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ABSTRACT: Recently, graphene oxide (GO) based nanocomposites
have raised significant interests in many different areas, one of which
being antibacterial agents where sliver nanoparticle (AgNPs) anchored
GO (GO—Ag) has shown promising potential. However, to our best
knowledge, factors affecting its antibacterial activity as well as the

| ¥ S o
G'OéAg\ (:('Q bb Cell integrity
B e ——D

" disruption
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bacteria Staphylococcus aureus (S. aureus). We discover that, compared to
AgNPs, GO—Ag nanocomposite with an optimal ratio of AgNPs to GO is
much more effective and shows synergistically enhanced, strong antibacterial activities at rather low dose (2.5 yig/mL). The GO—
Ag nanocomposite is more toxic to E. coli than that to S. aureus. The antibacterial effects of GO—Ag nanocomposite are further
investigated, revealing distinct, species-specific mechanisms. The results demonstrate that GO—Ag nanocomposite functions as a
bactericide against the G— E. coli through disrupting bacterial cell wall integrity, whereas it exhibits bacteriostatic effect on the G+
S. aureus by dramatically inhibiting cell division. Our work not only highlights the great promise of using GO—Ag as a highly
effective antibacterial agent but also provides more in-depth understandings of the interactions between microorganisms and

GO-based nanocomposites.
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1. INTRODUCTION

Antibacterial materials and agents play important roles in
treating infectious diseases caused by pathogenic bacteria.
However, the wide use of antibiotics leads to the rise of
microbial drug resistance, resulting in poor treatment efficacy
and significant economic losses.'* The rapid development of
nanotechnology in the past decades opens up new oppor-
tunities in antibacterial research.>~” Among many nanomateri-
als reported as antibacterial agents, silver nanoparticles
(AgNPs) with excellent antibacterial activity have been the
most widely explored and are currently being used in a number
of commercial products.®”"*

Graphene since its discovery has received great attention in
many different areas."*”>® In the field of biomedicine,
functionalized graphenes have been used for drug delivery,”” >
gene transfection,””**~® biosensing,'>">**~** as well as tumor
imaging and photothermal therapy.'>****7% Recently, the
potential antibacterial applications of graphene and graphene-
based nanocomposites have also attracted considerable
interests,*’ ~>' although whether and how graphene oxide
(GO) presents antibacterial activity are still under debate.**>*>*
By growing AgNPs on the surface of GO, several groups via
different approaches have synthesized GO—Ag nanocomposites
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with significant antibacterial activities.>>"** However, despite
these independent demonstrations of the strong antibacterial
ability of GO—Ag, to our best knowledge, it is still not fully
clear whether there is any advantages of using GO—Ag as a new
generation of antibacterial agent with unique, or synergistic
efficacy, compared to the simple combination of separated GO
and AgNPs and what the antibacterial mechanisms of GO—Ag
toward different types of bacteria are.

To address these questions, in this work, GO—Ag nano-
composites with different AgNPs to GO ratios are synthesized
using a simple one-pot boiling reaction. The antibacterial
activities of GO—Ag nanocomposites are investigated using
Gram-negative (G—) bacteria Escherichia coli (E. coli) and
Gram-positive (G+) bacteria Staphylococcus aureus (S. aureus)
as two model microorganisms.”® The effects of different ratios
of AgNPs to GO and dosages on the antibacterial activity of
this nanocomposite are also systematically investigated. Our
results reveal that, compared with AgNPs or the simple mixture
of GO and AgNPs, GO—Ag nanocomposite with the optimal
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Figure 1. Characterization of the three types of GO—Ag nanocomposites with different AgNPs to GO ratios. (a) UV—vis absorption spectra of GO
and GO—Ag nanocomposites. (b) Photos showing three types of GO—Ag nanocomposites dispersed in water. (c) TEM images of three types of
GO—Ag nanocomposites. The right one is a HRTEM image of an AgNP grown on the GO sheet.

AgNPs to GO ratio shows remarkably increased antibacterial
activity even at very low concentrations (2.5 pg/mL), likely
owing to its unique physicochemical property. To investigate
the underlying antibacterial mechanisms of GO—Ag nano-
composite, morphology changes and division of bacterial cells
are studied. Interestingly, we uncover that the GO-—Ag
nanocomposite exhibits higher toxicity against E. coli than S.
aureus, and it functions on these bacteria through distinct,
species-specific mechanisms. Upon treatment with GO—Ag
nanocomposite, the G— E. coli shows disrupted bacterial cell
wall/membrane, while the G+ S. aureus shows little bacterial
cell wall integrity damaging but significantly inhibited cell
division. Our study offers in-depth understandings of the
antibacterial behaviors of the GO—Ag nanocomposite, further
highlighting its promising potential as a highly effective
antibacterial agent with low toxicity to mammalian cells.

2. EXPERIMENTAL SECTION

2.1. Synthesis and Characterization of GO—Ag Nano-
composites. GO was synthesized by the modified Hummers’ method
from flake graphite according to our previously reported protocol.*>%°
GO—Ag nanocomposite was prepared by reducing AgNO; by sodium
citrate in the presence of GO suspension. In brief, 1.3 mL of GO
suspension (1.35 mg/mL) was added into 98.7 mL of deionized water.
The desired amount (18, 36, or 54 mg) of AgNO; powder was then
added to the GO solution. After the reaction solution was boiled, the
desired amount (20, 40, or 60 mg) of sodium citrate powder was
quickly added to the reaction mixture which was then further boiled
for 1 h. In this reaction process, it is likely that the reduction of Ag first
occurs on the defects of the GO sheets, forming small Ag nucleation
centers, from which AgNPs are grown. The synthesized GO—Ag
nanocomposites were purified via filtration and repeated washing for
three times using deionized water and, then, redispersed in deionized
water.

The concentration of GO was calculated using the absorbance at
230 nm (mass extinction coefficient of 65 mg mL™' cm™).” The
amount of Ag in GO-—Ag nanocomposites was measured by
complexometric titration.®® All GO—Ag nanocomposites were
characterized by transmission electron microscopy (TEM; Tecnai
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G20 F20, FEI), X-ray diffraction (XRD; Empyrean, PANalytical), and
energy-dispersive X-ray spectroscopy (EDS; Tecnai G20 F20, FEI).

2.2. Bacterial Culture. E. coli and S. aureus were cultured in
Lysogeny broth (LB) medium and incubated in a shaking incubator at
37 °C overnight. The next day, before treatments, the bacterial cells
were brought into log phase by reinoculating the overnight culture
1:100 into fresh media and growing at 37 °C in the shaking incubator
for 2—3 h till an optical density at 600 nm (ODyq) of 0.5 was reached.

2.3. Antibacterial Activity Tests. Log phase bacteria cells were
inoculated 1:10 in fresh LB medium containing different nanomaterials
or water as indicated in the text, and then incubated for 2.5 h at 37 °C
in the shaking incubator. The metabolic activities of bacterial cells in
these cultures were analyzed using the colorimetric 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. The
cultures were diluted and dispensed in 96-well plates (100 uL per
well). For each culture, a well with LB medium containing the same
amount of nanomaterials but no bacterial cells was set as the blank,
and all measurements were carried out in triplicate or quadruplicate.
The MTT assay was carried out as described.*’

The numbers of viable bacterial cells in the above cultures were
analyzed using the colony forming units (CFU) counting. Briefly,
gradient dilutions of each culture were plated in triplicate on LB-agar
plates, incubated at 37 °C for 14 h, and the bacterial colonies formed
were counted and recorded.

Minimum inhibitory concentration (MIC) of GO—Ag nano-
composite (Ag:GO = 1:1) was also determined by standardized agar
dilution.”® Briefly, Log phase E. coli and S. aureus cells (10* CFU) were
spotted on a series of agar plates containing dilutions of the GO—Ag
and incubated overnight at 37 °C. The MIC value is defined as the
lowest concentration of GO—Ag at which no visible bacterial growth is
observed. For comparison, the MIC of ampicillin and kanamycin
against each strain was also determined following the same protocol.

2.4. Fluorescent-Based Cell Wall/Membrane Integrity Assay.
Log phase E. coli and S. aureus cells were inoculated 1:10 in fresh LB
broth with or without 10 yg/mL GO—Ag nanocomposite (Ag:GO =
1:1), respectively. After growth for 2.5 h at 37 °C in the shaking
incubator, the bacteria were collected by centrifugation, stained with
propidium iodide (PI, 1 yg/mL) for 15 min, counterstained with 4'-6-
diamidino-2-phenylindole (DAP], S yig/mL) for S min in the dark, and
then imaged using a Leica TCS SPS II confocal microscope.
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Figure 2. Bacterial cell viability of E. coli (a) and S. aureus (b) after treatments of the three types of GO—Ag nanocomposites at indicated final
concentrations. Error bars represent the standard deviations (n > 4). *P < 0.05, **P < 0.01.

2.5. Morphological Characterization of Bacteria. Bacterial
cells were collected and washed twice with PBS, followed by fixing
with 2.5% glutaraldehyde solution for 2 h. The samples were
dehydrated with sequential treatment of 50, 70, 85, 90, and 100%
ethanol for 10 min, gold sputter-coated, and imaged using a scanning
electron microscope (SEM; Quanta 200FEG, FEI).

2.6. Time-Lapse Photography of Bacterial Growth. Time-
lapse photography of bacterial growth and division was carried out
following a previous protocol’’ with modifications. A 70 uL LB
medium containing 3% (w/v) agar with (GO—Ag") or without (GO—
Ag™) 10 ug/mL GO—Ag nanocomposite (Ag:GO = 1:1) was plated
between two clean round coverslips to form a 1 mm-thick LB-agar pad
with a flat, smooth surface. Individual GO—Ag nanocomposite
(Ag:GO = 1:1) treated S. aureus cells were sandwiched between a
glass bottom cell culture dish and the GO—Ag" LB-agar pad.
Untreated S. aureus cells and the GO—Ag™ pad were sandwiched as
control. The bacteria growth was monitored and imaged using the
confocal microscope while incubating at 37 °C in the temperature-
control accessory.

2.7. Bacterial Genomic DNA Analysis. A 1 mL portion of
bacterial suspension culture was harvested by centrifugation. The
bacterial genomic DNA was extracted using the cetyl trimethyl
ammonium bromide (CTAB)/NaCl method as described,” separated
on 0.8% agarose gel electrophoresis, and visualized by ethidium
bromide (EB) staining.

2.8. Cell Viability Assay of Mammalian Cells. HeLa cells and
HEK 293T cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) at 37 °C.
Both cells were treated with various concentrations of GO—Ag
nanocomposite (Ag:GO = 1:1) at 37 °C for 24 h, and the cell
viabilities were analyzed using MTT assay as described.”

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of GO—Ag Nano-
composites. An environmentally friendly and facile method
was developed for the preparation of GO—Ag nanocomposite
using sodium citrate as the reducing agent. To systematically
investigate the antibacterial activity of GO—Ag nanocomposite,
three types of GO—Ag nanocomposites with different AgNPs
to GO ratios (measured by complexometric titration to be 0.6,
1, and 2) were synthesized. As shown in Figure la, compared
with the characteristic absorption peak of GO at 230 nm, these
nanocomposites displayed an absorption peak at about 410 nm
with different peak values, suggesting that different amounts of
AgNPs were successfully deposited on the GO sheets. With GO
sheets as the supporting material, which would effectively
stabilize AgNPs, keeping them from aggregation, all three
nanocomposites exhibited excellent water-dispersibility (Figure
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1b), which is of great importance for their bioapplications.
TEM images showed that AgNPs deposited on the GO sheets
were spherical with an average diameter of about 46 nm for
GO-Ag (Ag:GO = 0.65:1) and GO—Ag (Ag:GO = 1:1) and
about 68 nm for GO—Ag (Ag:GO = 2:1) (Figure lc and
Supporting Information, Figure S1), and their crystal structures
were further confirmed using high-resolution TEM (HRTEM;
Figure 1c) and XRD (Supporting Information, Figure S2a).
The chemical composition of GO—Ag nanocomposite was also
analyzed by the EDS spectrum showing no contamination peak
(Supporting Information, Figure S2b).

3.2. Optimized, Highly Effective Antibacterial Activity
of GO—Ag Nanocomposite. The antibacterial activities of
these three types of GO—Ag nanocomposites against G— and
G+ bacteria were investigated using E. coli and S. aureus as
model organisms, respectively. Log phase bacterial cells actively
dividing were used in all experiments. As shown in Figure 2, at
concentrations lower than 10 ug/mL, all nanocomposites
except GO—Ag (Ag:GO = 0.65:1) significantly decreased
viabilities of both E. coli and S. aureus cells in a dose-dependent
manner. Among these three nanocomposites, GO—Ag (Ag:GO
= 1:1) showed the strongest antibacterial effect in that at a
concentration as low as 2.5 pg/mlL, it reduced the viabilities of
both E. coli and S. aureus cells by 40%, and at a concentration of
10 pg/mlL, it decreased the viabilities of E. coli and S. aureus
cells to 20% and 24%, respectively. The GO—Ag (Ag:GO =
0.65:1) did show obvious antibacterial effect but required much
higher concentrations (>25 ug/mL), indicating the weakest
antibacterial activity among the three (Supporting Information,
Figure S3). The data suggest that the ratio of AgNPs/GO is
very important for the antibacterial activity of GO—Ag
nanocomposite. Therefore, the GO—Ag with the ratio of
Ag:GO = 1:1, which shows the highest antibacterial activity
among the three, was chosen in the following experiments.

3.3. Synergistically Enhanced Antibacterial Activity
upon AgNPs Anchoring on GO Sheets. In the above
results, despite the finding that the ratio of AgNPs/GO plays an
important role in the antibacterial activity of GO—Ag
nanocomposites, all three of them exhibited increased
antibacterial activities when compared to pure AgNPs, which
could only decrease the viabilities of E. coli and S. aureus cells to
about 45% even at a concentration as high as 100 ug/mL
(Supporting Information, Figure S4). We then wondered
whether the significant antibacterial effect of GO—Ag nano-
composite could be due to a synergistic effect of GO and
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Figure 3. Bacterial cell viability of E. coli (a) and S. aureus (b) after treatments with either pure GO sheets (GO), pure AgNPs (AgNPs), GO—Ag
nanocomposite (Ag:GO = 1:1) (GO—Ag), or the mixture of GO and AgNPs (GO + AgNPs) at different final concentrations. +, ++, and +++
represent equivalent GO or Ag concentrations at 1.25, 2.5, and S pg/mL, respectively, for all different samples. Error bars represent the standard

deviations (n > 3). **P < 0.01.

AgNPs or just an additive effect of the two types of
nanomaterials. To address this question, bacteria cells were
treated with pure GO, pure AgNPs, GO—Ag nanocomposite
(Ag:GO 1:1), and the mixture of GO and AgNPs,
respectively. As shown in Figure 3, unlike the GO-Ag
nanocomposite, pure GO, pure AgNPs, and their simple
mixture at the same concentration as the working concentration
of the nanocomposite showed no obvious effect on the
viabilities of both E. coli and S. aureus cells. Therefore, the
remarkably enhanced antibacterial activity of GO—Ag is not
simply the additive effects of the two components, GO and
AgNPs, separately functioning in this system but rather due to
the unique physicochemical structure of this nanocomposite,
which might provide a unique nanointerface for interacting with
different microbes and would also facilitate the contact/
interaction between AgNPs and GO sheets, inducing the
synergistic effect. This might explain the necessity of the
optimal AgNPs to GO ratio. As shown in the TEM data (Figure
1c and Supporting Information Figure S1), a ratio lower than
1:1 represents insufficient AgNPs on GO sheets, whereas a
ratio higher than 1:1 (e.g,, 2:1) not only results in larger AgNPs
but also leads to partial aggregation of AgNPs on GO sheets,
which in turn could alter the interface and reduce the active
area for the interaction of AgNPs with GO sheets and/or the
interaction of GO—Ag with microbes.

3.4. GO—Ag Nanocomposite Exhibited a Significantly
Higher Antibacterial Activity against E. coli than S.
aureus. The number of viable bacterial cells after GO—Ag
treatment was further studied by CFU counting method. In the
case of S. aureus, after treatment with 10 ug/mL GO—Ag
nanocomposite for 2.5 h, 26% bacteria cells remained viable in
the culture (Figure 4a), consistent with the results from the
MTT assay (24%, Figure 2b). Surprisingly, as shown in Figure
4b, after the same treatment, nearly no E. coli bacterial colony
on the LB-agar plate was formed and only 6% of E. coli cells
remained viable in the treated culture, which was significantly
lower than that of S. aureus (Figure 4a) and also lower than the
20% remaining viability measured using the MTT assay (Figure
2a). Since the result of an MTT assay can be affected by not
only the total number of cells but also the succinate
dehydrogenase activity of each cell, it is possible that some
succinate dehydrogenase (or other reductase) activity remained
detectable in nonviable E. coli cells, resulting in the higher cell
viability measured using the MTT assay. Nevertheless, the CFU
method directly measures the amount of viable cells while the
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Figure 4. Viable bacteria remaining in the cultures of E. coli and S.
aureus after being treated with 10 ug/mL GO—Ag nanocomposite
(Ag:GO = 1:1) at 37 °C for 2.5 h. Representing photographs of
bacterial colonies formed on LB-agar plates are shown in part b. Error
bars represent the standard deviations (n > 3). **P < 0.01.

MTT assay only measures residual enzyme activity; hence, the
GO—Ag nanocomposite possesses a much higher antibacterial
activity against the G— E. coli than the G+ S. aureus.

The susceptibilities of E. coli and S. aureus to the GO—Ag
nanocomposite were also demonstrated by the MIC value, an
important parameter to evaluate the bacterial susceptibility to a
certain antibacterial agent; i.e., the lower the MIC, the higher
the bacterial susceptibility, and, hence, the stronger the
antibacterial activity. As shown in Table 1, no visible E. coli

Table 1. MIC Values of GO—Ag Nanocomposite (Ag:GO =
1:1) and Two Antibiotics against E. coli and S. aureus”

GO—Ag (Ag:GO = 1:1)  kanamycin MIC  ampicillin MIC

bacteria MIC (ug/mL) (ug/mL) (ug/mL)
E. coli 4 6 25
S. aureus 14 6 <1

“The results were repeated at least 4 times.

growth can be observed on agar plates containing as low as 4
ug/mL of GO—Ag (Ag:GO = 1:1), while 14 ug/mL of GO—Ag
(Ag:GO = 1:1) is required to fully inhibit the growth of S.
aureus, indicating that E. coli is more susceptible to GO—Ag
than S. aureus. Interestingly, when compared to the MICs of
two commonly used antibiotics, ampicillin and kanamycin, the
MIC of GO—Ag against S. aureus is higher than those of the
two antibiotics, whereas in the case of E. coli, the MIC of GO—
Ag drops to the lowest among the three, e.g. for the E. coli
strain, which is just intermediately susceptible to ampicillin (a

dx.doi.org/10.1021/am4005495 | ACS Appl. Mater. Interfaces 2013, 5, 3867—3874
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Figure S. Confocal fluorescent images of live and dead bacterial cells after incubation with 10 yg/mL of GO—Ag nanocomposite (Ag:GO = 1:1) for
2.5 h: (a) E. coli no treatment; (b) E. coli with nanocomposites; (c) S. aureus no treatment; (d) S. aureus with nanocomposites. Blue fluorescence
shows bacterial quasi nuclear stained with DAPI, while red fluorescence shows dead bacteria stained with PI. The scale bar is 10 ym.

Figure 6. SEM images of E. coli cells (a and b) and S. aureus cells (c and d) without (a and c) and with (b and d) GO—Ag treatment at 10 yg/mL for

2.5 h

relatively high MIC of 25 pg/mL), GO—Ag can be much more
effective with an MIC of 4 pig/mL. These interesting variations
of MICs between different bacteria species and antibacterial
materials could suggest their distinct antibacterial mechanisms.

3.5. Cell Integrity Disruption of E. coli Induced by
GO—-Ag Nanocomposite. To further investigate the anti-
bacterial mechanism of GO—Ag, two fluorescent nucleic acid
dyes, DAPI and PI, were employed to stain the DNA of
bacteria. DAPI labels both live and dead cells while PI can only
penetrate cells with compromised or damaged membranes.”*
As shown in Figure Sa and c, there were few dead cells in
untreated bacteria. In the treatment group of E. coli, almost all
the bacteria were stained by PI (Figure Sb), indicating damaged
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cell walls and cell membranes and/or mass cell death upon
GO—Ag exposure. In stark contrast, only very few S. aureus
could be stained by PI in the treatment group (Figure 5d),
suggesting that GO—Ag nanocomposite can selectively induce
cell death of the G— E. coli but not the G+ S. aureus by
disrupting cell wall/membrane integrity.

The results above were also cooperated by the morphological
studies of bacteria using SEM. As shown in Figure 6a and ¢,
untreated E. coli and S. aureus were typically rod-shaped and
round-shaped, respectively, both with smooth and intact cell
walls. After being treated with GO—Ag nanocomposite, the
quantity of E. coli greatly decreased and cell walls became
wrinkled and damaged, similar to previous reports.**>* The

dx.doi.org/10.1021/am4005495 | ACS Appl. Mater. Interfaces 2013, 5, 3867—3874
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shape and size of cells also changed dramatically, and for most
of the E. coli cells, leakage of intracellular contents could be
observed (Figure 6b). As for S. aureus, the morphologies of
most of the survived cells remained unchanged with round-
shape and smooth surface, while the leaking of intracellular
contents could only be observed in very few cells (Figure 6d).
It is likely that GO—Ag exhibited different impacts on the cell
walls and cell membranes of G— and G+ bacteria, possibly due
to the different structures and chemical compositions of their
cell walls:®* unlike G— bacteria, whose cell walls contain only
one thin layer of peptidoglycan, G+ bacteria have multilayers of
peptidoglycan in the cell wall, which might provide a better
protection against GO—Ag.

3.6. Cell Growth Arrest of S. aureus Induced by GO—
Ag Nanocomposite. The above results suggested that GO—
Ag nanocomposite kills the G— E. coli through destroying
bacterial cell membrane/wall integrity. Since the antibacterial
effect of GO—Ag against S. aureus (G+) is also prominent, we
further investigated the inhibitory mechanism of GO—Ag on S.
aureus. We first examined whether the GO—Ag nanocomposite
could induce damage to the bacterial genomic DNA, which,
however, appeared to be unaffected for both E. coli and S.
aureus cells after the treatment (Supporting Information, Figure
SS). Next, we examined cell division of S. aureus by following
cells’ growth on a microscope stage in real time. Results showed
that some of the untreated S. aureus cells began to divide within
30 min and most of them doubled within 60 min (Figure 7a).

0 min_

(b)

Figure 7. Real-time bacterial growth of S. aureus. (a) Normal cells
plated on LB-agar pad. (b) Cells treated with 10 pg/mL GO—Ag
nanocomposite (Ag:GO = 1:1) for 2.5 h before plated on LB-agar pad
containing 10 ug/mL GO—Ag (Ag:GO = 1:1). The bacterial growth
was monitored and imaged at indicated time intervals. The scale bar is
S pm.

In contrast, on the GO—Ag containing LB-agar pad, no S.
aureus cell divided within 90 min (Figure 7b), demonstrating
severe inhibition of cell division of S. aureus by the GO—Ag
nanocomposite.

3.7. Low Cytotoxicity of GO—Ag Nanocomposite
toward Mammalian Cells. The cytotoxicity of the nano-
composite to mammalian cells was also investigated. As shown
in Figure 8, after treated with GO—Ag nanocomposite (Ag:GO
= 1:1) for 24 h at 10 ug/mL, the dose at which 94% E. coli cells
were killed within 2.5 h, more than 80% of both HeLa cells and
HEK 293T cells remained viable. Even at very high
concentrations (up to S0 ug/mL), the viabilities of both cells
remained above 65%, suggesting that GO—Ag nanocomposite
may be a promising antibacterial agent with low toxicity to
mammalian cells.
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Figure 8. Relative viabilities of HeLa cells and HEK 293T cells after
being exposed to GO—Ag nanocomposite (Ag:GO 1:1) with
different concentrations for 24 h. Error bars represent the standard
deviations (n = 4).

4. CONCLUSION

In summary, an environmentally friendly, facile, simple, one-pot
boiling method was developed to synthesize GO—Ag nano-
composites. With synergistically enhanced activity compared
with AgNPs and the simple mixture of GO and AgNPs, our
GO—Ag nanocomposite showed highly effective antibacterial
activities at very low dosages, with an MIC of 4 pg/mL against
E. coli and 14 pug/mL against S. aureus, possibly owing to the
unique physicochemical properties of GO—Ag. Moreover, the
different efficacies of GO—Ag nanocomposite against E. coli and
S. aureus were uncovered, and all the data demonstrate that
GO—Ag nanocomposite functions on these two types of
bacteria through distinct, species-specific mechanisms: the high-
performance of bactericidal effect of GO—Ag against the G— E.
coli is due to bacterial cell wall/membrane integrity disruption,
while the bacteriostatic effect against the G+ S. aureus is by
inhibiting cell division. Future efforts, however, are still needed
to further study the antibacterial mechanisms of GO—Ag at
molecular and/or proteomic levels, as well as to understand
why the GO—Ag nanocomposite would offer synergistic
antibacterial effect instead of addictive effect in comparison to
bare GO and AgNPs. Nevertheless, the results in this work
could significantly improve our understanding regarding how
GO-based nanocomposite interacts with microbes, and further
promote the future use of GO—Ag as a new generation of
powerful antibacterial agent with a wide range of potential
industrial and clinical applications.
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Additional characterization data of GO—Ag nanocomposites,
including size distributions of AgNPs formed on GO sheets,
XRD, and EDS spectra; bacterial cell viabilities after treatments
with higher concentrations GO—Ag nanocomposite (Ag:GO =
0.65:1) and pure AgNPs; agarose gel electrophoresis analysis of
bacterial genomic DNA. This material is available free of charge
via the Internet at http://pubs.acs.org.
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