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Purpose: Wound healing, especially of infected wounds, remains a clinical challenge in 
plastic surgery. This study aimed to manufacture a novel and multifunctional wound dressing 
by combining graphene oxide/copper nanocomposites (GO/Cu) with chitosan/hyaluronic 
acid, providing significant opportunities for the therapy of wound repair in wounds with 
a high risk of bacterial infection.
Methods: In this study, GO/Cu-decorated chitosan/hyaluronic acid dressings (C/H/GO/Cu) were 
prepared using sodium trimetaphosphate (STMP) crosslinking and the vacuum freeze-drying 
method, and chitosan/hyaluronic acid dressings (C/H) and GO-incorporated chitosan/hyaluronic 
acid dressings (C/H/GO) served as controls. The surface characterization, in vitro degradation 
under various pH values, antimicrobial potential, cytocompatibility and in vivo therapeutic efficacy 
in a bacteria-infected full-thickness skin defect model were systematically evaluated.
Results: Our experimental results indicated that the acidic environment facilitated the 
release of copper (CuNPs and Cu2+) from the dressings, and prepared C/H/GO/Cu dressings 
exhibited significant in vitro antimicrobial activities against the two tested bacterial strains 
(ATCC35984 and ATCC25923). All three dressings showed satisfactory cytocompatibility 
with mouse fibroblasts (NIH/3T3-L1). Moreover, remarkably accelerated wound healing was 
found in the C/H/GO/Cu group, with controlled inflammatory infiltration and improved 
angiogenesis in granulation tissues. In addition, no pathological damage was noted in the 
tissue structures of the tested organs (heart, lung, liver and kidney) in any of the four groups.
Conclusion: Collectively, GO/Cu-incorporated chitosan/hyaluronic acid dressings sug-
gested a synergistic antimicrobial efficacy and acceptable biocompatibility both in vitro 
and in vivo, as well as a significantly accelerated healing process of bacteria-infected 
wounds. Thus, the multifunctional C/H/GO/Cu composite is expected to be a potential 
alternative for wound dressings, especially for the management of intractable wounds caused 
by bacterial infection.
Keywords: graphene oxide, copper nanoparticles, wound dressing, bacterial infection, 
wound healing

Introduction
Severe skin injury resulting from burn, surgery, trauma or chronic disease (such as 
diabetes or peripheral vascular diseases) has become one of the most critical issues 
clinically.1 Generally, damage to the structural integrity of skin represents a loss of 
the protective barrier against external bacteria colonization, which could promote 
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susceptibility to bacterial infection, especially for immu-
nocompromised patients.2 The healing of damaged skin is 
a complex process and occurs in a systematic manner. 
There are four continuous and overlapping phases regard-
ing wound healing, as follows: hemostasis, inflammation, 
proliferation and remodeling.3,4 Pathogenic contamination 
of wounds is considered to be a major disturbance during 
the healing process, aggravating wound deterioration and 
increasing the healthcare burden of patients suffering from 
skin defects.5 Therefore, it is clinically imperative to 
develop feasible therapeutic methods for the prevention 
and/or treatment of bacterial infection to recover 
a favorable microenvironment for wound regeneration.

Conventionally, a number of therapies, such as surgical 
wound dressing therapy, negative pressure wound therapy 
or hyperbaric oxygen treatment, are applied for wound 
management at early stages after injury.6 However, 
advanced therapies, including autogenous skin grafts, arti-
ficial tissue engineered products, or even flap transplanta-
tion, must be employed for wound closure if the strategies 
mentioned above do not provide the desired therapeutic 
effects.7–9 Although commercially available wound dres-
sings have been widely used in the clinic, they are usually 
expensive and not suitable for the coverage of infected 
wound defects. To improve the treatment outcomes of 
infected wounds, functional wound dressings with antimi-
crobial properties were prepared and investigated as pre-
viously reported.10–13 As a derivative of graphene, 
graphene oxide (GO) nanosheets have drawn significant 
attention because of their broad-spectrum antibacterial 
properties and tolerable cytotoxicity in mammalian 
cells.14,15 The dominant perceptions regarding the antimi-
crobial mechanism of GO nanosheets could be summar-
ized as follows: physical damage to bacterial membranes 
is mediated by reactive oxygen species (ROS)-relevant or 
irrelevant oxidative stress and destructive extraction of 
phospholipids from the lipid bilayers.16,17 These actions 
eventually contribute to the damage of the integrity of the 
cell membrane and then bacterial death.18 Nevertheless, 
whether GO nanosheets can selectively kill bacterial cells 
without affecting normal mammalian cells remains 
unknown, and the primary determinant of their antimicro-
bial actions is still under debate.14,16

GO-based multicomponent nanocomposites, including 
polymers, quaternary ammonium salts, antibiotics and nano-
metals, have emerged as promising candidates to overcome 
the limitations of individual components.14,19–22 As one of 
the most abundant natural biopolymers extracted from 

alkaline deacetylation of chitin, chitosan (CS) is extensively 
applied in wound healing applications because of its anti-
bacterial activity, biocompatibility and biodegradability.23 

Interestingly, enhancement of antimicrobial activity and 
cytocompatibility was observed after the attachment of CS 
to GO, indicating that GO-CS nanohybrids exhibit improved 
bactericidal and biosafety performances.24 In addition, the 
biodegradation time of GO-CS nanohybrids was suspected 
to be much slower than that of CS only due to the incorpora-
tion of GO-based nanomaterials, which may be beneficial 
for long time coverage of dressing scaffolds in wound 
treatment. Hyaluronic acid (HA) is a well-known high- 
molecular-weight linear natural glycosaminoglycan that 
serves as an indispensable component of the extracellular 
matrix (ECM) in human connective tissue and skin.25 The 
synergic action between CS and HA is of great importance 
to accelerate the wound healing process with satisfactory 
aesthetic and functional outcomes in wound closure.26 

Therefore, we expected that a CS/HA-based platform 
could be an effective therapeutic strategy for developing 
multifunctional dressings for local treatment of infected 
wounds.

Copper (Cu) is a cost-effective antimicrobial agent that 
kills pathogens efficiently on its metallic surface, leading to 
the disruption of the respiratory chain and gene replication in 
bacteria.27 Meanwhile, cellular damage including oxidation 
of lipids and proteins, was found to contribute to lethality to 
microorganisms due to the redox properties of copper nano-
particles (CuNPs).28 Moreover, copper ions (Cu2+) have 
been reported to facilitate angiogenesis by maintaining the 
expression of vascular endothelial growth factor (VEGF) 
and hypoxia-inducible factor (HIF-1α).29 Inspired by their 
excellent antibacterial activity and angiogenesis capacity, 
Cu-incorporated wound dressings were prepared to stimu-
late angiogenesis and suppress infection in the management 
of bacteria-infected wounds.30,31 Additionally, CuNP- 
decorated GO membranes fabricated by an in situ chemical 
reduction method also exhibited enhanced antimicrobial 
performances.32 However, few investigations have empha-
sized the application of GO/Cu-based dressings for wound 
care under high risk of infection as far as we know. Taken 
together, this research aimed to prepare a multifunctional 
wound dressing by combining GO/Cu nanocomposites with 
chitosan/hyaluronic acid, and we anticipate the use of this 
novel dressing as a promising alternative for efficient ther-
apeutic intervention of bacteria-infected wound healing in 
plastic surgery clinics (Scheme 1).
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Materials and Methods
Synthesis of Graphene Oxide/Copper 
(GO/Cu) Nanocomposites
Graphene oxide (GO) was synthesized by the modified 
Hummer method from flake graphite (Aladdin, 
Shanghai, China) in accordance with the previously 
reported protocol.33 Then, a GO suspension (2 mg/mL, 
100 mL) was prepared using an ultrasonic bath (SB- 
5200DT, SCIENTZ, Ningbo, China). In situ chemical 
reduction was performed to achieve the growth of cop-
per nanoparticles (CuNPs) in the GO suspension as 
described previously.34 In brief, the desired amounts of 
cupric sulfate pentahydrate (CuSO4.5H2O, 100 mg, 
Aladdin) and ethylene diamine tetraacetic acid disodium 
salt dihydrate (EDTA.2Na.2H2O, 60 mg, Aladdin) were 
added into the as-prepared GO suspension and agitated 
sufficiently at 30 °C for 1 h, and then 20 mL of 
a solution containing sodium hydroxide (NaOH, 
80 mg, Aladdin) and sodium borohydride (NaBH4, 
10 mg, Aladdin) was added into the mixture slowly 
and stirred at 30 °C for 30 min. The collected mixture 
was centrifuged at 10,000 rpm for 15 min, washed using 
deionized (DI) water three times and dried at 37 °C for 
24 h to obtain homogeneous GO/Cu nanocomposite 
(mass ratio = 2:1).

Preparation of GO/Cu-Decorated 
Chitosan/Hyaluronic Acid Dressings
The composite dressings were prepared using sodium tri-
metaphosphate (STMP) crosslinking and then vacuum 
freeze-dried.35 As a food-safe crosslinking agent, STMP 
can produce stable phosphate linkages between intermole-
cular hydroxyl groups that exist in chitosan and hyaluronic 
acid (HA).36 Briefly, 5% wt chitosan (100–200 mPa.s 
viscosity, 97% N-deacetylation, Aladdin)/sodium hyaluro-
nate (solution A) (80–2000 kDa, Solarbio, Beijing, China) 
mixture solutions (dissolved in 100 mL of 1 wt% acetic 
acid) were prepared. Meanwhile, 2.5% wt GO/Cu solution 
(solution B) (dispersed in 100 mL of DI water) was pre-
pared after sonication for 45 min. Then, aliquots of solu-
tions A and B (volume ratio=4:1) were mixed uniformly 
by mechanical agitation (1000 rpm, 30 min). 
Subsequently, the mixtures were crosslinked using STMP 
solutions (10% w/v, Aladdin) and agitated at 37 °C for 1 
h. The solutions were poured into the customized polyte-
trafluoroethylene (PTFE) mold (100 mm in diameter and 
5 mm in height) after being washed thoroughly with dis-
tilled water to remove the residual STMP and acetic acid, 
and the pH value of the final formulation upon hydration 
in water was approximately neutral (6.8–7.0) after wash-
ing. Then, the obtained solutions were kept at −80 °C for 

Scheme 1 Schematic illustration for the synthesis, synergistic antibacterial effects, cytocompatibility with fibroblasts and in vivo wound healing efficacy of C/H/GO/Cu 
dressing scaffolds. 
Abbreviation: C/H/GO/Cu, graphene oxide/copper nanoderivatives-decorated chitosan/hyaluronic acid dressing.
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12 h and further freeze-dried under vacuum (FD8-5T, SIM 
International Group CO., LTD, LA, USA) for 48 h. To 
serve as the controls, chitosan/hyaluronic acid dressings 
(C/H) and GO-incorporated chitosan/hyaluronic acid dres-
sings (C/H/GO) were also fabricated in a similar manner. 
These prepared dressings were sterilized using 48 
h ultraviolet radiation before carrying out the in vitro and 
in vivo biological experiments.

Morphological and Chemical 
Characterizations
Transmission electron microscopy (TEM) images of GO 
and GO/Cu were collected by a Tecnai G2 F20 electron 
microscope (JEM-2100F, JEOL Ltd., Tokyo, Japan) with 
an accelerating voltage of 200 kV. A field-emission scan-
ning electron microscope (FE-SEM, ZEISS SIGMA HD, 
Jena, Germany) with an accelerating voltage of 10 kV was 
applied to examine the surface morphologies of the pre-
pared dressings. The surface functional groups of the 
dressings were analyzed by a Fourier transform- infrared 
(FT-IR) spectrophotometer (NICOLET iS10, Thermo 
Fisher Scientific, MA, USA). The spectra were acquired 
with 32 scans per sample from 4000 to 400 cm−1 at 
a resolution of 4.0 cm−1. The thermal properties of the 
dressings were examined by a thermogravimetric (TG) 
analyzer (DTA-7300, SEIKO Ltd., Tokyo, Japan) with 
a heating rate of 10 mL/min from 30 to 1000 °C under 
nitrogen flow (80 mL/min) to investigate the amount of 
incorporated GO and CuNPs in the dressings.

The Copper Release Behaviors of the 
Dressings
To examine the effect of pH on the release kinetics of 
copper (CuNPs and Cu2+) from the dressings, samples 
with areas of 12.6 cm2 were cut and prepared and then 
immersed in 50 mL of HEPES (Sigma-Aldrich, USA) 
buffers with pH values of 5.5, 7.0 or 8.5. The solutions 
were collected at the indicated intervals (1, 2, 3, 4, 5, 6, 7, 
8, 9, 10, 11, 12, 13 and 14 d) after incubation at 37 °C with 
orbital shaking at 80 rpm and then supplemented by fresh 
buffer at each sampling time point. The concentration of 
released copper was analyzed using inductively coupled 
plasma optical emission spectrometry (ICP-OES, Perkin 
Elmer, Optima 5300 DV, USA) after being treated with 
strong acid to evaluate the amount of Cu released from the 
dressings at each interval.

Determination of Antibacterial Properties
The antibacterial properties of the dressings were deter-
mined by confocal laser scanning microscopy (CLSM) 
observation, bacterial adhesion and biofilm formation eva-
luation. Two types of bacterial strains commonly seen in 
skin and soft tissue infections, methicillin-susceptible 
Staphylococcus aureus (MSSA, ATCC25923) and methi-
cillin-susceptible Staphylococcus epidermidis (MSSE, 
ATCC35,984), were used in the present study. Bacteria 
were suspended in Mueller-Hinton Broth (MHB, 
Solarbio) at a concentration of 1×108 colony-forming 
units (CFUs)/mL for subsequent experiments after over-
night culture in 20 mL of tryptic soy broth (TSB).37 The 
MICs (minimal inhibitory concentrations) and MBCs 
(minimal bactericidal concentrations) of GO, CuNPs and 
GO/Cu nanomaterials against the two tested bacterial 
strains were determined as described in previous 
studies.38,39

Bacterial inactivation of the dressings was observed by 
CLSM (TCS SP8, Leica Microsystems, Wetzlar, 
Germany) with fluorescent green and red indicating live 
and dead cells, respectively.37 Dressings coated with bac-
teria were stained with 300 µL of combination dye (LIVE/ 
DEAD BacLight viability kits, Life Technologies, CA, 
USA) after 6 and 48 h of contact according to the provided 
product manual. The survival status of the bacteria on the 
dressings was then examined using CLSM, and images 
were collected from random positions of the samples.

To further investigate the antimicrobial efficacy of the 
dressings, bacterial attachment and biofilm formation were 
quantitatively analyzed by the spread plate method and 
tissue culture plate method, respectively.40,41 First, 1 mL of 
MHB solution with 1×106 CFU bacteria was added into 
glass bottom cell culture dishes (NEST Biotechnology 
Ltd., Wuxi, China) containing C/H, C/H/GO and C/H/GO/ 
Cu dressings, and dishes containing only MHB medium and 
bacteria served as blank controls. After incubation for 6 h at 
37 °C, bacteria attached over the surface of the samples were 
thoroughly dislodged by ultrasonication (30 kHz, 5 min). 
The collected solutions were 10-fold serially diluted and 
then placed onto TSA plates for a 24 h incubation at 37 ° 
C. The CFUs on the plates were counted to quantify the 
number of attached live bacterial cells in each group. The 
normalized CFUs were obtained by comparing the CFUs in 
the controls with groups containing dressings. Second, the 
samples were fixed by 2.5% glutaraldehyde for 30 min and 
dried at 60 °C for 1 h after 48-h incubation with the tested 
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strains as aforementioned. Then, biofilms formed on the 
samples were stained with 1 mL of crystal violet (CV) 
solution (0.1% wt/vol, Sigma-Aldrich) at 37 °C for 10 min 
and dried for 2 h at 37 °C. Biofilms on the surfaces of the 
samples were quantified by solubilizing the CV stain in 300 
μL of glacial acetic acid (30% wt/vol, Sigma-Aldrich) for 10 
min. The CV concentration was confirmed at 492 nm on 
a microplate reader (M200 PRO, TECAN, Männedorf, 
Switzerland).

Determination of Cytocompatibility
The in vitro cytocompatibility of GO/Cu nanocomposites 
was investigated with mouse fibroblasts (NIH/3T3-L1) 
using apoptosis analysis and cell proliferation 
observation.42,43 In brief, sterile specimens were placed 
in 6-well plates containing cells at a density of 5.0×105 

cells/well for coculture for 48 h, with culture medium and 
specimens as blank controls. Cells were collected and 
suspended in 500 μL of 1×binding buffer, and ten micro-
liters of a mixture containing Annexin-V FITC and propi-
dium iodide (PI) (BD Biosciences, Franklin Lakes, NJ, 
USA) was added into the cell suspension. Subsequently, 
100 μL of binding buffer was added into the suspension 
after being washed with phosphate-buffered saline (PBS) 
twice. The effects of different specimens on cell apoptosis 
were confirmed by flow cytometry (FACS Canto II, BD 
Biosciences), and relevant data were analyzed using 
FlowJo software (TreeStar, OR, USA). In addition, the 
proliferative activities of cells over the surface of the 
dressings at days 1, 3 and 5 were evaluated by CCK-8 
assay. Dressings were placed in 48-well plates containing 
cells at a density of 1.0×104 cells/well, and wells contain-
ing only medium and dressings served as blank controls. 
At the indicated time points, the medium was removed, 
and 100 μL of cell counting kit-8 (CCK-8) solution 
(Dojindo Molecular Technologies Inc., Kumamoto, 
Japan) was added into the wells and incubated for an 
additional 4 h at 37 °C. The absorbance was measured 
on a microplate reader at 450 nm (OD450) in strict accor-
dance with the manufacturer’s protocol.

In vivo Therapeutic Efficacy of Infected 
Wound Defects
In our study, a modified infected full-thickness skin 
defect model was established to investigate the anti- 
infection and wound healing effects of GO/Cu- 
decorated chitosan/hyaluronic acid dressings 

in vivo.10,44 All surgical procedures for the animal 
experiments were examined and approved by the 
Animal Experimentation Medical Ethics Committee of 
Xiangya Hospital, Central South University, and per-
formed according to “3R” principles (Reduction, 
Replacement and Refinement) as indicated in the 
“Guidelines on Treating Experimental Animals Well” 
issued by the Ministry of Science and Technology of 
the People’s Republic of China. Twenty male BALB/c 
mice weighing approximately 25–30 g (7–8 w age) 
were purchased from Shanghai SLAC Laboratory 
Animal Co., Ltd. (SLAC, Shanghai, China). The 
groupings (n=5 for each group) in the in vivo experi-
ments were as follows: 1) Group without coverage by 
dressings (CTRL); 2) Group with coverage by chitosan/ 
hyaluronic acid dressings (C/H); 3) Group with cover-
age by GO-incorporated chitosan/hyaluronic acid dres-
sings (C/H/GO); 4) Group with coverage by GO/Cu- 
decorated chitosan/hyaluronic acid dressings (C/H/GO/ 
Cu). Briefly, mice were anesthetized by intraperitoneal 
injection of 5% chloral hydrate (10 μL/g body weight). 
The dorsal skin of mice was shaved and sterilized with 
iodophors. Then, a 10 mm diameter full-thickness 
defect was created with immobilization by 
a customized rubber ring. Subsequently, 50 μL of 
PBS containing Staphylococcus aureus (ATCC25923) 
at the indicated concentration (1.0×106 CFU/mL) was 
inoculated onto the wound surface and covered with 
different dressings. Each mouse was placed into an 
individual cage after operation, and all dressings were 
changed every two days. No antibiotics were adminis-
tered after operation. No mortality occurred during the 
follow-up period.

Evaluation of Wound Healing Process
The general appearance of wounds in each group (n=5) 
was photographed by a digital camera (Sony, DSC-H300) 
at days 1, 3, 7, 10 and 14 postsurgery. The wound margin 
was carefully marked, and the wound area was quantified 
by ImageJ software (NIH, Maryland, USA).45 Wound area 
proportion was defined as the percentage change from the 
initial wound area at day 1 of the experiments, and the 
proportion of wound closure at the day of sacrifice (day 
14) was also calculated and compared. The tissues con-
taining the wound area and surrounding normal skin, as 
well as the vital organs (including the heart, lung, liver and 
kidney) in each group were collected for histopathological 
evaluation.
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Histopathological and Immunofluorescence 
Examination
The prepared tissue specimens from each group (n=3) 
were fixed by 4% neutral-buffered paraformaldehyde 
(PFA) for 48 h, with sufficient washing overnight to 
remove the PFA.37 Then, samples were embedded in par-
affin (EG1150, Leica) and cut into sections with 
a thickness of 5 μm (RM2245, Leica). Hematoxylin and 
eosin (H&E) and Masson’s trichrome staining were used 
to examine the morphological changes of infected wound 
defects and vital organs in order to evaluate the wound 
repair efficacy and potential toxicity of the C/H/GO/Cu 
dressing. In addition, immunofluorescence was performed 
to investigate the inflammatory infiltration and angiogen-
esis in granulation tissues as described previously.37,45 The 
prepared sections for immunofluorescence staining were 
incubated with rabbit anti-CD3 antibody (1:300, ab16669, 
Abcam, Cambridge, UK) or rabbit anti-CD31 antibody 
(1:200, ab124432, Abcam) overnight at 4 °C and then 
washed with PBS three times. Alexa Fluor 488 goat anti- 
rabbit IgG (1:200, ab150077, Abcam) was applied as the 
secondary antibody, and nuclei were counterstained with 
4,6-diamidino-2-phenylindole (DAPI, Molecular Probe, 
Sigma-Aldrich). Images of five randomly selected fields 
from the wound site in each group were observed by an 
inverted fluorescence microscope (DMI4000B, Leica) to 
determine the biological effects of C/H/GO/Cu dressing on 
inflammatory infiltration and angiogenesis.

Statistical Analysis
All quantitative data obtained from both the in vitro and 
in vivo experiments were expressed as the mean ± stan-
dard deviation (SD). One-way analysis of variance 
(ANOVA) and nonparametric tests (the Mann–Whitney 
U-test) were used for statistical analysis in SPSS software 
(version 19.0, IBM Corp, NY, USA). p-values less than 
0.05 were considered to be statistically significant.

Results and Discussion
Synthesis and Characterization
In the present work, an environmentally friendly and easily 
accessible method was utilized to prepare the GO-Cu nano-
composites, which were synthesized via in situ chemical 
reduction as previously reported.34 As demonstrated in 
Figure 1A, ultrathin, smooth sheets with several surface 
wrinkles were observed through TEM observation, confirm-
ing the successful synthesis of the GO nanosheets. In 

addition, the morphological aspect of the CuNPs presented 
on the GO nanosheets was highly similar to the nanoparticle 
appearance described by Zhu et al.46 High-resolution TEM 
images of single copper nanoparticles displayed a measured 
lattice spacing of 0.352 nm, indicating a high crystallinity of 
the CuNPs. The gross appearance of the prepared dressings 
as shown in Figure 1B indicated that the GO nanosheets 
and GO/Cu nanocomposites were well dispersed and 
embedded throughout the chitosan/hyaluronic acid matrix, 
and the color of the dressings gradually deepened with the 
addition of GO and GO/Cu. Moreover, SEM images as 
displayed in Figure 1C indicated that the dressings had 
interconnected hybrid networks with porous structures. 
The GO nanosheets and GO/Cu nanocomposites were also 
uniformly incorporated into the interconnected micropores 
as shown in the SEM images with higher magnification. 
Overall, the morphological observation described above 
confirmed the successful preparation of GO/Cu nanocom-
posites and GO/Cu-decorated chitosan/hyaluronic acid 
dressings.

The FT-IR spectra of the prepared dressings are shown 
in Figure 2A. Absorption bands of carboxyl (-COO-) and 
acetyl groups (-C=O) of hyaluronic acid (HA) were 
observed at approximately 1620 cm−1, and a combined 
peak at approximately 1425 cm−1 was assigned to the 
N-acetyl moiety (-C-N-) of the amide II group and the 
carboxyl group as previously reported.47 The bands at 
3350 cm−1 and 1640 cm−1 were related to the OH-, NH- 
and C=O stretching vibrations of chitosan,48 which are 
mostly overlapped by the oxygen-containing functional 
groups from GO and carboxyl and acetyl groups from 
HA. It is clearly illustrated that absorption bands of some 
oxygen-containing functional groups of GO nanosheets, 
such as 3500 cm−1, 1600 cm−1 and 1080 cm−1, were 
partially weakened or removed after chemical reduction. 
Meanwhile, absorption peaks for CuNPs in the FT-IR 
spectra were not obvious because there was no observable 
absorption peak above 1000 cm−1 as previously 
confirmed.34

Variation of the thermal stability ranging from 30 to 
1000 °C of the C/H, C/H/GO and C/H/GO/Cu dressings 
under nitrogen flows was further investigated by TGA as 
shown in Figure 2B. Overall, the TGA curves of the three 
dressings consisted of three stages. Weight loss of approxi-
mately 16% for the C/H dressings and 18% for the C/H/ 
GO and C/H/GO/Cu dressings constituted the first stage at 
30 to 110 °C, which resulted from the evaporation of 
moisture and residual acetic acid as previously 
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verified.49–51 The initial changes of TGA curves indicated 
a certain amount of absorbed water in their porous struc-
ture. Then, the major decomposition of the C/H/GO and C/ 
H/GO/Cu dressings ranged from 200 to 300 °C and the C/ 
H dressings ranged from 200 to 400 °C, respectively, 
which was attributed to the cleavage of intermolecular 
bonds and molecular structures among the incorporated 
chitosan, hyaluronic acid and graphene oxide.49,51 We 
found an approximately 35% loss in weight for the C/H 
dressings and 40% loss in weight for the C/H/GO and C/ 
H/GO/Cu dressings at the second stage, suggesting 
a discrepant thermal degradation behavior after the 

addition of GO and GO/Cu nanocomposite for the CS/ 
HA dressings. Eventually, residues of the dressings were 
further degraded until the end of the thermogravimetric 
examination, and the weight loss during this process was 
approximately 23%, 27% and 22% for the C/H, C/H/GO 
and C/H/GO/Cu dressings, respectively. It could be 
observed that the mass ratio of CuNPs in the C/H/GO/Cu 
dressings was approximately 5% based on the above 
analysis.

Additionally, we evaluated the cumulative release pro-
files of copper (CuNPs and Cu2+) from the C/H/GO/Cu 
dressings under different pH values over two weeks. It was 

Figure 1 Characterization of GO/Cu nanocomposites and C/H/GO/Cu dressings. 
Notes: (A) Representative TEM images of GO (1) and GO/Cu nanocomposites (2, 3). The red square region demonstrates the HR-TEM images of GO/Cu, revealing the 
interplanar distance (0.352 nm) of CuNPs. The red arrowheads indicate the CuNPs grown on the GO nanosheets. (B) Gross appearance of C/H, C/H/GO and C/H/GO/Cu 
dressings. (C) Representative SEM images of C/H, C/H/GO and C/H/GO/Cu dressings at different magnifications. The blue arrowheads indicate the GO nanosheets 
incorporated into the dressings. The red rectangle indicates the CuNPs grown on GO nanosheets. 
Abbreviations: C/H, chitosan/hyaluronic acid dressing; C/H/GO, GO-incorporated chitosan/hyaluronic acid dressing; C/H/GO/Cu, GO/Cu-decorated chitosan/hyaluronic 
acid dressing; CuNPs, copper nanoparticles; GO, graphene oxide; HR, high resolution; SEM, scanning electron microscope; TEM, transmission electron microscope.
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found that the acidic environment (pH=5.5) facilitated the 
release of copper from the dressings as demonstrated in 
Figure 2C, and the amounts of copper released from the 
dressings within 14 d were 88.1%, 76.2% and 60.3% 
under acidic, neutral and alkaline conditions, respectively. 
We found that a part of CuNPs were detached from the 
dressing scaffolds using TEM observation, and the release 
of Cu2+ from the C/H/GO/Cu dressings was highly pH- 
dependent and may be closely related to the extent of Cu 
oxidation and H+ concentration formed in the degradation 
medium, similar to the release behaviors of Ag+ under 
different pH conditions.52 Subcutaneous abscesses result-
ing from bacterial infection have been reported to generate 
an acidic microenvironment (pH ~6.0).53,54 Therefore, it is 
reasonable to expect an acidity-responsive and accelerated 
release behavior of copper from the C/H/GO/Cu dressings 
used for the treatment of acidity-related focal infections 
with skin defects.

In vitro Antibacterial Performances
The antimicrobial activities of GO-Cu nanocomposites and 
GO/Cu-incorporated chitosan/hyaluronic acid dressings 
were investigated against two methicillin-susceptible 
Staphylococcus strains (ATCC25923 and ATCC 35984), 
which are the most common pathogens found in wound 
and surgical infections.53,55 First, we examined the MIC 
and MBC values of GO, CuNPs and GO/Cu nanocompo-
sites against the two tested Staphylococcus strains as 
demonstrated in Table 1. The MICs of GO/Cu nanocom-
posites against ATCC25923 and ATCC35984 were 8 μg/ 
mL and 4 μg/mL, respectively. In addition, the MBCs of 
GO/Cu nanocomposites were 16 μg/mL and 8 μg/mL, 
respectively. The MICs and MBCs of GO/Cu nanocompo-
sites against the two strains were both lower than that of 
CuNPs and GO (p<0.01). The MBC/MIC ratio provides 
important information regarding the antimicrobial poten-
tial of tested agents. In general, an antimicrobial agent 
with a MBC/MIC ratio higher than 4 is defined as 
a bacteriostatic agent, and an MBC/MIC ratio less than 4 
is defined as a bactericidal agent.56 We found that the 
MBC/MIC ratios of GO/Cu nanocomposites were both 2 
against the tested microbes, indicating an evident bacter-
icidal effect on the bacterial strains caused by GO/Cu 
nanocomposites.

Then, observation of bacterial adhesion and biofilm for-
mation on the surfaces of the dressings was performed by 

Figure 2 Surface and in vitro degradation features of the dressings. 
Notes: (A) FT-IR spectra of the dressings ranging from 4000 to 400 cm−1 at 
a resolution of 4.0 cm−1. (B) TGA curves of the dressings ranging from 10 to 
1000 °C at 10 °C/min heating rate under nitrogen protection (80 mL/min). (C) 
Cumulative release profiles of copper (CuNPs and Cu2+) from the C/H/GO/Cu 
dressings under different pH values (5.5, 7.0 and 8.5) over 14 days. 
Abbreviations: C/H/GO/Cu, GO/Cu-decorated chitosan/hyaluronic acid dressing; 
CuNPs, copper nanoparticles; FT-IR, Fourier transform infrared; TGA, thermogra-
vimetric analysis.
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CLSM after the Live/Dead staining as shown in Figure 3A. 
Viable cells stained by green fluorescent SYTO9 have intact 
cytoplasmic membranes, whereas inviable cells stained by 
red fluorescent PI have damaged cytoplasmic membranes.27 

The fluorescence microscopy images demonstrated that bac-
terial cells of the C/H/GO/Cu group showed scattered dis-
tributed red fluorescence at 4 and 48 h, whereas the other 
groups showed intense green fluorescence at the two time 
points, especially at 48 h. Our results displayed that the C/H/ 
GO/Cu dressings showed strong inhibiting effects on the 
bacterial adherence and subsequent biofilm formation of the 

two tested Staphylococcus strains. It has been reported that 
GO-based nanocomposites, whether directly used on wounds 
as antimicrobial agents or added into scaffolds as antimicro-
bial wound dressings, could significantly facilitate the heal-
ing process of bacteria-infected wounds.22,44 The 
inactivation of bacterial cells is primarily ascribed to the 
physicochemical interactions between GO and microorgan-
isms, leading to compromised cell membrane integrity and 
disruption of lipids, proteins and DNA/RNA.16 Apart from 
the physical damage, chemical damage arising from oxida-
tive stress was also proven to be closely related to the 

Table 1 The Minimum Inhibitory Concentration (MIC) and Minimal Bactericidal Concentration (MBC) Values of Different 
Nanomaterials Against the Two Tested Bacterial Strains

Bacterial Strains MICs (μg/mL) MBCs (μg/mL) MBCs/MICs

GO CuNPs GO-Cu GO CuNPs GO-Cu CuNPs GO-Cu

MSSA, ATCC25923 >512 32 8* >1024 256 16* 8 2
MSSE, ATCC35984 >512 24 4* >1024 128 8* 5.33 2

Note: *The antimicrobial efficacy of the nanocomposites was significantly improved after the combination of GO and CuNPs (p<0.01). 
Abbreviations: CuNPs, copper nanoparticles; GO, graphene oxide; MSSA, methicillin-susceptible Staphylococcus aureus; MSSE, methicillin-susceptible Staphylococcus 
epidermidis.

Figure 3 Determination of in vitro antibacterial properties of the dressings. 
Notes: (A) Representative images of CLSM observation of bacterial adhesion (6 h) and biofilm formation (48 h) on the surfaces of the dressings after staining with LIVE/ 
DEAD BacLight viability kits. Live and dead bacterial cells exhibit fluorescent green and red, respectively. (B) Quantification of viable bacterial cells on the surfaces of the 
dressings using the spread plate method after 6 h of contact. (C) Examination of biofilm formation on the surfaces of the dressings using the tissue culture plate method after 
48 h of incubation. *Represents a significant difference compared with the other groups (p<0.01). 
Abbreviation: CLSM, confocal laser scanning microscopy.
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antibacterial activities of GO nanosheets.14 However, 
whether physical or chemical damage dominates the antibac-
terial behaviors is still unclear, and the antimicrobial efficacy 
remains controversial.14,16 Studies have indicated that copper 
ions inhibit bacterial growth by affecting the permeability of 
the cell membrane and then interfering with respiratory 
chains, producing ROS-related DNA/RNA dysfunction.27,31 

Considering the similar antibacterial mechanisms of GO 
nanosheets and copper ions, we prepared GO/Cu nanocom-
posite-incorporated dressings to suggest a synergistic anti-
microbial effects to combat bacteria-infected wound defects. 
It has been reported that Live/Dead bacterial staining could 
be used for rapid examination of the integrity of cell 
membranes;27 therefore, our results suggested that the 
plasma membrane integrity of tested bacterial cells was 
irreversibly damaged during the process of coculture with 
C/H/GO/Cu dressing scaffolds.

Meanwhile, the amounts of live bacteria on the surface 
of different dressings at 6 h were examined by the spread-
ing plate method as shown in Figure 3B. The numbers of 
viable bacteria attached on the C/H/GO/Cu dressings were 
considerably lower than those of the other groups 
(p<0.01). Moreover, biofilm formation on the surface of 
various samples was investigated using the tissue culture 
plate method at 48 h as presented in Figure 3C. The OD492 

values of the two bacterial strains in the C/H/GO/Cu group 
were significantly lower than those in the other groups 
(p<0.01). The initial bacterial inoculation of the surfaces 
of injured wounds is regarded as a significant event in the 
development of wound infections, leading to aggravated 
wound deterioration and delayed wound healing.5 Thus, 
the inhibition of bacterial adherence and subsequent bio-
film formation is of great significance for the application 
of biomaterials used for eradicating bacteria to restore 
a normal microenvironment for wound healing. These 
quantitative analyses indicated that bacterial attachment 
and biofilm formation were considerably inhibited on the 
surface of the C/H/GO/Cu dressings, which is consistent 
with the CLSM observation described above. Our results 
indicated that the C/H/GO/Cu dressing scaffold could be 
applied as a feasible candidate for facilitating the healing 
process of infected wounds in our established animal 
model.

In vitro Cytocompatibility Evaluation
To meet the requirements of cytocompatibility for 
potential application in tissue engineering,52 cell apop-
tosis analysis and proliferation observation were 

performed to clarify the potential cytotoxicity of C/H/ 
GO/Cu dressing scaffolds to mouse fibroblasts. As 
shown in Figure 4A and B, the proportion of apoptotic 
cells in the C/H/GO and C/H/GO/Cu groups was 
slightly higher than that in the CTRL group (p<0.01 
and p<0.05, respectively). In addition, there were no 
significant differences in cell proliferation among the 
four groups during the 5 d coculture period (p>0.05), 
as demonstrated in Figure 4C. Concerning the potential 
for oxidative damage to normal mammalian cells, it is 
critical to clarify the impact of GO-based nanocompo-
sites on the biological behavior of NIH/3T3-L1 cells 
prior to performing in vivo investigation of the restora-
tion of infected wound defects. Our in vitro results 
indicated that the C/H/GO/Cu dressing scaffold showed 
no obvious cytotoxicity to the tested cell lines, and its 
cytocompatibility is also acceptable in consideration of 
the aforementioned in vitro antimicrobial activities.

It is still controversial whether GO-based materials can 
selectively kill bacterial cells without affecting normal mam-
malian cells due to the use of different biomaterials and cell 
lines.16 In the present study, mouse fibroblasts exhibited 
satisfactory viability in all the four groups based on the 
results of Annexin-V FITC staining and CCK-8 assay. 
Additionally, it has been reported that the cell proliferation 
rate was obviously reduced when the concentration of cop-
per ions exceeded 0.1 mM, although this concentration 
showed good antimicrobial effects.31 Consequently, it is of 
great importance to find an appropriate balance between 
antibacterial function and cytotoxicity when GO/Cu nano-
composites are used for wound healing enhancement. As 
demonstrated above, the combination of GO and CuNPs 
suggested a synergistic antimicrobial effects, which may be 
closely associated to their similar antibacterial mechanisms, 
leading to significantly reduced dosages of the GO/Cu nano-
composites with desired antibacterial efficacy when com-
pared with the GO or CuNPs used individually. Meanwhile, 
chitosan and hyaluronic acid, which are the most widely 
applied biopolymers, with excellent biocompatibility and 
biodegradability for local treatment of wounds,26 were 
used to establish a platform for manufacturing multifunc-
tional bioactive dressings. To sum up, the cytocompatibility 
and biocompatibility of C/H/GO/Cu dressings could be 
obviously improved without affecting the required antimi-
crobial potential for overcoming bacterial infections thanks 
to decreased employment of nanomaterials and suitable 
incorporation of biopolymers.
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Anti-Infection and Wound Healing Effect 
of GO/Cu Nanocomposite- Modified 
Dressings
In this study, we used a modified full-thickness cutaneous 
defect infection model to evaluate the in vivo anti- 
infection and wound healing capacity of the C/H/GO/Cu 
dressings. Representative digital images of wounds in each 
group as demonstrated in Figure 5A indicated that obvious 
abscesses were found in the CTRL, C/H and C/H/GO 
groups within one week, and milder abscesses were 
observed in the C/H/GO/Cu group compared with the 
other groups. Nevertheless, the difference in wound area 
and conditions became evident with the increase in treat-
ment time from day 10 to 14. Wounds treated with the C/ 
H/GO/Cu dressings displayed the best results in terms of 
decreased wound size and abscesses, and the C/H/GO 
group also demonstrated a smaller wound size compared 
to the CTRL and C/H groups. On the day of sacrifice, 
minimal wounds covered by slight scabs without any 
abscesses were found in the C/H/GO/Cu group, whereas 
nonhealing wound areas with mild abscesses remained 

visible in the other groups, especially in the CTRL and 
C/H groups. Furthermore, the quantitative analysis shown 
in Figure 5B confirmed that accelerated wound healing 
occurred in the C/H/GO and C/H/GO/Cu groups compared 
to the CTRL and C/H groups on days 10 and 14 (p<0.01), 
and the C/H/GO/Cu group exhibited the best wound clo-
sure rate among all groups (p<0.01). On day 14 postsur-
gery, the proportions of wound closure area were 18.5 ± 
2.1%, 39.2 ± 8.0%, 61.7 ± 3.7% and 93.1 ± 1.2% in the 
CTRL, C/H, C/H/GO and C/H/GO/Cu groups, respec-
tively (Figure 5C). Our results indicated that the healing 
process of infected cutaneous wound defects treated with 
C/H/GO/Cu dressing scaffolds was significantly acceler-
ated, producing relatively satisfactory functional and aes-
thetic outcomes.

Wound healing is a dynamic process including several 
molecular and cellular events aimed at recovery of the 
functionality and integrity of damaged skin.26 Bacterial 
infection is one of the major challenges in wound manage-
ment due to the disorganized stages of wound repair and 
deteriorated microenvironment for re-epithelialization, and 
epithelialization has been regarded as one of the most 

Figure 4 Determination of in vitro cytocompatibility of the dressings. 
Notes: (A) Cell apoptosis examined by flow cytometry after staining with Annexin-V FITC and PI after 48 h of incubation. (B) Quantification of the ratio of apoptotic cells 
after coculture. (C) Observation of cell proliferation measured by the CCK-8 assay at days 1, 3 and 5. *,**Represents a significant difference compared with the CTRL group 
(p<0.01 and p<0.05, respectively). 
Abbreviations: CCK-8, cell counting kit-8; CTRL, blank control; FITC, fluorescein isothiocyanate; PI, propidium iodide.
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important preconditions for successful wound 
regeneration.12,35 Given the abovementioned difficulty 
and complexity of healing infected wounds, dressings 
with antibacterial properties are increasingly needed for 
effective wound disinfection. In the present study, we 
prepared GO/Cu nanocomposite-decorated chitosan/hya-
luronic acid dressings for bacteria-infected wound man-
agement. The re-epithelialization and wound contraction 
of full-thickness cutaneous wounds in mice were notice-
ably improved in the dressing groups compared to the 
respective controls. The inhibited progression of bacterial 
infection was mainly attributed to the GO/Cu nanocompo-
sites and the CuNPs and Cu2+ released from the dressing 
scaffolds during the wound healing process. Additionally, 
the wettability and biocompatibility of the dressings were 
improved thanks to the hydrogel-like porous structure and 
to the addition of chitosan and hyaluronic acid, respec-
tively. As a consequence, such a multifunctional dressing 
may be an ideal alternative for in vivo treatment of 
infected wounds in consideration of its particular advan-
tages in maintaining a moist wound environment, provid-
ing bacterial protection, and allowing effective fluid 

management and low adhesion to the wound surface as 
required in previous studies.11,45

Histopathological and 
Immunofluorescence Analysis
The migration, proliferation and differentiation of several 
cell types, such as macrophages, fibroblasts and endothe-
lial cells, constitute a multicellular and interactive pro-
cess that leads to new tissue formation and ultimately 
wound healing.1 As shown in Figure 6, H&E and 
Masson’s trichrome staining were performed to observe 
the tissue regeneration morphological changes at the 
defect sites in all four groups at the day of sacrifice. 
Consistent with the representative digital images of 
wounds analyzed above, better re-epithelialization and 
organized granulation tissues were found in wounds trea-
ted with C/H/GO/Cu dressings than in the other groups 
at day 14. In contrast, typical signs of cutaneous infection 
around the defect sites as demonstrated by the develop-
ment of inflammatory cell infiltration, local abscesses, 
fibrosis and hyperplasia were observed in the CTRL, C/ 
H and C/H/GO groups, especially in groups CTRL and C/ 

Figure 5 The effect of GO/Cu nanocomposite-modified dressings on infected wound healing. 
Notes: (A) Representative real-time photographs obtained from the CTRL, C/H, C/H/GO and C/H/GO/Cu groups at days 1, 3, 7, 10 and 14 postoperatively. (B) Variation 
of wound area proportion compared to the initial proportion from day 1 to 14. (C) Quantification of wound closure at day 14 after healing. *Represents a significant 
difference compared with the other groups at corresponding time points (p<0.01). **Represents a significant difference compared with the CTRL and C/H groups at 
corresponding time points (p<0.01). ***Represents a significant difference compared with the other groups at day 14 (p<0.01). #Represents a significant difference compared 
with the CTRL group at day 14 (p<0.05). ##Represents a significant difference compared with the CTRL and C/H groups at day 14 (p<0.05). 
Abbreviations: CTRL, blank control; C/H, chitosan/hyaluronic acid dressing; C/H/GO, GO-incorporated chitosan/hyaluronic acid dressing; C/H/GO/Cu, GO/Cu-decorated 
chitosan/hyaluronic acid dressing; GO/Cu, graphene oxide/copper nanocomposite.
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H. It was found that wounds treated with C/H/GO/Cu 
dressings exhibited relatively intact cutaneous regenera-
tion with significantly reduced inflammatory reactions 
compared with the other groups.

Meanwhile, we examined the potential organ toxicity and 
in vivo biocompatibility of GO/Cu nanocomposite-modified 
dressings through histopathological analysis of the heart, 
lung, liver and kidney. As shown in Figure 7, the 
H&E-stained slices from these vital organs displayed no 
evident pathological changes or signs of infection-related 
inflammation, indicating that good in vivo biosafety of the 
used dressings and no systemic sepsis occurred in all four 
groups during the two weeks after surgery. Studies about 
GO-based materials for in vivo bactericidal applications are 
still in their initial stages, and the biocompatibility of GO- 
based materials must be more systematically investigated for 
future clinical application. Therefore, computational simula-
tions and comprehensive observations should be introduced 
to clarify the interactions between GO-based materials and 
biosystems. Furthermore, immunofluorescence analysis of 
samples from each group was performed to investigate the 
effect of GO/Cu nanocomposite-modified dressings on the 
inflammatory infiltration and angiogenesis in granulation 

tissues. Close observation of the microstructure of newly 
formed tissues at the defect sites as shown in Figure 8 
provided in-depth insight into the multicellular process dur-
ing wound healing. In our study, immunofluorescent CD31 
staining was used to evaluate the angiogenesis in wound sites 
after relevant interventions.45 Obviously greater density of 
microvessels in randomly selected fields was found in the 
regenerated tissues treated with C/H/GO/Cu dressings com-
pared with the other groups (p<0.01), indicating greater 
vascularization in granulation tissues during the repair pro-
cess. The blood vessel density exhibited no significant differ-
ences among the CTRL, C/H and C/H/GO groups at day 14 
(p>0.05). On the other hand, immunofluorescent CD3 stain-
ing was applied to clarify the inflammatory infiltration in the 
wound sites.37 CD3+ T lymphocytes with varying densities 
were microscopically identified in all groups, and quantita-
tive analysis further confirmed that the number of infiltrated 
lymphocytes was significantly lower in the wounds treated 
with C/H/GO/Cu dressings than in the other three groups 
(p<0.01). The quantity of infiltrated lymphocytes exhibited 
a decreasing trend from the CTRL to the C/H/GO/Cu group, 
indicating a significant reduction of inflammatory aggregates 
closely related to bacterial infections in wounds treated with 

Figure 6 The effect of GO/Cu nanocomposite-modified dressings on wound healing in wounds under high risk of bacterial infection. 
Notes: H&E and Masson’s trichrome staining were used to observe the newly formed skin tissues at the defect sites in the CTRL, C/H, C/H/GO and C/H/GO/Cu groups at 
the day of sacrifice. Red and black rectangles indicate the wound area and surrounding normal skin tissues. 
Abbreviations: CTRL, blank control; C/H, chitosan/hyaluronic acid dressing; C/H/GO, GO-incorporated chitosan/hyaluronic acid dressing; C/H/GO/Cu, GO/Cu-decorated 
chitosan/hyaluronic acid dressing; H&E, hematoxylin and eosin; GO/Cu, graphene oxide/copper nanocomposite.
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C/H/GO/Cu dressings, which was consistent with the images 
of the wound healing process and histological observation of 
the newly formed tissues at the defect sites as demonstrated 
in Figures 5 and 6, respectively.

It has been reported that injured wounds, especially for 
serious open injury, are susceptible to bacterial infections due 
to the disrupted skin barrier, available microbial nutrients and 
damaged vascular supply.5 Angiogenesis is regarded as an 
important process for tissues to obtain needed oxygen and 
nutrients, and the early angiogenic response is essential for 
tissue regeneration and wound healing.35 Therefore, the suc-
cessful management of bacteria-infected wounds mainly 
depends on the effectiveness of antimicrobial performance 
and revascularization. Currently, the introduction of nano-
technology to wound treatment has been widely investigated 
by means of diverse routes.5 Copper is a well-studied broad- 
spectrum antibacterial agent with a reliable angiogenesis 
stimulation effect, making it a promising bioactive substance 
for incorporation into biomaterials for skin regeneration in 
cases with a high risk of bacterial infection.30,31 In addition, 
a previous study reported that graphene oxide (GO) promotes 
angiogenesis by increasing nitric oxide (NO) production via 
the activation of phospho-eNOS,57 and the incorporation of 

reduced GO showed increased angiogenesis and completely 
vascularized architecture in diabetic wounds.35 In our 
research, a multifunctional wound dressing was prepared 
by combining GO/Cu nanocomposites with chitosan/hya-
luronic acid. We found that the density of microvessels in 
granulation tissues obtained from the C/H/GO group was 
significantly reduced compared with that in the C/H/GO/Cu 
groups due to poor anti-infection performances; the addition 
of only GO to the dressing scaffolds led to no visible angio-
genesis during the healing process. Meanwhile, systemic 
activation of CD3+ T lymphocytes was noted in tissues of 
patients with implant-associated infection,58 and the levels of 
inflammatory infiltration proportional to bacterial burden 
were significantly reduced at the wound sites in the C/H/ 
GO/Cu group. Our results suggested that effective antimi-
crobial action is a prerequisite for subsequent new capillary 
and tissue formation during infected wound repair, and 
wound dressing with improved antibacterial and angiogenic 
properties offers evident advantages over single-function 
dressings for the regeneration of challenging infected 
wound defects. Apart from the excellent performances of 
C/H/GO/Cu scaffolds as wound dressings, several limita-
tions should also be pointed out as follows. First, tensile 

Figure 7 Examination of potential organ toxicity of GO/Cu nanocomposite-modified dressings. 
Notes: H&E staining was used to investigate the morphological changes of vital organs (including heart, lung, liver and kidney) in the CTRL, C/H, C/H/GO and C/H/GO/Cu 
groups at the day of sacrifice. 
Abbreviations: CTRL, blank control; C/H, chitosan/hyaluronic acid dressing; C/H/GO, GO-incorporated chitosan/hyaluronic acid dressing; C/H/GO/Cu, GO/Cu-decorated 
chitosan/hyaluronic acid dressing; H&E, hematoxylin and eosin; GO/Cu, graphene oxide/copper nanocomposite.
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strength of the dressings remains to be improved for con-
venient usage, and controlled release of Cu ions from the 
dressings should also be considered in subsequent material 
modification. Second, we must determine the long-term bio-
safety (including the metabolic pathways of GO nanosheets 
and copper) of GO/Cu nanocomposites based dressings prior 
to applying for a medical device license. Third, larger animal 
models, such as mini pigs with similar structure of dermal 
tissue of human beings, are needed to be established to 
further examine the therapeutic efficacy of the dressings.

Conclusion
In summary, we successfully manufactured GO/Cu nanocom-
posite-incorporated bioactive dressing scaffolds with signifi-
cantly improved antimicrobial performance and angiogenesis 
capacity and good biocompatibility. Potentially due to the 
similarity of their antibacterial mechanisms, as discussed 
above, enhanced antimicrobial effects of GO and CuNPs 
against two Staphylococcus strains commonly found in 

wound infections were observed. Furthermore, the wound- 
healing quality was evidently improved by the prepared C/H/ 
GO/Cu dressings, as indicated by the promotion of in vivo 
angiogenesis and cutaneous restoration as well as signifi-
cantly reduced inflammatory infiltration caused by bacterial 
infection. Based on these findings, a multifunctional GO/Cu 
nanocomposite-decorated chitosan/hyaluronic acid dressing 
could have great potential in accelerating the healing process 
of infected wounds in plastic clinics.
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Figure 8 The effect of GO/Cu nanocomposite-modified dressings on inflammatory infiltration and angiogenesis in regenerated tissues. 
Notes: (A) Representative images of immunofluorescent CD31 and CD3 staining of wound sections in the CTRL, C/H, C/H/GO and C/H/GO/Cu groups at the day of 
sacrifice. Endothelial cells stained with CD31 antibody and inflammatory cells stained with CD3 antibody are fluorescent green, whereas cell nuclei stained with DAPI are 
fluorescent blue. (B) Quantification of microvessels per randomly selected microscopic field in various groups. (C) Quantification of CD3-positive cells per randomly 
selected microscopic field in various groups. *Represents a significant difference compared with the other groups (p<0.01). **Represents a significant difference compared 
with the CTRL and C/H groups (p<0.01). #Represents a significant difference compared with the CTRL group (p<0.05).
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