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ABSTRACT: Despite the ever-growing endangerment caused by
the multidrug resistance (MDR) of bacteria, the development of v :
effective antibacterial materials still remains a global challenge. 20 - o
Current antibiotic therapies cannot simultaneously inactivate

bacteria and accelerate wound healing. This study aimed to i e w
originally separate the intercalation of MnO;" and the oxidation \ =S
processes to synthesize epoxy-rich graphene oxide (erGO) k '
nanofilms via an eco-friendly synthetic route, which possessed
low density and large lamellar distribution and was rich in epoxide. 432
Importantly, the MnO;" could be separated from the product and A
recycled for preparing the next generation of erGO nanofilms,

which was quite economical and eco-friendly. The erGO nanofilm

was capable of successfully inhibiting Gram-negative bacteria and even had excellent growth-inhibitory effects on Gram-positive
bacteria including multidrug resistance (MDR) bacteria, as evidenced by antibacterial phenomena. Additionally, the erGO nanofilm
with high *C density formed from epoxide exerted excellent antibacterial effects through tight membrane wrapping and induction of
lipid peroxidation. The wound-healing property of the erGO nanofilm was evaluated via treatments of wounds infected by
Staphylococcus aureus (S. aureus) and Escherichia coli (E. coli), which not only killed bacteria but also accelerated wound healing in
mice with a skin infection. The novel erGO nanofilm with dual antimicrobial mechanisms might serve as a promising multifunctional
antimicrobial agent for medical wound dressing with high biocompatibility.

KEYWORDS: antibacterial, eco-friendly, epoxy-rich graphene oxide, MnO5" intercalation, wound dressing

1. INTRODUCTION ments of antibacterial materials, including nanomaterials,®
antimicrobial peptides,” and cationic polymers.'® Ideal clinical
antibacterial materials should be broad-spectrum, efficient, and
less cytotoxic to human cells.'" The rapid development of
nanotechnology in the field of medicine may provide a
potential alternative to overcome AMR due to the structures,
high antibacterial efficiency, and biosafety of nanomaterials. To
date, a variety of nanomaterials, including silver nanoparticles
(Ag NPs),"”” TiO, NPs,"> ZnO NPs,"" MgO NPs,"> and
graphene materials (GMs) ,'° have been widely used in medical
fields, which not only protect against bacteria causing
morphological changes in membranes but also enhance
antibacterial activities of antibiotics. Among these, Ag NPs
are the most extensively adopted nanomaterials due to their
excellent antibacterial properties."’~*° However, the applica-

The antimicrobial resistance (AMR) in bacteria, parasites, and
viruses has become a global public health problem due to the
widespread use of antibiotics in humans and livestock." The
2016 World Health Organization report estimated that 10
million people will die per year in the next 30 years owing to
AMR if nothing is done. AMR has posed a large clinical and
public health burden.” Both acute and chronic bacterial
infections in wounds may further lead to the infection of
tissues, increasing morbidity and mortality.” Tissues infected
with more than 1 X 10° bacteria per gram (or at least 1 X 10°
bacteria per gram of tissue) may not show any clinical
symptoms, but wound healing is seriously affected.” Moreover,
it is difficult to control bacterial infection because of the poor
blood flow and the presence of dead tissues.”® Meanwhile,
broad-spectrum antibiotics are still relatively scarce, and the
effectiveness of antibiotics also needs to be strengthened.
Therefore, global efforts to exploit nonresistant alternatives
and use more effective antibacterial strategies are highly
required.”

Consistent efforts have been made toward treating bacterial
infections, as reflected by sustained and extensive develop-
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Figure 1. Schematic illustration of the erGO nanofilm for rapid sterilization and wound healing.

tion of Ag NPs as antibacterial agents is restricted because of
their cytotoxicity and drug resistance.”’ Since the successful
fabrication of GMs, they have attracted tremendous attention
owing to their high antibacterial efficiency and low
cytotoxicity.”>~** A large number of studies showed that four
types of graphene-based materials, including graphite (Gt),
graphite oxide (GtO), graphene oxide (GO), and reduced
graphene oxide (rGO) nanofilms, have excellent antibacterial
activities.”*

Among GMs, GO nanofilms are important materials
characterized by abundant oxygen-containing groups, including
epoxide, hydroxyl, and carboxyl functional groups.”>~*" These
oxygen-containing groups make GO nanofilms advantageous
compared with graphene in terms of the tunability in both
structure and properties via a chemical reaction.”” One of the
most pressing issues for the technological application of GO
nanofilms is the complexity of the synthetic process. Tradi-
tional methods mainly include Brodie,*”*! Staudenmaier,>>**
and Hummers methods.””> The main shortcomings of these
methods are as follows: (1) For the Brodie method, the
synthetic process is dangerous, and the GO nanofilm is small
and lacks oxygen-containing groups. (2) The Staudenmaier
method is time-consuming, dangerous, and toxic. (3) The
Hummers method has the highest oxidation degree compared
with the others, which requires strict temperature control and
produces a large amount of waste acid. A large number of
studies have investigated the antibacterial activities of GO
nanofilms, and several mechanisms have been put for-
ward.**™*' So far, the most widely recognized antibacterial
mechanisms are as follows: (1) Sharp edges of GO nanofilms
can cause the efflux of intracellular substances.*® (2) Oxidative
stress mediated with/without reactive oxygen species (ROS)
may impact cellular functions, even leading to cell death.*” (3)
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A dense GO nanofilm encapsulates bacteria and hinders the
uptake of nutrients.”” Therefore, a more scalable synthetic
procedure needs to be identified, and a method needs to be
developed that is safe and cost-effective, has a large lamellar
distribution, and is rich in epoxide.

In this study, the epoxy-rich GO (erGO) nanofilm was
synthesized with the intercalation of MnO;" at room
temperature. This method simplified the procedures, increased
the contents of epoxide by separating the intercalation and
oxidation processes, and avoided the decrease in lamellar size
caused by potassium permanganate oxidation. The erGO
nanofilm inactivated bacteria by tightly wrapping and
agglomerating them. Furthermore, numerous °C radicals
formed from epoxide endowed the erGO nanofilm with
excellent antibacterial activities by inducing lipid peroxidation.
Detailed characterization of antibacterial phenomena revealed
that erGO nanofilms could successfully inhibit Gram-negative
and Gram-positive bacteria. Moreover, erGO nanofilms even
had an excellent growth-inhibitory effect on the coccus of
multidrug resistance (MDR) bacteria. The erGO nanofilm
exhibited fairly low cytotoxicity and high biocompatibility even
at high concentrations. The erGO nanofilm was used to treat
wounds in mice infected by Staphylococcus aureus and
Escherichia coli so as to explore its potential applications. It
was found that the erGO nanofilm not only killed bacteria but
also accelerated wound healing, suggesting the potential of the
erGO nanofilm as a medical wound dressing for antibacterial
application (Figure 1).

2. RESULTS AND DISCUSSION

2.1. Synthesis of a Uniform erGO Nanofilm. A large
number of studies showed that GO with a larger area could
wrap more bacteria, and more epoxy functional groups on the
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Figure 2. (A) SEM micrograph of the erGO nanofilm deposited on copper grids. (B) SEM micrograph of the control group of GO-1. (C) SEM
micrograph of the control group of GO-2. (D) TEM image of the erGO nanofilm. (E) TEM image of the control group of GO-1. (F) TEM image
of the control group of GO-2. (G) FTIR spectrum of functional groups on the surface of the erGO nanofilm. (H) FTIR spectrum of functional
groups of the control groups of GO-1 and GO-2. (I) Cls XPS spectra of carbon and oxygen groups on the erGO nanofilm surface. Different peaks

corresponded to different functional groups, and the C/O was 1.61.

base surface generated more free radicals to inhibit the growth
of bacteria. However, synthesizing GO with a large area and
rich in epoxy functional groups by the Hummers method is
challenging because KMnO, inevitably breaks the C=C bond
on the base surface, resulting in a smaller lamellar area.
Therefore, the content of KMnO, in the intercalation process
must be strictly controlled to avoid the occurrence of an
oxidation reaction (Figure S1). Therefore, MnO;" was used as
the only intercalation agent, and excessive sulfuric acid was
used to absorb water in the intercalation process to ensure that
KMnO, was always kept at a low level so as to achieve the
purpose of separating the intercalation process and the
oxidation process (Figures S2 and S3).

The first step was intercalation. In this process, MnO;" with
a 2D planar structure as the intercalating agent was reacted
with the hydroxyl (-OH) group on graphene, and then the
planar structure of MnO;" was transformed into a tetrahedral
(3D) structure of -MnO,. A triangular MnO;" spontaneously
changed into a tetrahedral MnO,~ and stretched out the tightly
stacked graphene sheets (Figure S4). As the lamellas were
stretched, more MnO;" entered between graphene lamellas,
increasing the space for subsequent MnO;*. The MnO;"
entering in the early stage was fixed in the form of MnO,~
and could not be further intercalated. The purpose of adding
small amounts of MnO;" many times was to avoid the
conversion of MnO;" into MnO,~ by absorbing water, thus

reducing the possibility of breaking the C=C bond. In this
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way, enough MnO;" was available for intercalation in the
whole process.

The second step was placing MnO;" stably for hours. This
allowed free MnO;" to bind to the carbon surface as much as
possible. This process guaranteed that sufficient in situ MnO,
was obtained to catalyze the formation of epoxy groups.
Finally, a purple precipitate of manganese-embedded graphene
was obtained because of its high density. MnO;" and H,SO,
could be separated from the reaction system after the second
step. About 45.94% of the upper MnO;" could be separated
from the product and recycled to prepare the next erGO
nanofilm (Figure SS).

The third step was oxidation with water. Concentrated
sulfuric acid gave off heat on reaction with water. Both the
bound MnQO,~ and the residual free MnO;* were converted
into free MnO,~ at high temperatures. Immediately, MnO,~
reacted with carbon to form HCO;™ and MnO,.

The last step was oxidation with H,0,. H,0, reacted with
bicarbonate to form percarbonate. H,CO, was a key active
oxidant more nucleophilic than H,0,. The complexes of Mn
(4+) and H,CO, were shown to be viable epoxidation
intermediates, and a usual interpretation of the mechanism was
that a Mn (4+) complex catalyzed the epoxidation reaction.
Enough in situ MnO, could generate more epoxy functional
groups because of the complete intercalation of MnO;".

The synthesis of a uniform erGO nanofilm avoided the
breaking of the C=C bond by free KMnO,, resulting in the
formation of GO with a large lamellar distribution and a large
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Figure 3. erGO nanofilm exhibited excellent antibacterial effects. (A) Bacterial killing effects of the erGO nanofilm (79—316 pg/mL) in E. coli, S.
aureus, MRSA, and S. pneumoniae at 37 °C for 18 h. Bacterial growth was detected by measuring bacterial optical density at 600 nm. (B) Bacterial
killing effects in the erGO nanofilm control groups (62.5—500 pug/mL GO-1 or GO-2) at 37 °C for 18 h. Bacterial growth was detected by

measuring bacterial optical density at 600 nm.

number of epoxy groups. It was also because the base surface
was kept intact, and the freeze-dried sample had a golden
metallic luster. Additionally, there is no Mn bonded to the
erGO nanofilm (Figure S6). More importantly, waste acid
treatment was not needed, making the method quite
economical and eco-friendly. The prepared erGO nanofilm
was still golden after vacuum freeze-drying, which was quite
different from any other GO (Figure S7).

2.2. Characterization of the erGO Nanofilm. Repre-
sentative scanning electron microscopy (SEM) images (Figure
2A) showed a crystalline structure containing several layers and
having the primary size of 40—60 um. As shown in Figure
2B,C, the images demonstrated that the erGO nanofilm had
large lamellae, while the primary sizes of control groups of GO
were only about 3—4 pm. Transmission electron microscopy
(TEM) image (Figure 2D) further showed the lamellar
structure of the erGO nanofilm. The TEM images demon-
strated that the erGO nanofilm had a wrinkled morphology
and rougher surface than that of the control groups (Figures
2E,F). Additionally, the characteristic structures of carbonyl
(1630 cm™"), hydroxyl (1430 cm™"), and epoxy (1178 cm™)
groups of the erGO nanofilm were observed using Fourier
transform infrared spectroscopy (FTIR) (Figure 2G). The
FTIR spectra of the epoxy functional group of the control
groups (GO-1 and GO-2) were found at significantly lower
values than that of the erGO nanofilm (Figure 2H). The
distribution of carbon-related groups on the erGO nanofilm
was further characterized by high-resolution x-ray photo-
electron spectroscopy (XPS) analysis, showing the ratio of C
(58.51%) to O (36.29%) (C/O, 1.61) calculated using
XPSPEAK 4.1 software. Typical bands of the binding energy
of erGO at 284.6 and 285.4 eV for C=C and C—C bonds,
those at 287.2 and 288 eV for C—O—C, C—OH, and C=0
bonds, and those at 289 eV for O=C—OH bands were
observed (Figure 2I). The binding energies of control groups
at 284.6 and 285.4 eV for C=C and C—C bonds and those at
286.9 and 288.3 eV for C—O—C, C—OH, and C=O0 bonds
were observed (Figure S8). The binding energy of C—O of
erGO was 0.3 eV more than that of the control groups,
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showing that the C—O—C group of the erGO nanofilm was
higher than that of the control groups. To accurately observe
the erGO nanofilm, an atomic force microscope (AFM) was
utilized to reveal an average lamella height of 1.131 nm (Figure
S9), while the size of the control groups of GO was much
smaller than that of the erGO nanofilm (Figure S10), further
confirming the single-layer structure of the erGO nanofilm.
2.3. In Vitro Antibacterial Effects of the erGO
Nanofilm. Antibacterial effects of the erGO nanofilm were
evaluated against E. coli, S. aureus, Methicillin-resistant
Staphylococcus aureus (MRSA), and Streptococcus pneumoniae
(S. pneumoniae) as representative Gram-negative and Gram-
positive bacteria, respectively. A series of erGO nanofilms
(316, 158, and 79 ug/mL) were incubated with bacterial
suspensions (~10° CFU/mL) for 18 h at 37 °C. Figure 3A
shows that the viability of E. coli decreased to 56.94% after
incubating with the erGO nanofilm (158 pg/mL) for 18 h.
Meanwhile, the antibacterial activities of the erGO nanofilm in
S. aureus were significantly higher than those in E. colj,
suggesting excellent antimicrobial activities against S. aureus
(97.35% killing at 158 pg/mL) and S. aureus (1) (99.69%
killing at 158 ug/mL) (Figure S11A). Since MRSA is resistant
to several antibiotics such as penicillin and amoxicillin, the
ability of the erGO nanofilm to disinfect MRSA was crucial. As
shown in Figure 3A, almost 90.07% of MRSA was killed when
the concentration of the erGO nanofilm was 158 ug/mL.
Hence, it was explored whether the erGO nanofilm had
excellent antimicrobial activities for Staphylococcus only or for
other cocci too. Therefore, S. pneumoniae was selected as a
representative of Streptococcus. As shown in Figure 3A, the
erGO nanofilm could kill about 99.99% of S. pneumoniae at
158 ug/mL. These results clearly demonstrated that the erGO
nanofilm had preferable antibacterial effects on the coccus. The
erGO nanofilm exhibited brilliant antibacterial effects on the
coccus of Gram-positive bacteria. However, the control group
A (GO-1) achieved only 36.00% killing in E. coli cells at 125
ug/mL, and 39.42% killing in S. aureus, 47.67% killing in S.
aureus (1), 35.46% killing in MRSA, and 77.78% killing in S.
pneumoniae at 250 ug/mL (Figure 3B). The control group B
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Figure 4. (A) Time gradient fluorescence images of E. coli and S. aureus after interacting with the erGO nanofilm. BBcellProbe NO1 and PI were
used to stain live and dead bacteria, respectively. The scale bar is 25 ym. (B) Time gradient photographs of E. coli and S. aureus colonies on agar
culture plates after incubation with different concentrations of the erGO nanofilm.

(GO-2) achieved only 33.34% killing in E. coli cells at 125 ug/
mL, and 51.95% killing in S. aureus, 45.40% killing in S. aureus
(1) (Figure S11B), 10.69% killing in MRSA, and 65.66% killing
in S. pneumoniae at 250 pug/mL (Figure 3B). These remarkable
antibacterial results indicated that the killing efficiency of the
reported erGO nanofilm for bacteria was better than those in
the control groups. In addition, the antimicrobial performance
of the erGO nanofilm was better than that of the other
nanomaterials (Table S1).

2.4. Critical Antibacterial Mechanism of the erGO
Nanofilm. Inspired by the aforementioned remarkable
findings, this study focused on the mechanisms underlying
the antibacterial effects of the erGO nanofilm.

A live/dead staining kit was used to visualize the bactericidal
effects of the erGO nanofilm using a fluorescence microscope
so as to explore the interaction between the erGO nanofilm
and bacteria. As shown in Figure 4A, the bacteria showed a
time-dependent (after 3, 6, and 18 h of incubation) increase in
quantity in the control group without the erGO nanofilm.
Minimal death was reported in the test and control groups
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after coculturing the bacteria with the erGO nanofilm for 18 h,
as evidenced by the intense red fluorescence of intracellular
propidium iodide (PI) and green fluorescence of intracellular
BBcellProbe NO1 binding with nucleic acids.** Meanwhile, the
colony count corresponded to the fluorescence results (Figure
4A). As shown in Figure 4B, E. coli and S. aureus cells cultured
in 96-well plates were collected, serially diluted, and trans-
formed into Luria—Bertani (LB) agar plates to assess the
number of colony-forming units after 3, 6, and 18 h of
incubation. The number of colonies corresponded with the
antibacterial curves. The large erGO nanofilms had a stronger
interaction with bacteria to isolate bacteria from the
surrounding environment but they were still alive. Although
bacteria were still alive, they starved and could not form
colonies in large numbers. Therefore, the red fluorescence
signals of PI and green fluorescent signals of BBcellProbe NO1
were less than the control group without erGO. Using these
models, the results demonstrated that the erGO nanofilm
exhibited superior antibacterial effects in all selected bacterial
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Figure S. (A) SEM images of the changes in the morphology of E. coli, S. aureus, MRSA, and S. pneumoniae after incubation with the erGO
nanofilm for 18 h. (B) Detection of *C on the erGO nanofilm surface after incubation with E. coli and S. aureus by electron paramagnetic resonance

(EPR).

strains, especially the coccus of Gram-positive bacteria,
compared with the control groups.

SEM images were used to study the antibacterial effects after
coculturing the bacteria with GO. The S. aureus and MRSA
were gathered and wrapped with the erGO nanofilm and
subsequently formed huge agglomerates after exposure to 158
ug/mL GO suspension in LB medium for 18 h, as shown in
Figure SA. Further analysis of the interaction between the
erGO nanofilm and S. pneumoniae suggested that most of the
erGO nanofilms associated with the cells, and fewer bacterial
membranes were damaged (Figure SA). However, the erGO
nanofilm also exhibited wrapping effects on E. coli, but its
wrapping and agglomeration effects were far less than that on
the coccus (Figure SA). SEM images revealed that the erGO
nanofilm interacted with the four types of bacterial membranes
without severely damaging the bacterial membranes. Surpris-
ingly, the wrapping performances of the erGO nanofilm were
more effective than its damaging activities against bacteria. The
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large erGO nanofilm might have a stronger interaction with the
lipid bilayer of small and round cell membranes to isolate
bacteria from the surrounding environment. Meanwhile, the
active surfaces of the erGO nanofilm might react with
unsaturated lipids to induce lipid peroxidation, generate
ROS, and exert subsequent hazardous effects. Without
sufficient nutrients and appropriate conditions, slow repro-
duction or even death of bacteria might occur, similar to other
organisms. Although bacteria were still alive, they could not
form bacterial colonies. Bacteria might become inactive, but
they would start forming colonies once under appropriate
conditions. A number of studies suggested that wrapping
bacteria was the critical mechanism underlying the antibacterial
activities of the erGO nanofilm, except for nano-knives and
oxidative stress. The antibacterial process comprised two
crucial steps: first wrapping bacteria and then agglomerating to
isolate them from the outside environment so that they could
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Figure 6. (A) Mice models of infectious wounds (treated with 10 uL of 1 X 10° CFU/mL E. coli and S. aureus and 100 uL of 158 ug/mL erGO
nanofilm). (B) Photographs of E. coli- and S. aureus-infected wounds after 3- and 10-day treatments with the erGO nanofilm and an equal amount
of aseptic saline water. (C) Hematoxylin and eosin staining of skin tissues in mice wounds. The scale bar is 100 ym.

not get enough nutrients. Finally, the bacteria starved and
could not form colonies in large numbers.

2.5. Promotion of the Antibacterial Effects by Carbon
Radicals (°C). Previous studies indicated that *C radicals were
generated during the disruption of C=C bonds when graphite
was treated with strong oxidants to prepare an erGO nanofilm.
Meanwhile, it was possible that °C radicals could also be
modulated by the oxygen-containing groups, mainly the epoxy
(—=COC-) group.” The isolated electrons in the carbon p
orbitals were regularly conjugated by the 7 bonds, forming *C
radicals on the surface of the erGO nanofilm.** As reported,
the isolated electrons in the p orbitals of the carbon atom on
the erGO nanofilm surface were located in the z-network
plane, allowing them to conjugate with the 7z electrons of
neighboring double bonds to form 7z-conjugated *C radicals.**
The °C radicals could transfer from the C atom to the adjacent
double bonds in the membrane, leading to the formation of the
lipid peroxide radical.*’ The electron paramagnetic resonance
(EPR) analysis was used to characterize the *C density on the
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erGO nanofilm surface after coculturing with E. coli and S.
aureus strains so as to explore whether the °C radicals had any
effect on the bacterial membranes. As shown in Figure SB, the
erGO nanofilm cocultured with E. coli showed a significantly
higher EPR signal compared with the erGO nanofilm
cocultured with S. aureus. In summary, these changes indicated
that the °C radicals on the surface of the erGO nanofilm
cocultured with E. coli were more active than those on the
erGO nanofilm cocultured with S. aureus because the reaction
degree of the —COC— group with the cellular membranes of
E. coli was higher than that with the cellular membranes of S.
aureus. Moreover, as shown in Figure S12, the contents of
MDA of E. coli and S. aureus were 21.42 and 15.52 nmol/mL
after incubating with the erGO nanofilm (158 ug/mL) for 18
h, respectively. The erGO nanofilm cocultured with E. coli
(Figure S12A) showed a significantly higher content of MDA
than the erGO nanofilm cocultured with S. aureus (Figure
S12B) at the same concentration. These data demonstrated
that the bactericidal effects of the erGO nanofilm were
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dependent on interactions with the bacterial membrane, where
surface-reactive groups such as the *°C could lead to membrane
damage and even cell death as a result of lipid peroxidation. In
summary, the critical antibacterial mechanism of the large
erGO nanofilm was wrapping the lipid bilayer of small and
round cell membranes to isolate bacteria from the surrounding
environment. Meanwhile, the active surfaces of the erGO
nanofilm could lead to lipid peroxidation to damage bacteria.

2.6. Cytotoxicity of the erGO Nanofilm. The cytotox-
icity of the erGO nanofilm was evaluated by incubating it with
human epithelial cells. Figure S13A shows that the cytotoxicity
of the erGO nanofilm was lower than that of Au NPs; it was
reported as a noncytotoxic biomaterial after 18-h incubation.
In addition, no significant difference was found in cytotoxicity
between these two biomaterials (P < 0.01). The cell viability
ratios were greater than 100% at each concentration, indicating
the low cytotoxicity of the erGO nanofilm even at high
concentrations.

2.7. Biocompatibility of the erGO Nanofilm. The
hemolysis test is the most regular method to determine the
hemocompatibility of antibacterial biomaterials. The inter-
action of red blood cells (RBCs) with biomaterials can cause
the release of hemoglobin.***” In this study, the hemolytic
activity of the erGO nanofilm was determined using a
microplate reader at 576 nm. The hemolysis rate was less
than 1% at each concentration of the erGO nanofilm after 1-h
incubation at 37 °C (Figure S13B). These results demon-
strated that the erGO nanofilm had excellent compatibility.

2.8. In Vivo Wound Healing. Two symmetrical full-
thickness skin defects were produced on the back of each
mouse and inoculated with E. coli and S. aureus (1 x 10° CFU/
mL), respectively, to evaluate wound healing in vivo (Figure
6A). The erGO nanofilm was then added to cover the wounds.
All mice were still active during the study; however, they
showed the manifestations of bacterial infection, such as
emaciation and inadequate activity.*®

After 3 days, the wounds covered with the erGO nanofilm
healed, and the mice became active again. However, the mice
without the erGO nanofilm treatment were inactive and their
wounds were still infected. For the wounds with the erGO
nanofilm, re-epithelialization was initiated and most of the
wounds already formed scabs. Nevertheless, the wounds
without the erGO nanofilm were still in a state of suppurating
infection (Figure 6B). Plenty of purulent secretions were
observed around the wounds in the group of mice without
erGO nanofilm treatment; also, the area of the wounds
increased, indicating sustained wound infection. The wounds
treated with the erGO nanofilm were much smaller than those
not treated with the erGO nanofilm (Figure 6B). The former
was still open, with purulent secretion on the 10th day, while
the latter was completely scabby. The results showed that
wound healing was accelerated after treatments with the erGO
nanofilm.

The antimicrobial efficacy in each group was assessed
depending on the number of viable E. coli and S. aureus
recovered from the wounds after 10 days. The S. aureus and E.
coli counts in the infected wounds of mice with or without the
erGO nanofilm are shown in Figure S14. The counts of E. coli
and S. aureus were 53.82 and 32.30%, respectively. The counts
of viable S. aureus in wounds treated with the GO suspension
were lower than those of E. coli in wounds, but the difference
was not statistically significant (P < 0.01).
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Images of hematoxylin and eosin (H&E)-stained wounds
after 10 days of treatment are shown in Figure 6C. In the initial
stage, the granulation tissues were loosely arranged and
infiltrated by neutrophils, eosinophils, and plasma cells.
Neutrophils were abundant in the wound space, suggesting
an early inflammatory response of the body.***’ Previous
studies indicated that faster angiogenesis and good distribution
of fibroblasts might facilitate the growth of granulation tissues,
leading to quicker and better re-epithelialization.””™>> These
histological results were consistent with the wound appearance
shown in Figure 6B. All in all, the in vivo experiments in mice
showed that the erGO nanofilm inhibited bacterial prolifer-
ation and promoted wound healing.

3. CONCLUSIONS

In summary, the erGO nanofilm with a large lamellar
distribution and low density and rich in epoxide groups was
successfully synthesized through the intercalation of MnO;*
without any temperature control for inactivating or killing
bacteria. The waste acid treatment was not required after the
preparation of the erGO nanofilm, making the process more
economical and eco-friendly. Compared with the reported GO
synthesis methods, the intercalation and oxidation processes
were separated, ensuring the adjustments of the species and
concentrations of oxygen-containing functional groups on the
erGO nanofilm surface. The antibacterial tests in vitro
confirmed the superior antibacterial effects of the film,
inhibiting the growth of both Gram-negative and Gram-
positive bacteria via wrapping, agglomeration, and °C radical
formation. Moreover, the erGO nanofilms with low cytotox-
icity and high biocompatibility were capable of killing bacteria
and accelerating wound healing during the treatments of S.
aureus- and E. coli-infected wounds. Therefore, the erGO
nanofilm is expected to be a novel antibacterial and anti-
inflammatory dressing with high biosafety in clinic.

4. EXPERIMENTAL SECTION

4.1. Chemicals. KMnO,, H,SO,, NaNO;, Na,S, graphite powder,
and GO nanofilms (control groups) were purchased from Sangon
(Shanghai, China). The BBcellProbe N01/PI kit was purchased from
BestBio (Shanghai, China). The LB broth and agar culture plates were
provided by Sangon (Shanghai, China). Pentobarbital was provided
by Sigma (MO)

4.2. Synthesis of the erGO Nanofilm. The erGO nanofilm was
prepared by the improved Hummers method. Graphite pretreatment:
0.5 g of graphite powder, 46 mL of H,SO,, and 0.5 g of NaNO; were
mixed for 2 h at room temperature to obtain mixture A. Preparation
of MnO;*: NaNO; (0.5 ), 3 g of KMnO,, and 46 mL of H,SO, were
mixed in an Erlenmeyer flask with constant shaking for 1.5 h to obtain
mixture B. Further, 4 mL of mixture B was added to mixture A every
20 min for complete reaction with graphene, and then the manganese-
embedded graphene was obtained using MnO;*. After the
intercalation step, 40 mL of H,0, was added to the mixture to
oxidize and quench the reaction. Finally, the erGO nanofilm was
successfully synthesized by this improved Hummers method at room
temperature.

4.3. Characterizations of the erGO Nanofilm. The erGO
nanofilm was examined using TEM, SEM, AFM, XPS, FTIR, and
UV—vis absorption spectra. The GO nanofilms in the control groups
were examined using TEM, SEM, AFM, FTIR, and UV-vis
absorption spectra. FTIR spectroscopy (4000—500 cm™') was
recorded with a Magna IR-750 spectrometer (Nicolet, USA) in
transmission mode, and the data were logged as absorbance units. For
TEM analysis, the sample was characterized using a G2F20
microscope (FEI, USA). The erGO nanofilm (500 pg/mL) was
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placed on copper grids. After gold coating, the sample was
characterized using a GeminiSEM 300 microscope (Zeiss, Germany)
at 15 kV. For AFM analysis, the erGO nanofilm was measured using a
Multimode Nanoscope IIla scanning probe microscopy system
(Veeco, USA). XPS characterization was carried out on an ESCALAB
250Xi spectrometer (Thermo, USA). UV—Vis absorption spectra
were recorded using a UV-2550 spectrophotometer (Shimadzu,
Japan).

4.4. Microorganisms and Growth Conditions. E. coli ATCC
25922, S. aureus ATCC 25923, S. aureus (1) ATCC 29213, MRSA,
and S. pneumoniae ATCC 49619 were used in this study. These
bacterial strains were obtained from the Chongqing Center for
Disease Control and Prevention. The bacteria were stored at -80 °C
and resuscitated on blood plates at 37 °C for 12 h. Single colonies
were grown in 7 mL of LB broth for 4—6 h at 37 °C. The bacterial
suspensions were centrifuged for 3 min at 9000 rpm. After removing
the supernatant, the bacteria were washed twice with PBS and then
diluted to 0.5 CFU/mL (measured with a microplate reader).

4.5. Antibacterial Effects of the erGO Nanofilm In Vitro.
Growth inhibition curves were constructed to evaluate the
antibacterial performances of the erGO nanofilm and the controls.
The erGO nanofilm was serially diluted with LB broth to obtain a
series of different concentrations of the nanofilm (316, 158, and 79
pug/mL). The controls were diluted in the same way (500, 250, 125,
and 62.5 pg/mL). Exponentially growing bacteria with McFarland
(MCE) of 0.5 were further diluted 100 times (~10° CFU/mL) and
used as the test inoculum. Then, 10 uL of bacteria (~10° CFU/mL)
were inoculated in each group. After incubation at 37 °C for 18 h, the
96-well plates were detected using a SpectraMax MS microplate
reader at 600 nm. The growth curves were calculated using the
following equation (eq 1)

growth% = (Agon —Agon )/ (A — A;) X 100% (1)
where Ago,, represents the absorbance of the erGO nanofilm
incubated with bacteria, Agpo, represents the absorbance of the
erGO nanofilm without any bacteria, A, represents the absorbance of
bacteria without any material, and A, is the absorbance of LB broth
containing no bacteria and material.

4.6. Visualization of the erGO Nanofilm in Bacteria Using
SEM. After incubating with 159 yg/mL erGO nanofilm for 18 h at 37
°C, E. coli and the erGO nanofilm were washed twice with aseptic
PBS, followed by fixation with 2.5% glutaraldehyde in PBS for 3 h at
room temperature. After drying for 3 days, the cover slides were
placed on copper grids. After incubating with 79.5 ug/mL GO for 18
h at 37 °C, S. aureus ATCC 25923, S. aureus ATCC 29213, MRSA,
and S. pneumoniae ATCC 49619 were tested using the aforemen-
tioned method. The samples were imaged using an SU8010 SEM at S
kv.

4.7. EPR Spectra of the erGO Nanofilm after Incubation
with Bacteria. The bacteria were cultured with 159 ug/mL erGO
nanofilm for 18 h at 37 °C, and then the mixtures were washed twice
with aseptic PBS. Further, the mixtures (1 mg) were dried through
vacuum freeze-drying. The EPR spectra were detected with an X-band
Bruker A300—10/12 spectrometer and measured at a frequency of
9.852974 GHz, attenuator at 10 dB, center field at 3510 G, attenuator
at 13.0 dB, and g value at 2.0.

4.8. Content of MDA of Bacteria after Incubation with the
erGO Nanofilm. The erGO nanofilm was serially diluted with LB
broth to obtain a series of different concentrations of the nanofilm
(316, 158, and 79 pg/mL). Exponentially growing bacteria with
McFarland (MCF) of 0.5 were further diluted 100 times (~ 10°
CFU/mL) and used as the test inoculum. Then, 10 uL of bacteria
(~10° CFU/mL) were inoculated in each group. After incubation at
37 °C for 18 h, reagent 1, reagent 2, and reagent 3 were added
sequentially, and then 96-well plates were detected using a
SpectraMax MS microplate reader at 532 nm. The contents of
MDA were calculated using the following equation (eq 2)

MDA = (A,—A,)/(A.—A,) X 10 )
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where A, represents the absorbance of the erGO nanofilm incubated
with bacteria, A, represents the absorbance of the standards, and Ay, is
the absorbance of the blank control group.

4.9. Fluorescence Images of E. coli and S. aureus. The
fluorescence images were obtained using a BBcellProbe NO1/PI
staining kit. The green fluorescence probe BBcellProbe NO1 with
membrane permeability selectively bound to DNA after entering the
bacteria. The fluorescence intensity of the probe was weak before it
entered the cell membrane. When BBcellProbe NO1/PI bound to
DNA, its fluorescence intensity increased greatly. PI could not
penetrate the membrane of living bacteria, and hence only stained the
dead bacterial cells. After incubation with the erGO nanofilm for 3, 6,
or 18 h, 100 uL of suspensions were collected in 1.5 mL Eppendorf
tubes. The growing bacteria were subjected to 10-fold serial dilutions
with 900 pL of PBS. The bacteria were stained with BBcellProbe NO1
and PI for 20 min and were observed under a microscope.

4.10. Hemolysis Assay. Fresh human RBCs were diluted with
sterile Dulbecco’s phosphate-buffered saline (DPBS) to obtain a
stock suspension of RBCs (4 vol% blood cells). For the hemolytic
activity of the erGO nanofilm, 100 uL of RBC suspensions were
mixed with 100 uL of the erGO nanofilm (ranging from 316 to 79
ug/mL in serial twofold dilutions with PBS) in a 96-well plate. After
incubation at 37 °C for 1 h, the optical density (OD) of the mixtures
was recorded at 576 nm. The control group containing only PBS was
used as a reference for 0% hemolysis. The absorbance of RBCs
cultured with Ag NPs was taken as 100% hemolysis. The hemolysis by
the erGO nanofilm was determined using the following equation (eq

3)

hemolysis% = (Agor —AP)/(AAg - AP) X 100% (3)
where Agq, g represents the absorbance of incubation with RBCs and
the ErGO nanofilm, A,, represents the absorbance of incubation with
RBCs and Ag NPs, and A, indicates the absorbance of PBS containing
no RBCs and material.

4.11. Cytotoxicity Assay. The cytotoxicity of the erGO nanofilm
was evaluated using human epithelial cells. For the cytotoxicity
activity of the erGO nanofilm, about S X 10* of the human epithelial
cells were mixed with 100 uL of the erGO nanofilm (ranging from
316 to 79 ug/mL in serial twofold dilutions with PBS) in a 96-well
plate. After incubation at 37 °C for 24 h, the OD of the mixtures was
recorded at 450 nm. The absorbance of the human epithelial cells
cultured with Au NPs was taken as the control for 0% cytotoxicity.
The cytotoxicity of the erGO nanofilm was calculated using the
following equation (eq 4)

cytotoxicity% = Agq,r /Ax, X 100% (4)
where Agq,r represents the absorbance of incubation with the human
epithelial cells and the erGO nanofilm and A,, represents the
absorbance of incubation with the human epithelial cells and Au NPs.

4.12. Models of E. coli and S. aureus Infection in Mice. The
applications of the erGO nanofilm on mice were evaluated using E.
coli and S. aureus infection modes. Twelve healthy female Kunming
(KM) mice, aged 6—8 weeks, were obtained from the Experimental
Animal Center of Chongging Medical University. They were all fed
under SPF standard experimental conditions. Twelve female mice
were randomly divided into four groups: E. coli infection with the
erGO nanofilm treatment group (n = 3), E. coli infection without any
treatment group (n = 3), S. aureus infection with the erGO nanofilm
treatment group (n = 3), and S. aureus infection without any
treatment group (n = 3). Anesthesia was performed by injecting 3%
pentobarbital (30 mg/kg body weight) into the abdominal cavity. A
total of three mice were used in each group. Then, the back hair of
mice was shaved completely with a razor and 7% Na,S. Two full-
thickness wounds on the back of mice were made with a 7-mm skin
biopsy punch. Then, 10 L of 1 X 10° CFU/mL of E. coli and .
aureus were added to the wound. After bacterial suspensions
completely penetrated into the wound, 100 pL of 158 ug/mL
erGO nanofilm was administered to the experimental groups. For
comparison, an equal amount of aseptic saline was administered to the
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control group. Next, cotton gauzes were placed on the wounds. The
cotton gauzes were covered with Tegaderm (3M, Singapore) and
finally the mice were wrapped with bandage (3M) to protect the
wounds.

4.13. Bacterial Counts and Histological Analysis in Wound
Tissue. After 10 days of treatments, the mice were euthanized using
pentobarbital and CO,. The wound tissues were excised and put into
1 mL of aseptic PBS. The colonies were counted by making 10-fold
continuous dilutions and culturing on LB agar for 24 h at 37 °C. The
wound tissues were prepared on glass slides and then stained with
H&E. The images of the stained wound tissues were captured by
microscopy.
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