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Microbial contamination and biofilm formation present major challenges in numerous applications. Many

types of nanoparticles possess high antibacterial activity and thus are being investigated to combat envi-

ronmental microbial contamination, limit bacterial deposition, and inhibit or destroy biofilms. In addition to

finding nanoparticles with high and broad antibacterial activity, the synthesis of nanoparticles must also be

sustainable and the nanoparticles should have low toxicity and low environmental impact. In this study, we

developed a simple one-step probe sonication method to synthesize a ZnO nanoparticle functionalized re-

duced graphene oxide (rGO–ZnO) nanocomposite by exfoliating oxidized graphite in the presence of Zn2+.

The antibacterial activity of the nanocomposite was higher than that of graphene oxide (GO) and rGO

against Gram-negative (Escherichia coli and Serratia marcescens) and Gram-positive (Bacillus subtilis) bac-

teria. Direct intracellular reactive oxygen species (ROS) and Zn2+ leaching measurements indicated that the

high antibacterial activity against different bacteria of the nanocomposite arises from the formation of ROS,

whereas the effect of Zn2+ is negligible. Furthermore, incorporating rGO–ZnO nanocomposite into a poly-

ethersulfone (PES) membrane inhibited biofilm growth compared with a pristine PES membrane. Leaching

experiments of Zn2+ from the incorporated rGO–ZnO membrane during synthetic wastewater filtration re-

vealed that Zn2+ concentration in the effluent was below the environmental standards for potable and

non-potable uses. Our research presents an effective, fast, and low-cost preparation method for develop-

ing nanocomposites with high antimicrobial activities. Also, it shows that a nanocomposite incorporated

polymeric membrane can be safely applied for water and wastewater treatment with minimum environ-

mental impact.
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Environmental significance

Today, besides showing a high and broad antibacterial activity, antibacterial nanomaterials should be synthesized by a simple and safe method, without
producing hazardous byproducts, and with minimal environmental impact when applied. We developed a reduced graphene oxide/ZnO nanocomposite
meeting these criteria. The nanocomposite was synthesized using a green one-step sonochemical method under ambient conditions. Antibacterial activity
against Gram-negative and Gram-positive bacteria was displayed. When incorporated into a polyethersulfone membrane, biofilm formation was inhibited.
Zn2+ leaching during synthetic wastewater filtration using the incorporated membrane was below the standard levels for effluent reuse and discharge. In
conclusion, the rGO–ZnO nanocomposite is a promising and safe nanomaterial to minimize membrane biofouling, a challenging problem in membrane
technology for water and wastewater treatment.
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1. Introduction

Bacterial contamination and biofilm formation are problems
in many fields.1,2 Consequently, there is intense interest in
developing materials that kill bacteria and inhibit biofilm for-
mation.3 One promising, efficient strategy is the synthesis of
antibacterial nanomaterials, including carbon-based mate-
rials.4 Graphene, which is a carbon nanomaterial consisting
of a two-dimensional sp2-bonded monolayer, has attracted
much attention in various fields due to its excellent
electronic, mechanical, and thermal properties.5,6 In particu-
lar, graphene oxide (GO), one of the most well-known, inex-
pensive graphene derivatives, exhibits bactericidal properties
that arise from GO disrupting bacterial cell membranes on
contact with its surface.7–9 Therefore, GO has been widely
researched for combating bacterial contamination and bio-
film formation in many applications, including water treat-
ment processes.10–13 GO is also characterized by a large spe-
cific surface area and abundant functional groups (e.g.,
epoxy, hydroxyl, and carboxyl groups), which endow GO with
excellent hydrophilicity, dispersity, and biocompatibility.14

The functional groups provide possible sites for hybridization
and functionalization with other materials via covalent or
physical interactions. This has inspired researchers to in-
crease GO antimicrobial activity by synthesizing GO compos-
ites, such as metal oxide nanoparticle (NP)/GO composites
(e.g., GO/TiO2, GO/CuO, and GO/Ag)15–17 and metal–organic
framework/GO composites.18

In addition to the requirement for high and broad antimi-
crobial activity, antimicrobial nanomaterials should also be
environmentally friendly, have low toxicity, and use green
synthesis methods.19 Zinc oxide (ZnO) NPs, one of the bio-
compatible, low-toxicity, and affordable inorganic semicon-
ductor metal oxides,20,21 is considered such a type of mate-
rial. ZnO NPs own broad antimicrobial activity against
different microorganisms with or without UV/visible light.22

The proposed mechanisms of ZnO antibacterial activity are
the generation of reactive oxygen species (ROS),23 release of
zinc ions,24 and internalization of NPs.25 Based on these
properties, GO/ZnO nanocomposite have been synthesized
and studied for various applications. For example, Wang
et al.26 prepared the superior antibacterial ZnO/GO compos-
ites using the precipitation method. Wang et al.27 immersed
ZnO nanosheets in GO solution and used ultrasound to syn-
thesize ZnO/GO composites for highly effective acetone vapor
detection. More recently, Pruna et al.28 obtained ZnO/GO hy-
brids by colloidal co-electrodeposition for use in methylene
blue photocatalysis. Generally, graphene/ZnO nano-
composites are synthesized either by preparing each nano-
material separately and combining them, or by preparing GO
and then growing the ZnO NPs on the GO. In both types of
synthesis, the ZnO NPs have been obtained by various
methods, including sol–gel combustion,29 chemical vapor de-
position,30 template-assisted growth,31 and laser ablation and
hydrothermal synthesis.32,33 However, most of these technol-
ogies have drawbacks such as long reaction time, high tem-

perature (>200 °C), complex apparatus, and the use or re-
lease of hazardous materials.

An efficient, simple, green alternative for preparing NPs
and nanocomposite under ambient conditions is
sonochemical synthesis. For instance, ZnO can be easily syn-
thesized using the sonication method under alkaline condi-
tions.34 In addition, the synthesis of GO by the common
modified Hummers method includes an exfoliation step of
oxidized graphite, which is typically done by ultrasound. Fur-
thermore, when the exfoliation is done under alkaline condi-
tions, the GO deoxygenate to rGO, a less toxic form of
graphene.35,36 In this study, we combined the GO exfoliation
step and conversion to rGO with synthesis of ZnO NPs and
developed a facile one-step probe sonication method for syn-
thesizing a nanocomposite of reduced graphene oxide (rGO)
functionalized with ZnO NPs (rGO–ZnO) at ambient tempera-
ture under alkaline conditions. The incorporation of ZnO
into rGO improved the antibacterial properties of the nano-
materials against both Gram-negative and Gram-positive bac-
teria. In addition, impregnating a polyethersulfone (PES)
membrane with rGO–ZnO inhibited biofilm formation. The
simple synthesis and high antibacterial activity against
Gram-negative and Gram-positive bacteria of rGO–ZnO make
it a promising material for surface antibiofilm modification
in a range of applications.

2. Experimental section
2.1 Materials and chemicals

Graphite powder (200 mesh) was obtained from Alfa Aesar
(UK). N-Methyl-2-pyrrolidone (NMP) was purchased from
Carlo Erba (France). Luria broth (LB), agar, and glutaralde-
hyde solution (50% m/v in water) were purchased from Merck
(USA). Sodium chloride (NaCl), potassium chloride (KCl),
disodium phosphate (Na2HPO4), potassium dihydrogen phos-
phate (KH2PO4), and sodium hydroxide (NaOH) were
obtained from Bio-Lab (Israel). SYTO-9, propidium iodide
(PI), and concanavalin A were purchased from Life Technolo-
gies (USA) for performing live/dead cell assays and fluores-
cence imaging of extracellular polysaccharides (EPS), respec-
tively. Zinc nitrate hexahydrate (ZnĲNO3)2·6H2O), uranyl
acetate, and 2′,7′-dichlorofluorescin diacetate (H2DCF-DA)
were obtained from Sigma-Aldrich (USA). All experiments
were done with Milli-Q water (Millipore, USA).

2.2 Synthesis of GO, rGO, rGO–ZnO and ZnO

Unexfoliated GO nanosheets were synthesized and purified
using the first step of the modified Hummers method
followed by dialysis (3500 Da) for a week in water to remove
the remaining metal species.7 The unexfoliated GO was
added to 0.1 M zinc nitrate solution (30 mL) to obtain a 1.5
mg mL−1 GO suspension, and the pH was adjusted to ∼6
using 0.01 M NaOH. The suspension was left for 3 h to allow
physical or chemical adsorption of the Zn2+ to the GO. The
pH of the mixture was increased to 12 and the mixture was
probe sonicated (VCX 130, Sonics, USA) for 120 min at 130 W
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(45 s on and 15 s off) in an ice bath to synthesize the rGO–

ZnO nanocomposite. At the end of the sonication, the sus-
pension was purified by dialysis (3500 Da) in water for a week
to remove traces of leached Zn2+ and base until the pH of the
solution was ∼7. The suspension was kept at room tempera-
ture until use. Exfoliated GO and rGO suspensions (1.5 mg
mL−1) were also prepared using the same procedure but with-
out the addition of Zn2+ in Milli-Q water (GO) and alkaline
solution (rGO), respectively. In addition, the ZnO NPs were
prepared using the sonochemical method as the rGO–ZnO
nanocomposite, but without GO.

2.3 Characterization of GO, rGO, rGO–ZnO and ZnO

The distribution of ZnO NPs on the rGO surface was investi-
gated by transmission electron microscopy (TEM; Tecnai T12
G2 TWIN, FEI Company, USA) with an acceleration voltage of
120 kV. The TEM sample was prepared by dropping the di-
luted (1 : 1000) rGO–ZnO suspension onto a lacey carbon grid
surface. The nanocomposite was also characterized by X-ray
diffraction (XRD; Panalytical B.V., Almelo, Netherland)
equipped with a position-sensitive detector (X'Celerator,
Malvern PANalytical). Data were collected in the q/2q geome-
try using Cu Kα radiation (λ = 1.54178 Å) at 40 kV and 30 mA.
Scans were run for ∼15 min in a 2θ range of 5–60° at steps of
∼0.033°. High-resolution X-ray photoelectron spectroscopy
(XPS; ESCALAB 250, Thermo Fisher Scientific, USA) was
performed with a monochromator and Al X-ray source. All
spectra were calibrated relative to the C 1s peak at 284.5 eV.

2.4 Antibacterial activity

2.4.1 Contact killing assay. A single bacterial colony (E.
coli, B. subtilis, S. marcescens, or Staphylococcus aureus (S. au-
reus)) was inoculated into 2 mL sterile LB broth and grown at
30 °C overnight. The bacterial suspension (0.1 mL) was trans-
ferred into fresh sterile LB broth (10 mL) and grown for an-
other 3–5 h to reach the exponential phase (OD ≈ 1600 nm).
Subsequently, the bacterial pellets were harvested and
washed twice by centrifugation (6000 rpm, 1 min) using ster-
ile phosphate-buffered saline (PBS) solution (∼10 mM). Seri-
ally diluted bacterial culture (100 μL, ∼106 CFU mL−1 in PBS)
was added to an uncoated pristine or vacuum filtration
coated (with GO, rGO or rGO–ZnO) 150 kDa PES membrane
surface (1.13 cm2, n ≥ 3) for 3 h at room temperature in a
biological hood (the coupons were placed in an empty Petri
dish that was covered to avoid evaporation). After 3 h, the
membrane coupon covered with 100 μL bacterial suspensions
was carefully transferred to an Eppendorf tube containing
PBS solution (0.9 mL) and vigorously shaken for 30 s. A sam-
ple of the diluted solution (100 μL) was spread on an LB agar
plate and incubated at 30 °C overnight, and bacterial colonies
that grew were counted. The experiments were repeated at
least three times.

2.4.2 Bacterial morphology. The morphology of E. coli fol-
lowing the contact killing assay was visualized using scanning
electron microscopy (SEM) and TEM. The contact killing assay

was performed as described above, but with ∼107 CFU mL−1

in PBS. For SEM, after the 3 h contact killing the culture was
fixed by adding 2.5% (w/w) glutaraldehyde (100 μL) at 4 °C
and was left undisturbed overnight. The membranes were
gently washed twice with PBS solution and stained with os-
mium tetroxide (100 μL, 1% w/v). Gradient dehydration was
performed using different ethanol solutions (25%, 50%, 75%,
90%, and 100% v/v) for 10 min each. Finally, the air-dried
membrane was coated with gold via a sputter coater (Quorum
Q150T-ES, Emitech, France) and observed by SEM (JSM-
7400F, JEOL, Japan). For the TEM imaging, the bacteria were
removed from the membranes as described above and put on
a lacey F/C on Cu TEM grid (PELCO NetMesh 300, Ted Pella,
USA), stained with uranyl acetate (2.5 μL, 0.5% w/v) for 30 s,
dried, and imaged.

2.5 Antibacterial mechanisms

2.5.1 Oxidative stress mechanism. The ROS concentration
in the E. coli cells was evaluated using H2DCF-DA. An E. coli
suspension (1 × 108 CFU mL−1 in LB, OD ≈ 1) was washed
with 10 mM PBS solution. An absolute ethanol solution of 1
mM H2DCF-DA (50 μL) was added to the bacterial suspension
(0.95 mL in PBS) and the mixture was placed in an incubator
(30 °C and 200 rpm) for 30 min. The stained bacteria were
washed by centrifugation and re-dispersed in PBS. The
stained bacterial PBS suspension (100 μL) and NP solution
(100 μL; GO or rGO–ZnO) were put into a 96-well plate and
the fluorescence intensity of each plate was automatically
recorded every 20 min using a microplate reader (Infinite
M200, Tecan, Switzerland) at 30 °C and 530 nm with an exci-
tation wavelength of 480 nm.

2.5.2 Zn2+ leaching evaluation. In order to mimic the con-
tact killing experiment, 1 mL PBS solution was placed on
rGO–ZnO nanocomposite coated membrane (11.34 cm2) sur-
face for 3 h. After that, the solution was filtered with a 0.22
μm membrane (Durapore, Millipore) and the leached Zn2+

concentration in the solution was measured with an induc-
tively coupled plasma-optical emission spectrometer (ICP-
OES, 720ES, Varian).

2.6 The properties of rGO–ZnO incorporated PES membrane

2.6.1 Preparation of rGO–ZnO incorporated PES mem-
brane. PES membrane (15 wt% PES in NMP) and rGO–ZnO
incorporated PES membrane (5% w/w rGO–ZnO) were fabri-
cated via the phase immersion inversion method, as de-
scribed before.37 For the latter, before mixing the rGO–ZnO
nanocomposite with the PES, they were centrifuged, washed
and re-dispersed in NMP. The pristine PES membrane turn-
ing from white to brown demonstrated the successful incor-
poration of rGO–ZnO NPs into the PES membrane matrix
(Fig. S1†). The membrane permeability and molecule weight
cut off (MWCO) were measured using a dead-end stirred cell
(Amicon 8050, Millipore, USA) filtration system.38 The hydro-
philicity of the membranes was also checked by measuring
the contact angle using the sessile drop method.39
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2.6.2 Biofilm formation in a flow cell. The biofilm forma-
tion on the pristine PES and rGO–ZnO incorporated PES
membranes was evaluated using a custom-made flow cell
employing Pseudomonas aeruginosa (P. aeruginosa), a well-
known and investigated biofilm-forming bacterium as a
model bacteria, as described previously.40 One coupon from
each membrane (1 × 1 cm) was glued to a glass slide with
double-sided tape and the slide was placed vertically in the
cell. The flow cell was washed with 70% (v/v) ethanol and
with Milli-Q water several times. P. aeruginosa bacterial sus-
pension (60 mL, ∼107 CFU mL−1 in PBS solution) was passed
through the flow cell using a peristaltic pump (2 mL min−1)
for the initial deposition of the cells, followed by 10% LB so-
lution (containing 0.9% NaCl) at room temperature for bio-
film growth. After 36 h, the membranes were removed, gently
rinsed with 10 mM PBS solution, and immediately stained
with SYTO 9, PI, and concanavalin A for live bacteria, dead
bacteria, and extracellular polymeric substances (EPS), re-
spectively, for 20 min in a dark environment. The biofilm
formed on the membrane surface was measured and ana-

lyzed (dead/live cell and EPS biovolume) using a previously
reported procedure.41

2.6.3 Leaching of Zn2+ to the environment. Zn2+ leaching
from the rGO–ZnO incorporated PES membrane to the en-
vironment was evaluated during filtration of synthetic
wastewater. The composition of the synthetic wastewater is
given in Table S1.† The synthetic wastewater was filtered
using a dead-end filtration system described in our previ-
ous work at constant pressure (applied pressure ∼0.7
bars).41 Samples were collected during the filtration pro-
cess at different permeate volumes until a total volume of
2 L was collected. The Zn2+ concentration was measured
using ICP as described above.

2.7 Statistical analyses

Statistical analyses were conducted via one-way analysis of
variance (ANOVA) followed by the post hoc test (Tukey HSD)
using Origin software (Origin Lab, USA).

Fig. 1 (a) Proposed mechanism for the synthesis of rGO nanosheets functionalized with ZnO NPs. (b) Photographs of the GO, rGO, and rGO–ZnO
suspensions and the corresponding 150 kDa PES membranes coated with nanomaterials by vacuum filtration. (c) XRD patterns of GO, rGO, rGO–

ZnO and ZnO. (d) A representative TEM micrograph of rGO–ZnO on the carbon-coated grid.
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3. Results and discussion
3.1 Preparation and characterization of rGO–ZnO

Fig. 1a describes the proposed mechanism for the formation
of rGO–ZnO nanocomposite by one-step probe sonication
method. First, oxygen-containing functional groups are intro-
duced on the surfaces and edges of the graphite during the
chemical oxidation process.42 These oxygen-containing
groups can act as anchor sites for the adsorption of Zn2+,
which eventually form ZnO NPs during the exfoliation step
using probe sonication. Fig. 1b shows the images of prepared
NPs solution following the sonication step and 150 kDa PES
membranes coated with NPs by vacuum filtration. As seen,
GO and rGO without Zn2+ formed stable suspensions,
whereas exfoliation under alkaline conditions with Zn2+

resulted in the precipitation of the NPs. The GO coated mem-
brane was yellow, whereas the membranes that were coated
with NPs exfoliated at pH 12 (with and without Zn2+) were
black. The color change from yellow to black confirmed the
formation of rGO probably as a result of deoxygenation of GO
under alkaline conditions.43 The precipitation of rGO with

the addition of Zn2+ suggested that the rGO–ZnO nano-
composite was produced.

XRD analysis of GO, rGO, rGO–ZnO, and ZnO was
performed to confirm the formation of crystalline ZnO NPs
in the rGO–ZnO nanocomposite. As shown in Fig. 1c, the GO
spectrum contained a diffraction peak around 11.45°,
assigned as the characteristic GO oxidation peak.44 This peak
did not appear in the rGO and rGO–ZnO spectra, indicating
that GO was converted to rGO by deoxygenation under the al-
kaline probe sonication conditions without Zn2+. The spec-
trum of the rGO–ZnO nanocomposite contained five new
characteristic diffraction peaks that were assigned to ZnO (2θ
= 31.57°, 34.31°, 36.09°, 47.42°, and 56.44°, JCPDS 36-
1451)45,46 and indicate the synthesis of the rGO–ZnO nano-
composite. The distribution of ZnO NPs on rGO and the ZnO
NP size were further determined by TEM. The TEM images
show that ZnO NPs (∼20–50 nm) were distributed at a high
concentration on the rGO surface (Fig. 1d and S2†).

The chemical compositions of GO, rGO, and rGO–ZnO
were measured by XPS (Fig. 2 and Table S2†). In the wide-
scan XPS spectra (Fig. 2a), the carbon fraction (∼284.81 eV)

Fig. 2 (a) Wide-scan XPS survey and C 1s high-resolution XPS spectra of (b) GO, (c) rGO, and (d) rGO–ZnO. The corresponding deconvoluted
curves are associated with different carbon-containing groups in each sample.
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of rGO increased compared with GO, whereas the oxygen
fraction (∼532.35 eV) decreased due to the deoxygenation of
GO. In addition, a new Zn 2p peak (centered at 1022.02 eV)
appeared in the rGO–ZnO spectrum. High-resolution XPS of
the Zn 2p revealed a positive shift in the binding energy (Δ =
0.76 eV) between pure ZnO NPs and rGO–ZnO (Fig. S3†), indi-
cating a strong interaction between ZnO and rGO.47 High-
resolution XPS of the C 1s peak further showed differences in
the carbon compositions of GO, rGO and rGO–ZnO. The C 1s
spectrum of GO (Fig. 2b) contained four carbon peaks at
284.56, 285.51, 287.06, and 288.63 eV, corresponding to C–C,
CC, C–O/C–O–C, and OC–O, respectively.48 In the rGO
spectrum (Fig. 2c), the CC peak disappeared, the concen-
tration of OC–O and C–O carbon-containing functional
groups decreased, and the C–C peak increased compared
with these peaks in GO (Table S2†). Similar to rGO, the CC
peak disappeared in the rGO–ZnO spectrum (Fig. 2d). More-
over, rGO–ZnO had fewer OC–O and C–O carbon-
containing functional groups than GO (Table S2†). These
findings demonstrate that GO was reduced to rGO by deoxy-
genation during preparation of the nanocomposite.

3.2 Antibacterial activity

Surface contact killing experiments were performed on pris-
tine and NPs coated 150 kDa PES membranes (the PES mem-
brane here is simply acted as a support for the NPs). As
shown in Fig. 3, compared with the pristine membrane (con-
trol), the number of E. coli colonies decreased by ∼15% for
the rGO coated membrane, ∼40% for the GO coated mem-
brane, and ∼95% for the rGO–ZnO coated membrane. More-
over, it could be clearly notice that the bactericidal activity of
rGO–ZnO nanocomposite was also high (≥95%) against S.
marcescens (Gram-negative) and B. subtilis (Gram-positive)

(and same as with the E. coli, much higher than the anti-
bacterial activity of the rGO and GO), further demonstrating
that the rGO–ZnO nanocomposite has high antibacterial ac-
tivity against Gram-negative and Gram-positive bacteria. How-
ever, the rGO–ZnO coated PES membrane had insignificant
contact killing activity for S. aureus (less than 10% reduc-
tion). The stability of S. aureus to antibacterial NPs and spe-
cifically to ZnO was reported by Ann et al.,49 who attributed
this property to the ability of S. aureus to build an effective
shield against oxidative stress caused by ZnO NPs, by releas-
ing responsive gene products.

To confirm the antibacterial activity of the rGO–ZnO nano-
composite qualitatively and visually, the bacterial morphol-
ogy after 3 h surface contact killing was further imaged by
SEM. All E. coli cells on the surface of the uncoated mem-
brane were smooth and intact (Fig. 4a–c and S4a and b†).
Conversely, the integrity of most cells on the rGO–ZnO coated
membrane was compromised and cells appeared
disintegrated and flattened (red arrows in Fig. 4d–f and
S4d†). This indicates that the rGO–ZnO nanocomposite in-
deed effectively suppressed the bacteria viability. TEM analy-
sis also showed the damaged bacterial structure and cell de-
bris after contact with the rGO–ZnO coated membrane
(Fig. 4g and h and S5†). As seen, the bacteria on the uncoated
membrane remained intact (Fig. 4g), whereas the bacteria on
the rGO–ZnO coated membrane were damaged (Fig. S5†) or
completely destroyed (Fig. 4h).

3.3 Antibacterial mechanisms of rGO–ZnO

The oxidative stress induced by ROS generation is usually con-
sidered one of the main antibacterial mechanisms for GO and
ZnO NPs.34,36 To assess the ROS formation by rGO–ZnO in E.
coli, non-fluorescent H2DCF-DA was used as an indicator.
H2DCF-DA easily penetrates the bacterial cell membrane and
is hydrolyzed by intracellular esterases to nonfluorescent di-
hydrodichlorofluorescein (DCFH). In the presence of ROS,
DCFH is oxidized to highly fluorescent dichlorofluorescein
(DCF).50 Thus, the ROS concentration in the bacteria cell is di-
rectly proportional to the fluorescent intensity of DCF. Fig. 5
shows the fluorescence intensity of GO and rGO–ZnO after 3
h contact with the bacteria solution. The higher fluorescence
intensity of the rGO–ZnO solution compared to the GO solu-
tion suggests that the combination of ZnO NPs and rGO dra-
matically increase ROS generation. Applerot et al.34 reported
that a high concentration of ROS could be spontaneously gen-
erated at the ZnO NP surface and penetrated bacterial cells.
In another study, Li et al.51 showed that rGO decreased the re-
combination of highly activated electron–hole pairs generated
at the ZnO NP surface. Thus, the combination of these two ef-
fects probably causes the high ROS formation by the nano-
composite, which is responsible for its high antibacterial
properties against Gram-negative and Gram-positive bacteria.

In addition, it has also been reported that leaching of Zn2+

from ZnO is a main antibacterial mechanism of ZnO NPs.24,52

Therefore, the concentration of Zn2+ leached from the rGO–

Fig. 3 Contact killing activity of rGO, GO, and rGO–ZnO
nanocomposite on the PES membrane surface (1.13 cm2) against E.
coli, S. marcescens and B. subtilis (100 μL, ∼106 CFU mL−1 in PBS). The
values are expressed as means ± SD, n ≥ 4. The asterisk indicates that
the difference of its antibacterial property was statistically significant (p
< 0.05) compared to control.
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ZnO coated PES membrane to the PBS solution under the sim-
ilar conditions that were applied during the contact killing as-
say was further measured. We found that the leaching of
rGO–ZnO in PBS solution after 3 h was ∼0.7 mg L−1.
According to Franklin et al.,53 in the antibacterial mechanism
of ZnO NPs, free Zn2+ affect the bacterial viability only when
the Zn2+ concentration is above 10 mg L−1. Hence, it can be
assumed that the antibacterial activity of rGO–ZnO is caused
mainly by oxidative stress. Moreover, the low leaching of Zn2+

and the fact that the nanocomposite stored for more than one
month had an antibacterial activity similar to that of the fresh
nanocomposite, indicating that the rGO–ZnO nanocomposite
is stable and has long-term antibacterial activity.

3.4 The properties of rGO–ZnO incorporated PES membrane

3.4.1 Antibiofouling behavior in flow-cell. Initial bacterial
deposition is known to be the first stage of biofilm formation
on surfaces such as polymeric membranes.40,54 Therefore,

Fig. 4 (a–f) SEM and (g and h) TEM images of E. coli following the contact killing assay on the surface of the (a–c and g) uncoated and (d–f and h)
rGO–ZnO coated PES membranes. The bacteria were stained with osmium tetroxide for SEM and uranyl chloride for TEM. Red arrows indicate
damaged cells. The black spots in image g are uranyl acetate.

Fig. 5 DCF fluorescence intensity for E. coli cells in GO, rGO–ZnO and
for pure bacteria solution, reflecting the amount of ROS generated.
The values are expressed as means ± SD, n = 8.
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incorporating antibacterial NPs into the membrane matrix
might inhibit biofilm formation.55 The antibiofouling activity
of the rGO–ZnO nanocomposite was studied using pristine
and rGO–ZnO incorporated PES membranes (the two mem-
branes had a similar MWCO ∼200 kDa and water permeabil-
ity ∼350 L m−2 h−1 bar−1) (Fig. S6†) in a flow cell with P.
aeruginosa as a model bacterium. As shown in Fig. 6, the
rGO–ZnO incorporated PES membrane showed a significantly
lower live and dead cell biovolume (p < 0.05) and much less
EPS biovolume than the pristine PES membrane after 36 h.
The lower level of biofilm formation on the incorporated
membrane compared to the pristine one is probably attribut-
able to proliferating bacteria deposited on the membrane
surface being killed by the rGO–ZnO. This observation might
also be attributed to fewer bacteria initially attached to the
incorporated membrane surface due to the slightly increased
hydrophilicity (67 ± 2°) compared with the pristine mem-
brane (81 ± 3°). Nonetheless, a biofilm did form on the rGO–

ZnO incorporated PES membrane, although it was much
thinner than that on the pristine membrane. The anti-
biofouling activity could be further improved by increasing
the nanocomposite concentration in the membrane, binding
the NPs directly to the membrane surface,56 or surface modi-
fication of the rGO–ZnO incorporated PES membrane with
an antifouling coating to obtain dual antifouling and anti-
bacterial properties.41,57

3.4.2 Leaching of Zn2+. Leaching of Zn2+ from ZnO nano-
particles can have a negative environmental impact.58 In ad-
dition, the presence of organic matter in water can also en-
hance the leaching of Zn2+.24 Therefore, Zn2+ leaching from
the rGO–ZnO incorporated PES membrane was evaluated

during filtration of synthetic wastewater. As seen in Fig. S7,†
after a small amount of Zn2+ leached out from rGO–ZnO in-
corporated PES membrane at the beginning of the filtration,
the Zn2+ concentration in the effluent significantly decreased
with the filtered volume and was less than 50 μg L−1 between
the first and the second liter filtered. This indicates that Zn2+

leaching from the rGO–ZnO incorporated PES membrane was
very low. These concentrations are below the guidelines for
generally non-potable use, such as irrigation,59 aquifer re-
charge,60 and effluent discharge.61 It is also well below the
standards for portable use in most countries (typically ≥1 mg
L−1).62–64 The low leaching can be attributed to the stability
of the ZnO NPs in the nanocomposite as was recently
suggested,65 and to the incorporation of the nanocomposite
in the polymer matrix. Hence, we conclude that the rGO–ZnO
incorporated PES membrane is stable and safe in the treat-
ment of water and wastewater.

4. Conclusion

In this research, we synthesized the rGO–ZnO nanocomposite
by a simple one-step sonochemical method. The nano-
composite displayed high antimicrobial activity against
Gram-negative and Gram-positive bacteria, mainly through
the oxidative stress mechanism. The incorporation of rGO–

ZnO into the PES membrane partly inhibited the P.
aeruginosa biofilm formation while the Zn2+ leaching from
the membrane during wastewater filtration was below the
guidelines for potable and non-potable uses. Our results indi-
cate that the rGO–ZnO nanocomposite is promising as an
antibacterial nanomaterial for the surface modification of
various substrates to increase their antibacterial activity, ef-
fectively inhibit bacterial growth and biofilm formation.
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