability, enabling the precise printing of complex
hydrogel scaffold structures measuring 20 mm x 20 mm
x 3 mm. The CAD model of the fabricated hydrogel is
illustrated in Fig. 2(b). The hydrogel scaffold model was
designed in SolidWorks (Dassault Systems, USA) and
exported as an STL file for compatibility with the CEL-
LINK BIO-X printer (Cellink Corporation, Sweden). The
printed structures maintained high shape fidelity and
stability without lateral spreading or collapse. Figure 2(c)
shows SEM images of 3D printed GCP hydrogels, display-
ing a three-dimensional porous network structure with
evenly distributed PEDOT: PSS. As the concentration
of PEDOT: PSS increases, the pore diameter of the GCP
hydrogel decreases from 201.94 pum to 64.94 pm (Figure
S2(c)). The incorporation of PEDOT: PSS reduces pore
size and promotes a uniform pore distribution, thereby
improving mechanical properties. This is due to the vis-
cosity of the PEDOT: PSS dispersion, which reduces pore
size. PEDOT: PSS may act as a physical crosslinking point
within the GCP hydrogel. This three-dimensional porous
structure provides an ideal environment that promotes
cell adhesion, migration, and proliferation, resembling
the natural ECM [36]. In addition, the 0°/90° cross-hatch
pattern used during 3D printing exhibits structural char-
acteristics that can mimic the anisotropy of the ECM,
providing a physical foundation favorable for directional
cell proliferation and tissue organization [37].

Structure of the PG hydrogel scaffolds mimicking the native
skin model

The PG hydrogel scaffolds are designed as a double-layer
asymmetric structure for skin wound healing (Fig. 2(d)),
consisting of a hydrogel layer that promotes healing and
an electrospun fiber layer containing CUR that prevents
bacterial invasion. For this, the electrospun PCP/CUR
layer was placed on a Petri plate, and a GCP hydrogel was
printed on it using an extrusion printer. These compo-
nents work together to enhance the wound healing pro-
cess and provide a protective barrier against pathogens,
mimicking the natural skin function [38].

The biologically active GCP hydrogel was printed
onto the electrospun PCP/CUR layer, followed by cross-
linking with 0.25% glutaraldehyde. The PCP/CUR elec-
trospun fibers exhibit a yellow color indicative of the
presence of CUR, while the 3D-printed GCP forms a fine,
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(b)

(c) Increasing PEDOT:PSS content

(d) @ GCP hydrogelink
Porous structure

@ PCP/CUR nanofiber -

ECM-mimicking structure

GCP Hydrogel]

@ Fabrication of GCP

10 pm 10 um

Fig. 2 (a) SEM image showing the detailed structure of PCP/CUR electrospun fibers. Scale bar: 10 um. (b) 3D model design and photograph of the 3D-
printed GCP hydrogel scaffold. (c) The SEM image shows the detailed structure of the printed GCP hydrogel, highlighting its porous network. Scale bar:
500 um. (d) Schematic and SEM images of the PG hydrogel scaffold showing its double-layer structure and strong interlayer bonding. Scale bar: 500 pm.
(e) SEM images of composite hydrogel scaffold cross-sections after incubation in NaCl saline (pH=7) for 1, 3,and 5 days. Scale bar: 10 um

uniform three-dimensional multilayer structure with
a blue hue due to the presence of PEDOT: PSS. There
was no change when the hydrogel was printed onto the
electrospun fibers, and the SEM images reveal the deli-
cate structure of the electrospun fibers and the uniform

distribution of the hydrogel, confirming a strong bond
between the two layers.

The PG hydrogel scaffolds were incubated in NaCl
solution, mimicking physiological ionic conditions, for
1, 3, and 5 days to evaluate the adhesion and structural
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Fig. 3 Characterization of PG hydrogel scaffolds (a) FTIR spectra showing the functional groups of PCL, PLA, and PCP/CUR electrospun fibers. (b) FTIR
spectra of the GCP conductive hydrogels. (c) XRD patterns of PCP/CUR electrospun fibers, showing the crystallinity of PCL, PLA, and CUR. (d) XRD pat-
terns of the GCP hydrogels. (e) WCA of PCL, PCP, and PCP/CUR electrospun fibers with varying CUR content. (f) Tensile strength and (g) toughness at the
break for PC, PCP, PCP/CUR-1, and PCP/CUR-3 electrospun fibers. (h) Compressive stress and strain of GCP hydrogels. Strain-dependent GCP Hydrogel: (i)
Change in storage modulus (G) and loss modulus (G”). (j) Change in complex viscosity (n*) and shear stress (1). (k) Change in shear stress (1). Frequency-
dependent GCP Hydrogel: (I) Change in storage modulus (G’) and loss modulus (G”). (m) Change in complex viscosity (n*). (n) Change in shear stress (1).

(o) Cumulative release profile of PCP/CUR nanofibers in PBS (pH 7.4) over 48 h

stability between the hydrogel and electrospun fiber lay-
ers. SEM images demonstrated that the cross-sectional
structure of the scaffolds remained well-defined through-
out the incubation period (Fig. 2(e)), indicating that
the strong bonding between the two layers effectively
maintains structural integrity. For this experiment, the
PG hydrogel scaffold, combining the conductive hydro-
gel and electrospun fiber layer, was used, confirming its
structural stability and suitability for application at the
wound site.

Energy-dispersive spectroscopy (EDS) mapping images
of freeze-dried GCP hydrogels confirm that the C, N, and
O elements are uniformly distributed (Figure S2(d)). The
C and O elements originate from gelatin [39], the C, N,
and O elements from CMCS [40], and the S element from
PEDOT: PSS [41], indicating that PEDOT: PSS is evenly
distributed within the GCP hydrogel [42].

Interaction and crystallinity of PG hydrogel scaffold

FTIR spectrum analysis revealed the key functional
groups of electrospun fibers (Fig. 3(a)). PCL showed
characteristic peaks for ester group C = O absorption at
1721 cm™ and C-O-C asymmetric stretching at 1239
cm™ [43], while PLA exhibited a C = O stretching peak
at 1750 cm™ [44]. These peaks were also observed in the
electrospun fibers of PCL and PLA blend (PCP), indicat-
ing that the chemical structure of both components is
preserved and they are physically combined. Addition-
ally, the electrospun fibers of PCP showed characteristic
peaks for C—H stretching at 2943 cm™ and 2865 cm™, as
well as C = O carbonyl stretching at 1721 cm™. This con-
firms that the inherent properties of PCL, such as hydro-
phobicity, and PLA, such as mechanical strength, are
maintained after electrospinning. CUR exhibited charac-
teristic peaks at 3505 cm™ for O—H stretching, 1626 cm™
for C = C, 1601 cm™ for C = O, 1427 cm™ for aromatic C
= C stretching, and 1505 cm™ for mixed C = O stretching
and in-plane bending vibrations, reflecting the intrinsic
chemical properties of CUR [45]. In the FTIR spectrum
of CUR-loaded PCL/PLA blended electrospun fibers
(PCP/CUR-1,3), these characteristic peaks of CUR were
observed at 1505 cm™ and 1427 cm™, and a sharp peak
was detected at 1726 cm™, suggesting interactions with
PLA and PCL chains. Furthermore, a change in the shape
and increased intensity of the —OH peak in the electros-
pun matrix containing CUR indicated a weak hydrogen
bonding interaction between CUR and PCP.

According to previous studies, the hydrophobic prop-
erties of PCP/CUR containing CUR contribute to the
structural stability of electrospun fibers, potentially
promoting sustained release of CUR over an extended
period [46].

The FTIR spectra for CS and CMCS are shown in Fig-
ure S3(a). For CS, the broad absorption peak at 3288
cm™ corresponds to overlapping N-H and O-H stretch-
ing vibrations. In comparison, peaks at 1650 cm™, 1613
cm™, and 1059 cm™ are attributed to the amide I band,
the N-H bending vibration, and the C6-OH, respectively
[47]. In the FTIR spectrum of CMCS, the disappearance
of the 1650 cm™ peak indicates the breakdown of the
amide bond. Instead, two prominent peaks at 1590 cm™
and 1423 cm™ emerge, representing the asymmetric and
symmetric stretching vibrations of COO". These findings
confirm the successful introduction of COO~ groups into
the chitosan chain [48]. Additionally, the reduction or
absence of the 1059 cm™ peak suggests that the substitu-
tion reaction occurred primarily at the C,-OH site. This
confirms the successful carboxymethylation of chitosan
to form CMCS.

Furthermore, the FTIR spectra of the GCP conduc-
tive hydrogel are presented in Figure S3(b). In the FTIR
spectrum of gelatin, a peak at approximately 1640 cm™,
corresponding to the C = O stretching vibration (amide
I band), was observed [49]. This indicates that the amide
bonds in Gelatin are preserved within the hydrogel. For
CMCS, a broad peak in the range of 3200-3500 cm™ was
observed, corresponding to the -OH group [50]. In the
case of PEDOT: PSS, a peak at 1237 cm™ corresponding
to the S = O stretching vibration was observed, indicating
the characteristics of PSS in PEDOT [51].

Additionally, peaks at 2189 cm™ and 1630 cm™, asso-
ciated with C = C bond stretching and C = C bond
deformation vibrations, respectively, support the conduc-
tive properties of PEDOT: PSS. Furthermore, as doped
PEDOT: PSS was mixed into the hydrogel solution, the
peak intensity in the FTIR spectrum became more flat-
tened (Fig. 3(b)) [52]. This is interpreted as the break-
ing of thiophene ring bonds in PEDOT: PSS, which then
formed bonds with the amide groups in chitosan and
gelatin [53]. In the hydrogel containing glutaraldehyde,
the peaks were enhanced compared to those in other
samples, indicating that glutaraldehyde reacted with the
amide groups of chitosan and gelatin, forming new con-
jugated structures via the Schiff base reaction.
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These results demonstrate that the GCP conductive
hydrogel retains the chemical characteristics of each
component, with the biocompatibility of Gelatin, the
moisture retention ability of CMCS, and the conductivity
of PEDOT: PSS, showing the potential of this hydrogel as
a multifunctional conductive material.

Conformational alterations in the hydrogel scaffold
were analyzed using XRD investigation. The XRD of
PCP/CUR electrospun fibers is shown in Fig. 3(c). In
CUR-loaded PCP/CUR electrospun fibers, two charac-
teristic diffraction peaks corresponding to the PLA phase
(26 ~ 17.1° and ~ 19.2°) [54, 55] and two characteristic
diffraction peaks corresponding to the PCL phase (26 ~
21.5° and ~ 23.8°) were observed. The lower intensity of
the diffraction peaks for the PLA phase is attributed to
its lower crystallinity compared to the PCL phase. Addi-
tionally, as the CUR content increased from 1% to 3%,
the diffraction peaks for PCP/CUR-1 and PCP/CUR-3
decreased. Previous studies have indicated that the crys-
talline regions of the PLA and PCL phases tend to encap-
sulate CUR, thereby reducing its crystallinity [56].

Additionally, the XRD analysis of the GCP conductive
hydrogel was compared with the GCP,, (control) sample,
as shown in Fig. 3(d). According to Kim et al. (2014)., the
XRD pattern shows characteristic peaks at 20 = 3.8°, 6.6°,
17.7°, and 25.6° [57], which represent the amorphous halo
diffraction of PSS and the interchain packing of PEDOT:
PSS [58]. In this study, the presence of PEDOT: PSS in
the GCP hydrogel was identified at 27.3° in GCP, and
27.1° in GCP,. As the concentration of PEDOT: PSS
increased, the peak intensity showed a decreasing trend,
suggesting that the integration and interaction between
gelatin, chitosan, and PEDOT: PSS led to a reduction in
the crystallinity of the composite hydrogel scaffold. These
results indicate that the GCP conductive hydrogel pos-
sesses an amorphous structure and that PEDOT: PSS is
effectively dispersed within the hydrogel.

The incorporation of CUR increases the hydrophobicity of the
electrospun fibers

The wettability of electrospun fibers plays a crucial role
in drug release from the matrix into an aqueous envi-
ronment [59, 60]. In addition to the polymer’s charac-
teristics, the surface roughness of electrospun fibers
significantly impacts wettability [61]. Analysis of hydro-
phobic changes in electrospun fibers with varying
CUR content, measured by contact angle, revealed that
all fibers showed hydrophobicity with contact angles
exceeding 100° (Fig. 3(e)). PCL alone recorded a con-
tact angle of 111.4°, while electrospun fibers of blended
PCL and PLA (PCP) showed a slight increase to 112.5°.
With increased CUR content, PCP/CUR-1 had a contact
angle of 120.9°, and PCP/CUR-3 showed the highest con-
tact angle of 121.3°. These findings indicate that as CUR
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content increases, the hydrophobicity of electrospun
fibers gradually rises, suggesting that CUR-infused elec-
trospun fibers tend to reduce interaction with water and
enhance hydrophobicity.

Mechanical properties of PG hydrogel scaffolds

Electrospun fibers must possess sufficient mechanical
strength to be used as wound dressings [62]. In this study,
tensile tests were conducted to compare the mechani-
cal properties of PC, PCP, PCP/CUR-1, and PCP/CUR-3
electrospun fibers (Fig. 3(f, g). PC electrospun fibers
exhibited a tensile strength of 1.9 kPa, a toughness of 1.15
kJ/m®, and an elongation at break of 66%. In contrast,
PCP electrospun fibers showed a tensile strength of 3.4
kPa, a toughness of 5.24 k]/m®, and an elongation at break
of 193.7%, indicating that adjusting the ratio of PCL and
PLA in the PCP composite improved the mechanical
properties compared to using PCL alone [63]. Further-
more, PCP/CUR-3 electrospun fibers with CUR loading
exhibited a tensile strength of 8 kPa, a toughness of 22.35
kJ/m? and an elongation at break of 433.54%, showing a
significant increase in both tensile strength and elonga-
tion due to the inclusion of CUR. This demonstrates the
excellent compatibility between CUR and PCP. There-
fore, in this study, PCP/CUR electrospun fibers with an
optimal fiber diameter and superior mechanical strength
were selected as the outer layer of the PG hydrogel
scaffolds.

Mechanical properties are critical indicators for flex-
ible deformation sensors [64, 65]. To investigate the
mechanical properties of GCP hydrogels and analyze the
effect of PEDOT: PSS content on the hydrogel structure,
compressive stress tests were performed. The results
revealed contrasting effects of PEDOT: PSS concentra-
tion on compressive stress and strain (Fig. 3(h)). Under
compressive stress, the GCP hydrogel without PEDOT:
PSS exhibited a maximum compressive stress of 94.4 kPa.
With an increase in PEDOT: PSS concentration to 0.5
wt%, the GCP 5 hydrogel showed an enhanced compres-
sive stress of- 120 kPa. However, further increasing the
PEDOT: PSS concentration to 2 wt% (GCP,) resulted in
a reduced compressive stress of 89 kPa. This reduction is
attributed to the formation of a porous structure within
the hydrogel due to PEDOT: PSS, which lowers the net-
work density and weakens the compressive strength.

In contrast, the strain showed a significant increase
with higher PEDOT: PSS concentrations. The GCP
hydrogel without PEDOT: PSS demonstrated a maximum
strain of 28.1%, while the GCP,; and GCP, hydrogels
exhibited 43.2% and 67.2% maximum strain, respectively.
This increase is likely due to the enhanced porosity intro-
duced by PEDOT: PSS, which makes the network more
flexible and allows greater deformation under external
loads.
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The observed decrease in compressive stress and
increase in strain with higher PEDOT: PSS concentra-
tions suggest that these hydrogels are particularly suitable
for applications requiring both flexibility and electrical
conductivity, such as bioelectronic devices [66].

To further evaluate the mechanical properties of
the GCP hydrogels, we analyzed the storage modu-
lus (G’), loss modulus (G”), complex viscosity (n*), and
shear stress (1) as functions of strain and angular fre-
quency (Fig. 3(i)). For the GCP,, the storage modulus
(G’) measured approximately 3.5x 10° Pa at a low strain
of 0.1%, and it gradually decreased to about 0.2x 10° Pa
at a 10% strain, indicating a weakening of the network
with increasing strain. The loss modulus (G”) was mea-
sured to be approximately 0.6 x10° Pa. In contrast, the
PEDOT: PSS incorporated hydrogel, GCP,, started with
a G’ of approximately 0.76 x 10° Pa at 0.1% strain, which
decreased more rapidly to around 0.18x10° Pa with
increasing strain, while the G” remained near 0.21 x 10°
Pa. This suggests an increased contribution of viscous
(loss) properties upon the incorporation of PEDOT: PSS.
In both samples, the complex viscosity (n*) decreased
with increasing strain, indicative of shear-thinning
behavior (Fig. 3(j)). Specifically, GCP, decreased from
about 3.4x10* Pas at 0.1% strain to roughly 1.3x 10
Pa-s at 100% strain, whereas GCP, decreased from about
7.6x10% Pa:s to approximately 0.8x 10> Pa-s under the
same conditions. The shear stress (1) at 100% strain was
approximately 12.896x 10> Pa for GCP,, while it was
about 8.071x10% Pa for GCP,, further confirming that
an increase in PEDOT: PSS content reduces the over-
all network strength and shear stress (Fig. 3(k)). When
examining the frequency dependence (Fig. 3(1)), for
GCP,, the storage modulus (G’) was about 8.9 x 10* Pa at
0.1 rad/s and slightly increased to approximately 3.1 x 10°
Pa at 100 rad/s, with the loss modulus (G”) maintain-
ing a level around 1.4x10° Pa. In the case of GCP,, G’
increased from about 6.9 x 10* Pa at 0.1 rad/s to roughly
7.0x10* Pa at 100 rad/s, consistently remaining lower
than that of GCP,, which indicates an overall reduced
network strength. Similarly, the complex viscosity (n*) for
GCP, decreased from about 1.5 x 10° Pa-s at 0.1 rad/s to
approximately 3.1x 10 Pa-s at 100 rad/s, and for GCP,,
it dropped from around 6.9 x 10° Pa-s to about 0.7 x 10°
Pa-s, further demonstrating the pronounced shear thin-
ning behavior with increasing frequency (Fig. 3(m)). The
shear stress at 100 rad/s was found to be about 3.146 x 10
Pa for GCP,, and around 0.7 x 10* Pa for GCP,, confirm-
ing that higher PEDOT: PSS content leads to lower stress
levels (Fig. 3(n)).

In summary, increasing the PEDOT: PSS content
results in a significant decrease in the storage modulus
(G’) and shear stress (1), indicating a weakened hydro-
gel network. At the same time, the loss modulus (G”)
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becomes relatively more prominent, suggesting a shift
toward more viscous behavior. Moreover, the marked
decrease in complex viscosity with increasing strain
and frequency, indicative of shear-thinning behavior,
indicates that the PEDOT: PSS-incorporated hydro-
gel is more flexible and flowable, yet it possesses lower
mechanical strength and network rigidity than the GCP,,
From these results, we can conclude that the inclusion of
PEDOT: PSS led to a more flexible and adaptive hydrogel
network, as evidenced by the decrease in storage modu-
lus (G’) and shear stress (t). The transition to enhanced
viscous behavior, indicated by the elevated loss modulus
(G"), implies greater compliance, rendering the hydrogel
more adaptable to dynamic wound conditions. The sig-
nificant shear-thinning effect enhances injectability and
application convenience, enabling improved conformity
to uneven wound surfaces while preserving conductivity
for superior wound healing.

Swelling ratio & degradation of PCP/CUR

The healing process is closely related to wound exudate
formation, and excessive exudate can hinder cell migra-
tion to the wound surface, potentially extending the
wound healing period [67]. The swelling behavior of
CUR-loaded PCP/CUR electrospun fibers was recorded
over 48 h, and the results are shown in Figure S3(c). A
significant increase in swelling was observed during the
first 10 h for the PCP/CUR electrospun fibers. Addition-
ally, the swelling increased with increasing CUR content,
with the maximum value observed in PCP/CUR-3. This
suggests that the diffusion of the CUR release into the
inner layers of the mixed PCP/CUR electrospun fibers
was greater, which may have a positive impact on drug
release [68, 69].

The water-absorption capacity of hydrogels affects vari-
ous properties, such as pore size, mechanical characteris-
tics, and the electrical properties of conductive hydrogels,
which ultimately influence cellular behavior [70, 71]. The
swelling ratio of GCP hydrogels was monitored over time
by incubating previously freeze-dried samples in PBS
(pH 7.4, 37 °C). The pure Gelatin/CMCS hydrogel exhib-
ited rapid swelling, reaching a maximum swelling ratio
of approximately 1500%. In contrast, the composite gels
containing PEDOT: PSS showed a significantly reduced
swelling ratio of around 500-800% (Figure S3(d)), with
the water absorption capacity decreasing as the concen-
tration of PEDOT: PSS increased. All hydrogels reached
their maximum swelling ratio after being incubated in
PBS at 37 °C for 24 h. These findings support previous
studies indicating that PEDOT: PSS content affects the
water-absorption capacity of hydrogels.

During the wound healing process, the pH of the body
continuously changes, and enzymes are released to aid
healing [72]. To assess the biodegradability of electrospun
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fibers in a similar environment, experiments were con-
ducted at pH 4, 7.4, and 10, with and without enzymes.
SEM images confirmed that the presence of CUR delayed
the degradation of the electrospun fibers [73, 74] (Figure
S4(a, f)). Similarly, additional results demonstrate that
fiber degradation proceeded more rapidly in the presence
of enzymes (Figure S4 (b-e, g-j)). The lowest degree of
electrospun fiber biodegradation was observed at pH 4.
Given PCL’s slow degradation rate, it is advantageous for
long-term wound healing scenarios, such as in diabetic
wounds. As the CUR concentration in the PCL/PLA
solution increased from 1% to 3%, the biodegradability of
the resulting electrospun fibers decreased.

The incorporation of PEDOT: PSS imparts conductivity to
the hydrogel

As described in Sect. 2.3.1, CMCS was synthesized from
chitosan (Figure S5(a)). The addition of PEDOT: PSS to
the conductive hydrogel increased its electrical conduc-
tivity compared with the pure Gelatin/CMCS hydrogel.
With the increase in PEDOT: PSS content from 0 to 2
wt%, the electrical conductivity of the hydrogel gradu-
ally increased from GCP, (= 0.06 + 0.03 S m™') to GCP,
(= 0.16 £ 0.14 S m™ 1), as shown in Figure S5(b). Notably,
native skin exhibits electrical conductivity in the range of
approximately 1 x 107 °~0.26 S m™, and materials within
this range are known to facilitate intercellular signal-
ing, thereby promoting wound healing. The conductiv-
ity of the GCP hydrogel falls within this physiologically
relevant range, suggesting its potential to enhance cel-
lular communication and tissue regeneration at wound
sites. This enhancement in electrical conductivity can
be attributed to the formation of a conductive PEDOT:
PSS network and to changes in the porous structure of
the hydrogel [75]. With higher concentrations of PEDOT:
PSS, more pores were formed within the hydrogel, which
was confirmed to be due to the porous structure created
by the interaction between the Gelatin/CMCS network
and PEDOT: PSS. The formation of these pores allowed
PEDOT: PSS to distribute more effectively, reinforc-
ing electron-transport pathways and thereby enhancing
electrical conductivity [42]. The porous structure also
facilitated the absorption of electrolytes and promoted
ion mobility [76], thereby increasing ionic conductivity.
However, the continuity of the PEDOT: PSS network is
critical to electrical conductivity. Therefore, the study
demonstrated that the electrical conductivity of the GCP
hydrogel can be effectively enhanced by adjusting the
PEDOT: PSS concentration.

The electrochemical performance of GCP hydrogels
with varying PEDOT: PSS content was evaluated by cyclic
voltammetry (CV) in a three-electrode system. Conduc-
tive materials like PEDOT: PSS significantly influence cell
adhesion and proliferation [77, 78]. As shown in Figure
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S5(c), the CV of GCP without PEDOT: PSS exhibited a
relatively low redox peak current of 0.1 pA. In contrast,
the GCP with PEDOT: PSS demonstrated a higher redox
peak current of 0.29 pA, confirming the electrochemical
activity of PEDOT: PSS within the hydrogel.

Figure S5(d) presents the CV curves of various GCP
electrodes at a scan rate of 25 mV/s, showing improved
charge storage performance with the addition of PEDOT:
PSS compared to pure GCP,, which displayed only 0.001
HA at the same scan rate. Additionally, Figure S5(e) shows
the CV curves of GCP2 at scan rates ranging from 25 to
150 mV/s. The GCP, electrode maintained a wide poten-
tial window of -0.5 to 1.5 V, with all curves displaying
symmetric shapes at increasing scan rates. This indicates
excellent capacitive properties and stability.

Test results for mechanical and electrical proper-
ties indicate that PEDOT: PSS concentration affects the
electrical characteristics of the GCP hydrogel. As the
PEDOT: PSS concentration increased, its ionic conduc-
tivity gradually improved. Additionally, water content
decreased with increasing PEDOT: PSS concentration.

Thermal stability analysis

The thermal stability of PCP/CUR electrospun fibers was
analyzed to evaluate their processability and practical
applicability. In particular, the decomposition behavior
at high temperatures was examined to verify the mate-
rial’s stability and heat resistance [79]. Thermogravimet-
ric analysis (TGA) results showed that PC electrospun
fibers exhibited greater weight loss compared to PCP
electrospun fibers containing PLA (Figure S3(e)). The
decomposition temperatures of PC electrospun fibers
were observed at 340 °C and 420 °C. In contrast, the
decomposition temperature of PCP electrospun fibers
was observed at 420 °C. The addition of PLA enhanced
the thermal stability of the PCP/CUR electrospun fibers,
as indicated by the TGA results.

In vitro CUR release study

The cumulative CUR release profile of PCP/CUR elec-
trospun fibers in PBS (pH 7.4) is shown in Fig. 3(o).
The highest CUR release was observed from the PCP/
CUR-3 sample, with an initial rapid release followed
by a sustained release over 48 h. The cumulative CUR
release tended to increase with increasing CUR content
in the PCP/CUR-1 and PCP/CUR-3 samples, which can
be attributed to their higher CUR loading and relatively
porous network structures. The release rate later became
more controlled and sustained. The slow and steady CUR
release from PCP/CUR suggests the occurrence of cova-
lent interactions between CUR and the PCP surface. This
sustained-release profile provides continuous therapeu-
tic effects during the wound healing process by ensuring
steady drug release over an extended period [80].
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The ES promotes biocompatibility

Biocompatibility is a critical characteristic for applica-
tions in tissue engineering [81]. In this study, the bio-
compatibility and cell proliferation of HDF and HaCaT
cells with PCP/CUR electrospun fiber and GCP hydrogel
were evaluated using the WST-8 assay. As shown in Figs.
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4(a, b), PCP/CUR electrospun fibers exhibited excellent
cell viability compared to the untreated control group
when cultured with HDF and HaCaT cells for 1, 3, and 7
days. Notably, on day 7, the PCP/CUR-1 and PCP/CUR-3
samples containing CUR showed the highest cell viability.
The cell viability data were further confirmed with live/

(a) (b) (c)
» Control PCPICUR-1 e
1.44 Ccontrol  PCP/CUR-1 HDF ontrol - HaCaT NO ES HDF
£ PC PCP/CUR-3 —25] FPC PCPICUR-3 — 100 mvV
£ 124 pcp E™ PCP E I 200 mV = m
S - o=
2 1.0- B 2 2.0- ) 2 1.0 4
[a] B - —=— | a a
0 081 * —— | 215 (<)
2 0.6, 2 2 . =
= = 1.04 x 8054+ =
£ 0.4] s . 2
5 > s 2
% O.Z-T H ﬂ % - HH 8 J
(8]
O 0.0 0.0 [—L“—IHD 0.0 4
Day 1 Day 3 Day7 Day 1 Day 3 Day 7 W op® o6 o Wp® o0t o
DAY 1 DAY 7
(d) Cont ___PC____ PCP__ PCPICUR1 PCPICUR3 (€) Cont PC PCP  PCP/CUR-1 PCP/CUR-3
=
©
o
100pm 100um

Day 3

100})?’“

100pm 100pm 100pm
~
>
©
[=]
100pm 100pm 100pm 100pm
30 5

1.4  Control — GCP,, Control — GCP,, HaCaT NO ES HaCaT
s GCP, — GCP, E 25 4 GCP, — GCP, E 100 mV
E 12{— ccp,,, —acp, E GCP,,, — GCP E 41 EE200mv =,
S e a = =
2 1.04 2 20 g = =
(=} [a] Q ) .
O 081 Q 151 1 o - s
- 2 > . 2= -
2 0.6 2 [ I E24. = I
= = 1.0 a i

L ey

}-3 0.4-I [ ® - L 'g
> > - P = 1 ¢ - :
= o2 = 054 N 2
= 0.2 [} - B
; T °

0.0 0.0 0

Day 3 Day 7 Wop® o0 o Wo® o6t o
DAY 1 DAY7

GCP, GCPy s GCPys GCP;4

GCP,

100pm

Fig. 4 Proliferation and viability of HDF and HaCaT cells with GCP hydrogels, PCP/CUR electrospun fibers, and ES treatment. (a) Cell viability of HDF cells
cultured with PCP/CUR electrospun fibers over 1, 3, and 7 days. (b) Cell viability of HaCaT cells cultured with PCP/CUR electrospun fibers over 1, 3,and 7
days. (c) Cell viability assessment of HDF under various ES. (d) Proliferation of HDF cells cultured with PCP/CUR electrospun fibers for 1, 3, and 7 days. (e)
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dead assessment, and no dead cells were observed follow-
ing treatment for 7 days with respective samples (Fig. 4(d,
e), Figure S7(a, b)). Next, the cell compatibility of HDF
and HaCaT cells with GCP hydrogel was investigated;
the results revealed an enhanced cell viability trend as
PEDOT: PSS concentration increased in the GCP hydro-
gel compared to the control group (Fig. 4(f, g), Figure
S7(c, d)). These results collectively demonstrate that none
of the prepared samples exhibited cytotoxicity and that
they possess excellent in vitro biocompatibility. Figure
4(i, j) shows the cell viability of HDF and HaCaT cells cul-
tured with GCP hydrogels. The fluorescent microscopy
analysis confirmed that, as incubation time increased,
both cell types proliferated, and the density of viable cells
increased. Notably, the highest cell density was observed
in GCP, and GCP,, which contained higher PEDOT: PSS
concentrations.

Additionally, compared to GCP,, the release of PEDOT:
PSS from the hydrogel did not hinder the growth of
HDF and HaCaT cells. Therefore, the GCP hydrogels
developed in this study exhibited no cytotoxicity and
demonstrated excellent biocompatibility with HDF and
HaCaT cells [11]. Following the biocompatibility evalu-
ation of electrospun fibers and hydrogel individually, we
next evaluated the effect of a combined hydrogel scaf-
fold under various ES; the group without ES was consid-
ered the control, and 100 mV and 200 mV were applied
to cells. The results suggested that HDF and HaCaT cells
cultured at 200 mV exhibit higher cell viability than the
control group (Fig. 4(c, h)). In the co-culture experiment
of HDF and HaCaT cells, no cell death was observed, and
cells exposed to 200 mV electrical stimulation showed
higher viability compared to the control group(Figure
S6(a)). These results indicate that the higher cell viability
may result from the combined effect of PG hydrogel scaf-
folds and ES, allowing the cells to proliferate rapidly.

Effects of PG hydrogel scaffolds and ES on cell cytoskeleton
arrangement and migration

To analyze the effects of PG hydrogel scaffolds and ES,
cells’ actin (F-actin), paxillin, and nuclei were visualized
by immunostaining. The results showed that cells cul-
tured under ES exhibit an aligned actin fiber arrange-
ment. Moreover, the cells treated with the PG hydrogel
scaffold, with and without ES, show higher fluorescence
intensity of actin fibers (Fig. 5(a)). The cells also exhib-
ited a significantly higher nuclear aspect ratio and a
greater number of focal adhesion points than the non-ES
groups. ES provides a signal that guides cell migration,
known as electrotaxis. During this process, various cell
types exhibit membrane protrusions and redistribution
of active membrane receptor proteins, which have been
reported to promote tissue regeneration [82, 83]. To fur-
ther investigate the role of ES in cytoskeletal dynamics,
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the expression of actin (F-actin) was quantitatively ana-
lyzed using Corrected Total Cell Fluorescence (CTCE).
In HDF cells, the actin expression in the ES-treated
groups (PG1 + ES, PG2 + ES) was 2.04 x 10° + 0.01 x 105,
1.57 x 10° + 0.01 x 10° which was higher compared to
the non-ES groups (PG1-ES, PG2-ES) with 1.76 x 10° +
0.14 x 10% 1.39 x 10° + 0.14 x 10° (Fig. 5(b)). Similarly, in
HaCaT cells, the actin expression in the PG2 + ES group
was 5.57 x 10° + 0.15 x 10%, while the PG2-ES group had
4.56 x 10° + 0.14 x 10°% showing a significant increase in
the ES-treated group (Fig. 5(c)). This suggests that the
combination of ES and PG2 scaffold structure provides
optimal conditions for cytoskeletal organization and cel-
lular activity, further supporting the idea that ES plays
a crucial role in promoting cell polarity and structural
integrity.

We further investigated the mechanism of wound heal-
ing induced by PG hydrogel scaffolds combined with ES
through in vitro experiments, focusing on cell adhesion
and migration. To simulate wound closure, we employed
an in vitro scratch assay to study the effects of ES on
cell adhesion and migration. After 48 h of culture and
ES, wound closure was significantly accelerated in the
ES-treated groups (Fig. 5(d)). Compared to the non-ES
groups, the wound closure rate in HDF cells was approxi-
mately 1.5 to 1.8 times higher, and in HaCaT cells, it was
1.1 to 1.3 times higher (Fig. 5(e, f). Significant differ-
ences were observed between the NT + ES, PG1 +ES, and
PG2+ES groups. The faster wound closure observed in
the PG1+ES and PG2 +ES groups could be attributed to
the combined effects of PCP/CUR and GCP in promot-
ing cell adhesion, as well as ES enhancing cell migration.
The applied EF can influence directional cell movement,
promoting active behavior associated with cell growth
rather than passive swimming under its influence. The
ability of ES to promote cell migration, combined with
the adhesion-enhancing effects of PCP/CUR and GCP,
significantly accelerated wound closure. This suggests
that the combination of PG hydrogel scaffolds and ES
effectively promotes skin healing at the cellular level.

ES promotes the ROS generation

ROS plays a significant role in promoting antibacterial
properties, and a moderate level also supports cell migra-
tion. To evaluate the effect of ES on ROS production,
DCEF-DA staining and a DPPH assay were performed. The
group without H,O, (-/+) ES was considered the negative
control group, and the group with + H,O, (-/+) ES was
considered the positive treatment group. Upon DCEF-
DA assay, the cells in the - H,O, (-/+) ES show a base-
line fluorescent intensity, while the + H,O, (-/+) ES show
increased fluorescent intensity (Figure S8(a)). Among
those, the PG1 hydrogel scaffold + ES (+ H202) exhibits
higher fluorescence, supporting the production of ROS
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in the presence of ES. Additionally, the DPPH assay used
to measure antioxidant activity revealed that the hydro-
gel scaffolds PG1 and PG2 (-/+ES) showed reduced
DPPH activity compared to the control groups and PCL
samples (Figure S8(b)). These results indicate that in
the presence of ES, ROS activity enhances due to the ES

responsiveness of the samples (PG1 and PG2), leading to
the antibacterial effects of the hydrogel scaffolds.

Effect of PG hydrogel scaffolds with ES on the expression of
genes related to tissue repair

To further investigate the efficacy of PG hydrogel scaf-
folds and ES in wound healing, we analyzed gene
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expression of wound healing genes, such as fibronectin
and collagen, as well as apoptosis-related genes, including
Bcl2, P53, and Bax. In HDF cells, gene expression changes
following ES were as follows (Fig. 6(a-e)). Fibronectin and
collagen expression were significantly increased in the
PG2 + ES group compared to the non-stimulated control
group, indicating that ES promoted the synthesis of fibro-
nectin and collagen, which are important for ECM gen-
eration and wound healing [84]. Furthermore, to analyze
the effect of ES on apoptosis, we examined the expression
of Bcl2 (anti-apoptotic gene), P53, and Bax (pro-apop-
totic genes). The results showed that Bcl, expression was
increased in the ES-treated groups, whereas Bax and P53
expression were significantly decreased, indicating that
ES promotes cell survival and inhibits apoptosis.

Similarly, changes in gene expression due to ES treat-
ment in HaCaT cells followed a similar trend (Fig. 6(f-k)).
Keratin-related genes such as KRTI, KRT10, and KRT14
were upregulated in the ES-treated groups [85, 86], sug-
gesting that ES facilitates keratinocyte differentiation.
Additionally, the expression of Bax and P53 showed a
decreasing trend, further indicating that ES contributes
to the regulation of cell survival. These results demon-
strate that ES has a significant effect on cellular regula-
tory mechanisms related to the cell cycle [87]. Overall,
the PG2 + ES group showed the greatest enhancement in
tissue repair-related gene expression.

To validate the gene expression data, we assessed
fibronectin protein expression by immunocytochem-
istry. Fibronectin expression showed a clear differ-
ence between ES. In HDF cells, the ES-treated groups
(PGL+ES: 1.38x10° + 0.03x10° PG2+ES: 0.98x10°
+ 0.2x10°) exhibited significantly higher fibronectin
expression compared to the non-treated groups (PG1-
ES: 8.5x10° £ 0.26 x 10°, PG2-ES: 1.22x 10° + 0.01 x 10°)
(Fig. 6(1), S6(b)).

The PG hydrogel scaffold exhibits higher antibacterial
properties

Damaged skin loses its barrier function, which pro-
tects the host from pathogens [88]. In addition, exu-
dates and proteins from ischemic necrotic tissue can
lead to bacterial infections, delay wound healing, and
increase exudates and improper collagen accumulation
[89]. Therefore, excellent antibacterial properties are an
important characteristic of high-quality wound dressings
[90, 91]. CUR exhibits antibacterial properties against
both Gram-positive and Gram-negative bacteria with-
out inducing drug resistance [92]. ES plays a crucial role
in inhibiting and disrupting bacteria and biofilm forma-
tion by generating ROS and H,O,. This process prevents
infection, promoting wound healing and tissue regenera-
tion simultaneously.
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For this, the antibacterial efficacy of CUR was activated
by applying ES to the PG hydrogel scaffolds, inhibiting
bacterial attachment and growth (Fig. 7(a)). Before apply-
ing ES, antibacterial experiments were conducted using
E. coli. The optical density measurement showed that the
PCP/CUR electrospun fibers with CUR exhibited supe-
rior antibacterial properties compared to the control
group, with the highest antibacterial efficacy observed in
the PCP/CUR-3 group (Fig. 7(b)). Based on these results,
PCP/CUR-3 was used as the outer layer of the PG hydro-
gel scaffold in subsequent antibacterial experiments.

To investigate the antibacterial properties of the com-
bined PG hydrogel scaffolds in the presence of ES, E.
coli and MRSA were used, and tetracycline (TC) was
employed as a positive control group. The results showed
that the proliferation rates of both E. coli and MRSA sig-
nificantly decreased after the addition of 3% CUR and
ES, with a higher inhibition rate against MRSA than E.
coli. Moreover, the antibacterial effect of the PG hydro-
gel scaffolds increased with higher concentrations of
PEDOT: PSS and CUR, particularly showing the high-
est antibacterial efficacy in the PG2+ES group (Fig. 7(c,
d)). Plating analysis was performed to assess bacterial
survival and colony formation, as shown in Fig. 7(e), the
number of colonies of both bacterial species was signifi-
cantly reduced in the ES-treated groups compared to the
non-ES groups (Fig. 7(f, g)).

Biofilm formation is one of the major bacterial mecha-
nisms that interfere with the effectiveness of antibiotic
treatment [93]. Disrupting biofilms has the potential to
enhance the antibacterial effect. After 48 h of biofilm for-
mation, the efficacy of PG + ES was evaluated (Fig. 7(h)).
Both PG-ES and PG + ES scaffolds demonstrated biofilm
disruption effects against E. coli and MRSA compared to
the control group, with PG2 + ES showing superior bio-
film destruction.

In conclusion, the results of this study suggest that
the PG +ES scaffold can be utilized as a nanocomposite
material with strong antibacterial potential against bio-
films in the wound healing process.

Conclusion

The PG hydrogel scaffold developed in this study suc-
cessfully replicated the multiscale architecture of natural
skin by integrating the upper PCP/CUR electrospun fiber
layer with the lower 3D printed GCP hydrogel layer. The
electrospun fiber diameters (ranging from 5 to 34 pm)
and hydrogel pore sizes (ranging from 65 to 202 um) cor-
responded to the microstructural features of the collagen
fiber network and dermal ECM, respectively, while the
cross-hatch printing pattern provided ECM-like anisot-
ropy [94, 95]. Such morphological biomimicry played a
crucial role in enhancing cell adhesion, migration, and
proliferation, as well as improving wound regeneration
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through ES responsiveness. Therefore, the PG hydrogel
scaffold demonstrated excellent potential as a morpho-
logically and functionally biomimetic conductive plat-
form for wound healing applications. A comparative table
of various conductive scaffolds used in the field of tissue
engineering is presented in Table S3. The drug release
study showed sustained CUR release from PCP/CUR
electrospun fibers over 48 h, supporting the long-term

antibacterial and therapeutic effects of the PG hydrogel
scaffold.

This study demonstrates that PG hydrogel scaffolds
combined with ES effectively promote wound healing.
The incorporation of PEDOT: PSS into GCP hydrogels
enhanced cell proliferation and adhesion, while CUR-
loaded PCP/CUR electrospun fibers exhibited strong
antibacterial activity against E. coli and MRSA, includ-
ing effective biofilm inhibition. Additionally, ROS assay
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results showed that PG hydrogel scaffolds, especially
when combined with ES, significantl produced intracellu-
lar ROS levels in HDF cells under H,0O,-induced oxidative
stress, indicating effective protection against bacterial
damage. These results indicate that the designed materi-
als are well suited for wound healing applications and can
simultaneously address two major challenges in chronic
wounds: infection and impaired tissue regeneration.

ES applied at 25 Hz and 200 mV further stimulated cell
proliferation, directional migration (electrotaxis), and
in vitro wound closure. The effect was particularly pro-
nounced in PG hydrogel scaffolds, where the structured
hydrogel surface facilitated cell attachment, ECM synthe-
sis, and cell survival, creating a favorable microenviron-
ment for tissue regeneration. The combination of CUR
and ES synergistically enhanced antibacterial efficacy,
resulting in greater inhibition of bacterial growth and
biofilm formation compared to scaffolds or ES alone.
Moreover, PG hydrogel scaffolds with ES significantly
upregulated wound healing—related proteins, including
fibronectin, collagen, and keratins, supporting both cel-
lular activity and functional tissue development. The PG
hydrogel scaffolds maintained high biocompatibility with
minimal cytotoxicity in HDF and HaCaT cells, further
highlighting their safety and potential for clinical appli-
cation. Compared with conventional hydrogel or electro-
spun fiber treatments, the PG hydrogel scaffold system
offers distinct advantages by integrating structural sup-
port, ES, and antibacterial activity. Although in vitro
results are promising, further in vivo studies are needed
to validate long-term efficacy and biocompatibility under
more complex physiological conditions. Optimization
of ES parameters and scaffold composition may further
enhance therapeutic outcomes.

In conclusion, PG hydrogel scaffolds combined with
ES represent a promising platform for the treatment of
chronic and infected wounds. By simultaneously promot-
ing cell activity, facilitating tissue regeneration, and pre-
venting bacterial infection, this approach addresses key
limitations of current therapies and highlights its transla-
tional potential to improve clinical outcomes.

Abbreviations

PEDOT: PSS Poly (3,4-ethylenedioxythiophene): poly (styrenesulfonate)
cs Chitosan

CMCS Carboxymethy! chitosan

ES Electrical stimulation

DC Direct-current

hBMSCs human bone marrow-derived mesenchymal stem cells
ECM Extracellular matrix

ROS Reactive oxygen species

H,0, Hydrogen peroxide

DMF N, N-dimethylformamide

DCM Dichloromethane

PCL Polycaprolactone

PLA Polylactic acid

CUR Curcumin

MRSA Methicillin-resistantStaphylococcus aureus
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E. coli Escherichia coli

HDF Human dermal fibroblast

HaCaT Human keratinocyte

cv Cyclic voltammetry

GCE Glassy carbon electrode

SEM Scanning Electron Microscopy

Pt Platinum

EDS Energy Dispersive X-ray Spectroscopy
XPS X-ray Photoelectron Spectroscopy
FTIR Fourier-transform infrared

NB Nutrient Broth

CFU Colony-forming unit

PFA Paraformaldehyde

EF Electric field

AF Alexa Fluor

CTCF Corrected total cell fluorescence
DCF-DA Dichlorodihydrofluorescein diacetate
DPPH 2, 2-diphenyl-2-picrylhydrazyl

CFU Colony-forming unit

PBS Phosphate-buffered saline

GAPDH Glyceraldehyde 3-phosphate dehydrogenase
FN Fibronectin

Col1 Collagen 1

BAX BClL2-associated X protein

P53 tumor protein p53

BCL2 B-cell leukemia/lymphoma 2

KRT 1 Keratin 1

Keratin 5 Keratin 5

KRT 10 Keratin 10

KRT 14 Keratin 14
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