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Abstract: Clinically, most patients with poor wound healing suffer from generalized skin damage,
usually accompanied by other complications, so developing therapeutic strategies for difficult wound
healing has remained extremely challenging until now. Current studies have indicated that electrical
stimulation (ES) to cutaneous lesions enhances skin regeneration by activating intracellular signal-
ing cascades and secreting skin regeneration-related cytokine. In this study, we designed different
concentrations of graphene in gelatin-methacrylate (GelMa) to form the conductive composite com-
monly used in wound healing because of its efficiency compared to other conductive thermo-elastic
materials. The results demonstrated the successful addition of graphene to GelMa while retaining the
original physicochemical properties of the GelMa bioink. In addition, the incorporation of graphene
increased the interactions between these two biomaterials, leading to an increase in mechanical
properties, improvement in the swelling ratio, and the regulation of degradation characteristics of the
biocomposite scaffolds. Moreover, the scaffolds exhibited excellent electrical conductivity, increasing
proliferation and wound healing-related growth factor secretion from human dermal fibroblasts.
Overall, the HDF-laden 3D electroconductive GelMa/graphene-based hydrogels developed in this
study are ideal biomaterials for skin regeneration applications in the future.

Keywords: gelatin-methacrylate; graphene; cell-laden; electrical stimulation; wound healing

1. Introduction

Skin accounts for the largest surface area among all organs. It acts as the first-line bar-
rier protecting the body from mechanical damage, ultraviolet radiation, thermal injury, and
invasion by microorganisms. Irreversible and extensive cutaneous injuries may damage
cutaneous integrity, which requires repair through a sequence of complex, coordinated, and
active signal cascades of the wound healing process [1]. It comprises continuous layers of
the epidermis, dermis, and subcutaneous tissues, which serve as protective barriers for the
underlying muscular, vascular, and neural systems against harmful and toxic substances [2].
Cutaneous healing is a complex and dynamic process regulated by numerous intrinsic
and extrinsic molecules divided into four successive but overlapping phases: Hemostasis,
inflammation, proliferation, and remodeling [3]. The healing process often progresses in
most superficial wounds; slight interruption at any stage may significantly impair wound
closure, especially in large wounds or in patients with underlying diseases such as dia-
betes [4]. Therefore, the focus of recent research has now shifted to regenerative medicine,
especially cutaneous wound healing and skin regeneration. With the growth in the aging
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population, there has been a corresponding increase in cutaneous injuries related to chronic
diseases such as diabetes, which can lead to long-term complications [5]. The non-healing
cutaneous injuries in 2020 alone cost approximately USD 55 billion, with thermal injuries
costing an additional USD 8 billion. Despite improvements in medical knowledge and
technology over the past decades, developments in the treatment for cutaneous injuries
remain stagnant and plateaued, with most therapies being only moderately clinically effec-
tive, substantiating the need for effective therapies for cutaneous injuries. Therefore, the
ideal scaffolds for skin regeneration should possess good biocompatibility, rich bioactivity,
suitable biodegradation, and appropriate mechanical behaviors [6].

Hydrogels are an effective tool for cutaneous injuries because of their simple fabri-
cation and capability to incorporate different types of biological molecules [7–9]. These
incorporated molecules can be delivered with specificity and spatial control and are more
effective than topical administration [10]. Furthermore, the properties and characteristics of
hydrogels can be modified and tailored to suit different needs, such as anti-inflammatory,
antioxidant, and antiseptic purposes [11,12]. Hydrogels are temporary skin replacements,
offer protection, and enhance tissue regeneration [13]. In addition, the considerable water
content in hydrogels provides an ideal environment for wound healing owing to their
soothing and moisturizing properties [14,15]. Recent studies have emphasized the role
of hydrogel-based bioinks crosslinked with three-dimensional bioprinting techniques in
the treatment of fibrosis and the promotion of wound healing [16]. Gelatin has various
properties and is widely used in tissue engineering and regeneration medicine [17,18].
Silk hydrogels modified by Chakraborty et al. using amine groups showed improved
neovascularization and skin regeneration properties against third-degree burn wounds
owing to enhanced biocompatibility and integration with host tissues [19]. Shi et al. devel-
oped a new process of cryogenic 3D biofabrication to manufacture scaffolds for skin tissue
engineering [20]. This approach employed an extrusion free-form system and was found to
be suitable post-treatments; moreover, the scaffolds exhibited excellent physicochemical
behaviors and were fabricated to enhance biocompatibility. In addition, Guan et al. indi-
cated that 3D-biofabricated hydrogel has beneficial effects on skin regeneration, exhibiting
excellent printability and angiogenesis behaviors [21]. These studies show the potential of
hydrogels for cutaneous lesions and emphasize the requirement for further improvements
to enhance their efficacy for clinical applications [22,23].

Electroactivity can be incorporated into hydrogels to upregulate cellular activity and
behavior. Conductive hydrogels are emerging as tools for wound healing. Several studies
have shown that polyaniline, carbon nanotubes, and graphene exhibit excellent electro-
conductivity, improving wound healing in thicker granulation tissues [24–26]. However,
these synthetic materials usually exhibit poor adhesiveness, restricting their application
in skin regeneration [27]. Our previous study fabricated gelatin methacrylate (GelMa)
with grooved topographies and poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) [28]. The results demonstrated that the presence of PEDOT:PSS enhanced
the mechanical behaviors of GelMa and further increased the swelling ratio of the hydro-
gels. It was recently reported that graphene-based composites had shown outstanding
candidates for developing flexible, portable, and wearable electronics due to their superior
mechanical properties and electrical conductivity [29]. Extrinsic electrostimulation guided
the proliferation and migration of the seeded fibroblasts along the grooves of the scaffolds
to attain a polar orientation. Other studies have shown that topical electrostimulation can
decrease infection rates, enhance immunity, and increase perfusion, leading to efficient
skin regeneration and wound healing [30]. In addition, graphene has also been shown
to increase the proliferation of various cells [31]. It was found that graphene-containing
scaffolds enhanced stem cell growth and maintained cells in an active proliferation state
with the upregulation of Ki67 expression [32].

In this study, we mixed GelMA and graphene as biocomposites to synthesize con-
ductive hydrogels and biofabricate cell-laden 3D scaffold with digital light processing
(DLP) processing. Human dermal fibroblasts (HDF) were encapsulated in hydrogels, and
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electrical stimulation (ES) was applied (Figure 1). Our results demonstrated that the physic-
ochemical properties, biodegradability, and cell behaviors were assessed to analyze the
fidelity of the proposed composite hydrogels. Based on the above multiple performances,
the HDF-laden graphene/GelMa scaffold further demonstrated a significant promotion.
This composition may be a potential candidate for the clinical treatment of wound-healing
applications or skin regeneration in the future.
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Figure 1. Schematic diagram of the GelMa/graphene scaffolds fabricated by DLP that considered
the scaffolds with the ability to affect HDF proliferation by electrical stimulation and also promoted
wound healing behaviors.

2. Results and Discussion
2.1. Mechanical Properties of GelMa/ Graphene Hydrogel

FTIR spectra of the hydrogels were recorded to determine the components and func-
tional groups of GelMa and graphene (Figure 2). The spectra of the samples consist of
peaks at 3292 cm−1, 1630 cm−1, 1532 cm−1, and 1240 cm−1, which correspond to O-H, C=O,
N-H, and C=N, respectively. These absorption bands are related to the functional groups of
GelMa [33]. Compared to the spectrum of GelMa, the peaks of O-H and N-H were reported
to be broadened in the spectrum of the GelMa/graphene hydrogel, which resulted from
intermolecular interactions and hydrogen bonds between GelMa and graphene. Compared
to the FTIR spectrum of the G0, the vibration peak of G50 shifted from 1630 to 1642 cm−1,
which may be due to the strong van der Waals and π–π stacking interactions between
GelMa and carbon-based material [34]. The FTIR spectra indicated successful crosslinking
between the two materials. Furthermore, the addition of graphene did not significantly
alter the structural composition of GelMa, thereby maintaining its individual properties.

The mechanical properties were evaluated using the tensile stress–strain test (Figure 3).
The slope of the stress–strain curve showed that G50 had the highest stress at break
compared to the other groups (Figure 3A). Moreover, it had the highest maximal tensile
strength at approximately 69.23 ± 4.84 kPa among all groups, followed by G25 with
48.46 ± 2.76 kPa and G0 with 36.23 ± 3.23 kPa (Figure 3B). The mechanical properties
were enhanced by the addition of graphene, which is associated with the intermolecular
interactions and hydrogen bonding groups between graphene and the GelMa backbone [35].
Similar results have been observed in other studies, where the mechanical properties of
composite hydrogels increased with the graphene concentration [36,37]. The increased
elasticity and structural integrity provided sufficient mechanical strength for surgical
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implantation. The SEM images in Figure 3C show the surface morphology of the hydrogels.
Increasing the concentration of graphene led to a higher density of the inner network
with smaller pores, indicating that more crosslinks were formed between the graphene
and GelMa.
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The effect of the graphene concentration on the swelling ratio and degradation rate of
the scaffold was evaluated. As shown in Figure 4A, the percentage of volume expansion
was assessed over 240 min. As expected, the swelling ratio was directly proportional
to the graphene concentration. After 180 min of immersion, the swelling ratios of all
the scaffolds gradually reached equilibrium. The results indicated that the graphene-
contained GelMa led to increased cross-links between both materials, which improved the
mechanical properties of the scaffold and enhanced integration between the surrounding
tissues. To assess the percentage weight loss over 28 d, the residual weight of the scaffold
was calculated (Figure 4B). Initially, the weight of the scaffold decreased steadily and
dropped abruptly after 14 d of degradation. A greater degradation rate was observed with
increasing graphene concentration, suggesting that adding graphene could accelerate the
degradation of GelMa. As stated above, the GelMa-based hydrogel was reported to contain
fewer amino acids than gelatin, which resulted in more heightened mechanical and fewer
degradation behaviors suitable for wound healing [38].
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The previous study demonstrated that electrical stimulation could promote dermal
fibroblast viability and promote cell migration and secretion of growth factors [39]. CV
and EIS were performed to evaluate the conductivity and electrochemical behavior of the
GelMa/graphene hydrogels. The CV plots for G0, G25, and G50 are shown in Figure 5A.
The results indicate that the increase in the oxidative current is correlated with the graphene
concentration, suggesting an enhanced electrical conductivity of the hydrogel due to the
addition of graphene. According to the EIS profile, the electrical impedance decreased as
the graphene concentration increased. This behavior indicated that graphene provided en-
hanced electrical conductivity and decreased the resistance of electrical signal transmission
to the hydrogel [40].
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2.2. Cell Viability and Proliferation

The cellular viability and proliferation of HDF were encapsulated in the hydrogel,
as well as the correlation between electrical stimulation and cellular behavior. Live and
dead assays were conducted to evaluate the biocompatibility and cell viability at different
concentrations of the graphene hydrogel (Figure 6A). Only a few dead cells (red) were
observed in each group, suggesting good compatibility between the HDF, hydrogels, and
electrical stimulation. Compared with day 1, cell proliferation increased in all groups after
three days of culture, especially in those exposed to electrical stimulation. Thus, these re-
sults demonstrated the stimulatory effects of ES on HDF [41]. Moreover, similar to previous
studies, a greater cell density was observed with an increased graphene concentration [42].
Among all groups, the cells in group G50 with ES had the highest cell density, with cell
elongation, migration, and the creation of a polymeric network. In contrast, cells in the G0
and G25 phases, especially those without ES, tended to cluster and aggregate.

To evaluate the biocompatibility of the hydrogel and the effects of electrical stimula-
tion, the cell proliferation rate was assessed using PrestoBlue (Figure 6B). After 3 and 7 days
of culture, HDF in P4_ES had the highest proliferation rate among all groups, followed
by those in G50, G25_ES, G25, G0_ES, and G0. In addition, the absorbance of the groups
treated with electrical stimulation (G50_ES, G25_ES, and G0_ES) was higher than those
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not stimulated (G50, G25, and G0). These results demonstrate that electrical stimulation
alone may contribute to the proliferation of HDF, indicating the absence of cytotoxicity in
HDF. Furthermore, the proliferation rate was directly related to the graphene concentra-
tion, indicating a positive influence of electrical stimulation on HDF [41]. However, it is
important to acknowledge that this study has certain limitations. The specific type of cell
(HDF) in our experiments was used, and it is unclear whether the observed results would
be consistent across different cell types. Further investigations involving other relevant cell
types would be valuable to understand the generalizability of our findings.
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for each group. * indicates a significant difference (p < 0.05) from cultured without ES. # indicates a
significant difference (p < 0.05) from cultured without G0. The scale bar is 300 µm.

2.3. Expression of Biomarker in Conductive HDF-Laden Hydrogel

Dermal regeneration is affected by various growth factors, cytokines, and chemokines.
To evaluate the feasibility of different hydrogels, several biomarkers involved in dermal
regeneration were quantified (Figure 7), such as fibroblast growth factor 2 (FGF-2), colla-
gen type I (COL 1), and matrix metalloproteinase (MMP9). FGF-2 promotes the growth,
migration, and differentiation of dermal fibroblasts [43]. Similarly, type 1 collagen is an
abundant component of the extracellular matrix of the skin that contributes to wound
regeneration [44]. MMP9 participates in the regulation of ECM deposition and degradation
during remodeling and re-epithelialization. Nevertheless, the timing of MMP activation
and secretion is crucial for an ideal wound-healing process. Excessive MMP may lead
to excessive matrix turnover, resulting in suboptimal wound healing [45]. As shown in
Figure 7, all groups displayed increasing levels of all biomarkers after seven days of culture.
ES contributed to the increased expression of FGF2, COL1, and MMP9 when comparing G0
and G0_ES [46]. Together, these results demonstrate that ES can enhance ECM remodeling
and elevate better skin regeneration. The enlargement in the secretion of COL I and MMP9
was hypothesized to be due to the ability of ES and graphene to supply an improved
mechanical, physicochemical, and cultured microenvironment for the HDF, directing to
following downstream cellular behaviors.
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2.4. In Vivo Rabbit Skin Wound Healing

The histological evaluation of in vivo wound healing was performed to observe the
skin regenerative effects of the HDF, GelMA/graphene scaffolds, and ES. After 7 days
and 14 days of scaffold implantation, the healing process of the critical-sized defect was
assessed and presented in Figure 8. The HE and PSR staining was performed to evaluate
the histological structure and collagen deposition (stain red) of the excised skin samples.
Initially, the localized, 1 cm × 1 cm wound was created with the disruption of the entire
epidermis and partial dermis. After 7 days of treatment, complete loss of epidermis and
only little deposition of collagen were observed in the Ctl group, as shown in the HE
stain and PSR stain, respectively. Compared to the Ctl group, the G50 group exhibited
increased connective tissue in the dermis, while only incomplete epithelization was noted
over wound edges. In addition, some neutrophil recruitment was noted, resulting in an in-
flammatory reaction in the healing wound. Additionally, the wound treated with HDF/G50
and HDF/G50-EF demonstrated enhanced dermal remodeling effects, such as increased
collagen deposition and greater fibroblast density. Cell-laden hydrogel-based printed scaf-
folds might significantly enhance neovascularization and wound healing and are thus a
great scaffolding candidate for skin tissue engineering [47]. Among G50, HDF/G50, and
HDF/G50-EF, group G50 had the lowest levels of re-epithelialization with minimal epider-
mal growth, resulting in discontinued epidermis formation. The result indicated that the
GelMA/graphene scaffold could serve as mechanical support during the cutaneous wound
healing process, which provided structural stability and protection from external stimuli.
Compared to all other groups, the scaffold with the addition of HDF showed increased
recruitment of fibroblast, greater density of collagen deposition, and fewer inflammatory
neutrophil recruitment, especially in the HDF/G50_ES group. Thus, thicker epithelium
formation and uniformly distributed epithelium could be seen, indicating that HDF in
our scaffold could expedite fibroblast migration during the wound healing process. After
14 days of treatment, reconstruction of the skin barrier could be seen in G50, HDF/G50,
and HDF/G50_ES groups. Wounds in groups HDF/G50 and HDF/G50_ES were fully
epithelialized with well-differentiated layers. Based on our findings, we concluded that
incorporating HDF, electroconductive graphene, and electrical stimulation can lead to
improved wound healing and enhanced skin regeneration. Our study focused on the histo-
logical evaluation of wound healing within a specific timeframe (7 and 14 days). Long-term
effects and safety considerations were not assessed in this study. The GelMA/graphene
scaffolds have the potential to interact with other organs in vivo, and it is crucial to in-
vestigate any potential effects or adverse reactions in future studies. Long-term safety
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assessments would provide a more comprehensive understanding of the biocompatibility
and potential systemic impact of the GelMA/graphene scaffolds.

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 9 of 14 

HDF in our scaffold could expedite fibroblast migration during the wound healing pro-
cess. After 14 days of treatment, reconstruction of the skin barrier could be seen in G50, 
HDF/G50, and HDF/G50_ES groups. Wounds in groups HDF/G50 and HDF/G50_ES were 
fully epithelialized with well-differentiated layers. Based on our findings, we concluded 
that incorporating HDF, electroconductive graphene, and electrical stimulation can lead 
to improved wound healing and enhanced skin regeneration. Our study focused on the 
histological evaluation of wound healing within a specific timeframe (7 and 14 days). 
Long-term effects and safety considerations were not assessed in this study. The 
GelMA/graphene scaffolds have the potential to interact with other organs in vivo, and it 
is crucial to investigate any potential effects or adverse reactions in future studies. Long-
term safety assessments would provide a more comprehensive understanding of the bio-
compatibility and potential systemic impact of the GelMA/graphene scaffolds. 

Figure 8. Hematoxylin-eosin (HE) and picrosirius red (PSR) staining used to evaluate new skin re-
generation in the critical-sized defect in vivo 7 and 14 days after implantation. The scale bar is 250 
µm. 

3. Materials and Methods
3.1. Synthesis of GelMa Bioink

Forty grams of gelatin (Sigma-Aldrich, St. Louis, MO, USA) was gradually added to 
a 360 mL phosphate buffer solution (PBS, Invitrogen, Grand Island, NY, USA) and was 
stirred and heated to 50 °C in distillation-distillation water (ddH2O) until fully dissolved. 
Next, 23 mL Methacrylic anhydride (MA) (Sigma-Aldrich) was slowly added to the mixed 
solution and left for 3 h until the reaction was complete. Next, the solution was diluted 
with 800 mL of warm ddH2O in the oven at 37 °C. Subsequently, the diluted solution was 
transferred to 50 mL centrifuge tubes and centrifuged at 8000 rpm for 5 min. Before the 
supernatant was poured into 10 K MWCO SnakeSkinTM dialysis tubing (Thermo Fisher 
Scientific, Waltham, MA, USA) and kept at 37 °C, care was taken that there were no sus-
pended substances present. The ddH2O was changed, and the pH value of all samples was 
measured twice daily until dialysis was completed at a pH value of 6.1. Subsequently, the 
solution in the dialysis tubing was poured into a 1000 mL beaker and stirred evenly. Fi-
nally, the solution was transferred to plastic plates and kept in the −80 °C refrigerator for 

Figure 8. Hematoxylin-eosin (HE) and picrosirius red (PSR) staining used to evaluate new skin
regeneration in the critical-sized defect in vivo 7 and 14 days after implantation. The scale bar is
250 µm.

3. Materials and Methods
3.1. Synthesis of GelMa Bioink

Forty grams of gelatin (Sigma-Aldrich, St. Louis, MO, USA) was gradually added to
a 360 mL phosphate buffer solution (PBS, Invitrogen, Grand Island, NY, USA) and was
stirred and heated to 50 ◦C in distillation-distillation water (ddH2O) until fully dissolved.
Next, 23 mL Methacrylic anhydride (MA) (Sigma-Aldrich) was slowly added to the mixed
solution and left for 3 h until the reaction was complete. Next, the solution was diluted
with 800 mL of warm ddH2O in the oven at 37 ◦C. Subsequently, the diluted solution
was transferred to 50 mL centrifuge tubes and centrifuged at 8000 rpm for 5 min. Before
the supernatant was poured into 10 K MWCO SnakeSkinTM dialysis tubing (Thermo
Fisher Scientific, Waltham, MA, USA) and kept at 37 ◦C, care was taken that there were no
suspended substances present. The ddH2O was changed, and the pH value of all samples
was measured twice daily until dialysis was completed at a pH value of 6.1. Subsequently,
the solution in the dialysis tubing was poured into a 1000 mL beaker and stirred evenly.
Finally, the solution was transferred to plastic plates and kept in the −80 ◦C refrigerator for
1 d. All samples were freeze-dried until they became spongy solid specimens and stored at
−20 ◦C for further use.

3.2. Cell Culture

The HDF (Cat: #2300, ScienCell Research Laboratories, Carlsbad, CA, USA) were
cultured in a fibroblast medium (Cat: #2301, ScienCell Research Laboratories) supple-
mented with 2% fetal bovine serum, 1% fibroblast growth supplement, and 1% peni-
cillin/streptomycin solution. The cells were incubated at 37 ◦C in a 5% CO2 environment,
and the culture medium was changed every two to three days. Cells in passages 3–8 were
employed to conduct the following experiments.
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3.3. Preparation of Conductive Bio-Ink and Scaffold

To prepare the conductive bioink, a hydrogel was obtained by mixing specified
amounts of 10% GelMa and 0.25% lithium phenyl-2,4,6-trimethylbenzoylphosphinate
(LAP, Sigma-Aldrich) in PBS. Different concentrations of graphene (0%, 0.25%, and 0.5%)
were added to the hydrogels and stirred evenly. The HDF was trypsinized, centrifuged, and
added to the hydrogel at a density of 5 × 106 cells/mL to obtain a conductive bio-hydrogel.
The scaffold was drafted using SOLIDWORKS® 2016 software. It was 2 mm in height and
8 mm in diameter. The film of the designed scaffold was then imported into the built-in
software and printed using a 3D bioprinter (LumenX, Cellink, Gothenburg, Sweden). The
thickness of each printed layer was set to 100 µm. The light-source intensity and total
output power were set to 30 mW/cm and 30%, respectively. Each layer was irradiated for
3.5 s until the printing was complete.

3.4. Analysis of Scaffold Properties

The molecular functional groups and structural composition of the bioink were identi-
fied using Fourier transform infrared spectroscopy (FTIR) (Bruker, Ettlingen, Germany).
The samples were printed with a diameter of 12 mm and a thickness of 2 mm. Then, the
sample was analyzed via FTIR within a wavelength range of 4000 cm−1 to 500 cm−1 and a
resolution of 1 cm−1. Tensile and mechanical properties were measured using a tabletop
tensile tester (EZ-Test machine, Shimadzu, Kyoto, Japan). The mold and casting method
was used to prepare a dumbbell-shaped tensile sample with a thickness of 2 mm. The
samples were then stretched at a speed of 0.6 mm/min. The yield strength, strain, and
Young’s modulus were recorded, and several graphs were generated based on the results.
The averages and standard deviations were also calculated. At least eight specimens from
each group were analyzed. A rheometer (MCR92, Anton Paar, Graz, Austria) was used to
measure the rheological properties. Three hundred microliters of the bioink were placed in
the rheometer, and the viscoelasticity changes while photo-curing under the UV light were
analyzed at 37 ◦C. The intensity of the UV light was the same as the printing parameters.

3.5. Conductivity Measurement and Testing

An electrochemical analyzer simulator (ACIP100, Zensor R & D Co., Taichung City,
Taiwan) was used to analyze the electrical conductivity of the scaffold. First, the electrode
was coated with 50 µL bioinks uniformly. The forward and reverse potentials were scanned
using cyclic voltammetry (CV) with a symmetrical sawtooth waveform, and the generated
potentials were recorded. A test solution containing 5 mM red blood salt (K3[Fe(CN)6])
and 1 M KCl was used to create a cyclic voltammogram. The oxidation-reduction reac-
tion of the electrodes was analyzed by scanning a redox probe at 100 mV/s in the range
of −800 to 800 mV (relative to Ag/AgCl). In addition, the reactions of the samples un-
der different frequencies and the impedance values were measured with electrochemical
impedance spectroscopy (EIS). All experiments were conducted three times, and the average
was calculated.

3.6. Electrical Stimulation

The samples were electrically stimulated once daily for 5 min at 10 mA, 100 µs, and
20 Hz using an electrical stimulator (Trio 300, Ito, Tokyo, Japan). An experiment was
performed to evaluate the impact of electrical stimulation on cell behavior through the
conductive bioink, and cellular viability and morphology were observed on days 3 and 7
of culture. All experiments were conducted three times, and the average was recorded.

3.7. Cell Proliferation

The scaffolds placed in the 48-well culture plate were kept at 37 ◦C in a 5% CO2
environment in the incubator, and the culture medium was changed every two to three
days. Live/dead staining was performed to analyze the viability of HDF after 1, 3, and
7 d of culture. The HDF-laden scaffolds were rinsed thrice with PBS and incubated with



Int. J. Mol. Sci. 2023, 24, 11698 11 of 14

a 1X LIVE/DEAD Viability/Cytotoxicity kit for 60 min. Following this, the live/dead
cells were imaged using a fluorescence microscope. Live cells are labeled green, whereas
dead cells are labeled red. All of the above processes were conducted in the dark. All
experiments were conducted three times, and the average was recorded.

3.8. Quantification of Secreted Proteins

The levels of fibroblast growth factor-2 (FGF-2), collagen I (COL I), and matrix met-
allopeptidase 9 (MMP-9) in the culture medium were quantified using enzyme-linked
immunosorbent assay (ELISA) kits, such as FGF-2 ELISA kit (ab246531, Abcam, Cambridge,
MA, USA), COL I ELISA kit (MBS7607063, MyBioSource, San Diego, CA, USA), and MMP-9
ELISA kit (MMP-9, ab246539, Abcam). Specific ELISA kits for each protein were used ac-
cording to the manufacturer’s instructions. Briefly, culture medium samples were collected
at the end of the designated culture period. The supernatant was collected for analysis after
centrifugation to remove cellular debris. ELISA kits from their respective suppliers were
used to quantify the target proteins. The concentration of each protein was determined by
measuring absorbance using a spectrophotometer. A standard curve was generated using
the known concentrations of each protein provided in the kits. Three independent tests
were conducted for each sample.

3.9. In Vivo Wound Healing

Healthy New Zealand rabbits (1.8–2 kg) were involved in vivo experiments, which
were bred in the Experimental Animal Center of China Medical University. The experiments
were conducted by the Animal Research Ethics Committee of the Laboratory Animal
Center of China Medical University (CMUI-ACUC-2020-352). They were anesthetized
with intramuscular injections of Zoletil (20 mg/kg) and Xylazine (10 mg/kg). Skin and
dermis surgery of the wound defect was performed on the back of the animal to form
a 1 cm × 1 cm defect region. Each defect group was categorized as follows: Ctl, G50,
HDF/G50, HDF/G50 + ES, with “Ctl” denoting the absence of material coverage, “HDF”
indicating the presence of G50 hydrogel with HDF, and “ES” representing the inclusion of
electrical stimulation. Postoperatively, antibiotics (Carprofen at 5 mg/kg and Cefazolin
at 20 mg/kg) were administered within three days. The rabbits were euthanized at 7
and 14 days after implantation, and skin samples were collected for paraffin embedding.
Subsequently, each sample underwent staining with hematoxylin and eosin (HE) as well
as Picro-Sirius Red (PSR) for histological analysis. The experiments were conducted
in triplicate.

3.10. Statistical Analysis

One-way statistical analysis of variance (ANOVA) was used to analyze the significance
of differences between different experimental groups in each experiment. Significant
deviations in each sample were determined using Scheffé’s multiple comparison test.
p-value < 0.05 was considered statistically significant, as indicated by “*” or “#” in the
different group comparisons.

4. Conclusions

The design and fabrication of new conductive bioinks for wound healing remain a
challenge owing to the regeneration bottleneck faced by the current biocomposites. Com-
bining different biomaterials that take advantage of the tunable properties of conductive
biomatrix could overcome these bottlenecks and lead to the development of a range of
biomaterials that can be used in multiple applications. Our results demonstrated that we
successfully admixed GelMa and graphene bioscaffolds while maintaining their structural
properties. The physical behaviors of the composite scaffolds, such as the swelling ratio
and tensile strength, were restrained using different concentrations of graphene. Similarly,
the G50 hydrogel showed increased conductivity and biocompatibility compared to the
G0. ES of G50 scaffolds promoted cellular proliferation in vitro. Daily ES processing was
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reported to be sufficient to increase cellular proliferation compared with scaffolds without
ES. Finally, these results demonstrated an influential synergistic therapeutic approach for
advancing wound healing through combining the cell-laden GelMa/graphene 3D scaffold
with ES that will benefit clinical wound therapy in the future.
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