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Pathogenic bacteria are gaining resistance to conventional antibiotics at an alarming rate due to overuse and

rapid transfer of resistance genes between bacterial populations. As bacterial resistance to antibiotics causes

millions of fatalities worldwide, it is of urgent importance to develop a new class of antibiotic materials with

both broad-spectrum bactericidal activity and suitable biocompatibility. Graphene derivatives are rapidly

emerging as an extremely promising class of antimicrobial materials due to their diverse bactericidal mecha-

nisms and relatively low cytotoxicity towards mammalian cells. By combining graphene derivatives with

currently utilized antibacterial metal and metal–oxide nanostructures, composite materials with exceptional

bactericidal activity can be achieved. In this review, the antibacterial activities of graphene derivatives as well

as their metal and metal–oxide composite nanostructures will be presented. The synthetic methodology for

these various materials will be briefly mentioned, and emphasis will be placed on the evaluation of their

mechanisms of action. This information will provide a valuable insight into the current understanding of the

interactions governing the microbial toxicity of graphene-based composite nanostructures.

1. Introduction

Graphene is currently the subject of intense research due to the
unique optical, electronic, and mechanical properties that result
from its two-dimensional sp2-hybridized carbon structure.
Recently, there has been particular interest in using graphene
nanomaterials for biomedical applications, such as drug deliv-
ery, sensing, tissue regeneration, and cancer therapy.1–7 As gra-
phene nanostructures have been found to exhibit limited toxi-
city towards eukaryotic cells, the utilization of graphene deriva-
tives for biological applications has been attracting significant
attention from the scientific community.8–12

A particularly alarming issue in world health today is the rise
and prevalence of antibiotic-resistant bacteria, which signifi-
cantly increases death rates and costs of treatment. According to
the World Health Organization, many countries around the
world have observed last-resort antibiotics to be ineffective in
over half of patients afflicted by common pathogenic bacteria
such as Escherichia coli and Klebsiella pneumoniae. Even more
alarming is the prevalence of antibiotic-resistant bacteria in

countries with advanced medical facilities such as the United
States, where, according to the CDC, over 2 million people
become infected by these resistant pathogens leading to over
23 000 deaths annually. Therefore, it is imperative that as these
antibiotic-resistant bacteria evolve, so must the medicines that
are utilized to treat them. To this end, antibacterial nano-
structures have recently gained serious consideration by the
healthcare community.13,14 The antibacterial applications of
graphene-based nanomaterials are still relatively new however.
In fact, although there are several excellent reviews that sum-
marize recent progress in the studies of the antimicrobial
activity of graphene nanostructures, few discuss the mecha-
nisms of action in detail.15–20 In order to develop next-gene-
ration antimicrobial materials, a comprehensive understanding
of the mechanisms of action of graphene nanostructures as well
as their metal and metal–oxide derivatives is desired.

This review will summarize recent progress towards an
understanding of the cytotoxicity mechanisms of graphene-
based nanostructures, with a focus on studies providing evi-
dence for oxidative stress induction and membrane disruption.

2. Cytotoxicity of graphene
composite nanomaterials

Study of the cytotoxicity of graphene nanomaterials is a rela-
tively new field. Accordingly, mechanistic models have yet to
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be established. Although a mechanism of action is generally
provided in many studies, the experimental evidence substan-
tiating most claims is generally limited. The most commonly
proposed mechanisms of action fall under four categories:
(a) oxidative stress induction,21–23 (b) protein dysfunction,24,25

(c) membrane damage,23,26,27 and (d) transcriptional
arrest.28,29 Independently, these represent unique cellular toxi-
cities with specific biomolecular targets such as iron–sulfur
clusters, cysteine residues of proteins, membrane lipids, and
DNA molecules. However, as biological processes are intri-
cately linked, the exact effects of nanomaterial toxicity are
difficult to isolate. Compounding the problem even further,
each of these forms of toxicity can independently result in the
other three, with the generation of reactive oxygen species
(ROS) being the most commonly reported outcome. It is under-
standable then that the exact mechanism of nanomaterial
cytotoxicity is obscure, resulting in largely speculative claims
based on indirect evidence. An overview of the proposed
mechanisms of cytotoxicity for a variety of graphene, gra-
phene–metal, and graphene–metal oxide nanostructures is
given in Table 1, which, although incomplete, is representative
of the current understanding. As in vitro experiments such as
glutathione (GSH) oxidation and ROS-generation assays are uti-
lized to provide evidence for a specific mechanism of action,
the cytotoxic effects of these nanomaterials inside bacterial
cells are typically oversimplified.30–35 In order to completely
and accurately describe the mechanisms of toxicity that nano-
materials exhibit in a cellular environment, researchers at the
forefront of this field will need to take a highly interdisciplin-
ary approach utilizing both chemical and biological tech-
niques to substantiate their claims. Below we will highlight
some recent progress in this area of research.

2.1 ROS generation and cytotoxicity

The formation and cytotoxicity of ROS has been a universal
theme in nanomaterial toxicity. Numerous studies on metal,
metal oxide, and most interestingly, carbon-based nano-
materials have claimed the formation of ROS to be the primary
mechanism of cytotoxicity.36–42 However, substantial direct evi-
dence demonstrating this has yet to be provided. As oxidative
stress results from nearly all forms of cellular cytotoxicity, such
claims leave the true underlying mechanism of action insuffi-
ciently explained.

For certain metallic ions such as Fe2+ and Cu+, ROS can be
generated directly when these ions react with H2O2 to form
hydroxyl radicals commonly known as the Fenton reaction.43,44

The thermodynamics of hydroxyl radical generation via Fenton
chemistry is governed by the general redox reaction,

Fnþ þH2O2 ! Fðnþ1Þþ þ OH� þ OH• ð1Þ
where F is the Fenton-active species. The standard potential
E°
1

� �
of the reaction is defined as the sum of two half-reactions,

Fðnþ1Þþ þ e� ! Fnþ ð2Þ
H2O2 þ e� ! OH� þ OH• ð3Þ

where E°
2 and E°

3 represent the reduction potentials of eqn (2)
and (3), respectively, yielding an overall expression of
E°
1 ¼ E°

3 � E°
2 for the Fenton reaction. Since E°

3 ¼ þ0:279V at
pH 7.6, only species with reduction potentials less positive
than +0.279 V under these conditions will yield appreciable
reaction rates, as governed by the relationship between Gibbs
free energy and reaction potential, ΔG° = −nFE°.44–46 There is
evidence that graphene nanomaterials are indeed Fenton-
active, as demonstrated by Zhao et al.47 where the Fenton-like
catalytic degradation of Orange II occurred in the presence of
H2O2 along with graphene oxide (GO) and hydrogen-reduced
graphene oxide (hrGO) nanosheets. The oxidation of Orange II
was found to be much less efficient with GO than with hrGO,
which the authors attributed to the increasing number of
defects in the sp2 domains produced by hydrogenation. This
study suggests that there is a structural correlation between
graphene nanomaterials and their redox activity, which sup-
ports the notion that direct generation of ROS via redox chem-
istry is indeed one of the mechanisms of cytotoxicity exhibited
by graphene materials. Liu et al.34 reached similar conclusions
in their study of carbon nanomaterial reactivity towards mole-
cular oxygen. Their results demonstrated that oxygen adsorbed
on the surface of graphene primarily at defect sites, formed
superoxide intermediates (e.g., O2•− and HO•

2) which sub-
sequently oxidized cellular GSH and released the bound super-
oxide species into the environment. The proposed reaction
mechanism is supported by experimental and theoretical
evidence.48,49 This provides further evidence for a semi-step-
wise mechanism for ROS generation on graphene surfaces.

Other groups claim that charge transfer between graphene
derivatives and redox-active species other than H2O2 is respon-
sible for the generation of ROS. For instance, Li et al.21 pro-
vided noteworthy evidence for this charge transfer mechanism
by varying the conductive nature of the substrate onto which a
graphene film was deposited and comparing the bactericidal
effects. Interestingly, the antibacterial activity exhibited clear
dependence on the conductivity of the graphene–metal sub-
strates, with the inhibition of S. aureus and E. coli growth
increasing in the order of graphene/SiO2 < graphene/Ge < gra-
phene/Cu. They proposed that respiratory chain electrons were
extracted from the electron transport chain (ETC) by graphene
through a charge transfer mechanism, and only when a sub-
strate with a vacant energy state below the Fermi level of gra-
phene was utilized, could the extracted electrons be transferred
from the graphene to the circuit and cause cytotoxicity. As adeno-
sine triphosphate (ATP), the molecule which provides the
energy required for many cellular processes via hydrolysis of
the phosphate groups, is synthesized using the energy of H+ ions
moving down the electrochemical gradient created by the redox
reactions of the ETC. Extraction of these mobile electrons causes
a depletion of intracellular ATP, leading to cell death. The pro-
posed energy diagrams are shown in Fig. 1 which illustrates
charge transfer from respiratory-chain redox species to graphene
on these different substrates and clearly shows the barrier to
charge transfer that an insulating SiO2 substrate exhibits, which
correlates well with the observed antimicrobial activity.
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Table 1 Summary of antibacterial activity of graphene (G), graphene oxide (GO), and reduced graphene-oxide (rGO)

Nanomaterial Size range Bacterial strain Growth media Proposed mechanism Ref.

G >10 μm Escherichia coli (ATCC 25922) Staphylococcus aureus
(ATCC 25923)

Undefined Oxidative stress via electron transfer from membrane to
graphene

21

GO 0.010–0.753 μm2 Escherichia coli (K-12) LB Environmental isolation by membrane-wrapping 26
GO, rGO (βME) 0.525 μm (GO) Pseudomonas aeruginosa LB Oxidative stress via GSH oxidation, DNA fragmentation 37

3.40 μm (rGO)
GO, rGO (N2H4) >0.60 μm Escherichia coli (KACC 10005) LB Lipid peroxidation 51

Salmonella
GO 0.01–0.65 μm2 Escherichia coli (K12 Coli Genetic Stock Center

#7740)
LB Oxidative stress (0.01 μm2) 26

Cell entrapment (0.65 μm2)
GO >1.0 μm E. coli (ATCC 25922); B. subtilis (ATCC 6051) LB Membrane permeabilization 27
GO 0.65 μm2 Escherichia coli (MV1190) (λ-pir) (pJBA116) LB Physical and oxidative membrane damage 52
GO (hydrazine) 1 µm Escherichia coli LB Physical and oxidative membrane damage 23
Ag/AgCl/rGO 3–7 μm (GO) E. coli (DH5a) LB Oxidative stress via ROS generation 53

4–163 nm (Ag) Staphylococcus aureus (ATCC26085)
AgFe/GO >0.15 μm (GO) Escherichia coli (BL21) LB Oxidative stress and membrane damage 33

10 nm (AgFe) Staphylococcus aureus
B. subtilis (W800)

AgPt/GO >3 μm (GO) Escherichia coli (ATCC 10536) Undefined Membrane damage 35
10 nm (AgPt)

PLL/Cu/rGO >0.15 μm Escherichia coli (ATCC 25922) LB Disruption of ion concentration gradient 54
Staphylococcus aureus (ATCC 6538)

AgCu/GO >1.0 μm Escherichia coli (ATCC 25922) TSB Membrane rupture and leakage of intercellular components 55
Pseudomonas aeruginosa (ATCC 27853)
Klebsiella pneumoniae (ATCC 700603)
Staphylococcus aureus (ATCC 25923)
Methicillin-resistant Staphylococcus aureus (ATCC
BAA-44)

GO-TiO2 >0.50 μm Escherichia coli (ATCC 25922) Undefined Physical membrane disruption and oxidative charge-transfer 56
TiO2/GO ∼4.8 µm2 Escherichia coli LB Undefined 57
ZnO/GO 2.25 µm2 Escherichia coli LB Membrane damage 58
ZnO/GO EPD ∼50–100 nm

diameter
Escherichia coli (ATCC 25922) Undefined Oxidative stress via ROS generation 59

∼50 µm length
ZnO/Ag/SGO 100 µm2 Escherichia coli LB Oxidative stress via ROS generation 60
MnFe2O3/GO 36 µm2 Escherichia coli LB Membrane damage 61
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The ROS species produced from graphene and its deriva-
tives are therefore considered to be generated through inter-
action with oxygen or other ETC carriers (e.g., NADH, NADPH,
or FADH2). Table 2 lists the primary electron transporters in
ETC, along with their E°’s at pH 7. As these biomolecules span
a large range of electrochemical potentials, charge transfer
reactions with graphene derivatives are likely to occur in the
proximity of cellular membranes.50

Additionally, as graphene sheets have a large surface area,
they could act as a conductive bridge over which charge trans-

fer occurs from relatively distant redox species, further enhan-
cing the oxidative stress potential. This has been demonstrated
by Zubir et al.63 through the unusually high stability of Fe
atoms in GO–Fe3O4 composites towards Fenton reactions,
which was attributed to charge transfer from the GO sheets to
the oxidized Fe atoms. The authors claimed that the π elec-
trons in the conjugated sp2 domains facilitated electron trans-
fer from GO to Fe3O4 nanoparticles via a Fe–O–C bond, sub-
sequently reducing Fe3+ ions back to their Fe2+ state, thereby
regenerating the Fenton catalyst (Fig. 2). Analysis of XPS
spectra over the course of 7 cycles revealed a significant
decrease (∼19%) of the CvC peak intensity, which was
accompanied by a concomitant increase in C–C and CvO
intensities, suggesting oxidation of GO sheets over the cycling
period. Furthermore, the Fe3+/Fe2+ ratio increased substantially
for Fe3O4 nanoparticles alone but exhibited a negligible
change for the GO–Fe3O4 composite, indicating that the Fe3O4

nanoparticles were being stabilized in their reduced state
when associated with the GO sheet. Although hydroxyl radicals
formed from Fenton reactions have also been shown to oxidize
graphene and other aromatic molecules, the enhanced stabi-
lity of the Fe3O4 nanoparticles on GO, compared to Fe3O4

Fig. 1 Schematic energy diagrams illustrating the proposed charge
transfer mechanism of (A) graphene/Cu, (B) graphene/Ge, and (C) gra-
phene/SiO2 substrates. Reprinted with permission from ref. 21, copyright
2014 Springer–Nature.

Fig. 2 Proposed mechanism of ROS generation of GO–Fe3O4 compo-
site nanostructure illustrating the oxidation of sp2 domains and sub-
sequent transfer of electrons to local Fe3O4 nanoparticles. Reproduced
with permission from ref. 63, copyright (2015) the Royal Society of
Chemistry.

Table 2 Standard reduction potentials (E°) of redox systems involved in biological electron transfer at pH 7. Adapted from Roehm et al.62

Redox species E° (V) n Redox species E° (V) n

Ferredoxins −0.27–−0.5 — UQ/UQH2 +0.06 2
H+/H2 −0.42 2 UQ•/UQH2 +0.19 1
NADP+/NADPH −0.32 2 Cytochrome c1 (Fe

3+/Fe2+) +0.22 1
Lipoamideox/lipoamidered −0.29 2 Cytochrome c (Fe3+/Fe2+) +0.25 1
FMN/FMNH2

a −0.20 2 Riesk [2Fe–2S] (Fe3+/Fe2+) +0.28 1
FAD/FADH2

a −0.20 2 Cytochrome a (Fe3+/Fe2+) +0.29 1
Cytochrome bL (Fe

3+/Fe2+) −0.10 1 Cytochrome a3 (Fe
3+/Fe2+) +0.35 1

FAD/FADH2
b 0.0–+0.1 2 Cytochrome f (Fe3+/Fe2+) +0.37 1

UQ/UQH• +0.03 1 O2/H2O +0.82 2
Cytochrome bH (Fe3+/Fe2+) +0.06 1

a Free molecule. b Protein-bound.

Nanoscale Review

This journal is © The Royal Society of Chemistry 2017 Nanoscale, 2017, 9, 994–1006 | 997

Pu
bl

is
he

d 
on

 2
2 

D
ec

em
be

r 
20

16
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

Sa
nt

a 
C

ru
z 

on
 1

9/
01

/2
01

7 
16

:3
2:

04
. 

View Article Online

http://dx.doi.org/10.1039/C6NR08733G


nanoparticles alone, is substantial and therefore must be
attributed to charge transfer from GO to Fe3O4 nanoparticles.
These studies demonstrate that graphene materials can not
only undergo redox reactions, but can also transfer charge
across relatively large distances. This has significant impli-
cations for their antibacterial activity.

Metal oxides alone can also exert antibacterial activity
based upon their structures. For instance, ZnO nanostructures
have been known to be bactericidal, and the activity varies
with the structure and the concentration of oxygen vacancies
on the surface.40,64,65 In a study by Xu et al.,66 various struc-
tures of ZnO nanoparticles were synthesized, and the concen-
tration of oxygen vacancies on the surface was controlled by
hydrogen reduction, as evidenced by ESR measurements
(Fig. 3A). The atomic ratios of lattice oxygens (OL) to Zn
confirmed the formation of oxygen vacancies in the ZnO
nanostructures, with the highest concentration observed in
the “whisker-shaped” t-ZnO sample. Interestingly, this
sample showed the highest antibacterial activity, suggesting a
direct correlation with the concentration of oxygen vacancies.
The authors proposed that these sites could catalyze the gene-
ration of H2O2 as illustrated in Fig. 3B, which subsequently
participated in Fenton reactions and caused cytotoxicity to bac-
terial cells.

Further evidence for the enhanced activity of ZnO by GO
composite structures is provided by Kavitha et al.,67 who syn-
thesized a ZnO/graphene/GO composite and compared its
antibacterial activity to that of ZnO alone. They observed a dra-
matically enhanced activity of the composite structure and
attributed this to enhanced ROS generation and membrane
disruption. As the GO sheets were relatively large, they likely
wrapped around bacterial cells, bringing ZnO nanoparticles in
close contact with the cellular surfaces and effectively increas-
ing the local concentration of released Zn2+ ions in the proxi-
mity of the cell.

The photocatalytic properties of metal oxide/graphene com-
posite materials have also been utilized for antibacterial appli-
cations, where increasing the density of heterojunctions is
found to improve the antibacterial activity, due to enhanced
absorption in the visible region. In an early study, sulfur-
doped graphene oxide (SGO) sheets were synthesized by sulfo-
nation reaction of GO and used as the supporting substrate on
which arrays of ZnO nanorods were grown vertically and
orderly by a nanocrystal-seed-directed hydrothermal method;
Ag nanoparticles were then deposited onto SGO–ZnO via a
polyol-reduction process (Fig. 4A).60 The resulting multi-
component composite exhibited apparent absorption in the
visible range, where the junction between the Ag nanoparticles
and ZnO nanorods was observed to allow for resonance energy
transfer from Ag to ZnO. Additionally, the photogenerated elec-
trons of ZnO nanorods might be further transferred to the

Fig. 3 (A) ESR spectra of three different types of ZnO nanostructures
illustrating the extent of oxygen vacancies (VO) within the structure, and
(B) proposed mechanism of the catalytic oxidation of H2O to H2O2 by
oxygen vacancies in ZnO nanostructures. Reproduced with permission
from ref. 66.

Fig. 4 (A) Schematic illustration of the surface plasmon resonance and
the charge transfer route in SGO–ZnO–Ag composite. (B) PL spectra of
ZnO, SGO–ZnO and SGO–ZnO–Ag composites. Reproduced with per-
mission from ref. 60.
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SGO sheets,60 as manifested in photoluminescence studies of
SGO–ZnO–Ag, SGO–ZnO, and ZnO, which suggested that elec-
tron–hole recombination was markedly impeded in the SGO–
ZnO–Ag composite, since excited electrons were unable to
return to the ground state following excitation (Fig. 4B). The
reduced charge recombination rate was found to lead to
enhanced efficiency of the formation of hydroxyl radicals
and effective sterilization of E. coli under visible light
photoirradiation.

Composites based on ZnO nanowires and graphene oxide
have also been prepared by electroplating deposition (EPD),
and the structure and exposed surface area have been found to
afford improved interactions between the cell membrane and
the metal oxide via membrane penetration through the cre-
ation of a “spider-like web” (Fig. 5).59 Furthermore, photo-
reduction of the EPD Zn/GO composite reduced the graphene
oxide sheet therein, allowing for the tuning of the graphene
reduction potential to the Fermi energy level. The rate of bac-
teria reduction showed that EPD ZnO/GO maintained better
activity than ZnO alone and ZnO/GO prepared by dropcasting
(Fig. 6). The results showed that the heterojunction between
the metal oxide and graphene oxide was imperative in enhan-
cing the antibacterial activity.

In a separate study, the antibacterial activity of photocataly-
tically reduced TiO2/GO hybrids was tested as a function of
irradiation time with sunlight exposure.56 Experimentally, GO
platelets were first synthesized by a chemical exfoliation
method and then deposited onto anatase TiO2 thin films. The
platelets thickness was about 1.7 nm, which corresponded to

1–3 layers of GO. When the composites were immersed in
ethanol and subjected to photoirradiation, the GO was
reduced by photogenerated radicals, as manifested by XPS
measurements which showed a clear reduction of the C–OH,
CvO, and OvC−OH residues (Fig. 7A). The resulting rGO
platelets were found to act as electron acceptors that effectively
decreased the recombination rate of photogenerated electron–
hole pairs, leading to enhanced phototoxicity towards E. coli
cells in water under solar light irradiation. Fig. 7B demon-
strates how reduction of graphene oxide, which serves as a
substrate for TiO2, affects the antibacterial activity of the TiO2/
GO composite upon excitation with a 110 mW cm−2 lamp that
peaks at 275, 350, and 660 nm. Excitation by this light source
produces ethoxy radicals which subsequently react with GO
nanostructures, decreasing the percentage of C–OH, CvO,
and O–COH. Such changes in the structure can enhance the
rate of ROS generation, thereby tuning the antibacterial
activity.

Furthermore, the photocatalytic activity of TiO2/GO was
found to be dependent upon the concentration of GO de-
posited on the metal oxides.57 Increasing loadings of TiO2 on
GO decreased the effective band-gap of the nanocomposite
causing an increase in the range of photo absorption.

Fig. 6 (a) Percentage of surviving bacteria on ZnO NWs and GO/ZnO
NW composites prepared by drop-casting and EPD methods, in dark
and under visible light irradiation for 1 h, and (b) variations in the
number of the viable bacteria on surface of the various samples by
irradiation time. Reproduced with permission from ref. 59, Copyright
(2014) Elsevier.

Fig. 5 SEM images of (a) ZnO NWs, (b and c) ZnO NWs partially
covered with GO sheets after drop-casting deposition, and (d) GO/ZnO
NW composite fabricated by EPD. (e and f) Present magnified and tilted
SEM images shown in (d). Reprinted from ref. 59, Copyright (2014)
Elsevier.
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However, the activity of the nanocomposites was found to
decrease at very high loadings of GO, and the sample at 4.2 wt
% exhibited the highest activity against bacteria. The authors
suggested that increasing the concentration of GO in the com-
posite red-shifted the wavelength of maximum absorption,

thereby inhibiting bacteria through enhanced ROS production.
However, it remains inconclusive whether these structures
become more stable/reactive and what effect this has on the
observed activity.

Metal–graphene composite structures have exhibited
similar enhancements of their antibacterial activity. The most
commonly utilized metal for antibacterial applications is silver
as it has demonstrated great promise in all forms, with nano-
structured Ag materials showing the best performance. One of
the most commonly claimed, and most debated mechanisms
of bactericidal activity is, again, ROS production. Recent ESR
evidence (Fig. 8A) by He et al. demonstrated catalytic gene-
ration of ROS species at varying pH by Ag nanoparticles
(Fig. 8B), which supports claims made by Kim et al. in earlier
studies.38,68 The direct generation of ROS as well as other oxi-
dative stress damages caused by Ag nanoparticles can there-
fore be enhanced with the formation of graphene composite
structures, as the dispersity of the metal nanoparticles as well
as the cellular contact can be improved. In fact, clear enhance-
ment of the antimicrobial activity of Ag–GO composites, has
been observed, as compared to the GO substrate or the Ag
nanoparticles alone.53,69,70

Fig. 7 (A) Peak deconvolution of the C 1s XPS core level of graphene
(oxide)/TiO2 thin films (a) as-deposited, (b) annealed at 400 °C in air,
reduced by the UV–visible light-assisted photocatalytic reduction for (c)
0.5, (d) 1, (e) 2, and (f ) 4 h of irradiation time in ethanol, as compared to
(g) the XPS spectrum of the thin film (f ) immersed in the aqueous solu-
tion containing the bacteria and under solar light irradiation for 80 min.
(B) Number of bacteria cultured from the viable E. coli on the surface of
the graphene oxide/TiO2 thin films reduced by UV–visible light-assisted
photocatalytic process for (a) 0, (b) 0.5, (c) 1, (d) 2, and (e) 4 h irradiation
time, as compared to (f ) number of bacteria on bare TiO2 thin film and
(g) on graphene oxide/glass film, under solar light irradiation. (h)
Number of bacteria on the graphene oxides applied in part g but in the
dark, as a control sample. Reproduced with permission from ref. 56.
Copyright 2009 American Chemical Society.

Fig. 8 (A) ESR spectra of DMPO/OH• generated at pH 3.6 in the pres-
ence of DMPO, H2O2, HAc, and increasing concentrations (Aa–Af) of
AgNP, (B) proposed mechanisms of ROS generation catalyzed by AgNP
at different pH values. Reprinted with permission from ref. 38, Copyright
(2012) Elsevier.
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Similar enhancement has been observed for GO-based com-
posites with Cu as well as alloy (e.g., FeAg, FePt, and AgCu)
metal nanoparticles.33,35,54,55 The common theme in these
studies is that the cytotoxicity of metal nanoparticles is
enhanced by the GO substrate, due to reduced aggregation of
metal nanoparticles. This improved dispersion, as shown in
Fig. 9A for AgCu alloy nanoparticles on GO, increases the
active surface area, provides enhanced stability to immobilized
metal nanoparticles, and localizes cytotoxic nanoparticles to
bacterial membranes, as depicted in Fig. 9B. Additionally, the
GO substrate affords additional membrane damaging effects,
such as wrapping of bacteria and lipid extraction (e.g., section
2.2), which add to the overall antibacterial performance.
Understandably, there is a close relationship between the cyto-
toxic effects of ROS generated by nanostructured metal and
metal–oxide graphene derivatives and their destructive effects
on bacterial membranes. The specific mechanisms will be dis-
cussed in the following section.

2.2 Membrane disruption

Graphene and its derivatives have been observed to cause
membrane damage to bacterial cells in a size and composition
dependent manner.71 Computational modelling of a single
graphene sheet coming in contact with a phospholipid bilayer
suggests that this interaction can induce extraction of phos-
pholipids.72 Due to van der Waals interactions between the

graphene sheet and the hydrophobic moieties of this bilayer,
extraction of phospholipids via interaction and displacement
of the graphene sheet from the membrane is predicted, as
shown in Fig. 10A. The force required to pull an internalized
graphene sheet completely out of this model phospholipid
bilayer was calculated to be 0.35 nN, yielding an extraction
energy of 41.7 kcal mol−1. Notably, at an elevation of around
3.5 nm above the model bacterial membrane, calculations
predict membrane rupture (Fig. 10B), which has dramatic
implications for the bactericidal activity of graphene sheets.
These calculations provide first-principles evidence indicating
that graphene nanomaterials can indeed disrupt bacterial
membranes entirely by physical contact. The insertion of gra-
phene sheets into lipid bilayers has also been shown through
molecular dynamics simulations by Tu et al. to occur spon-

Fig. 9 (A) TEM image of AgCu/GO nanocomposite illustrating the
ability of the GO substrate to prevent aggregation, and (B) illustration of
the interaction and subsequent cytotoxicity of AgCu/GO composite
nanostructure. Reprinted with permission from ref. 55 Copyright (2010)
American Chemical Society.

Fig. 10 Molecular dynamics simulations illustrating the insertion of a
single graphene sheet into a phospholipid bilayer. (A) The interaction of
the micellar graphene sheet with the phospholipid bilayer at (a) 2.9, (b)
52.4, (c) 120.0, (d) 299.2, (e) 356.4, and (f ) 516.4 ns and (B) the equili-
brium elevation of a single graphene sheet as a function of applied verti-
cal force. Reproduced with permission from ref. 72. Copyright (2010)
American Chemical Society.
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taneously when the lateral edges are oriented towards the cell
membrane, allowing penetration and subsequent stabilization
of the sp2 domains with the hydrophobic inner region of the
bilayer.73

The exposure of these lateral edges to bacterial membranes
has even been found to cause movement of phospholipids
along the membrane resulting in extraction of lipids.26,73

According to the results by Perreault32 and Liu,26 the anti-
bacterial activity of graphene nanosheets appears to be depen-
dent on their size. It was concluded in both studies that increas-
ing graphene sheet sizes afford higher antibacterial activity via
disruption of bacterial cell membranes in suspension. This was
also recognized experimentally by Liu et al. who systematically
decreased the size of GO sheets by increasing post-synthetic
sonication duration.26 Sonication treatment for 0 to 240 min
produced GO sheets with sizes ranging from 0.753 to 0.01 μm2

and an average thickness of 1 nm which corresponded to
roughly one monolayer of GO. Cell viability was measured by
exposing the GO sheets (40 μg mL−1) to an E. coli suspension
(106–107 CFU mL−1) for 2 h while shaking at 250 rpm and
using a colony-counting method with serial dilutions. The via-
bility of bacterial cells was severely diminished in the presence
of larger GO sheets in comparison to smaller sizes (Fig. 11A),
with the largest GO sheets decreasing viability by 97.7%, in
stark contrast to the smallest GO sheets which only decreased
the viability by 5.5%. As larger GO sheets have an increased
number of sites for oxygen adsorption, the difference in anti-
bacterial activity could be due to oxidative stress. The oxidative

stress capacity of the prepared GO sheets were, however,
shown via Ellman’s assay30 to be independent of GO size, as
summarized in Fig. 11B, leading to the conclusion that the
primary mechanism of action is membrane damage. This was
further supported by AFM images of E. coli incubated with the
largest (Fig. 11C) and smallest (Fig. 11D) GO sheets of the
series for 2 h, which revealed that bacterial cells became com-
pletely wrapped by the larger GO sheets and were only adhered
by smaller GO sheets. This leads to the conclusion that bac-
terial inactivation can be achieved by larger GO sheets via iso-
lation of affected cells from their environment, which has the
consequence of preventing nutrient acquisition and sub-
sequently cellular growth and proliferation. GO sheets have
thereby been verified to exert their antibacterial action by a
variety of physical means, providing a marked advantage in
combating antibiotic-resistant strains of bacteria.

This has indeed been manifested in a recent study where
the interaction of a GO-coated AFM cantilever tip with E. coli
proved to be repulsive upon exposure to the lipid membrane.52

The AFM probe was functionalized with 2 g L−1 of dopamine
at a pH of 8.5, which polymerized on the probe surface under
this alkaline condition. The cantilever was then immersed in a
GO solution (500 μg mL−1) and placed in close proximity to
the cell. The force was recorded as a function of the piezo posi-
tion while the cantilever approaching the cell was inserted,
then withdrawn from the cell membrane. Such repulsive inter-
actions have also been observed by Castrillon et al. where an
AFM cantilever tip functionalized with GO was utilized to
determine the force generated upon approach and removal of
the GO tip from the surface of an E. coli cell.52 Their results
suggest that the adhesion of GO onto the surface of the bac-
terial membrane is repulsive in nature. These studies demon-
strate the ability of graphene nanostructures to damage bac-
terial membranes, the degree of which depends on size and
composition.

Metal oxide nanostructures have also demonstrated mem-
brane disruption of bacterial cells, as have their GO composite
structures. For instance, Zhang et al. demonstrated the mem-
brane damaging effects of ZnO nanostructures towards bac-
terial cells.74 In their study, the antibacterial activity of 5 com-
mercial ZnO nanostructures was evaluated via observations of
bacterial growth over time in the presence of varying concen-
trations of ZnO nanostructures. As seen in Fig. 12, E. coli cells
in the presence of these ZnO nanostructures had severely
damaged membranes and this was attributed, in part, to direct
contact of ZnO structures with bacterial cells. This direct
damage to cell membranes was also observed for ZnO/GO
composite nanostructures by Wang et al. in which the growth
of bacteria was delayed upon the exposure to ZnO/GO even at
<500 μg mL−1.58 In this case however, the antibacterial activity
was found to stem from the released Zn2+ ions where the con-
centration increased over the initial two hours in a culture
medium, and saturated at 0.9 μg mL−1, regardless of the con-
centration of ZnO/GO utilized. The adsorption of 60 μg Zn2+

ions was measured in 10 mL culture medium, and the nano-
composite was found to adsorb 39 μg of zinc ions, which, in

Fig. 11 (A) The viability of E. coli cells (5 mL of 106–107 CFU mL−1) after
incubating with GO suspensions (5 mL of 80 μg mL−1) for 2 h with 250
rpm shaking speed at 37 °C. Loss of viability was calculated by the fol-
lowing formula: loss of viability % = (counts of control − counts of
samples after incubation with suspensions)/counts of control. (B)
Oxidation of glutathione by GO sheets with various lateral sizes. Loss of
glutathione (0.4 mM) after in vitro incubation with 40 μg mL−1 of GO
suspensions for 2 h. The bicarbonate buffer (50 mM at pH = 8.6) without
GO was used as a control. AFM images illustrating the effects of (C)
large and (D) small GO sheets interacting with E. coli cells. The scale
bars are 1 μm. Reprinted with permission from ref. 26. Copyright (2012)
American Chemical Society.

Review Nanoscale

1002 | Nanoscale, 2017, 9, 994–1006 This journal is © The Royal Society of Chemistry 2017

Pu
bl

is
he

d 
on

 2
2 

D
ec

em
be

r 
20

16
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

Sa
nt

a 
C

ru
z 

on
 1

9/
01

/2
01

7 
16

:3
2:

04
. 

View Article Online

http://dx.doi.org/10.1039/C6NR08733G


conjunction with a change of the zeta potential (ζ) from −11.4
to −9.2 mV, proved that Zn2+ ions were adsorbed by GO. This
had a significant effect on affected bacterial cells, as seen in
SEM images (Fig. 13) where intense pitting and cytoplasmic
leakage occurred upon prolonged exposure to these ZnO/GO
composites. These results indicate an enhanced antibacterial
activity due to the joint effects of ZnO nanostructures and GO
sheets, as GO sheets provide more intimate contact with bac-
terial cells that affords a greatly increased local concentration
of Zn2+ ions around the cellular membrane. This synergistic
effect is analogous to that exhibited by metal nanoparticle–GO
composite structures as shown in Fig. 11B, and is representa-
tive of the primary advantage of utilizing GO composite struc-
tures to enhance a cytotoxic nanomaterial’s antibacterial
activity. Overall, graphene derivatives are extremely promising
as substrates for bactericidal nanomaterials and serve to
enhance the cytotoxic effects of the compositing material
through enhancement of their activity, but also by providing
additional mechanisms of cytotoxicity specific to their graphi-
tic structure.

2.3 Protein dysfunction and transcriptional arrest

Although not typically suggested to be the primary mechanism
of action, induced protein dysfunction and transcriptional
arrest contribute, sometimes significantly, to the cytotoxicity
of graphene nanomaterials. A study by Santhosh et al. demon-
strated through SDS-PAGE (Fig. 14) that graphene–Fe3O4 com-
posite nanostructures (G–Fe3O4) cause significantly more
protein degradation than Fe3O4 alone.

25 This is seen clearly as

Fig. 13 SEM images of E. coli: (A) control; (B–D) E. coli treated with ZnO/GO-1 for 24 h; (E and F) E. coli treated with ZnO/GO-2 for 24 h. White
arrows: broken E. coli. Black arrows: the ZnO/GO composites. White square: cytoplasm leakage. Reproduced with permission from ref. 58.
Copyright (2014) American Chemical Society.

Fig. 12 SEM micrographs of E. coli cells (A) before and (B) after treat-
ment with ZnO nanostructures. Reproduced with permission from ref.
74. Copyright (2007) Springer.
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lanes having E. coli cells treated with G–Fe3O4 display only a
single band, whereas graphene and E. coli cells alone demon-
strate multiple bands indicating that G–Fe3O4 nanostructures
cause the aggregation of cellular proteins. This was attributed
to disulfide formation through thiol oxidation catalyzed by the
G-Fe3O4 composite structure which was quantified via
Ellman’s assay. Akhavan et al. also demonstrated through
SDS-PAGE, that photocatalytic protein degradation is consider-
ably enhanced in graphene–tungsten oxide composite struc-
tures when compared with WO3 nanoparticles alone.24 These
studies provide direct evidence that protein dysfunction is a
significant mechanism of cytotoxicity that can be augmented
by graphene composite structures beyond that of the individ-
ual components alone.

The interaction of graphene nanostructures with DNA has
been observed by several groups, and seemed to occur by π–π
stacking interactions.28,29,75,76 Ren et al. demonstrated that
DNA–GO interactions relieve supercoiling, while inducing
nicks and linearized DNA formation.28 In the presence of Cu2+

ions however, DNA molecules became cleaved, the degree of
which was dependent on the concentration of GO (Fig. 15A).
This was proposed to occur due to the chelation of Cu2+ ions
to oxygen functional groups on the GO sheets which then
allows for efficient delivery of Cu2+ ions to DNA molecules.
Circular dichroism and ethidium bromide staining demon-
strated that GO sheets intercalate between the base pairs of
DNA as expected due to π–π stacking interactions, therefore
the localization of chelated Cu2+ ions to DNA molecules is
enhanced by GO sheets. Their proposed mechanism of DNA
cleavage due to GO-chelated Cu2+ ions is shown in Fig. 15B,
and explains how chelated Cu2+ ions can interact with the
base pairs of DNA, namely the heterocyclic nitrogen groups
which are soft bases. These Cu2+–base interactions can then
catalyze the hydrolytic cleavage of the phosphodiester back-
bone, leading to the observed cleavage.74 This study demon-
strates the potential for GO composites to greatly enhance
DNA damage and, given the abundance of metal ions in bac-
terial cells, highlights the significance of this mechanism of
cytotoxicity.

3. Conclusions and perspectives

The antibacterial activities of graphene-based nanocomposites
are promising as a large number of nanostructures have
exhibited excellent bactericidal properties and biocompatibi-
lity with eukaryotic cells. Although this field is still young,
there have already been substantial contributions to the overall
understanding of the mechanisms of their activity. There is
however, still much to be discovered as the exact molecular
and biochemical reactions affording cytotoxicity remains
largely unknown. In addition, although graphene derivatives
have been shown to enhance the antibacterial activity of metal
and metal oxide nanostructures, the exact origins is mostly
elusive, likely because there is a considerably complex inter-
play of interactions between the graphene substrate, the metal
or metal–oxide nanoparticle, and the bacterial cell. Future
studies should focus on identifying reactions occurring at the
surfaces of these composite structures by, for instance, ESR
analysis, and more importantly, fluorescence microscopy
studies to examine in vivo ROS production, thiol oxidation,
and membrane damage. In order to gain a deeper understand-
ing of the biochemical mechanisms of action, transcriptomic
and proteomic analysis will need to be added to the repertoire
of tools used to evaluate nanostructure cytotoxicity. These

Fig. 14 Photograph of SDS-PAGE gel demonstrating protein degra-
dation induced by graphene (G) and graphene–Fe3O4 (G–Fe3O4) nano-
structures. Reproduced with permission from ref. 25. Copyright (2014)
The Royal Society of Chemistry.

Fig. 15 (A) Photograph of gel electrophoresis experiment demonstrat-
ing interactions of DNA with Cu2+ ions in the presence of no GO (lane 1),
and 12.5 (lane 2), 25 (lane 3), 50 (lane 4), 75 (lane 5), 100 (lane 6), and
125 (lane 7) μg mL−1 GO. (B) Proposed mechanism of DNA – graphene
oxide – copper ion interactions. Reprinted with permission from ref. 28
Copyright (2010) American Chemical Society.
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experiments will identify the genes and therefore the bio-
molecular targets of these nanostructures, affording more
definitive evaluation of their mechanisms of action. Overall,
this extremely interesting application of graphene nano-
structures deserves considerable attention from scientists in
the fields of both nanomaterials and healthcare in order to
realize the next generation of effective antimicrobial materials.
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