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Purpose: In this study, we fabricated multifunctional, electrically conductive composites by

incorporating graphene oxide (GO) into a poly (lactic-co-glycolic acid) (PLGA) copolymer

for wound repair. Furthermore, the resultant composites were coupled with electrical stimu-

lation to further improve the therapeutic effect of wound repair.

Methods: We evaluated the surface morphology of the composites, as well as their physical

properties, cytotoxicity, and antibacterial activity, along with the combined effects of com-

posites and electrical stimulation (ES) in a rat model of wound healing.

Results: Application of the PLGA/GO composites to full-thickness wounds confirmed their

advantageous biological properties, as evident from the observed improvements in wound-

specific mechanical properties, biocompatibility, and antibacterial activity. Additionally, we

found that the combination of composites and ES improved composite-mediated cell survival

and accelerated wound healing in vivo by promoting neovascularization and the formation of

type I collagen.

Conclusion: These results demonstrated that combined treatment with the PLGA/GO

composite and ES promoted vascularization and epidermal remodeling and accelerated

wound healing in rats, thereby suggesting the efficacy of PLGA/GO+ES for broad applica-

tions associated with wound repair.
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Introduction
The skin is the largest organ in the human body and exhibits important physiolo-

gical functions, such as protection and perception of temperature and pressure.1

Severe trauma and certain diseases can cause open wounds in the skin and interfere

with its normal structure and function. Because there is a lack of effective inter-

ventions, large skin defects can become life threatening;2 And the USA spends $25

billion a year on wound healing for 6.5 million people. 3Given the health and

economic impact of wound healing, there is a need for wound healing therapy that

promotes rapid healing and prevents associated infections

Electrical stimulation (ES) of tissues and cells can improve the biological functions

of the heart, nerves, bones, and muscles.4–6 Additionally, it is possible to regulate

physiological functions, such as molecular transport, signal transduction, and embryo-

nic development, via an external electrical field by regulating electric force and

potential, K+, Na+, Ca,2+ Cl− levels in the body, and proteins present on the cell

membrane.7 Moreover, in vitro and in vivo experiments show that ES can alter the
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intrinsic current of the wound, downregulate nuclear factor-

kappaB (NF-κB) signaling, affect cytokine expression,

increase the proliferation and migration of endothelial cells,

and improve wound healing.8 In association with appropriate

conductive biomaterials, ES can also improve the efficiency

and mechanical effects of the electrical field and increase ion

currents to regulate cell growth and differentiation.9

Conductive polymer materials are widely used in nerve

regeneration and bone repair and are capable of controlling

the growth of cells and tissues by promoting cell prolifera-

tion, simulating electronic or ionic conductivity, and medi-

cating the flow of currents.4,10–13 In addition to commonly

used conductive polymer materials, such as polypyrrole,

polyaniline, and metal nanowires, carbon-matrix materials

are widely used owing to their good biocompatibility and

biofunctionality.6 Graphene oxide (GO) is an oxidized form

of graphene with single-atomic layers that exhibit excellent

conductivity and high chemical stability.14 GO exists as a

two-dimensional lattice comprising a unique monolayer of

sp2- and sp3-hybridized carbon atoms. Previous studies con-

firmed the ability of GO to promote cell proliferation and

adhesion,15 and that conductive polymer materials contain-

ing GO can strengthen the ES, thereby accelerating wound

healing.16,17 Additionally,GO mediates the formation of

extracellular superoxide compounds that can inhibit bacterial

activity and reduce the risk of infection.18 Moreover, dis-

persed GO nanoparticles exhibit low viscosity and cytotoxi-

city at high concentrations, thereby making them good

candidates for local administration. The dispersed nanopar-

ticles can also be converted into membrane materials to pro-

long their residence time on the skin surface and prevent

biotoxicity.19 To this end, we previously used a biodegrad-

able copolymer,such as chitosan, PLGA, and collagen, as

polymeric matrix to act as a binder for GO while manufac-

turing composites and produce new biomaterials with var-

ious biofunctions.20 Poly(lactic-co-glycolic acid) (PLGA) is

a biodegradable polyester copolymer composed of lactic acid

and glycolic acid monomers,21 and has the advantages of

good biodegradability, mechanical properties,low immuno-

genicity and adjustable degradation rate, etc., which has

attracted wide attention of people and can be used as the

matrix material of GO.22

In this study, PLGA/GO composites were prepared using

a blendingmethod, and the physicochemical properties of the

PLGA/GO composites were fully characterized by scanning

electron microscopy (SEM), contact-angle measurements,

and a material-testing machine. We investigated the effects

of PLGA/CO composites combined with ES on wound

repair, as well as the effect on the levels of proteins asso-

ciated with cell proliferation and adhesion and tissue repair.

Furthermore, we assessed the positive effects of PLGA/GO

conductive composites and ES on wound healing in a rat

model of full-thickness skin defects.

Materials and methods
Materials, cells, and animals
The reagents used in this study included the following:

PLGA (LA:GA, 75:25; 130 kDa; Changchun Institute of

Applied Chemistry, Chinese Academy of Sciences,

Beijing, China); GO (thickness, 0.55–1.2 nm; diameter,

0.5–3.0 μm; Chengdu Organic Chemicals Co., Ltd.,

Chinese Academy of Sciences); trichloromethane (analy-

tically pure; Aladdin Reagent Co., Ltd., Shanghai, China);

type I collagen primary antibody; a fluorescein isothiocya-

nate (FITC)-conjugated fluorescent secondary antibody; a

Cy5-conjugated fluorescent secondary antibody, a Cy3-

conjugated fluorescent secondary antibody; 4,6-diamino-

2-phenylindole (DAPI; Sigma-Aldrich, St. Louis, MO,

USA); Dulbecco’s modified Eagle medium (DMEM) and

fetal bovine serum (Life Technologies, Carlsbad, CA,

USA); penicillin and streptomycin (North China

Pharmaceutical, China); trypsin, hematoxylin and eosin

(H&E), and Masson trichrome staining kits (Solarbio,

Beijing, China); methylthiazoletetrazolium (MTT; Gibco,

Grand Island, NY, USA); and self-made phosphate buf-

fered solution (PBS).

Adult female Sprague–Dawley rats (n=48; 10–12-

weeks old; 200–250 g) were provided by the Animal

Experimental Center of Jilin University [animal license

No. SCXK (Ji) 20110004] and housed in a standard animal

room (22 °C) administered by the same breeder, with

pellet food and water available ad libitum.

Balb/c3T3 cells (Shanghai Institute of Biological

Sciences, Chinese Academy of Sciences) were cultured

in DMEM containing 10% serum concentrations of peni-

cillin and streptomycin at 37 °C and 5% CO2, and the

medium was changed every 2 days. Upon reaching 80%

confluence, cells were used for subsequent experiments.

Preparing PLGA/GO composites
We prepared PLGA/GO electroactive nanocomposites

using a solution-volatilization method, as follows. We

dissolved GO and PLGA in chloroform to prepare a 5%

chloroform solution before incorporating different mass

concentrations of GO (0.5%, 1%, 2%, and 5%) into the
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PLGA, followed by magnetic stirring and mixing the

solution thoroughly by ultrasonic vibration. The compo-

sites were prepared at a ratio of 6 cm2/mL,23 with some

spread using a siliconized circular coverslip for cell

experiments and material characterization, and others

placed into a glass culture dish for animal experiments,

followed by natural drying and peeling. The slides and

composites were dried in vacuum for 48 h.

Composite characterization
Structure

Samples were cut into small pieces (3×3 mm) and sprayed

with gold, after which the surface morphology of the

PLGA/GO composites at different concentrations was

observed at 20 kV by SEM (XL30 ESEM-FEG; FEI;

Thermo Fisher Scientific, Waltham, MA, USA).

Hydrophilicity

An instrument capable of measuring the optical contact

angle (DSA100; Kruss GmbH, Hamburg, Germany) was

used to measure the static water-contact angle to assess the

surface hydrophilicity of the PLGA/GO composites at

different concentrations. We removed some of the compo-

sites and adhered them to a slide using double-sided tape,

followed by application of 2 μL of deionized water

directly to the sample surface at room temperature.

Because the measuring instrument includes a camera, we

photographed the droplets and measured the contact angle.

Mechanical properties

A universal mechanical testing machine (Instron 1121;

Instron, Wycombe, UK) was used to test a nanofiber-

matrix sample (10×30 mm) with two ends clamped onto

the testing machine. The upper end was lifted at a constant

tensile rate until the sample was completely broken, at

which time the tensile stress was recorded.

Determination of antibacterial activity
After disinfection, PLGA/GO composites at different con-

centration on the coverslip were placed into a culture dish,

with a blank culture dish used as a control. Staphylococcus

aureus or Escherichia coli Luria-Bertani (LB) solution

(50 μL; 1×107/mL) was added to each culture dish, fol-

lowed by a 3-h incubation at 37 °C. The samples were

rinsed with PBS three times, recovered, and concentrated

using the recovered bacterial solution. The resuspended

dilution (30 μL) was spread onto an LB agar plate and

incubated at 37 °C overnight. Colonies were counted after

overnight incubation, and the inhibition rates of the com-

posites at different concentrations were calculated using

the following formula: inhibition rate (%) = (number of

colonies in the control group − number of colonies in the

experimental group)/number of colonies in the control

group ×100%.

Cytological testing
Effects of different GO concentrations on cell viability

The composites were immersed in 75% alcohol for 30 min,

rinsed three times with PBS, and placed in a 24-well plate

for overnight incubation at 37 °C. Balb/c3T3 cells were

then seeded at a density of 2×104 cells/well, and the med-

ium was changed every 2 days. On days 1, 3, and 7, MTT

assays were performed to determine cell survival on the

surface of the PLGA/GO composites at different concentra-

tions. MTT/PBS solution (5 mg/mL; 100 μL) was added to

each well and incubated at 37 °C for 4 h, followed by

removal of the medium and addition of acidified isopropa-

nol (75 μL/well). The absorbance of the solution was mea-

sured at a wavelength of 540 nm using ultraviolet-visible

spectroscopy (UV300; UNICAM; Thermo Fisher

Scientific), and based on these results, we chose the optimal

GO concentration for subsequent experiments.

Effects of ES at different frequencies on cell viability

Balb/c3T3 cells were seeded into 24-well plates at 2×104 cells/

well for 24 h. The electrodes were immersed in 75% ethanol

for 10 min, washed with sterile PBS, and irradiated with

ultraviolet light overnight. A pair of L-shaped platinum elec-

trodes with an interval of 10 mm was placed on the cover of

the culture plate, and a function signal generator was con-

nected to the electrodes through an alligator clip and copper

wire to create a signal source. Balb/c3T3 cells were exposed to

100 mV ES for 1 h daily at a frequency ranging from 10 Hz to

1000 Hz. After 1, 3, and 7 days of ES, MTT assays were

performed to detect the effect of ES at different frequencies on

cell survival. Based on these results, the optimal frequency

was selected for subsequent experiments. All tests were per-

formed 24 h after the final exposure.

Effects of PLGA/GO composites and ES on cell

survival and adhesion

MTT assays and immunofluorescence staining were used to

evaluate the effects of PLGA/GO composites and ES on the

survival and adhesion of Balb/c3T3 cells. Four groups were

used for experimental evaluation: PLGA, PLGA+ES, PLGA/

GO, and PLGA/GO+ES. Cells (2×104) were added to each

well of a 24-well plate, and survival was determined in each
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group by MTT assay on days 1, 3, and 7. To evaluate cell

spreading and adhesion, cells were added to a separate 24-

well plate at the same density, and after a 3-day culture, the

samples were fixed in 4% paraformaldehyde for 15 min and

rinsed three times with PBS. FITC (green) and DAPI (blue)

were used to label the cytoskeleton and nucleus as follows.

Samples were mounted in blocking solution (0.1% Triton-X

100+10% bovine serum albumin) for 30 min at room tem-

perature. Prepared FITC solution was applied at room tem-

perature in a wet box for 2 h, followed by three washes with

PBS containing Tween-20 (PBST). The samples were devel-

oped using DAPI for 1 min, rinsed three times with PBST,

and observed under a fluorescence microscope (TE2000-U;

Nikon, Tokyo, Japan).

Effects of PLGA/GO composites and ES on gene

expression and protein levels

The expression of genes related to tissue repair in Balb/c3T3

cells was quantitatively analyzed in the four groups follow-

ing a 7-day culture. Total RNAwas extracted, the levels were

determined by nano-titration (Tecan M200; Tecan Life

Sciences, Männedorf, Switzerland), and reversely tran-

scribed to cDNA. Primers targeting vascular endothelial

growth factor (VEGF) and type 1 collagen (COL-1) were

designed using sequences from GenBank (https://www.ncbi.

nlm.nih.gov/genbank/). The primer sequences are shown in

Table 1.

COL-1 was quantitatively detected by immunofluores-

cence analysis. Cell grouping and culture were the per-

formed as described, and after a 3-day culture, cells were

fixed in 4% paraformaldehyde for 15 min, washed with

PBS three times, and mounted at room temperature for

30 min. The cells were treated with the COL-1 primary

antibody and bathed in the wet box at 4 °C overnight,

followed by three washes with PBST. A Cy5-conjugated

secondary antibody was then applied at room temperature

for 2 h, followed by three washes with PBST. The cells

were then developed using DAPI for 1 min, washed with

PBST three times, and observed under a fluorescence

microscope (TE2000-U; Nikon).

Animal experiments
Effects of PLGA/GO composites and ES on the

wound-healing rate

All protocols were conducted in accordance with the

guidelines for the review and approval of the Animal

Care and Use Committee of Jilin University, China

(approval number: 2018–191) on June 10, 2018 and were

performed in accordance with the Guide for the Care and

Use of Laboratory Animals, adopted and published by the

US National Institutes of Health. Precautions were taken

to reduce the pain (see anes- thesia procedure below) and

the number of rats used in each experiment.Three days

prior to the experiment, the back hair of rats was removed

using depilatory cream (Veet, Hubei Province, China). The

PLGA/GO and PLGA were soaked in 75% alcohol for

24 h prior to the experiment and disinfected with ultravio-

let light. After anesthesia, the back skin of the rats was

disinfected using iodine, a full-thickness skin defect of 1-

cm diameter was made on the back based on a plastic

model prepared in advance, and the wound was photo-

graphed. Rats (n=25) were randomly divided into five

groups: control, PLGA, PLGA/GO, PLGA+ES, and

PLGA/GO+ES (n=5/group) Each skin defect was dressed

with the corresponding composite, covered with gauze,

and fixed with nylon thread. ES was applied to rats in

the two ES groups daily for 5 min.24 On postoperative

days 3, 6, 9, and 12, the dressing was changed, the wound

was photographed with the digital camera in an iPhone

(Apple Corp., Cupertino, CA, USA), and measured with

an image analysis software (ImageJ; National Institutes of

Health, Bethesda, MD, USA). Wound-healing rate was

determined according to the following formula: wound

healing rate = [(A0 − At)/A0] ×100%, where A0 is the

initial area of the wound at time zero (t=0), and At is the

wound area at the measurement time.

Histopathologic staining

All rats were euthanized on day 12 after injury, and the

wound and surrounding skin were completely removed

and equally cut into two parts, with one part used for

immunofluorescence staining. Fresh tissue blocks were

Table 1 List of genes and primer sequences

Gene Annotation Forward primer sequence Reverse primer sequence

COL-1 CGCTGGCAAGAATGGCGATC ATGCCTCTGTCACCTTGTTCG

VEGF CCTTGCCTTGCTGCTCTACC AGGTTTGATCCGCATGATCTG

GAPDH TGAACTAACACAGAGGAGGATCAG GCTTAGGGCATGAGCTTGAC
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fixed in 10% formalin, embedded in paraffin, and cut into

tissue slices (5 μm). At least six serial slices were taken

near the center of the wound, with each slice including

both normal tissue and wound tissue taken at the wound

edge. The slices were stained with Masson and H&E, and

histological changes were observed under an optical

microscope (CTR600; Leica, Wetzlar, Germany)).

Immunofluorescence staining

The remaining fresh tissue blocks were embedded and cut

into 10 μm frozen-tissue slices using a cryotome, followed

by antigen retrieval and blocking. COL-1 (1:300) and

CD31 (1:400) primary antibodies were used in the wet

box at 4 °C overnight, and corresponding Cy5- and Cy3-

conjugated secondary antibodies (1:500) were applied at

room temperature for 2 h. The slices were rinsed with

PBST and mounted with DAPI, after which COL-1 levels

were determined using Image-Pro software (Media

Cybernetics, Cambridge, UK). Five regions (50×50 μm

each) were randomly obtained to measure the average

fluorescence intensity for quantitative analysis. CD31-

labeled neovascularization was observed under a fluores-

cence microscope (TE2000-U; Nikon).

Statistical analysis
Data were statistically analyzed using Origin 8.0 software

(OriginLab, Northampton, MA, USA), and dose data were

expressed as the mean ± standard deviation. Statistical differ-

ences were assessed using one-way analysis of variance and

a post hoc test. A P<0.05 was considered statistically

significant.

Results and discussion
As shown in Figure 1, we prepared two types of compo-

sites for characterization analysis, cell experiments, and

animal experiments and created a full-thickness skin-

defect rat model to verify the effects of composites alone

or in combination with ES on wound treatment.

Surface topography of the composites
We observed the surface morphologies of PLGA and

PLGA/GO composites at mass concentrations of 0.5%,

1%, 2%, and 5% by SEM. As shown in Figure S1, the

surface of the pure PLGA composites was smooth and

flat, whereas that of the PLGA/GO composite was rough

and wrinkled. Moreover, the surface roughness of the

PLGA/GO composite increased along with increasing GO

concentration, with some nanoparticles aggregating to form

large particles. Previous studies report that increased rough-

ness increases the surface adsorption of vitronectin and

fibronectin and promotes the growth of surface cells.25,26

Therefore, these results suggested that GO incorporation

not only changed composite surface morphology but also

improved its biocompatibility.

Composite hydrophilicity
Previous studies show that cell adhesion and proliferation can

be improved by increasing the hydrophilicity of biological

Figure 1 Preparation of the PLGA/GO composite and its application for wound treatment.

Abbreviations: ES, electrical stimulation; St, Staphylococcus aureus; Es, Escherichia coli.
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materials. As shown in Figure 2A, GO incorporation

enhanced PLGA hydrophilicity, with surface hydrophilicity

being positively correlated with GO concentration. PLGA/GO

composite hydrophilicity is dependent upon the existence of

hydrophilic groups, such as –OH, C-O-C, and –COOH, on the

GO surface. Our results showed that compared with pure

PLGA, the surface contact angle of the 0.5% PLGA/GO

composites was slightly reduced, whereas those of the 1%,

2%, and 5% PLGA/GO were significantly reduced (P<0.05).

Increased GO concentration clearly improved the hydro-

philicity of the composites, and this phenomenon may be

ascribed to the presence of hydrophilic –OH, C–O–C, and –

COOH groups on GO surface. Furthermore, GO can affect

composite hydrophilicity by changing surface nanomorphol-

ogy and topography,27 which is likely another explanation for

the improved hydrophilicity of the composites. Moreover,

the hydrophilicity of the scaffold surface enhanced cellular

behavior, including initial attachment, proliferation, and dif-

ferentiation; therefore, the PLGA/GO composites provided a

suitable microenvironment for cell attachment and prolifera-

tion based on the presence of a more hydrophilic surface

relative to other matrices.

Figure 2 Characteristics of the PLGA/GO composites. (A) Water contact angle and (B) tensile strength of the PLGA incorporated with different concentrations of GO. (a)

PLGA, (b) PLGA/GO composites (0.5%), (c) PLGA/GO composites (1 wt%), (d) PLGA/GO composites (2 wt%), and (e) PLGA/GO composites (5 wt%). *P<0.05 (n=3).(C)

Photographs of bacterial colonies formed by E. coli and S. aureus cells treated with (a) PLGA, (b) PLGA/GO composites (0.5%), (c) PLGA/GO composites (1 wt%), (d) PLGA/

GO composites (2 wt%), and (e) PLGA/GO composites (5 wt%). (D) Loss of E. coli and (C) S. aureus cell viability. *P<0.05 (n=3).
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Mechanical properties of the composites
Tissue scaffolds must have excellent mechanical properties,

and adequate strength and ductility allow composites to be

better adapted to the extension or flexion caused by morpho-

logical and structural changes during skin healing.28

Moreover, previous studies indicate that the mechanical per-

formance of the composite affects cell growth and

differentiation.29,30 A study by Wuhan University of

Technology shows that,biomaterials with sufficient mechan-

ical strength are beneficial to the adhesion and migration of

cells in vitro.31 In addition, previous animal studies have

found that the good mechanical properties of biomaterials

contribute to the realization of shapememory and are suitable

for wound healing combined with skin.32 Although the

mechanical properties of PLGA cannot meet the require-

ments of tissue engineering, GO incorporation into the

PLAG can effectively improve its mechanical and biological

properties. Figure 2B shows the tensile strength of different

composites. The results indicated that adding a small amount

of GO significantly improved the mechanical properties of

the composites, with tensile strengths of 2% and 5% PLGA/

GO composites decreasing slightly but still remaining super-

ior to that of the PLGA (P<0.05). The incorporation of GO at

high concentrations might cause decreased tensile strength

owing to agglomeration or re-crushing of the GO nanoparti-

cles via hydrogen bonding or electrostatic interactions.

Therefore, GO nanoparticles cannot uniformly distribute in

the PLGA.

Antibacterial activity of the composites
Damaged skin exhibits loss of the barrier protecting the

host from pathogens. Moreover, exudate and proteins from

ischemic necrotic tissue can cause bacterial infection,

delay wound healing, and increase exudation and improper

collagen deposition.33 Therefore, excellent antibacterial

properties are important characteristics of high-quality

wound dressings; however, pure PLGA polymers have

no antibacterial properties. By contrast, GO exhibits spec-

tral antibacterial properties against Gram-positive and

-negative bacteria and does not trigger drug resistance.34

This is mainly because of the ability of nano-scale GO to

generate superoxide in the extracellular space of bacteria

in order to exert chemical damage. Additionally, the high

degree of roughness on the GO surface can mechanically

damage the bacterial cell membrane, thereby exerting anti-

bacterial activity.18,35 Furthermore, the PLGA/GO compo-

sites act as conductive polymers and can cause a variety of

biological effects leading to bacterial cell death facilitated

by electron transport between bacterial cells.36,37

In the present study, we assessed the antibacterial

effects of PLGA/GO composites on the common skin

pathogens E. coli and S. aureus. As shown in Figure 2C,

the pure PLGA showed almost no antibacterial activity,

whereas addition of GO increased this activity against both

pathogens, with the inhibition rate against S. aureus being

higher than that against E. coli. Additionally, the antibac-

terial effect of the PLGA/GO composites increased along

with increase in GO concentration, although there was no

significant increase in antibacterial activity between the

2% PLGA/GO and the 5% PLGA/GO composites.

Effects of composites harboring different

GO concentrations on cell survival
Mouse fibroblasts are commonly used in wound-repair

studies owing to their important role in wound healing,

including in the formation of granulated tissues that fill the

wound and differentiation into myofibroblasts involved in

wound contraction.38 Fibroblasts secrete growth factors,

such as VEGF, platelet-derived growth factor, and basic

fibroblast growth factor, and promote formation of the

extracellular matrix to increase the neovascularization

ability of endothelial cells.39–43 Figure S2 shows the effect

of different GO concentrations on cell survival. After a 1-

day culture, only the 1% PLGA/GO composites showed a

significant effect on cell survival when compared with the

pure PLGA composite, whereas after 3 days, 2% PLGA/

GO composites showed the highest survival (P<0.05).

After a 7-day culture, the number of surviving cells on

the PLGA/GO composites was significantly higher than

that on the pure PLGA, although we observed a higher

number of surviving cells on the 2% PLGA/GO compo-

sites than on the 5% PLGA/GO composites.

GO influences cell survival owing to its optimal elec-

trical activity, which can induce chemical and energy

exchange between cells and the surrounding environment

and promote cell growth and proliferation by transmitting

electrical signals to attached cells.44–46 Additionally, SEM

results and contact-angle measurements showed that the

PLGA/CO composites displayed increased surface rough-

ness and hydrophilicity, which also promote cell prolifera-

tion. However, compared with the 2% composite, the 5%

composite was cytotoxic, thereby inhibiting cell prolifera-

tion, which is consistent with results reported in previous

studies suggesting that GO nanoparticles exhibit low
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viscosity and cytotoxicity at high concentrations.19,46,47 As

a degradable organic polymer, PLGA can reduce the GO-

contact area with cells and tissues in order to avoid release

of excessive amounts of GO, thereby avoiding cytotoxic

effects while retaining the antibacterial and value-added

effects of the PLGA/GO composite. Based on our results,

we used the 2% PLGA/GO composite for subsequent

experiments.

Effect of different ES frequencies on cell

survival
To determine the optimal ES frequency for subsequent

experiments, we examined the effect of different ES fre-

quencies on cell proliferation. As shown in Figure S2B, on

culture day 1, cell viability at each ES frequency was

higher than that in the control group (0 Hz), although

there was no statistical difference between groups.

Additionally, ES showed an increasing effect on cell sur-

vival along with prolonged culture time, with the highest

cell-survival rate observed in the 500-Hz group on day 7

(P<0.05, 500 Hz vs 100 Hz). Previous studies reported that

ES at a constant frequency promotes the growth and

migration of dermal fibroblasts through the transforming

growth factor-β1/extracellular-signal-regulated kinase

(ERK)/NF-κB signaling pathway, secretion of cytokines

and growth factors, and activation of cellular pathways

involved in cell proliferation.48,49 Based on our results,

we used 500 Hz ES for subsequent experiments.

Effect of PLGA/GO composites and ES on

cell proliferation and adhesion
To observe the effects of PLGA/GO and ES on cell viability,

we determined changes in cell survival by MTT assays on

days 1, 3, and 7 under different culture conditions

(Figure 3.1A). On culture day 1, the PLGA/GO composite

did not show clear effects on cell survival; however, on culture

day 3, both the PLGA/GO composite and ES, respectively,

increased the number of survivingfibroblasts significantly, and

on culture day 7, we observed further increases in the number

of surviving fibroblasts in the PLGA/GO, PLGA+ES, and

PLGA/GO+ES groups relative to that in the PLGA and con-

trol groups. Quantitative analysis indicated that the PLGA/GO

+ES group showed a synergistic advantage over single-factor

intervention.

We then evaluated the morphological characteristics of

Balb/c3T3 cells grown on different composites by immu-

nofluorescence staining (Figure 3.1B). We observed a

larger number of cells in the PLGA/GO, PLGA+ES, and

PLGA/GO+ES groups relative to that in the PLGA group,

which was consistent with the results of MTT assays.

Additionally, cells in these intervention groups exhibited

better cytoskeletal characteristics and spreading activity,

indicating that ES along with the PLGA/GO composites

was beneficial to both cell survival and adhesion. This can

be explained by the hydrophilicity of the PLGA/GO com-

posite according to the presence of –COOH and –OH

functional groups. Moreover, as an electroactive nanoma-

terial, GO can improve the endogenous bioelectricity of

cells, with the local electric field generated by ES being

capable of mediating the diffusion of extracellular matrix

proteins and their translocation to the cell surface to pro-

mote cell adhesion and diffusion.50,51 These results con-

firmed that the unique physicochemical properties of GO

promoted cell proliferation and adhesion and regulated the

effects of ES on enhancing the physiological function of

cells.

Effect of PLGA/GO composites with ES

on the expression of genes related to

tissue repair
Fibroblasts fill and astringe wounds and promote angio-

genesis during skin healing accompanied by changes in the

expression of associated genes, including COL-1 and

VEGF. COL-1 affects skin structure, function, and texture

characteristics,and VEGF is a major growth factor that

promotes neovascularization by endothelial cells.38,39 As

shown in Figure 3.2A, VEGF expression in the PLGA/GO

group did not differ significantly from that in the PLGA

group; however, these levels were significantly enhanced

in the ES and PLGA/GO+ES groups, suggesting that the

PLGA/GO composite enhanced ES-mediated vasculariza-

tion by fibroblasts. Although the mechanism by which ES

increases VEGF expression remains unclear, this activity

has been confirmed in previous studies involving the heart,

bone, cartilage, and muscle.52,53 Furthermore, we found

similar results associated with COL-1 expression, imply-

ing a synergistic effect of ES and PLAG/GO, which

resulted in the highest levels of gene expression in the

PLGA/GO+ES group.

To evaluate the effects of different interventions on

tissue repair, we employed immunofluorescence staining

to observe changes in COL-1 protein levels in different

groups. As shown in Figure 3.2B, changes in fluorescence

associated with COL-1 levels confirmed quantitative
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reverse transcription polymerase chain reaction (qRT-

PCR) results and suggested that PLGA/GO+ES was most

effective at promoting the expression and translation of

molecules related to tissue repair.

In vivo changes in the wound-healing rate
Figure 4A shows the macroscopic appearance of the

wound at different time points post-operation, with differ-

ences in healing rate between groups being the most

obvious on day 6 post-injury.As shown in Figure 4B, the

healing rates in the PLGA, control, PLGA/GO, and PLGA

+ES groups increased gradually (P<0.05 between groups)

and this trend continued until sacrifice on day 12 (P>0.05,

PLGA+ES vs PLGA/GO+ES; and PLGA vs control).

Given the beneficial characteristics of GO, its incorpora-

tion with the PLGA biofilm exhibits positive effects on in

vivo wound healing, based on the significantly higher rate

relative to that observed in the PLGA and control groups.

Importantly, the PLGA/GO composite promoted tissue

repair via exogenous ES, with the wound-healing rate

observed in the PLGA/GO+ES group consistently exceed-

ing that of other groups.

Histologic analysis
Re-epithelialization and collagen deposition/alignment are

essential for wound healing.54 H&E and Masson’s tri-

chrome staining of the wound and surrounding tissues

showed larger wounds accompanied by a thicker epithelium

and a clear subepidermal space in the control and PLGA

groups (Figure 5A, blue area). By contrast, both the PLGA/

GO and the PLGA/GO+ES groups displayed decreases in

inflammatory tissue accompanied by scar formation on the

lesion surface (Figure 5A, purple arrow) and capillary pro-

liferation. Additionally, the PLGA/GO group displayed

thinning epithelial tissue and new epidermal tissues cover-

ing both ends of the lesion. Similarly, in the PLGA+ES and

PLGA/GO+ES groups, the epidermis on the wound surface

was thinned, and new capillary capillaries (Figure 5A,

yellow arrow) were visible in the granulated tissue of the

damaged area, with optimal therapeutic results observed in

the PLGA+ES and PLGA/GO+ES groups.

Figure 3 3.1. PLGA/GO-mediated changes in morphology. (A) Cell viability according to MTT assay (absorbance at 540 nm) at each time point and under different culture

conditions. *P<0.05 (n=3). (B) Morphology of Balb/c3T3 cells cultured under different conditions for 3 days. Staining of the cytoskeleton (green) and nucleus (blue). Scale

bars, 100 μm. 3.2. qRT-PCR analysis of genes related to tissue repair. (A) Measurement of VEGF and COL-1 levels following Balb/c3T3 cell culture for 7 days under different

conditions. (a) PLGA biofilm, (b) PLGA/GO composites (2 wt%), (c) ES, and (d) PLGA/GO composites (2 wt%) + ES (n=4 replicates). *P<0.05 (n=4) (B)
Immunofluorescence images of COL-1 protein under different culture conditions. (a) PLGA biofilm, (b) PLGA/GO composites (2 wt%), (c) ES, and (d) PLGA/GO

composites (2 wt%) + ES. Scale bars, 100 μm.
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Figure 4 The differential effects of PLGA/GO composites and ES on wound healing. (A) Representative macroscopic appearance of wounds. (a) Control, (b) PLGA, (c)

PLGA/GO composites (2 wt%), (d) PLGA + ES, and (e) PLGA/GO composites (2 wt%) + ES. (B) Wound-healing curves. *P<0.05 (n=5).

Figure 5 Differential effects of PLGA/GO composites and ES on tissue structure of wounds at 12 days. (A) Histological results. (a) Control, (b) PLGA biofilm, (c) PLGA/GO

composites (2 wt%), (d) PLGA+ES, and (e) PLGA/GO composites (2 wt%) + ES. Magnification, 100×. Blue circle indicates subepidermal space, blue arrow indicates scar

formation, yellow arrow indicates new capillary capillarie. (B) Immunofluorescence images of COL-1 levels in the wound-healing region at 12 days after different treatments.

(a) Control, (b) PLGA biofilm, (c) PLGA/GO composites (2 wt%), and (d) PLGA+ES, and (e) PLGA/GO composites (2 wt%) + ES. Scale bars, 500 μm. (C)

Immunohistochemical staining and quantification of CD31-positive microvessels in the wound-healing region at 12 days after different treatments. (a) Control, (b) PLGA,

(c) PLGA/GO composites (2 wt%), and (d) PLGA+ES, and (e) PLGA/GO composites (2 wt%) + ES. Scale bars, 100 μm.
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Epithelial repair involves a transition from epithelial

thickening to thinning owing to increased proliferation

and/or delayed differentiation of cells during the early

stage of injury repair, as well as an increase in the number

of keratinocytes. Subsequently, the differentiation of the

stratum corneum accelerates into the epidermis until skin

thickness is recovered.41 In the present study, we observed

denser neoplastic tissues in the PLGA/GO+ES group, con-

firming that the combination of the PLGA/GO composite

and applications of an ES promoted cell proliferation and

adhesion during wound healing.

Analysis of changes in collagen content at

the injury site
COL-1 is the main structural component of the dermis and

exists at high levels in the dermis of normal skin. During

the early stage of injury, epidermal tissue is in the prolif-

erative stage and exhibits elevated expression of COL-3

and attenuated expression of COL-1 in granulated tissue,

until epidermal remodeling, during which COL-1 expres-

sion increases and gradually exceeds that of COL-3.55 In

the present study, we observed improved epithelial remo-

deling in the PLGA+ES and PLGA/GO+ES groups rela-

tive to that in other groups and accompanied by elevated

COL-1 expression (Figure 5B). This was mainly due to ES

effectively promoting fibroblast proliferation (Figure 3.1)

and increasing collagen production. Additionally, the

PLGA/GO group displayed higher COL-1 expression

than that in the PLGA and control groups, possibly due

to the antibacterial properties of GO (Figure 2C).

Moreover, GO inhibited bacterial growth in the wound

site and accelerated wound healing and collagen deposi-

tion. These results indicated that the PLGA/GO composite

exhibited excellent physical properties, including mechan-

ical strength, hydrophilicity (Figure 2), and protein adsorp-

tion, thereby creating a better living environment for cells

and promoting tissue healing.

Analysis of vascularization
New blood vessels provide micronutrients, amino acids,

and oxygen to damaged skin, which are essential for heal-

ing, epithelialization, and fibrosis.56 In the present study,

we used the endothelial-cell-specific protein marker CD31

as a marker of neovascularization around the wound. As

shown in Figure 5C, we observed a significantly higher

number of new blood vessels in the PLGA/GO group

relative to that in the control and PLGA groups, with

further increases observed following ES intervention.

Given the synergy observed between the PLGA/GO com-

posite and ES, we found that the number of new blood

vessels in the PLGA/GO+ES group was even higher than

that in the PLGA+ES group. This was consistent with the

results of cell experiments (Figure 3.2) and those reported

in previous studies.57–59

These findings can be explained through the ability of

ES to regulate mitogen-activated protein kinase/ERK sig-

naling in vascular endothelial cells, which increases VEGF

levels and promotes angiogenesis. Moreover, studies show

that electroactive dressings can affect the physiological

functions of surrounding cells through the Ca2+/calmodu-

lin pathway to enhance the biological effects of exogenous

ES.46,60,61

The treatment of large-area skin defects caused by

severe burns and trauma remains a challenge in wound

treatment. Invasive treatments, such as skin grafting, can-

not meet clinical needs owing to limited donor sources and

the presence of significant secondary damage. With

advances in tissue-engineering technology, the use of arti-

ficial dressings made of degradable polymers has attracted

increasing attention for their ability to promote the repair

of large-area skin defects. The ideal tissue-engineered skin

dressing should exhibit good histocompatibility, mechan-

ical strength, and antibacterial and electrophysical proper-

ties in order to provide an ideal environment for seed-cell

growth and proliferation and promote skin self-repair. In

the present study, we incorporated GO into biodegradable

PLGA in order to improve the biocompatibility and tissue-

repair ability of the PLGA dressing, as well as to optimize

the physical and chemical properties of the composite

material. Following the addition of GO, PLGA exhibited

an ability to preclude GO release, which avoided asso-

ciated cytotoxic effects while retaining the antibacterial

and value-added effects of the PLGA/GO composite.

SEM, mechanical, and contact-angle analyses of the

PLGA/GO composite revealed that incorporation of the

optimal GO concentration (2%) improved the mechanical

strength and hydrophilicity of the composite, as well as

increased the surface roughness to promote cell adhesion.

Moreover, we found that the PLGA/GO composite exerted

obvious antibacterial effects against S. aureus and E. coli.

To further enhance the physiological function of the

PLGA/GO composite, we combined its application with

ES based on insights from previous studies reporting its

efficacy for enhancing the biological function of PLGA/

GO composites,7 especially in epidermal repair,8 through
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multiple signaling pathways. The effects of ES on electro-

active biomaterials can accelerate the process of tissue

repair, with our experimental results showing that ES

increased the survival of Balb/c3T3 cells and upregulated

mRNA and protein levels of VEGF and COL-1.

Importantly, PLGA/GO and ES exhibited synergistic

effects that promoted cell proliferation and upregulated

levels of proteins associated with tissue repair.

Furthermore, our in vivo findings in rats showed that

PLGA/GO+ES promoted wound healing, accelerated epi-

dermal remodeling, and facilitated neovascularization to

the highest degree. Therefore, these results indicated that

ES combined with the PLGA/GO composite represents a

promising approach for epidermal repair and artificial skin

preparation. Our future work will improve the biological

characteristics of conductive composite dressings and their

interaction with electrical fields in order to obtain an

optimal dressing for tissue-engineering applications.

Conclusion
Here, we demonstrated the efficacy of PLGA/GO as a

conductive composites with excellent mechanical proper-

ties, hydrophilicity, and antibacterial activity. The mor-

phology and surface properties of the composite were

efficacious for skin-tissue regeneration and worked syner-

gistically with ES to improve cell adhesion and prolifera-

tion and promote the transcription of genes associated with

tissue repair. Our results showed that combined treatment

with the PLGA/GO composite and ES promoted vascular-

ization and epidermal remodeling and accelerated wound

healing in rats, confirmed according to improvements in

gross appearance, histological observations, and immuno-

fluorescence staining. These findings suggest the efficacy

of PLGA/GO+ES for broad applications associated with

epidermal repair.
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