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ZnO/graphene quantum dot nanocomposites†
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Graham Roseman,b Jia-En Lu,b Glenn L. Millhauser,b Chad Saltikov*c and
Shaowei Chen *b

Synthesis of new, highly active antibacterial agents has become increasingly important in light of emer-

ging antibiotic resistance. In the present study, ZnO/graphene quantum dot (GQD) nanocomposites were

produced by a facile hydrothermal method and characterized by an array of microscopic and spectro-

scopic measurements, including transmission electron microscopy, X-ray photoelectron spectroscopy,

UV-vis and photoluminescence spectroscopy. Antibacterial activity of the ZnO/GQD nanocomposites

was evaluated with Escherichia coli within the context of minimum inhibitory concentration and the

reduction of the number of bacterial colonies in a standard plate count method, in comparison to those

with ZnO and GQD separately. It was found that the activity was markedly enhanced under UV photo-

irradiation as compared to that in ambient light. This was ascribed to the enhanced generation of reactive

oxygen species under UV photoirradiation, with minor contributions from membrane damage, as mani-

fested in electron paramagnetic resonance and fluorescence microscopic measurements. The results

highlight the significance of functional nanocomposites based on semiconductor nanoparticles and

graphene derivatives in the development of effective bactericidal agents.

1. Introduction

The rapid spread of antibiotic resistant bacteria represents a
major healthcare challenge that demands the development of
alternative antimicrobial strategies.1,2 In general, antimicrobial
agents are classified into two types, organic and inorganic.
Organic antimicrobial agents are often less stable, particularly
at high temperatures or pressures, whereas inorganic anti-
microbial agents are robust and durable, and therefore have
the key advantages of improved safety and stability as com-
pared to the organic counterparts.3 Recent advances in nano-
technology have made inorganic antimicrobial agents increas-
ingly attractive. Reports have demonstrated that functional
nanomaterials, such as silver, copper, zinc and metal oxide
nanoparticles, can reduce the attachment and viability of
microbes, therefore have unique antibacterial activities.4–7

Of these, ZnO nanoparticles have been attracting much
attention, largely because of the natural abundance, chemical
stability, and unique photochemical activity.8,9 Besides, ZnO is
a well-studied semiconductor, with a high exciton binding
energy (60 meV) and wide band gap energy (3.37 eV),10,11 and
has been found to exhibit apparent (photodynamic) anti-
microbial activity.12,13 For instance, Raghupathi and coworkers14

have found that ZnO nanoparticles exhibit a wide range of
antibacterial effects on various microorganisms under normal
lighting conditions, and activation by UV photoirradiation
leads to enhanced antibacterial activity towards S. aureus cells,
likely due to the production of reactive oxygen species (ROS)
and deposition on the surface or accumulation in the cyto-
plasm of the cells. In another study,15 Applerot et al. have
shown that smaller ZnO nanoparticles (from the microscale
down to the nanoscale) exhibit higher antibacterial activity.
That is because smaller nanoparticles may generate a larger
number of hydroxyl radicals in their aqueous suspensions, due
to the higher surface-to-volume ratio that facilitates the surface
reaction with water. However, the relatively low dispersibility
(biocompatibility) and high recombination rate of electron–
hole pairs have greatly hampered the antimicrobial appli-
cations of ZnO nanoparticles.

Graphene derivatives have also emerged as new functional
materials for antimicrobial applications,16 thanks to the
unique properties such as high electrical conductivity,17 excel-
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lent solubility and biocompatibility,18 and relatively low cyto-
toxicity towards mammalian cells.2 For instance, Lim et al.19

prepared a covalently cross-linked graphene oxide (GO) mem-
brane by a facile vacuum filtration method, and the obtained
GO membrane showed excellent bactericidal activity due to
oxidative stress caused by interactions of bacterial cells with
the GO basal planes. In addition, nanocomposites based on
metal oxide nanoparticles and graphene derivatives have also
been prepared and used for antimicrobial applications. In a
recent study,20 Wang et al. reported that the synergistic effects
of GO and ZnO nanoparticles led to a superior antibacterial
activity of the composites, as compared to the separate com-
ponents. This is because GO helped disperse the ZnO nano-
particles, slowed the dissolution of ZnO, acted as the storage
site for the dissolved zinc ions, and enabled intimate contact
of E. coli with ZnO and zinc ions. The close contact enhanced
the local zinc concentration pitting on the bacterial membrane
and the permeability of the bacterial membrane and thus
induced bacterial death. In another study,21 Chung et al.
observed that polysulfone-ZnO–GO membranes yielded the
best antibacterial properties, as compared to the individual
components, due to the synergistic interactions between ZnO
and GO that enhanced electron transfer and hence ROS for-
mation for eliminating bacterial cells. In fact, recent
studies22,23 have demonstrated that the combination of ZnO
and GO nanoparticles is an effective strategy in maximizing
the antibacterial ability, where GO serves as a structural plat-
form to facilitate ZnO dispersion. Despite substantial progress,
it should be noted that the graphene/metal oxide nano-
composites in previous studies are generally very large, of the
order of 100–1000 nm, which greatly limits their dispersibility,
biocompatibility and antimicrobials activity. In addition, thus
far few studies have examined the effects of photoirradiation
on the antibacterial performance. This is the primary motiv-
ation of the present study.

Herein, nanometer-sized composites based on ZnO nano-
particles and GQD were prepared via a facile hydrothermal
method. TEM measurements showed that the nanocomposites
were mostly between 30 and 40 nm in diameter. The antibac-
terial activity of the obtained ZnO/GQD nanocomposites was
assessed and compared in ambient light and under UV photo-
irradiation. Marked enhancement was observed as compared
to those of ZnO nanoparticles and GQD alone, and ascribed to
the stabilization of the ZnO nanoparticles by GQD and the for-
mation of ROS that was facilitated by the enhanced charge sep-
aration of photogenerated electron–hole pairs, as manifested
in fluorescence microscopic and electron paramagnetic reso-
nance (EPR) measurements.

2. Materials and methods
2.1 Chemicals

Citric acid (98%), zinc stearate (12.5–14%), sodium hydroxide
(98.9%), diethylene glycol (reagent grade), hydrogen peroxide
(30%), propidium iodide (PI), and Cellrox® green were all pur-

chased from Fisher Scientific. 5,5-Dimethyl-1-pyrroline-N-oxide
(DMPO, 99%) were supplied by Sigma Aldrich. All chemicals
were used as received without any further purification.
Water was deionized with a Barnstead Nanopure Water System
(18.3 MΩ cm).

2.2 Materials preparation

GQD were synthesized by adopting a literature procedure.24

Briefly, 4 g of citric acid was added into a 50 mL beaker and
liquified by heating to 200 °C using a heating mantle. The
color of the liquid was found to change from colorless to pale
yellow, and then orange in 30 min, suggesting the formation
of GQD. The obtained orange liquid was added in a dropwise
fashion into 100 mL of a 10 mg mL−1 NaOH solution under
vigorous stirring. After being neutralized to pH 7.0 with HCl
(2 mol L−1), the solution was dialyzed in Nanopure water for
one day, affording purified GQD nanosheets of ca. 15 nm in
size, as determined by transition electron microscopic
measurements (Fig. S1†).24

ZnO/GQD nanocomposites were prepared by using a litera-
ture protocol with some modifications.25 In a typical experi-
ment, 0.1 g of the GQD obtained above was dispersed in
120 mL of diethylene glycol under sonication, into which was
then added 0.768 g of zinc stearate. The mixture was heated at
200 °C for 2 h, before being cooled down to room temperature,
washed with toluene 3 times, and dialyzed in Nanopure water
for one day, affording ZnO/GQD nanocomposites (dark brown)
that could be readily dispersed in water.

Water-soluble ZnO nanoparticles were prepared in the same
manner but without the addition of GQD.

2.3 Characterizations

Transmission electron microscopic (TEM) studies were carried
out with a Philips CM300 microscope operated at 300 kV. UV-
vis absorption spectra were acquired with a PerkinElmer
Lambda 35 UV-vis spectrometer, and photoluminescence (PL)
measurements were conducted with a PTI fluorospectrometer.
X-ray photoelectron spectroscopic (XPS) measurements were
performed with a PHI 5400/XPS instrument equipped with Al
Kα radiation operated at 350 W and 10−9 Torr.

2.4 Bacterial suspension and treatment

Preparation of bacterial suspensions. Escherichia coli and
Staphylococcus aureus grown in Mueller Hinton (MH) agar were
incubating at 37 °C overnight. A single colony was selected
and used to inoculate 3 mL of liquid MH, and allowed to
shake at 37 °C for 18 h. The resulting liquid culture was centri-
fuged at 5000 rpm for 5 min, and re-suspended in Nanopure
water. The re-suspension was diluted with Nanopure water to
an optical density of ca. 0.10 at 600 nm, and used for
inoculation.

Minimal inhibitory concentration (MIC) experiments. A
96-well plate was used to contain all growth solutions with
each well filled to a final volume of 200 μL with 30 μL of sterile
MH, 10 μL of bacterial solutions, and varied volumes of nano-
particles prepared above and enough water to bring the final
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volume to 200 μL. Immediately upon inoculation, the 96-well
plate was placed in a Molecular Devices VERSA max microplate
reader where the optical density at 600 nm for each well was
measured every minute with 5 s mixing periods between reads
over the 24 h incubation period at 37 °C.

Photodynamic antibacterial assessments. 10 μL of bacterial
suspensions was transferred to a 150 μL plastic centrifuge
tube, into which was added 90 μL of nanoparticle solutions
(1 mg mL−1) or Nanopure water. After UV photoirradiation
(100 W, 1000–1500 lumen with a peak emission at 365 nm,
Dongguan Hongke Lighting Co, China), 1 μL of the treated
bacterial solution was added into the plates and shaken with
glass beads to evenly grow the bacterial on the plates. Finally,
the number of colony forming units (CFU) was counted by
visual inspection to calculate the survival cell percentage.

2.5 Cell death analysis

E. coli suspensions used for imaging were prepared by washing
1 mL of overnight liquid cultures with Nanopure water as
described above, but excluding the final dilution to 0.100
optical density. The washed E. coli suspension was then incu-
bated with 10 μM of Cellrox® green or PI for 15 min in the
dark. Upon completion of this incubation period, the cells
were centrifuged and resuspended in 1 mL of various nano-
particle solutions, before a 10 μL drop of this new suspension
was placed onto a 1.5 microscope cover slip (0.17 mm thick-
ness) and used for fluorescence imaging. Images were
acquired on a Solamere Spinning disk confocal microscope
equipped with a Nikon TE2000 inverted stand, a CSU-X1 spin-
ning disk, and a Hamamatsu ImageEMX2 camera. A 488 nm
and 580 nm laser was utilized as the excitation source, and a
100× (1.4 NA) Nikon Plan Apo was utilized as the objective
lens.

2.6 ROS measurement

To quantify ROS concentrations, 63 μL of the as-prepared par-
ticles was mixed with 7 μL of 1 mol L−1 DMPO, with the
mixture of Nanopure water and DMPO as the control. Then
50 μL of the solution was added to a capillary tube which was
then inserted into a quartz EPR tube (Wilmad, 4 mm outer
diameter). The tube was centered in the cavity resonator for
data collection. Spectra were recorded at room temperature
with a Bruker EMX EPR spectrometer operating at the X-band
frequency (∼9.4 GHz) using an ER 4122SHQE resonator
(Bruker). The samples were subsequently irradiated for 1 min
with 365 nm UV light, and another set of spectra was
collected.

3. Results and discussion
3.1 Structural characterizations

The structures of the samples were first examined by TEM
measurements. Fig. 1 depicts the representative TEM images
of (a) ZnO and (b) ZnO/GQD nanocomposites. From panel (a),
it can be seen that the as-produced ZnO nanoparticles, of

about 10 nm in diameter, were dispersed rather well without
apparent aggregation, most likely because the ZnO nano-
particles synthesized via the polyol hydrolysis route were
capped with an ester compound.26 In addition, high-resolution
TEM studies showed well-defined lattice fringes with an inter-
planar distance of ca. 0.25 nm (inset to Fig. 1a), consistent
with the d-spacing between the (101) crystalline planes of hex-
agonal ZnO.27 Statistical analysis based on more than 100
nanoparticles showed that the nanoparticles were in the range
of 5 to 12 nm in diameter, with an average of 8.37 ± 2.72 nm,
as manifested in the core size histogram in panel (c). This is
larger than the Bohr radius of ZnO (2.34 nm),28 and thus no
quantum confinement effect is anticipated. Good dispersion
can also be seen with the ZnO/GQD nanocomposites (note
that ZnO/GQD can be readily dispersed in water, forming a
transparent solution, as shown in the inset to Fig. 2), which
were markedly larger at about 50 nm (Fig. 1b). From the core
size histogram in Fig. 1d, one can see that the majority of the
ZnO/GQD nanocomposites were within the range of 30 to
40 nm, with an average of 32.50 ± 4.00 nm. Note that the
GQDs cannot be resolved in the TEM image because of low
electron density. However, the formation of ZnO/GQD nano-
composites is clearly manifested in XPS measurements
(Fig. S2 and Table S1†), where the C/Zn atomic ratio increased
from 108.8 : 1 for ZnO to 141.7 : 1 for ZnO/GQD because of the
additional carbon from GQD.

The optical properties of the samples were then examined
by UV-vis and PL measurements. From Fig. 2, one can see that
whereas the ZnO nanoparticles, GQD and ZnO/GQD nano-
composites all exhibited a largely featureless, exponential
decay profile in UV-vis absorption (dashed curves), apparent

Fig. 1 Representative TEM images of (a) ZnO nanoparticles and (b)
ZnO/GQD nanocomposites. Inset to panel (a) is a high-resolution
image. The core size histograms are depicted in panels (C) and (D),
respectively.
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PL emissions can be clearly seen (solid curves). For ZnO nano-
particles (black curves), the excitation and emission peaks can
be identified at ca. 362 and 450 nm, respectively, consistent
with the direct band gap of 3.37 eV for ZnO.28 Interestingly,
the excitation and emission maxima for GQD (red curves)
happened to appear at about the same wavelength positions
(365 and 460 nm), similar to results reported in previous
studies;29–31 yet the PL intensity was about one order of magni-
tude higher, suggesting a markedly higher PL quantum yield.
In the ZnO/GQD nanocomposites (green curves), the excitation
and emission maxima remained virtually unchanged (no
apparent emission was observed when excited by visible light,
as depicted in Fig. 2 inset), but the normalized intensity was

in the intermediate between those of ZnO and ZnO/GQD,
likely due to interfacial charge transfer from GQD to ZnO
under photoexcitation that partially quenched the PL emission
of the GQD.32

Notably, the samples produced above all facilitate the for-
mation of ROS under UV photoirradiation. Fig. 3 depicts the
EPR spectra of (a) pure water, and water solutions of (b) GQD,
(c) ZnO, and (d) ZnO/GQD, by using DMPO as the spin trap for
hydroxyl radicals (•OH) where the resulting adduct DMPO-OH
is a relatively stable paramagnetic species with a characteristic
EPR profile.33 It can be seen that under ambient room light,
no apparent EPR signals were produced with any of the
samples (black curves), whereas exposure to UV light (365 nm)
for only 1 min led to the emergence of well-defined EPR
signals (red curves), which varied among the series of samples.
From panel (a), one can see that with DMPO alone in water, a
quartet of peaks (marked by asterisks) emerged within the
range of magnetic field strength of 3340 to 3400 G under UV
photoirradiation, with a hyperfine splitting of aH = aN = 14.9 G
and an intensity ratio of ca. 1 : 2 : 2 : 1, consistent with the
UV-induced formation of DMPO-OH adducts, as observed
previously.34 With the addition of GQD, in addition to the
DMPO-OH quartet (*), a new sextet, where two of the lines are
overlapped by the middle two lines of the DMPO-OH adduct
signal, (marked by #) can be seen in panel (b) in the same
range of magnetic field strength, with a hyperfine splitting of
aH = 18.5 G and aN = 15.9 G, suggesting the formation of car-
boxyl radical (CO2

•−) adduct.34 This may be ascribed to the
rich carboxylic functional moieties on the GQD surface
(Fig. S2†) that underwent decarboxylation under UV
photoirradiation.35–37

When ZnO nanoparticles were added instead into the solu-
tion, in addition to the DMPO-OH quartet (*), six new lines

Fig. 2 UV-vis (dashed curves) and PL spectra (solid curves, normalized
to the respective absorbance at the excitation wavelength positions) of
the ZnO, GQD and ZnO/GQD nanocomposites. Inset is photographs of
ZnO/GQD nanocomposites under (left) visible light and (right) UV
irradiation.

Fig. 3 EPR spectra of (a) blank water, and aqueous solutions of (b) GQD (b), (c) ZnO, and (d) ZnO/GQD nanocomposites under photoradiation with
ambient light (black curves) and 365 nm UV light for 1 min (red curves).
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can be readily identified (marked by @) in Fig. 3c. These actu-
ally consist of three doublets (3338, 3360; 3354, 3376; and
3369, 3392 G), from which the hyperfine splitting was esti-
mated to be aH = 15.6 G and aN = 22.9 G, suggesting adduct
formation of DMPO with H• radicals34 that were likely pro-
duced by ZnO-catalyzed photoreduction of water.38–40

Interestingly, for the solution containing ZnO/GQD nano-
composites, the EPR profiles in panel (d) look almost identical
to those with ZnO alone (Fig. 3c), indicating that radical for-
mation was primarily due to the photochemical activity of
ZnO, with minimal contributions from GQD. This is actually
in good agreement with the PL results (Fig. 2) that suggests
interfacial charge transfer from GQD to ZnO in the ZnO/GQD
nanocomposites. This unique property may have substantial
impacts on the antimicrobial activity of the nanocomposites
under UV photoirradiation (vide infra).41

3.2 Antibacterial activities

The antimicrobial activity of ZnO, GQD and ZnO/GQD nano-
composites, within the context of MIC,42–44 was then quanti-
fied by monitoring the growth of Gram-negative E. coli in
liquid media over time, and compared in ambient room light
and under UV photoirradiation. Fig. 4 shows the growth curves
of E. coil in ambient room light in MH broth containing (a)
ZnO, (b) GQD, and (c) ZnO/GQD at different concentrations.
It can be seen that ZnO nanoparticles exhibited a marked
inhibitory effect on the growth of E. coli colonies, as compared
to the blank control (Fig. 4a). For instance, the addition
of 1.2 mg mL−1 ZnO nanoparticles into the growth media
significantly suppressed bacterial growth, and at concen-
trations above 1.6 mg mL−1, no growth of bacteria was
observed. That is, the MIC was estimated to be 1.6 mg mL−1.
In contrast, much weaker inhibition was observed with GQD
alone. Even at concentrations as high as 9.0 mg mL−1, appar-
ent growth of bacteria remained visible, although the growth
was slowed with increasing GQD concentration (Fig. 4b). In
fact, studies have been scarce where apparent antibacterial per-
formance is observed with bare graphene derivatives.45 For the
ZnO/GQD nanocomposites (Fig. 4c), apparent inhibition of
bacterial growth can also be seen, with the inhibitory effect in
the intermediate between those of ZnO and GQD. From
Fig. 4c, one can see that bacterial growth was diminished with
increasing ZnO/GQD concentration and essentially stopped at
concentrations above 3.2 mg mL−1. This suggests an MIC of
ca. 3.2 mg mL−1. The fact that ZnO nanoparticles exhibited
higher antimicrobial activity in ambient room light than ZnO/
GQD might be accounted for by the smaller size of the nano-
particles in the former (Fig. 1). In fact, in a prior study with
even smaller ZnO nanoparticles (dia. 3 nm), the MIC for E. coli
was markedly lower at only 1 mg mL−1.46

Fig. S3† depicts the growth curves of Gram-positive
S. aureus in MH agar with the addition of ZnO, GQD and
ZnO/GQD nanocomposites at varied concentrations. One can
see that for both ZnO and ZnO/GQD, the MIC was lower than
1.6 mg mL−1; and apparent inhibition of bacterial growth even
occurred with GQD alone, where the MIC was estimated to be

ca. 4 mg mL−1. It is worth noting that all three samples dis-
played higher antibacterial activity for S. aureus than for
E. coli, likely due to the absence of the outer membrane of the
former such that the bacterial cells are more receptive to anti-
biotic agents. Further studies are desired to unravel the
mechanistic insights.

The antimicrobial activity of the samples was then tested
under UV photoirradiation.47,48 Experimentally, E. coli cells
were added into the nanoparticle solution, and the mixture
was exposed to UV illumination for different periods of time,
and incubated for 18 h at room temperature before the
number of E. coli cells was counted. Based on the above MIC
experiments, the concentrations of nanoparticles chosen
for this set of experiments were all set below the MIC at
1 mg mL−1 to highlight the effects of photoirradiation on the
antibacterial activities. The viable bacteria were monitored by
counting the number of colony-forming units (CFU).

Fig. 4 Growth curves of E. coil in Mueller Hinton broth containing (a)
ZnO; (b) GQD; and (c) ZnO/GQD nanocomposites for 24 h in ambient
room light.
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Fig. 5a–f depicts the photographs of E. coli colonies cul-
tured under UV photoirradiation for up to 5 min in the pres-
ence of ZnO/GQD nanocomposites. One can see that the
number of bacterial colonies decreased drastically with
prolonging photoirradiation time, and after 5 min’s UV
exposure, there was virtually no bacterial colonies in sight.

Apparent inhibition effects can also be observed with ZnO
nanoparticles, whereas GQDs exhibited only minimal bacteri-
cidal activity, as compared to the control experiment where
bacteria colonies were exposed to UV lights but in the absence
of GQD, ZnO or ZnO/GQD (Fig. S4†). More quantitative ana-
lysis of the discrepancy of the antimicrobial activity among the
series is illustrated in the photodynamic plot in Fig. 5g. For
the control experiment where no nanoparticle was added, ca.
80% of the E. coli cells survived after exposure to UV light for
5 min, indicating that UV photoirradiation alone was not
effective in bacteria elimination. In the presence of GQD, there
was almost no difference, where about 85% of the bacterial
cells survived 5 min’s UV exposure, suggesting the lack of
photoactivity of the GQDs. By contrast, ZnO nanoparticles
exhibited much enhanced bactericidal activity. At 5 min, only
ca. 50% of the bacterial cells survived. This might be ascribed
to the small size of the ZnO nanoparticles (Fig. 1) that facili-
tated the penetration of the nanoparticles into the bacterial
membrane,12,49 and hence inhibited bacterial growth. Even
more drastic enhancement can be seen with ZnO/GQD nano-
composites, where 5 min’s UV exposure eliminated virtually
100% of the bacterial cells.20,21

The photo-enhanced antimicrobial activity of ZnO/GQD
nanocomposites may be accounted for, at least in part, by the
ready production of ROS due to effective interfacial charge
transfer from GQD to ZnO, as demonstrated in the afore-men-
tioned PL (Fig. 2) and EPR (Fig. 3) measurements.2,21,50

Mechanistically, the main step involves the photogeneration of
electron–hole pairs,51 where the photoexcited electrons in the
conduction band may reduce dissolved oxygen to produce
superoxide radicals (O2

•−), whereas the hole in the valence
band can react with H2O or OH− adsorbed on the oxide
surface to produce hydroxyl radicals (•OH), hydrogen peroxide
(H2O2), and/or protonated superoxide radical (HO2

•). These
radical species were then responsible for the bactericidal
actions.52,53 This interpretation is in good agreement with
results from fluorescence microscopic measurements, as
detailed below.

3.3 Fluorescence microscopic studies

Further mechanistic insights into the antimicrobial activity
were obtained in fluorescence microscopic measurement
where the morphological changes of the E. coli cells were
examined in the presence of ZnO, GQD, and ZnO/GQD nano-
composites. Fig. 6 depicts the fluorescence micrographs where
E. coli cells were treated with (a–c) GQD, (d–f ) ZnO nano-
particles and (g–i) ZnO/GQD nanocomposites. In the left
column, Cellrox® green was used as the fluorescence probe.
Note that Cellrox® green is a cell-permeable reagent and non-
fluorescent in reduced state, but may bind to DNA and exhibit
apparent green fluorescence upon oxidation by, for instance,
ROS. Thus, it may be used to visualize ROS production during
the bactericidal actions. From the figure, apparent green fluo-
rescence can be seen with E. coli cells exposed to (a) GQD, (d)
ZnO, and (g) ZnO/GQD (under the excitation of 488 nm),
suggesting that ROS species were indeed generated; and in

Fig. 5 Photographs of E. coli colonies cultured after treatment with
ZnO/GQD nanocomposites under UV irradiation for varied periods of
time: (a) 0 min, (b) 1 min, (c) 2 min, (d) 3 min, (e) 4 min, and (f) 5 min (g)
Percentage of survival cells after E. coli cells were treated with ZnO,
GQD and ZnO/GQD nanocomposites for different periods of time,
along with the control experiment where no ZnO, GQD or ZnO/GQD
was added.
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comparison with the total number of bacteria cells from the
bright-field images in the right column (Fig. 6c, f and i), one
can see that green fluorescence cells accounted for 5.5% of the
population in the presence of GQD, 3.3% for ZnO, and 8.8%
for ZnO/GQD. This indicates that the ROS concentration
reached the maximum with ZnO/GQD, consistent with the
observation that ZnO/GQD nanocomposites stood out as the
best antimicrobial reagent among the series. This suggests
that ROS production was most likely responsible for the anti-
microbial activity.

As membrane damage may also contribute to the anti-
microbial activity,2 further studies were carried out by using PI
as the fluorescence dye instead. PI cannot penetrate cell mem-

branes and thus is generally excluded from viable cells. Yet for
damaged cells where double-stranded DNA becomes accessi-
ble, PI may be intercalated between the base pairs and emit
apparent red fluorescence when excited at 580 nm. From the
fluorescence micrographs in the middle column of Fig. 6, one
can see that overall the number of red fluorescent cells was
small, only 0.15% with GQD, 0.96% with ZnO, and 0.41% with
ZnO/GQD, suggesting minor contributions from membrane
damage to the overall antimicrobial activity.12,54

Taken together, these results strongly suggest that the
remarkable photo-induced antibacterial activity of ZnO/GQD
nanocomposite most likely arose from the improved stabiliz-
ation of the ZnO nanoparticles by GQD and hence good disper-

Fig. 6 Suspensions of E. coli were incubated with (a–c) GQD, (d–f ) ZnO, and (g–i) ZnO/GQD nanocomposites. Bacterial cells were visualized by
fluorescence microscopy, the first (left) column showing only green fluorescence (after staining with Cellrox® green), the second (middle) column
showing only red fluorescence (after staining with PI), and the third (right) column showing the corresponding bright-field images.
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sibility of the ZnO/GQD nanocomposites, such that the inter-
facial charge transfer from GQD to ZnO facilitated the pro-
duction of ROS, with minor contributions from membrane
damage.21

4. Conclusion

In this study, highly dispersible ZnO/GQD nanocomposites
were prepared by a facile hydrothermal method and exhibited
markedly enhanced antibacterial activity towards E. coli under
UV photoirradiation, as compared to that in ambient room
light. The bactericidal activity was also found to be markedly
better than those of ZnO and GQD alone. This was accounted
for by effective interfacial charge transfer from GQD to ZnO
that facilitated the formation of hydroxy radicals, as mani-
fested in PL and EPR measurements. Fluorescence micro-
scopic measurements showed that the antimicrobial activity
was primarily due to ROS formation whereas membrane
damage played a minor role. The results highlight the signifi-
cance of functional nanocomposites based on oxide semi-
conductor nanoparticles and graphene derivatives in the devel-
opment of effective antibacterial agents.
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