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ABSTRACT: The development of new antibacterial agents that
are highly effective are of great interest. Herein, we present a
recyclable and synergistic nanocomposite by growing both iron
oxide nanoparticles (IONPs) and silver nanoparticles (AgNPs) on
the surface of graphene oxide (GO), obtaining GO-IONP-Ag
nanocomposite as a novel multifunctional antibacterial material.
Compared with AgNPs, which have been widely used as
antibacterial agents, our GO-IONP-Ag shows much higher
antibacterial efficiency toward both Gram-negative bacteria
Escherichia coli (E. coli) and Gram-positive bacteria Staphylococcus
aureus (S. aureus). Taking the advantage of its strong near-infrared
(NIR) absorbance, photothermal treatment is also conducted with
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GO-IONP-Ag, achieving a remarkable synergistic antibacterial effect to inhibit S. aureus at a rather low concentration of this
agent. Moreover, with magnetic IONPs existing in the composite, we can easily recycle GO-IONP-Ag by magnetic separation,
allowing its repeated use. Given the above advantages as well as its easy preparation and cheap cost, GO-IONP-Ag developed in
this work may find potential applications as a useful antibacterial agent in the areas of healthcare and environmental engineering.

KEYWORDS: graphene nanocomposite, antibacterial, synergistic effect, photothermal, recycling

B INTRODUCTION

Antimicrobial resistance is a global concern as it makes the
antibiotics largely useless and significantly increases the cost of
healthcare.'™ New generations of antimicrobials that can
effectively kill pathogenic bacteria are thus urgently needed. In
recent years, a large number of nanomaterial-based antimicro-
bials have been developed.* Among them, AgNPs and silver-
based antimicrobials are the most widely explored and used
nano-agents owing to their great antimicrobial activity, broad
antimicrobial spectrum and low propensity to induce bacteria
resistance.>™ In addition, in order to reduce the cost of
antimicrobials, especially when they are used in large scales (e.g.
to treat contaminated water sources), those agents should be
easily separated, and more ideally, recyclable.'’~"

Graphene and graphene-based nanocomposites have also
been used in bacteria detection and antibacterial applica-
tions."”> ' It has been reported that GO presents antibacterial
effect, although the mechanisms and efficacies are under certain
debate.'"**'™>* In addition, AgNPs anchored GO (GO-Ag)
have been synthesized by different groups for antimicrobial
applications.16_20’22’25’27_29 In our recent study, we found that
GO-Ag nanocomposite showed markedly enhanced antibacte-
rial effects compared to bare AgNPs."> Moreover, with strong
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optical absorbance in the near-infrared (NIR) region, graphene
could be used as a photothermal agent not only to ablate
tumors in cancer treatment,>> ** but also to effectively kil
bacteria.*>™* Despite those encouraging findings, the use of
graphene-based nanocomposite to kill bacteria in a recyclable
and synergistic manner remains to be further explored.

In this work, by growing IONPs and AgNPs on the surface of
GO, a new type of antibacterial agent, namely GO-IONP-Ag
nanocomposite, is obtained. Because of the enhanced
antibacterial property of GO-IONP-Ag, not only Gram-
negative bacteria E. coli but also Gram-positive bacteria S.
aureus are greatly inhibited by this agent, which appears to be
much more effective than bare AgNPs. The photothermal effect
of GO-IONP-Ag is then utilized to further enhance its
antibacterial ability, allowing effective killing of S. aureus
under a rather low concentration after laser exposure. Last
but not the least, we further demonstrate that our GO-IONP-
Ag can be easily separated by magnetic attraction and used in a
recyclable manner. Thus, our study presents a multifunctional
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Figure 1. Characterization of GO-IONP and GO-IONP-Ag. (A) TEM image of GO-IONP. (B) STEM image of GO-IONP and the corresponding
HAADF-STEM-EDS mapping images showing carbon edge (red) and iron edge (yellow) in the selected area (red rectangle). (C) TEM image of
GO-IONP-Ag. (D) STEM image of GO-IONP-Ag and the corresponding HAADF-STEM-EDS mapping images showing iron edge (yellow) and
silver edge (green) in the selected area (red rectangle). (E) UV—vis absorbance spectra of AgNPs, GO-IONP, and GO-IONP-Ag dispersed in water.
(F, G) Photographs of GO-IONP solution (left) and GO-IONP-Ag solution (right) in water in the (F) absence and (G) presence of external

magnetic field.

graphene-based nanocomposite as an effective, multifunctional,
and recyclable antibacterial agent.

B EXPERIMENTAL SECTION

Synthesis and Characterization of GO-IONP-Ag Nano-
composite. Following to a previously reported protocol, IONPs
anchored GO (GO-IONP) was synthesized first.>>*® For the further
growth of AgNPs, 4 mL of GO-IONP solution (1.42 mg/mL by GO)
was mixed with 18 mg of silver nitrate dissolved in 100 mL of
deionized (DI) water under stirring in oil bath. Sodium citrate (20
mg) was then added into the boiling aqueous solution, which was
further boiled for 1 h. The synthesized nanocomposite was purified by
centrifugation and washing with DI water.

Silver nanoparticles were synthesized by a previously established
method.* Briefly, 20 mg of sodium citrate was added into 100 mL of
boiling DI water containing 18 mg of silver nitrate. The mixture was
kept boiling for 1 h to yield AgNPs.

The contents of silver and iron in the obtained GO-IONP-Ag
nanocomposite were measured by inductively coupled plasma atomic
emission spectroscopy (ICP-AES) after it was decomposed with nitric
acid. Transmission electron microscopy (TEM) and elemental
mapping in the high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) images of GO-IONP and GO-
IONP-Ag were taken using transmission electron microscopy (Tecnai
G20 F20, FEI).

Bacteria Culture and Antibacterial Studies. A single colony
was isolated from the Luria-Bertani (LB) agar plate, added into fresh
LB broth for incubation at 37 °C within a shaking incubator at speed
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of 255 rounds-per-minute (RPM) overnight, and then diluted 100
times for bacteria growth into log phase before usage.

The concentrations of viable bacteria were measured by colony
formation unit (CFU) counting. Log phase growth bacteria were
adjusted to about 1 X 107 to 1 X 10® CFU/mL with fresh LB broth.
Different materials were added into the bacteria suspension at the
volume of 1/10 of bacterial suspension, which was then incubated in
the shaking incubator at 37 °C at the speed of 255 rpm for 2.5 h. At
the end of incubation, 100 uL of diluted bacteria suspension was
dispersed in 96-well plate and co-incubated with 20 uL of 3-(4, S-
dimethylthiazol-2-y1)-2, S-diphenyl tetrazolium bromide (MTT). The
formed precipitates were dissolved in dimethyl sulfoxide (DMSO) for
analyzing using a microplate reader (Bio-Rad). All the measurements
were carried out for at least three times. Two bacteria species were
used here: Gram-positive bacteria S. aureus (a gift from clinical
laboratory in the First Affiliated Hospital of Soochow University) and
Gram-negative bacteria E. coli DHSa.

Minimum Inhibitory Concentration (MIC) Determination.
MIC values of bacteria were determined according to the standard
protocol.*® In brief, 2 uL of 1 X 10* CFU bacteria were delivered onto
the surface of agar plates containing serial dilutions of antibiotics or
GO-IONP-Ag nanocomposite at final concentrations from 1 to 512
mg/L (silver content for GO-IONP-Ag). Then, the agar plates were
incubated in 37 °C incubator for 20 h. The MIC values are defined as
the lowest concentration of antibiotics or nanocomposite at which
there was no visible bacterial growth.

Photothermal Killing of S. aureus. Photothermal heating curves
were obtained with an infrared thermal camera to monitor the
temperature change during the laser irradiation (808 nm, 1.5 W/cm?, 7
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Figure 2. Cell viabilities of (A) E. coli and (B) S. aureus after treatment with GO-IONP, AgNPs, a simple mixture of GO-IONP and AgNPs, as well
as GO-IONP-Ag nanocomposite at different concentrations for 2.5 h. Symbols +, ++, and +++ represent final concentrations of silver at 2 ug/mL
(+), 4 pg/mL (++), and 8 pug/mL (+++) respectively, and the corresponding GO-IONP concentrations at 1.6 ug/mL (+), 3.2 ug/mL (++), and 6.4
ug/mL (+++), respectively. Error bars represent the standard deviations (n > 3).

min) in real time. AgNPs, GO-IONP, and GO-IONP-Ag were
dissolved in LB broth at the same corresponding final concentration at
[Ag] = 4 pug/mL and [GO-IONP] = 3.2 ug/mL.

Photothermal efficiency of nanomaterials was determined by the
MTT assay and spread plate method. At first, 100 uL water, GO-
IONP and GO-IONP-Ag aqueous solutions were incubated with 900
uL of S. aureus (1 X 107 to 1 X 10° CFU/mL) for half an hour, and the
bacteria suspension was then exposed to laser irradiation (808 nm) at
different power densities (0, 1, 1.5, and 2 W/cm?) for 7 min with three
parallel samples for each group. Then, the irradiated samples were re-
incubated in the shaking incubator at 37 °C for 5.5 h. At last,
appropriate volume of bacterial suspension was diluted and incubated
with 20 yL of 5 mg/mL MTT before reading the number of viable
bacteria by the microplate reader (Bio-Rad). Spread plate method was
also used to count the viable colonies. In this case, 40 uL of diluted
bacteria were spread on the agar plate, and then the plates were placed
in a 37 °C incubator for 14 h.

Recycling of GO-IONP-Ag Nanocomposite. Two hundred
microliters of GO-IONP-Ag was added into 1.8 mL of E. coli
suspension to a final concentration of 50 yg/mL (silver content). The
cell suspension was then incubated in a 37 °C shaking incubator for
2.5 h. A small volume of cell suspension was taken for MTT assay to
determinate the relative cell viability. The leftover suspension was put
on a magnetic shelf to separate the magnetic nanocomposite. The
separated GO-IONP-Ag nanocomposite was washed once and then
used for the next round of antibacterial application.

B RESULTS AND DISCUSSION

The GO-IONP-Ag nanocomposite was synthesized by a two-
step process. Following our previously reported protocol, we
firstly prepared magnetic GO-IONP composite,® on to which
AgNPs were grown. The synthesized GO-IONP and GO-
IONP-Ag were soluble in aqueous solution without the need of
further modification. TEM and elemental mapping in HAADEF-
STEM imaging were employed to characterize the obtained
composite nanomaterials (Figure 1A—D). For the GO-IONP
sample, many small nanoparticles were anchored on GO sheets
homogeneously. Further elemental mapping in HAADF-STEM
imaging confirmed that Fe;O, nanoparticles (yellow color,
iron) were successfully deposited on the graphene (red color,
carbon) sheet (Figure 1B). On the second step, AgNPs with
larger sizes were anchored on GO-IONP sheets (Figure 1C).
Compared with GO-IONP, the AgNP-anchored GO-IONP
sheets appeared to be much brighter in the dark field. HAADF-
STEM imaging of the random selected area (red box) indicated
large amount of silver (green color) formed on those
nanosheets (Figure 1D). Note that we used the Ag content
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to present the concentrations of GO-IONP-Ag nanocomposite
in our following studies.

UV-—vis absorbance spectra of AgNPs, GO-IONP, and GO-
IONP-Ag were then recorded (Figure 1E). A strong AgNP
characteristic absorbance peak at 410 nm was observed for both
AgNPs and GO-IONP-Ag samples, suggesting the existence of
AgNPs in the obtained nanocomposite. Different from AgNPs,
both GO-IONP and GO-IONP-Ag showed strong absorbance
at longer wavelength (e.g, the NIR region), which was
attributed to the optical absorbance of GO. Correspondingly,
the aqueous solution of GO-IONP-Ag turned into yellowish
after silver deposition on GO-IONP (Figure 1F). Moreover,
with the maintained magnetic property, the synthesized GO-
IONP-Ag could be easily adsorbed by a magnet placed nearby,
leaving with limpid water in the tube (Figure 1G). Therefore,
we use the Ag content in the GO-IONP-Ag for antibacterial
application, the NIR absorbance contributed from GO for
photothermal killing of bacteria, and the magnetic property
originated from IONPs for magnetic separation and recycling
of materials.

Gram-negative bacteria E. coli and Gram-positive bacteria S.
aureus were then selected as the model organisms to evaluate
the antibacterial efficiency of GO-IONP-Ag. Bacteria suspen-
sions with an initial concentration of 1 X 107 to 1 X 10® CFU/
mL, which was rather high compared to that used in many
previously reported studies,16’3l’46’51_53 were used in our
experiments. An incubation time of 2.5 h was chosen to
make sure that the bacteria were in the middle of their log
growth phase, which was important to study the realistic
antimicrobial efficiency of antimicrobials. As shown in Figure 2,
compared with AgNPs treated group, the viabilities of E. coli
and S. aureus decreased obviously as the concentration of GO-
IONP-Ag increased. At the final concentration of 8 ug/mL
(silver content, +++) in GO-IONP-Ag treated bacteria
suspension, the remained relative viabilities of E. coli and S.
aureus were 6.1 and 14.7%, whereas those in the AgNPs treated
group (at the same silver concentration) were 95.2 and 72%,
respectively (Figure 2). The MIC values of GO-IONP-Ag were
also found to be remarkably lower than those of bare AgNPs
for both types of bacteria (Table 1 and Figure S3 in the
Supporting Information). In control experiments, on the other
hand, GO-IONP did not contribute to the growth inhibition of
bacteria, and the mixture of AgNPs and GO-IONP had no
obvious additional inhibitory effect on E. coli and S. aureus.
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Table 1. MIC Values of Various Agents Towards Both Gram-
Negative and Gram-Positive Bacteria

ampicillin AgNPs
bacteria GO-IONP-Ag (mg/L) (mg/L) (mg/L)
S. aureus 8 (Ag), 144 (GO-IONP-Ag) <1 32
E. coli 8 (Ag), 14.4 (GO-IONP-Ag) 16 32

The unique synergistic antibacterial effects may be attributed
to the existence of 2D GO sheet in the nanocomposite. As
proposed in previous studies,">*® GO sheets with hydrophobic
domains in the nanocomposites may allow effective attachment
of nanomaterials on the surface of bacteria, thus increasing the
contact between AgNPs decorated on GO and the bacteria.
Moreover, as the supporter of AgNPs, GO sheets could prevent
the aggregation of AgNPs and protect their high surface
reactivity. As a result, AgNP-loaded GO-based nanocomposite,
such as GO-IONP-Ag developed in our work, shows synergistic
enhancement in terms of antibacterial efficiency in comparison
to bare AgNPs.

In order to understand the bacteria-type-dependent anti-
bacterial mechanism of GO-IONP-Ag, scanning electron
microscope (SEM) images of treated E. coli and S. aureus

were taken (see Figure SI in the Supporting Information). For
E. coli, in contrast with normal smooth rod-shaped bacteria
shown in the control group (see Figure S1A in the Supporting
Information), many pits (red arrow) were found for GO-
IONP-Ag treated bacteria (Figure S1B), indicating that the
integrity of bacteria was damaged.*** As a result, the remained
cell viabilities dropped dramatically as the increase of GO-
IONP-Ag concentrations (Figure 2A). On the contrary, the
integrity of S. aureus was rarely damaged but their surfaces
became rough and were covered by nanomaterials (see Figure
S1D in the Supporting Information), which corresponded to
our hypothesis. A further time-lapse observation was done
under optical microscope (see Figure S2 in the Supporting
Information). Almost every bacterium in control group divided
once within 90 min of observation (see Figure S2A in the
Supporting Information), whereas no bacterium division was
found in the GO-IONP-Ag treated group (see Figure S2B in
the Supporting Information). Therefore, while Gram-negative
E. coli are killed by GO-IONP-Ag likely as a result of cell wall/
membrane damage, and Gram positive S. aureus, which have
multilayer positively charged peptidoglycan on their sur-
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Figure 3. Photothermal treatment of S. aureus. (A) Photothermal heating curves of LB broth, AgNPs (4 pg/mL), GO-IONP (3.2 yg/mL), and GO-
IONP-Ag ([Ag] = 4 ug/mL, [GO-IONP] = 3.2 ug/mL) under laser irradiation (808 nm, 1.5 W/cm? 7 min). (B) Remaining viabilities of GO-IONP
and GO-IONP-Ag treated S. aureus bacteria after laser irradiation at different power densities (0, 1, 1.5, and 2 W/cm?) for 7 min. Error bars
represent the standard deviations (n > 3). (C) Photographs of S. aureus colonies grew on LB agar plates after incubation with GO-IONP or GO-
IONP-Ag and then exposure to the 808 nm laser at different power densities.
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their cell division could be greatly inhibited after GO-IONP-Ag
treatment (Figure 2B).

As revealed by the above data, when the concentration of
GO-IONP-Ag was 4 pg/mL (silver content, 7.2 ug/mL for
entire composite) in bacteria suspension, a concentration below
its MIC, the growth inhibitory effect was limited for S. aureus
(remained viability = 61.9% + 2.9%) (Figure 3B). We thus
wondered whether the photothermal effect of GO-IONP-Ag
could be utilized to enhance its bacteria killing ability.>*~>” The
bacteria suspension was incubated with GO-IONP-Ag for half
an hour and then exposed to an 808 nm laser at different power
densities for 7 min. MTT assay was then conducted after
further incubation for 5.5 h in order to determine whether the
bacteria growth was completely inhibited. As shown in Figure
3A, rapid temperature rises were observed for LB broth
containing GO-IONP and GO-IONP-Ag samples under laser
irradiation (1.5 W/cm? 7 min), whereas much less effective
photothermal heating was noted for LB broth with AgNPs.
Correspondingly, no decrease of bacteria viability was observed
in the control groups treated with laser irradiation ranged from
0 W/cm?® to 2 W/cm? (Figure 3B). In contrast, the remained
viabilities of bacteria treated with GO-IONP-Ag ([Ag] = 4 ug/
mL, 7.2 pg/mL for entire nanocomposite) decreased
significantly as the increase of laser power densities (Figure
3B), and were almost completely killed under laser irradiation
at 1.5 W/cm? (remained viability = 0.4% + 0.1%). The pure
photothermal effect offered by GO-IONP, on the other hand,
was effective in killing bacteria only under the highest power
density at 2.0 W/cm? (remained viability = 8.8% + 1.6%).

To further confirm the photothermally enhanced antibacte-
rial efficacy of GO-IONP-Ag, we used the universal adopted
spread plate method to count the viable colonies after various
treatments. As shown in Figure 3C, many viable colonies in the
untreated group were visible on the LB agar plate after
overnight culture in 37 °C incubator. Consistent to the
previous MTT data, while laser irradiation by itself was not able
to inhibit bacterial growth, photothermal heating induced by
GO-IONP could kill bacteria but only at the highest laser
power density (2.0 W/cm?). Again, GO-IONP-Ag treatment
plus photothermal heating induced by laser irradiation showed
an obvious synergistic antibacterial effect, which appeared to be
much more significant than that offered by GO-IONP-Ag
without laser exposure. This combined strategy can not only
improve the efficiency of nano-agent, but also broaden
antibacterial spectrum because not all the bacteria are sensitive
enough to AgNPs.

Recyclable antibacterial nanomaterials are eco-friendly as
they can reduce the emission of pollutants, usage of raw
materials, and cut down the total cost of use. Because of the
existence of magnetic IONPs, our GO-IONP-Ag nano-
composite could be easily separated from its aqueous dispersion
by applying an external magnetic field. We thus wondered if
GO-IONP-Ag could be used as a recyclable antibacterial
material. The recycling process is shown in Figure 4A. E. coli
DHSa was used as the model bacteria for the recycling
experiment. Log phase growth bacteria were incubated with
GO-IONP-Ag ([Ag] = SO ug/mL) for 2.5 h. With the help of a
magnet, GO-IONP-Ag nanocomposite was separated from the
bacteria suspension, which was taken for MTT assay to
determine the relative bacterial viability. The leftover nano-
composite was washed to remove the adsorbed protein during
the incubation with LB broth, and then dispersed in deionized
water for the next cycle of antibacterial application. Different
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Figure 4. Recyclable antibacterial use of GO-IONP-Ag nano-
composite. (A) Schematic illustration of using GO-IONP-Ag nano-
particles for recyclable antibacterial application. C, untreated bacterial
suspension as the control; E, GO-IONP-Ag treated bacteria
suspension as the experimental group; M, magnet. (B) Photo showing
separation of GO-IONP-Ag in the bacteria suspension. In contrast
with control bacteria suspension (left), GO-IONP-Ag treated bacteria
suspension (right) was limpid. (C) Relative cell viabilities of GO-
IONP-Ag treated bacteria after being repeatedly used for different
cycles. Error bars represent the standard deviations (n > 3).

from the control untreated sample, which appeared as a turbid
suspension, the GO-IONP-Ag treated bacteria sample was
transparent after magnetic separation, indicating the majority of
bacteria were effective killed (Figure 4B). MTT assay revealed
that the GO-IONP-Ag agent remained highly effective after
being recycled for at least three times (Figure 4C). Compared
with previously reported antibacterial agent recycling stud-
ies,'0712% e achieved excellent antibacterial efficiency using
much less antibacterial agent.

B CONCLUSION

In this study, we have synthesized iron oxide and silver co-
deposited GO-IONP-Ag nanocomposite, which shows good
stability in aqueous solution without any further modification.
Compared with pure AgNPs, GO-IONP-Ag offers greatly
enhanced antibacterial efficiency toward both Gram-negative
bacteria E. coli and Gram-positive bacteria S. aureus. Taking
advantage of the light absorber, GO, in the nanostructure,
efficient photothermal killing with GO-IONP-Ag is achieved
towards S. aureus at a rather low agent concentration. In
addition, such GO-IONP-Ag nanocomposite could be easily
recycled by magnetic separation, ideally for its further use in an
economic and eco-friendly manner. With those unique
advantages, the GO-IONP-Ag nanocomposite developed in
this work may find potential applications as a multifunctional
antibacterial agent in many different fields from healthcare to
environmental remediation.

B ASSOCIATED CONTENT

© Supporting Information
Additional data about SEM images of GO-IONP-Ag treated
bacteria, time-lapse photography of bacterial growth, and
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photographs of the MIC assay for various bacteria. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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