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The occurrence of antibiotic resistance against pathogens is rapidly increasing and endangering the efficacy
of antibiotics. Thus, finding a way to address this problem has become a major challenge due to the inability
of conventional antibiotics to kill these multidrug-resistant bacteria. In order to further enhance the
antibacterial ability and reduce the possibility of antibiotic resistance, we developed a simple two-step
approach and synthesized a new nanocomposite by directly loading single-stranded DNA (ssDNA)-
guided silver nanoparticles (AgNPs) on graphene oxide (ssDNA-AgNPs@GO). Through systematically
evaluating the bactericidal activity and wound healing capability, we found that ssDNA-AgNPs@GO
exhibited synergistic antibacterial activity against Escherichia coli, Pseudomonas aeruginosa,
Staphylococcus aureus and Bacillus subtilis with low minimum inhibitory concentrations (6.8 pg mL™?,
6.8 ng mL™, 11.9 pg mL~* and 10.2 ng mL™%, respectively) and large-diameter inhibition zones (12.83 =+
0.63 mm, 13.14 + 0.37 mm, 8.6 + 0.9 mm and 8.93 + 0.47 mm, respectively). Furthermore, the wound
healing experiment indicated that it has a striking ability to remedy wound infection caused by
Staphylococcus aureus bacteria. In conclusion, the properties of ssDNA-AgNPs@GO with enhanced
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1 Introduction

Over recent decades, bacterial infections, which cause millions
of infection-related morbidities and mortalities annually, have
seriously threatened human health and become global public
health issues.'” Furthermore, the increasing occurrence of
antibiotic resistance against pathogens, especially “superbugs”
with multidrug resistance such as Staphylococcus aureus (SA)*™°,
has become the most common clinical drug-resistant infection
in burn wounds, with the SA wound infection rate accounting
for more than 60%. Moreover, the number of different SA
strains isolated sharply increased. Thus, the control of wound
infection has become a global health problem. Although widely
used, antibiotics, which are efficient bactericidal agents,
resolved this public health crisis to some extent’™® - however,
abuse or overdose of them resulted in ineffective infection
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antibacterial and wound healing capability will give it broad applications in the future.

treatment, adverse drug reactions, rapid increase in drug-
resistant pathogens, and even food and drinking water
contamination. In addition, the currently used inorganic anti-
microbial or organic agents commonly exhibit some cytotoxicity
and instability.'*** Thus, it is still urgent to develop new anti-
biotics. Recently, advancements in nanotechnology have
provided an alternative approach to resolve the challenges by
developing new antibacterial materials with ultra-high treat-
ment efficiencies and low side effects.'** Among these metallic
bactericides, silver nanoparticles (AgNPs) have been recognized
as one of the most excellent antibacterial agents due to their
broad spectrum of antibacterial activity, limited bacterial
resistance and relatively low toxicity towards mammalian
cells.’**® Until now, they have been widely used in many
fields'**° (e.g. surgical wound dressing, medical device coatings
and preventing pathogen contamination) and daily consumer
products®** (e.g. cotton fabrics, air filter, water disinfection,
food preservation and cosmetics). However, the antibacterial
capacity of AgNPs is often affected by their size and surface
potential. In addition, the aggregation-prone nature of bare
AgNPs also decreases their stability, which in turn greatly
weakens their antibacterial capability.>*** Thus, finding a way to
improve the homogeneous dispersion and stability of AgNPs is
an important issue for tailoring their performance. In general,
polymeric and chelating agents, which can efficiently regulate
the particle size and shape of AgNPs, were used as supporting

This journal is © The Royal Society of Chemistry 2018
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substances to retain their physicochemical characteristics.”**®
However, these agents often deactivate their functions through
unavoidable organic wrapping on the particle surface.””**
Recently, many studies have demonstrated that the immobili-
zation of AgNPs on other nanomaterials is very useful for
improving antimicrobial efficacy and biological safety.*

Graphene oxide (GO) is the oxidized form of graphene,
composed of a single layer of sp>bonded carbon atoms. The
surface functional groups, including epoxy, carboxylic acid and
hydroxyl groups, offers active sites for further functionalization
through non-covalent interactions. Moreover, highly hydro-
philic GO can be easily produced on a large scale without a high
cost. Due to these excellent properties, coupled with a good
carrying capacity and low biological toxicity, GO has been used
to prepare AgNP-loaded nanohybrids (GO-Ag) and the obtained
GO-based nanocomposites showed extraordinary antibacterial
properties.***> However, unfortunately, the process for AgNP
synthesis is time-consuming and sophisticated.

In this study, we report a simple two-step method for the
synthesis of ssDNA-guided AgNP-loaded GO (ssDNA-
AgNPs@GO) nanocomposites through the reduction of Ag" by
sodium borohydride (NaBH,) in aqueous solution. These stable
ssDNA-AgNPs@GO nanocomposites with uniform size exhibi-
ted excellent antibacterial efficiency against both Gram-positive
and Gram-negative bacteria. In addition, the antibacterial
mechanism and wound healing capability of the ssDNA-
AgNPs@GO nanocomposites were thoroughly explored.

2 Materials and methods
2.1 Chemicals

Single-layer GO with a 0.5-3 um size range (2 g L™') was
purchased from Xianfeng Nano-Tech (Nanjing, China). AgNO;
(99%), NaBH, (98%) and 4-(2-hydroxyethyl)piperazine-1-
ethanesulfonic acid (HEPES) were obtained from Sigma-
Aldrich. Sodium nitrate (NaNO;) was obtained from Alfa-Aesar
(USA). Single-stranded DNA with a sequence of 5'-
CCCTTAATCCCC-3' was purchased from Takara (Dalian,
China).

2.2 Synthesis of sSDNA-AgNPs@GO nanocomposites

The synthesis of sSSDNA-AgNPs@GO was accomplished through
the reduction of AgNO; with NaBH,. GO (final concentration of
20 pg mL™") was firstly mixed with DNA solution (final
concentration of 1 pM) in 10 mL HEPES buffer. After 30 min of
incubation, the mixture was centrifuged at 12 000 rpm for
20 min. The precipitated ssSDNA@GO was redissolved in 1 mL
HEPES buffer, followed by the addition of AgNO; with a final
concentration of 100 uM with vigorous stirring. After 10 min of
incubation, an icy freshly prepared solution of NaBH, (final
concentration of 500 pM) was injected dropwise into the
mixture and stirred vigorously for 30 min. The solution was
centrifuged at 12 000 rpm for 10 min until the supernatant
became clear. The precipitate was redissolved and stored in the
HEPES buffer for further characterization. The control ssDNA-
AgNPs were synthesized according to similar steps.

This journal is © The Royal Society of Chemistry 2018
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2.3 Characterization

UV-vis adsorption spectra were recorded on a UV-1800 model
spectrophotometer (Shimadzu, Japan). The hydrodynamic
diameter and zeta potential were measured using a Zetasizer
Nano ZS (Malvern, United Kingdom) instrument. Transmission
electron microscope (TEM) and high-resolution TEM images
were obtained using a JEM-2100F (JEOL, Japan) instrument
operated at an accelerating voltage of 200 kV. Samples were
prepared by placing a drop of AgNP dispersion on the carbon-
coated copper grid and drying at room temperature. AFM
images were recorded using a Bioscope System atomic force
microscope (Brucker, USA).

2.4 The minimal inhibitory concentration (MIC) test

Bacteria including Escherichia coli (E. coli) and Pseudomonas
aeruginosa (P. aeruginosa) (Gram-negative), Staphylococcus
aureus (S. aureus) and Bacillus subtilis (B. subtilis) (Gram-
positive) were stored in 50% glycerol at —80 °C. All of them
were firstly cultivated on a Luria-Brentani (LB) solid medium at
37 °C for 12 h. Then, the pure colonies were further plated on
the LB plates and incubated as described above. Bacterial
colonies from the LB plates were cultured in LB medium at
37 °C, 250 rpm and 80% humidity. When bacteria were grown to
an ODgg of 0.6, which corresponds to the exponential phase,
the bacteria were serially diluted to a concentration of 5 x 10°
CFU mL ™. Then, different materials (GO, ssDNA-AgNPs and
ssDNA-AgNPs@GO) were separately added into wells containing
bacterial cultures and shaken for 24 h at 37 °C, 250 rpm and
80% humidity. After incubation for 12 h, the well with the
lowest concentration which completely inhibited bacteria
growth was determined as the sample of MIC. Each sample was
carried out 3 times in parallel.

2.5 The growth curve of bacteria

The susceptibility of E. coli, P. aeruginosa, S. aureus and B.
subtilis to the nanomaterials was determined using the growth
curve method. Mixtures of bacteria (ODgy, = 0.1) and the
different materials were cultured in the LB liquid medium for
12 h. The concentration of ssDNA-AgNPs@GO in a final volume
of 500 pL was used to determine the MIC and ICs, values. GO
and ssDNA-AgNPs with the same concentration were used as
controls. Growth curves were determined by measuring the
ODgqo value every hour. Each sample was carried out 3 times in
parallel.

2.6 Agar diffusion test

The agar diffusion method was used to determine the antimi-
crobial effect of different nanomaterials. Under sterile condi-
tions, bacterial suspensions (10° CFU mL™') of E. coli, P.
aeruginosa, S. aureus and B. subtilis were spread onto solid
nutrient agar plates to form a uniform carpet. After drying in air,
0.2 mL of HEPES buffer containing GO, ssDNA-AgNPs or ssDNA-
AgNPs@GO with concentrations equal to the ICs, were carefully
dropped onto the Oxford Cups which were placed on the surface
of the agar plate (four Oxford Cups in each plate, one was used

RSC Adv., 2018, 8, 28238-28248 | 28239
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for control with HEPES buffer). The plates were incubated
overnight at 37 °C and the diameters of the growth inhibition
zones were measured and expressed in mm. Each treatment was
carried out three times in parallel.

2.7 Confocal fluorescence microscopy

The membrane damage was investigated using the DNA-
binding fluorescent dye staining method. E. coli, P. aerugi-
nosa, S. aureus and B. subtilis with a final concentration of 10°
CFU mL ™" were inoculated with GO, ssDNA-AgNPs or ssDNA-
AgNPs@GO for 12 h at 37 °C, followed by centrifugation at
3500 rpm at 4 °C. The precipitate was resuspended in a fresh LB
liquid medium containing calcein-AM and PI and incubated for
15 min at 37 °C. All samples were detected using a multidi-
mensional living cell imaging system (OLYMPUS FV1200,
Japan). Each sample was carried out 3 times in parallel.

2.8 Determination of cellular ROS

The reactive oxygen species (ROS) level of bacteria induced by
ssDNA-AgNPs@GO was detected using a DCFH-DA assay. E. coli,
P. aeruginosa, S. aureus and B. subtilis with a final concentration
of 10® CFU mL ™" were inoculated with same concentration of
GO, ssDNA-AgNPs or ssDNA-AgNPs@GO for 12 h. Then, 10 uM
of DCFH-DA probe was added and incubated for another
30 min. After treatment, the bacteria suspension was centri-
fuged at 1000 rpm for 10 min, washed 3 times, and resuspended
in 1 mL ultrapure water. The samples were detected using
a fluorescence detector and a multidimensional living cell
imaging system.

2.9 ATP assay

The ATP level of bacteria was investigated using an enhanced
ATP assay kit. E. coli, P. aeruginosa, S. aureus and B. subtilis in
the fresh medium were treated with same concentration of GO,
SSDNA-AgNPs or ssDNA-AgNPs@GO for 12 h. The final
concentration of the bacteria cells was 10° CFU mL ™. The bare
medium was used as a control. All samples were centrifuged at
12 000 rpm for 15 min at 4 °C and resuspended in 100 pL of lysis
buffer after treatment. Then, the samples were transferred into
an ultrasonic cell disruption instrument and treated with 30%
power (3 s on then 5 s off) for 5 min in an ice-bath. The collected
supernatant was detected on a multi-mode detection platform.

2.10 Cytotoxicity assay

The cytotoxicity of different nanomaterials to the murine NIH-
3T3 cell line was evaluated using a MTT assay, which is
commonly used to investigate the possible harmful effects of
nanomaterials on cells. Murine NIH-3T3 seeded in the 96-well
plate (1 x 10" cells per well) was cultured in the DMEM medium
containing 10% FBS under a 5% CO, incubator for 24 h. Then,
100 pL of GO, ssDNA-AgNPs and ssDNA-AgNPs@GO with
different concentrations were added in triplicate. After incu-
bation for 24 h, the 96-well plate was washed 3 times with PBS
buffer. Then, the medium in the well was replaced by a mixture
of 90 pL fresh medium and 10 puL MTT (5 mg mL ') reagent
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followed by incubation for another 4 h. 100 pL of DMSO solu-
tion was added per well followed by reaction for 15 min in the
shaker. Finally, the optical density was determined on a multi-
mode detection platform in absorbance mode at 490 nm.

2.11 Hemolysis assay of the AgNPs

A hemolysis assay was performed using fresh human blood
samples provided by the Third Xiangya Hospital of Central
South University. The erythrocytes were collected via centrifu-
gation at 3000 rpm for 5 min at 4 °C. The stock dispersion was
prepared by mixing 50 pL of erythrocytes into 950 pL of PBS.
After adding different amounts of nanomaterial into the stock
dispersion, the mixture was incubated for 3 h at 37 °C. The
percentage of hemolysis of the supernatant was measured at
540 nm absorbance after centrifugation at 3000 rpm for 5 min.
PBS was used as the negative control and pure water was used as
the positive control. The percentage of hemolysis was calculated
with the following formula:
hemolysis (%) = (Aiest — Aneg)/(Apos — Aneg) X 100%

where A is the absorbent resulting from the addition of GO,
sSDNA-AgNPs or ssDNA-AgNPs@GO into the erythrocyte
suspension, Apg is the absorbance following the addition of
PBS, and A, is the absorbent following the addition of pure
water. All hemolysis experiments were performed in triplicate.

2.12 In vivo infected wound healing and histological
analysis

All experimental procedures and postoperative animal care
were conducted in accordance with the National Institute of
Health’s Guidelines for the Care and Use of Laboratory Animals
and was approved by the Institutional Animal Care and Use
Committee of Hunan University (Hunan, China). Blab/c mice
(20 £ 2 g) purchased from Hunan SJA Laboratory Animal Co.,
Ltd (Changsha, China) were maintained on a 12 h light/dark
cycle in a room at 22-25 °C and allowed free access to food
and water at all times. The surgical area was shaved using
shaving machine and disinfected with 75% alcohol. Full-
thickness cutaneous wounds of approximately 1.5 mm were
generated on the dorsal side by removing epidermal and dermal
layers with sterile surgical scalpel, and then a 200 pL liquid of S.
aureus suspension (10® CFU mL™") was added on the wound.
Then, the wounds were covered with HEPES buffer and GO,
SSDNA-AgNPs or ssDNA-AgNPs@GO, then bandaged with 3
gauze bandages. The area of the wound was determined every
day to evaluate the healing rate. The mouse serum at day 14 was
subjected to liver function analysis with analysis kits (Beijing
Leadmanbio Institute, China). Meanwhile, parts of the liver
tissue and healed skin tissue were dissolved in 69% HNQOj;. The
mixture of 200 pL sample solution with 9.8 mL H,O were used to
assess the body’s absorption of AgNPs by ICP-MS. Wound
closure (WC, %) area was calculated using the following
formula:

A,

WC(%) = A=A

1
i 00

This journal is © The Royal Society of Chemistry 2018
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where A, is the original wound area and 4; is the open area of
the wound at the time of sacrifice. Wound tissues were gathered
at postoperative day 14 for histological analysis. All tissues were
placed in 4% paraformaldehyde solution. Isometric continuum
cut sections were obtained using a microtome in vertical planes
of each fixed tissue, stained with hematoxylin and eosin (H&E),
and imaged under an optical microscope (TE-2000, Nikon,

Japan).

3 Results and discussion
3.1 Preparation and characterization of sSDNA-AgNPs@GO

The strategy of ssDNA-AgNPs@GO synthesis using a two-step
method is shown in Scheme 1. Firstly, ssDNA@GO was
directly prepared through m-m stacking between GO and
ssDNA. In this study, the ssDNA containing 7 cytosine bases
possesses high affinity with Ag’. Then, Ag® deposited on the
surface of sSDNA@GO was reduced to Ag® by NaBH, so as to
form ssDNA-AgNPs@GO. This kind of nanomaterial with a dark
yellow color showed two strong emission peaks at 260 nm and
400 nm under UV illumination (Fig. 1A), which resulted from
the surface plasmon resonance of ssDNA and the AgNPs.
Compared to the ssSDNA-AgNPs, the color of sSDNA-AgNPs@GO
became darker (inset Fig. 1A). This phenomenon also suggested
that the ssSDNA-AgNPs loaded on the surface of GO maintained
their small size instead of aggregating into large-sized particles,
which was evidenced by the similar emission peaks between
SSDNA-AgNPs@GO and the bare DNA-AgNPs. Meanwhile,
a minor red shift of the emission wavelengths was observed
compared to those of the DNA-AgNPs. This can be explained by
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the interaction of the ssDNA-AgNPs with GO. The AFM and TEM
images provided more direct evidence for the successful
formation of hybrids. Although the thickness of ssSDNA-
AgNPs@GO increased by about 0.5 nm due to the coverage of
the ssDNA-AgNPs on the basal plane of GO, it still presented
a lateral size of 50-200 nm, similar to that of GO (Fig. 1B and
S1Ct). The TEM image in Fig. 1D shows that the AgNP-loaded
GO exhibited a transparent and stable sheet structure and the
spherical-like AgNPs uniformly covered the surface of the GO
sheet. This result suggested that the attachment of the AgNPs to
the GO surface is mainly through the interaction between Ag"
and the oxygen-containing groups of ssDNA and the GO sheet,
which provides nucleation sites for the anchoring and growth of
AgNPs.* Finally, we investigated the difference in zeta potential
between ssSDNA-AgNPs and ssDNA-AgNPs@GO. As GO is
a nanomaterial with negative potential (Fig. S1Bt), the zeta
potential of the sSDNA-AgNPs thus decreased from —8.65 mV to
—27.5 mV after loading on the GO surface (Fig. 1C). The zeta
potential change directly resulted in the stability enhancement
of ssDNA-AgNPs@GO by increasing the repulsion force between
charged molecules® (Fig. S31).

3.2 Antibacterial activity of sSDNA-AgNPs@GO

Owing to the high local concentration of Ag" assembled on the
GO surface, ssDNA-AgNPs@GO showed superior antibacterial
activity compared to ssDNA-AgNPs. 4 different opportunistic
bacteria, including two types of Gram-negative bacteria (E. coli
and P. aeruginosa), as well as Gram-positive S. aureus and B.
subtilis, were selected as bacterial models to study the antimi-
crobial properties of sSDNA-AgNPs@GO. By investigating the
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Fig. 1 (A) UV-vis absorption spectra of ssDNA-AgNPs and ssDNA-AgNPs@GO. Inset: photographs of ssDNA-AgNPs (left) and ssDNA-

AgNPs@GO (right) solutions under natural light. (B) AFM images of ssDNA-AgNPs and ssDNA-AgNPs@GO. (C) Zeta potentials of ssDNA-AgNPs

and ssDNA-AgNPs@GO. (D) TEM image of ssDNA-AgNPs@GO.

MIC of ssDNA-AgNPs@GO for these bacteria, we found that the
MIC values of the ssDNA-AgNPs were 10.2 pg mL™', 10.2 pg
mL ™", 13.6 pg mL ™" and 11.9 ug mL™" against E. coli, P. aeru-
ginosa, S. aureus and B. subtilis, respectively. However, the cor-
responding MIC values of ssSDNA-AgNPs@GO for these bacteria
reduced to 6.8 pg mL ™', 6.8 ug mL ™", 11.2 ug mL ™" and 10.9 pg
mL ™", respectively. The decrease in MIC values indicated that
ssDNA-AgNPs@GO possessed higher antibacterial activity than
ssDNA-AgNPs. In should be noted that the Gram-positive
bacteria were more susceptible to the nanomaterial than
Gram-negative bacteria. The reason for this can be explained by
the difference in cell wall structure and peptidoglycan content
of these bacterias.* In addition, the half MIC of ssDNA-AgNPs
and GO was 5.1 pg mL~' and 9 pg mL™"', respectively.
However, the MIC of ssDNA-AgNPs@GO was only 6.8 pg mL ™"
(Table S1f). According to the equation for synergistic effect
evaluation, we can conclude that the hybrids of ssSDNA-AgNPs
with GO have a significant synergistic effect on the antibacte-
rial properties. In addition, a medium turbidity assay also evi-
denced the strong antimicrobial ability. A mixture of the 4 kinds
of bacteria in a LB liquid medium became turbid after culturing
for 12 h and 24 h. However, the mixture became clear in the
presence of ssSDNA-AgNPs@GO due to its effective antibacterial
activity (Fig. S41). These data suggested that the existence of
ssDNA increased the adhesive force between ssSDNA-AgNPs@GO

28242 | RSC Adv., 2018, 8, 28238-28248

and the bacterial cell membrane. Meanwhile, the uniform
distribution of AgNPs on GO is helpful for nonspecifically
attaching and wrapping bacteria as well. As a result, the inter-
action between ssSDNA-AgNPs@GO and bacteria greatly
improved the antibacterial properties.

The dynamics of bacteria showed that the E. coli and P.
aeruginosa bacteria began to grow after incubation for 2 h,
without adding any material or with only GO (Fig. 2A and B). In
contrast, the growth of the two bacteria was significantly
inhibited at the first 6 h in the presence of 6.8 g mL ™" ssDNA-
AgNPs and 3.4 pg mL™' ssDNA-AgNPs@GO, or even wholly
inhibited in the presence of 6.8 ug mL ™" (ssDNA-AgNPs@GO).
Thus, the concentration of 6.8 ug mL™ ' was the MIC of
sSDNA-AgNPs@GO and the concentration of 3.4 pg mL™" was
half of the MIC. Meanwhile, a similar phenomenon was found
for Gram-positive bacteria (S. aureus and B. subtilis) (Fig. 2C and
D). These results indicated that the half concentration of
ssDNA-AgNPs@GO possessed similar antibacterial capability as
the full concentration of ssDNA-AgNPs in all four kinds of
bacteria. These results further confirmed the synergistic anti-
bacterial properties of sSSDNA-AgNPs@GO.

The result of the inhibition zone assay also reflected the
improved antimicrobial ability of ssDNA-AgNPs@GO. Fig. 3
shows that the diameters of the inhibition zones for ssDNA-
AgNPs@GO against E. coli, P. aeruginosa, S. aureus and B.

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 The growth curves of (A) E. coli, (B) P. aeruginosa, (C) S. aureus and (D) B. subtilis in the presence of GO, ssDNA-AgNPs and ssDNA-
AgNPs@GO. Error bars represent the standard error of 3 parallel experiments.

subtilis were 12.83 £+ 0.63 mm, 13.14 + 0.37 mm, 8.6 + 0.9 mm
and 8.93 + 0.47 mm, respectively. In comparison, the diameters
for ssDNA-AgNPs against these bacteria were 7.04 + 0.5 mm,
6.86 £ 0.97 mm, 5.13 + 4.2 mm and 4.5 + 1.03 mm,

respectively. These data clearly demonstrated the higher anti-
bacterial activity of ssDNA-AgNPs@GO compared to that of
ssDNA-AgNPs. Meanwhile, we found that the activity of ssDNA-
AgNPs@GO against E. coli and P. aeruginosa was higher than

Fig.3
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(A) Digital images showing the inhibition halos caused by HEPES, GO, ssDNA-AgNPs and ssDNA-AgNPs@GO against E. coli, P. aeruginosa,

S. aureus and B. subtilis. The diameter of the Oxford cup is 7 mm. (B) Statistical column graph showing the antibacterial effect of the materials on
the bacteria. Error bars represent the standard error of 3 parallel experiments. (C) Schematic diagram of the different sections in (A).
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that against S. aureus and B. subtilis. By combining the results of
no antibacterial activity observed for GO at the investigated
concentration, we concluded that the synergistic effect for
antibacterial activity appeared when the ssDNA-AgNPs were
loaded on the GO.

3.3 Antibacterial mechanism of ssSDNA-AgNPs@GO

In order to explore the mechanism of ssDNA-AgNPs@GO
against bacteria, the double staining method of PI and
calcein-AM was used to selectively investigate the degree of the
membrane-damaging effects of E. coli and S. aureus. Fig. 4A and
B show that bacteria with PBS treatment only emitted green
fluorescence, and half of them emitted green and half emitted
red in the GO or ssDNA-AgNPs treatment groups. However, only
red fluorescence was observed in the sSDNA-AgNPs@GO treat-
ment group. As the red fluorescence intensity of PI directly re-
flected the extent of membrane damage, the high red
fluorescence intensity that appeared in the sSDNA-AgNPs@GO
treatment group indicated that this nanomaterial killed most
of the bacteria by destroying the cell membranes.

It has been reported that the AgNP-triggered antibacterial
effect is related to the generation of free radicals, which can be

Licolr
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monitored using DCFH-DA.*® By using the DCFH-DA staining
method, we found that treatment with GO, ssDNA-AgNPs or
ssDNA-AgNPs@GO differentially induced the production of
ROS. As expected, the level of ROS was the highest among these
groups (Fig. 4C). This data suggested that ssSDNA-AgNPs@GO
caused severe damage to the cell membrane, which allowed
more antimicrobial hybrids to enter into the cell and produce
more intracellular ROS.

In addition, ATP, an energy storage and transportation mole-
cule, which plays an important role in various physiological and
pathological processes of bacteria, often declines under
apoptosis, necrosis or toxic conditions.*” In this study, we found
that the ATP level of E. coli and S. aureus significantly decreased in
the ssDNA-AgNPs@GO treatment group. However, GO or ssDNA-
AgNPs only weakly decreased the ATP level of bacteria compared
to the PBS treatment group (Fig. 4D). According to these data, we
suspected that sSDNA-AgNPs@GO could be easily adsorbed on
the surface of the bacteria, destroying the membrane with the
help of GO, which was confirmed by the ROS production and ATP
decrease.*® Moreover, the maintenance of the small size of the
AgNPs by GO conferred a higher and more synergistic antibac-
terial effect compared to that of the sSSDNA-AgNPs.

S aureus

Control GO

ssDNA-AgNP

ssDNA-AgNP@GO

Calcein-AM

Pl

Merge

S.aureus

Fig. 4 Antibacterial mechanisms of ssDNA-AgNPs@GO. (A) and (B) live—dead fluorescence images of E. coli and S. aureus treated with GO,
ssDNA-AgNPs and ssDNA-AgNPs@GO for 12 h. Green fluorescence represents live bacteria stained with calcein-AM, while red fluorescence
represents dead bacteria stained with PI. (C) Total ROS of E. coli and S. aureus treated with GO, ssDNA-AgNPs and ssDNA-AgNPs@GO, detected
using a multidimensional living cell imaging system and a fluorescence spectrometer. Green fluorescence represents the ROS. (D) The level of
ATP for E. coli and S. aureus with different nanomaterial treatments. Error bars represent the standard error of 3 parallel experiments.
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3.4 Biological safety investigation of sSDNA-AgNPs@GO

MTT and hemolysis methods were used to evaluate the
biosafety of ssSDNA-AgNPs@GO. According to GB/T 16886.5-
2003 (ISO 10993-5:1999), samples with a cell viability higher
than 75% can be considered as non-cytotoxic. Fig. 5A shows that
the cell viabilities of NIH-3T3 cells treated with 3.4, 6.8, 10.2 and
13.6 pg mL ™" of ssSDNA-AgNPs were 98.15% + 1.11%, 89.63% +
3.51%, 96.67% =+ 2.36% and 85.68% =+ 5.53%, respectively,
while the cell viabilities were 88.84% =+ 4.71%, 85.46% =+ 2.12%,
91.09% =+ 4.21% and 80.79% =+ 3.82%, respectively, after
treatment with same concentration of ssDNA-AgNPs@GO.
Although the viability of cells in the ssSDNA-AgNPs@GO treat-
ment group slightly decreased, we can still conclude that both
ssDNA-AgNPs and ssDNA-AgNPs@GO are safe for wound heal-
ing in vivo. In addition, hemocytolysis ratios caused by different
nanomaterials were also investigated. According to the Amer-
ican Society for Testing and Materials (ASTM F 756-00, 2000),
materials can be classified in three different categories: hemo-
lytic (hemolysis over 5%), slightly hemolytic (between 5% and
2%) and non-hemolytic (below 2%). Fig. 5B shows that the
hemolysis rate was only 2.1 + 0.26%, even when the concen-
tration of ssSDNA-AgNPs@GO was at 15.3 pug mL ™. Fig. S5 also
indicates that GO and ssDNA-AgNPs did not cause hemocytol-
ysis of erythrocytes, even at high concentration. The above data
strongly indicates the high biocompatibility of these
nanomaterials.

3.5 Invivo evaluation of the treatment of sSDNA-AgNPs@GO
in a wound healing model

Finally, animal experiments were carried out to evaluate the
wound healing capability of ssSDNA-AgNPs@GO in vivo. Fig. S6t
shows the excellent healing effect in sSSDNA-AgNPs@GO-treated
mice after 7 days. Moreover, the regenerated skin with GO,
SSDNA-AgNP or ssDNA-AgNPs@GO treatment is smooth and
similar to normal skin without scar formation, indicating their
good healing ability. By further quantitating the extent of
wound closure at different times, we found that the wound
treated with ssDNA-AgNPs@GO achieved a closure of 32.71 +
2.95%, compared to the GO, ssDNA-AgNPs and PBS-treated
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groups, which only showed 23.28 + 3.36%, 23.87 £ 2.81%
and 23.64 + 1.13% closure, respectively, after treatment for 3
days. After 11 days, the wound closure in the ssDNA-
AgNPs@GO-treated group significantly enhanced to 91 =+
1.71%, which was about 20% higher than that of the control
group. Complete wound closure was observed 13 days later for
the ssSDNA-AgNPs@GO treatment group, while the closure rates
for the PBS, GO and ssDNA-AgNPs treatment groups were 92.69
+ 1.09%, 95.39 £ 1.57% and 95.75 £ 0.39% at this time point
(Fig. 6A). In addition, we investigated the morphological
difference of wound healing tissues in mice with different
treatments. It has been reported that the major steps in the
process of wound healing are re-epithelialization and the
formation of granulation tissues. The signals of re-
epithelization are migration and the proliferation of fibro-
blasts and epidermal cells, because elongated fibroblasts are
helpful for the formation of mature fibrous granulation tissue.
In contrast, the presence of lymphocytes and neutrophils indi-
cates an inflammatory response.* From Fig. 6E, we found that
a cuticular layer emerged, with elongated fibroblasts and
epithelial cells in all wound dressing groups at day 14. Among
them, most of the elongated fibroblasts appeared in the sSDNA-
AgNPs@GO treatment group. On the contrary, many lympho-
cyte and neutrophil cells were observed in the GO or ssDNA-
AgNPs treatment groups, which reflected the inflammatory
response of the two groups. These results demonstrate that
SSDNA-AgNPs@GO can provide effective support for re-
epithelialization and granulation tissue formation to accel-
erate wound healing.

In the following experiment, the levels of ALT and AST in
mice were investigated. Fig. 6B shows that the ALT levels in the
PBS, GO, ssDNA-AgNPs and ssDNA-AgNPs@GO treatment
groups were 51.00 =+ 6.00, 47.00 =+ 3.00, 52.00 £ 6.00 and 50.00
+ 2.00 U L', respectively. These data demonstrated that
treatment with these nanomaterials did not cause liver injury.
Meanwhile, the AST levels in the corresponding groups were
168.00 £+ 12.00, 203.00 + 3.00, 223.00 £ 26.00 and 182.00 £+
14.00 U L%, respectively. Compared to the PBS group, the AST
level in mice increased only by about 7% in the ssDNA-
AgNPs@GO treatment group, which is much lower than that
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(A) Viability of NIH-3T3 cells treated with ssSDNA-AgNPs and ssDNA-AgNPs@GO for 24 h. (B) Hemolysis ratio of human blood incubated

with different nanomaterials. The inner figure shows photographs of hemocytolysis.
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Fig. 6 The effects of GO, ssDNA-AgNPs and ssDNA-AgNPs@GO on wound infection and healing of MRSA in mice. (A) Quantitation of the topical
wound healing rate. (B) AST and ALT level assay of mouse blood at the 14th day. (C) and (D) ICP-MS analysis for silver content in healed skin and
liver tissues at the 14th day. Error bars represent the standard error of 3 parallel experiments. (E) Histology of the wound healing process in various
groups on 14 days with H&E staining at magnifications of x10 and x40. Lines indicate wound healing events. K = keratin, Ly = lymphocyte, Ne =
neutrophil, Ec = epithelial cells and Ef = elongated fibroblasts. The presence of Ly and Ne indicate an inflammatory response. Ec and Ef were the
signals of re-epithelization, which is beneficial for the formation of matured fibrous granulation tissue.

for the GO treatment group (21%) or the ssDNA-AgNPs group
(32%). According to our results, the increase in AST level
perhaps resulted from dermatomycosis caused by the nano-
materials. In order to further assess the body’s absorption of
AgNPs, liver and healed skin tissues of mice with administra-
tion for 14 days were used for ICP-MS analysis. Fig. 6C indicates
that the silver contents in the healed skin tissues treated with
ssDNA-AgNPs and ssSDNA-AgNPs@GO were 15 692.03 & 1592.03

28246 | RSC Aadv., 2018, 8, 28238-28248

and 16 020.12 4+ 1597.41 ng g~ ', respectively, while the contents
in the control and GO groups were 860.83 + 364.54 and 800.32
+ 367.08 ng g~ ', which were significantly lower than those for
the ssDNA-AgNPs and ssDNA-AgNPs@GO groups. In contrast,
the silver content in mouse liver treated with HEPES buffer, GO,
ssDNA-AgNPs and ssDNA-AgNPs@GO was 31.93 + 0.59, 33.11 +
2.39, 33.09 + 2.99 and 31.88 + 2.40 ng g ', respectively
(Fig. 6D). These data indicated that ssDNA-AgNPs@GO reduced

This journal is © The Royal Society of Chemistry 2018
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accumulation in the liver compared to GO and ssSDNA-AgNPs. As
expected, the major organs (heart, liver, spleen, lung and
kidney) of mice did not show abnormal effects or damage after
treatment with the 3 kinds of nanomaterial (Fig. S71). In
summary, these results demonstrated the good biocompati-
bility of sSDNA-AgNPs@GO.

4 Conclusions

In summary, we developed a facile method to synthesize ssDNA-
AgNPs@GO nanocomposites with high stability and good
biocompatibility. The new nanocomposites exhibited enhanced
antibacterial activity to Gram-negative (E. coli and P. aeruginosa)
and Gram-positive bacteria (S. aureus and B. subtilis) compared
to GO and ssDNA-AgNPs. The antibacterial mechanisms of
ssDNA-AgNPs@GO include damage to the cell integrity,
production of ROS, decrease of ATP and bacterial metabolism.
In vivo wound healing evaluation in mice showed that ssDNA-
AgNPs@GO possessed improved wound healing capability
compared to that of ssDNA-AgNPs due to the excellent re-
epithelialization and dense collagen deposition properties.
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