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Reduced graphene oxide (rGO) has been widely used to fabricate electronics, sensors, photodetectors,and in other
applications. However, the antibacterial performance of pristine rGO is relatively weak. The application of rGO in
biomedical devices, smart food packaging, and water desalination membranes requires further improvement of
rGO’s antibacterial abilities. Copper(I) oxide (Cu2O) is an effective antibacterial agent, which denatures protein
and enhances the permeability of cell membranes. In this work, we report a simple method of synthesizing a
highly antibacterial rGO/Cu2O nanocomposite from cellulose acetate, a derivative of abundant natural cellulose.
The synthesized rGO/Cu2O nanocomposite was thoroughly characterized by Raman spectroscopy, X-ray powder
diffraction (XRD), X-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM), scanning electron
microscopy (SEM), high-resolution transmission electron microscopy (HRTEM), and scanning transmission
electron microscopy (STEM). Then, the antibacterial abilities of rGO/Cu2O nanocomposite were evaluated and a
bactericidal mechanism was revealed from the molecular biology perspective. Results indicate that our synthesized rGO/Cu2O nanocomposite owns strong antibacterial activity, mainly stemming from the uniformly incorporated Cu2O nanocrystals with a lateral size of 5–40 nm.

1. Introduction
Reduced graphene oxide (rGO) is an intriguing two-dimensional
material with a high surface area, excellent thermal stability, and high
in-plane electrical conductivity, and has a variety of applications in
ﬂexible electronics [1], transparent conductors [2], batteries [3], sensors
[4] and photodetectors [5], etc. However, the applications of rGO
products in nanomedicine [6] and smart food packaging [7], in which
antibacterial properties of the nanodevices are strongly preferred, are
hindered by the existing rGO products’ weak antibacterial abilities. For
example, it has been reported that, rGO kills 0.24-log of E. coli after 2 h of
incubation [8], which is almost negligible when compared with heavy
metal-based antibacterial agents [9]. Therefore, a synthesis of antibacterial rGO composites is necessary. Ag/rGO has been synthesized by
reducing silver nitrate on the graphene oxide (GO) surface that has been
derived from graphite oxide after a set of tedious treatments in a harsh
environment [10,11]. However, the costly noble silver species and the
complicated synthesis procedure of the Ag/rGO composite make the

large-scale application of Ag/rGO impossible. Therefore, a green synthesis of a non-noble antibacterial agent doping into rGO is strongly
desired.
Previous studies report that copper has a strong bactericidal capability. For example, CuSO4 has been used to improve the antibacterial
efﬁcacy of silk fabric [12]. Compared with Cu(II), Cu(I) was reported to
have higher lethality [13]; and copper(I) oxide (Cu2O) has been used as
an antiviral and antibacterial agent [14], antifouling paint [15] and
fungicide [16]. In certain cases, Cu2O even shows a superior antibacterial
ability than Ag [9]. However, the synthesis of rGO/Cu2O for antibacterial
applications has not been attempted.
In this work, we report a facile route used to synthesize an rGO/Cu2O
nanocomposite with strong antibacterial properties. Brieﬂy, cellulose
acetate, an abundant cellulose biomass derivative, was uniformly mixed
with CuCl2. Then the mixture was treated at high temperatures under a
continuous ﬂow of H2/Ar. It has been reported that under pyrolysis
cellulose acetate undergoes carbonization and graphitization processes
and has turned into rGO, accompanied by the transformation of sp3
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carbon into sp2 carbon [17]. However, the method presented in this
paper is different from traditional routes of preparing rGO, namely the
modiﬁed Hummer’s methods, in which graphite oxide is ﬁrst intercalated
into GO and then reduced to rGO by using various reducing agents.
The one-step rGO synthesis method presented herein enables us to
incorporate Cu2O nanocrystals directly and uniformly into rGO by mixing the cellulose acetate and CuCl2 precursors before the chemical reaction occurs at high temperatures. We have achieved uniform doping of
sub 40 nm Cu2O antibacterial nanocrystals into rGO, with a ~0.56%
mole fraction of Cu2O. The exceptional antibacterial performance of
synthesized rGO/Cu2O was then demonstrated by testing with E. coli, and
the corresponding bactericidal mechanism was studied with ﬂuorescence
microscopy and various chemical scavengers.
This work simultaneously addresses the issues of complicated synthesis procedures of the rGO composite and the high cost of noble metal
antibacterial agents. It is anticipated that the mass production of rGO/
Cu2O composite could be widely applied in both biomedical devices and
smart food packaging materials [6,7].

400HD). The high-resolution transmission electron microscopy (HRTEM)
images were collected with a high-resolution transmission electron microscope (Titan 80–300, FEI).
The scanning transmission electron microscopy (STEM) and energydispersive X-ray spectroscopy (EDX) images were acquired with Titan
60–300, FEI.
2.3. Antibacterial activity test
A single colony of E. coli K12 strain was picked up from the LB-agar
(Luria-Bertani) plate and cultured in LB media for 12 h. Then a 50 μL
cell solution was added into 5 mL of fresh LB liquid and cultured for
another 2 h. The E. coli obtained in the exponential growth phase was
then used for the antibacterial tests. The E. coli cells were extensively
washed with deionized water to remove the residual nutrients; then the
cells were transferred into a 10 mM 3-(N-Morpholino) propanesulfonic
acid, 4-Morpholinepropane sulfonic acid (MOPS) buffer at pH 7. Synthesized rGO/Cu2O powders were ground and added to the suspended
E. coli cells at the desired concentrations. After treatment for a speciﬁc
duration, the cell survival rate was measured using a serial dilution
method, which has been extensively employed in previous research [13,
18]. In short, in a 96-well plate, the sampled bacterial solution was put in
the ﬁrst row; and afterward, 20 μL of liquid from the prior well was put in
the following well, which contained 180 μL of phosphate-buffered saline
(PBS). Finally, 5 μL of liquid from each well was taken and dropped onto
the LB-agar plate. After growing overnight, the bacterial colonies were
counted. Scavengers (i.e., tert-butanol, ethylenediaminetetraacetic acid
phenylalanine, and thiourea) at the indicated concentrations were added
to the E. coli cell suspensions to probe the rGO/Cu2O bactericidal
mechanism. A live/dead BacLightTM Bacterial Viability Kit was used to
stain the cells. Fluorescent microscopy was then utilized to ascertain the
cells’ condition, under the excitation wavelength of 480 nm.

2. Material and methods
2.1. Synthesis of rGO/Cu2O
Ten grams of cellulose acetate powders were dispersed in 100 mL
acetone. Then 5 g of CuCl2 was added to the acetone dispersion and
mixed uniformly by a magnetic mixer. Finally, the cellulose acetate/
CuCl2 mixture was dried under vacuum overnight. The dried cellulose
acetate/CuCl2 mixture was then loaded into a quartz tube of 1" diameter
x 17.7" length in a self-assembled thermal chemical vapor deposition
(CVD) system located inside a fume hood. Under atmospheric pressure,
50 sccm H2 and 350 sccm Ar were introduced into the quartz tube. The
furnace temperature was raised to 1040  C in 30 min and kept at 1040  C
for 1 hr. The acidic exhaust generated during the reaction was neutralized by an NaOH solution before emission. As soon as the reaction ended,
the air blower was used to quickly cool down the quartz chamber to room
temperature. Pristine rGO powders were grown under the same conditions without adding CuCl2 into cellulose acetate dispersions as a reference. [17].

2.4. Quantiﬁcation of ROS
The ROS (reactive oxygen species) generation was quantiﬁed by an
HPF (30 -(p-hydroxyphenyl) ﬂuorescein) ﬂuorescent dye. Speciﬁcally,
HPF (hydroxyphenyl ﬂuorescein, Thermoﬁsher Scientiﬁc) at a concentration of 5 mM was added into 96-well plate that contained 200 μL
bacterial solutions in each well. The bacterial solution was treated by
either a 10 mM MOPS buffer (pH 7), 80 μg/mL of rGO/Cu2O in the MOPS
buffer, or 1 mM of H2O2 in the MOPS buffer. After incubation at 37  C,
the ﬂuorescence in each well was measured at the indicated time interval
with excitation/emission at 490/515 nm.

2.2. Characterization of rGO/Cu2O nanocomposite
The rGO/Cu2O powders were ground between two 300 nm SiO2/Si
wafers, then placed under a Nicolet Almega XR Dispersive Raman microscope to obtain the measurements. The laser wavelength employed
was 532 nm and the spot size of the laser was around 1 μm.
The X-ray powder diffraction (XRD) spectra were acquired in a
continuous position sensitive detector fast scan mode with a Bruker D2
Phaser. The increment of theta was 0.01 .
The X-ray photoelectron spectroscopy (XPS) of the rGO/Cu2O powders were measured with a Kratos AXIS Ultra DLD spectrometer equipped
with an Al Kα x-ray source. The aperture used was 300 μm  700 μm.
The rGO/Cu2O nanocomposites were dispersed in acetone and sonicated for 15 min under 100% power. Then one drop of the top dispersion
was cast on a tilted 300 nm SiO2/Si substrate. The top dispersion was
mainly composed of Cu2O nanocrystals released to the solvent during the
sonication. Atomic force microscopy (AFM) images of Cu2O nanocrystals
on a 300 nm SiO2/Si substrate were then immediately collected with a
Dimension Icon SPM Scanner in tapping mode.
The rGO/Cu2O powders were ground between two scanning electron
microscopy (SEM) sample holders without sputtering any metal. The
SEM images were acquired using a Teneo VS SEM.
The rGO/Cu2O powders were dispersed in ethanol and sonicated for
2 min under 5% power. We selected ethanol because there would not be
any solvent residues left after the evaporation of the ethanol. Then a drop
of the top dispersion was taken with a pipette and cast onto a 400 mesh
Cu transmission electron microscopy (TEM) grid (Paciﬁc Grid Tech, Cu-

3. Results and discussion
3.1. Synthesis of rGO/Cu2O
The rGO/Cu2O nanocomposite was synthesized by the calcination of
cellulose acetate and CuCl2 mixture. First, cellulose acetate powders were
dispersed in acetone. Then CuCl2 was added to the acetone dispersion of
the cellulose acetate, mixed evenly inside a magnetic mixer, and dried
overnight under vacuum. Afterward, the dried cellulose acetate/CuCl2
mixture was transferred to a thermal chemical vapor deposition (CVD)
reactor to synthesize the rGO/Cu2O composites. As shown in Fig. 1, a
continuous ﬂow of Ar (350 sccm) and H2 (50 sccm) gases were introduced into the quartz tube from the left side to create a reductive environment. The temperature was gradually increased to 1040  C and
maintained for 1 h to allow the complete transformation of cellulose
acetate/CuCl2 to rGO/Cu2O.
Polymers can undergo carbonization, a complex pyrolytic process, at
temperatures above 400  C to produce carbon dominating residues
[19–21], which need to be further graphitized at elevated temperature to
form ordered crystal structure such as graphite, graphene or reduced
graphene oxide, depending on the precursors and reaction conditions. In
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the possible formation of single-walled carbon nanotubes [32]. The high
D-peak at ~1358 cm-1 and strongly suppressed yet visible 2D-peak
(~2690 cm-1) further indicates the graphitic nature of this nanocomposite [36].
The X-ray diffraction pattern (XRD) of the synthesized nanocomposite
was collected to explore the inorganic crystal types and qualities
(Fig. 2b). The diffraction peaks conﬁrm the existence of both Cu2O and
Cu in the nanocomposite. The peaks at 2θ ¼ 36.49 , 43.35 and 74.10
correspond to the reﬂection from (1 1 1) (2 0 0) and (3 1 1) planes of
Cu2O, respectively [37,38], while the peak at 50.47 is assigned to the (2
0 0) plane of Cu [39].
This synthesized Cu2O with selected orientations may ﬁnd promising
applications in electronics where anisotropic properties are needed,
considering that crystalline cubic Cu2O is a semiconductor with a direct
band gap of 2.1 eV [32,40,41]. The XRD signal of the rGO in the rGO/Cu2O nanocomposite is rather weak and cannot be recognized. Besides,
no peaks of CuO were observed. As Cu2O can be easily oxidized to CuO at
high temperature in the presence of air [42], it is crucial to maintain a
reductive environment inside the quartz tube during the synthesis process by maintain a continuous ﬂow of H2/Ar gases. The estimated size of
the Cu2O nanoparticles in the nanocomposites is ~24.6 nm, based on the
Debye-Scherrer equation (supporting information), which is consistent
with the results obtained from HRTEM and STEM (Figs. 4 and 5).
The elemental composition and chemical states of elements within
the rGO/Cu2O nanocomposite were further analyzed by XPS. As expected, the survey spectra in Fig. S2 shows that only carbon, copper and
oxygen elements were detected. The atomic percentages of C, O and Cu
are calculated to be 94.1%, 4.3% and 1.6%, respectively, which suggests
that the carbon nanomaterial in the nanocomposite is rGO instead of
graphene oxide (GO) [2,43].
–C
The C 1s core spectra (Fig. 3a) is deconvoluted into six peaks: C–
(sp [2], 284.4 eV), C–C/C–H (sp [3], 285.1 eV), C–O/C–OH (286.4 eV),
– O (287.9 eV), O–C–
– O (289.0 eV) and the π–π* shake-up satellites
C–
– C peak at 284.4 eV and weak
(290.6 eV) [44–47]. The prominent C–
oxygen-containing peaks further support our view that the carbon
nanomaterial obtained was rGO [48]. The O 1s spectrum was ﬁtted with
– O peak at
four peaks: the Cu–O peak located at 530.3 eV, the C–
531.8 eV, the C–O peak at 533.0 eV, and the O–H peak at 535.1 eV [49].
The Cu–O peak at 530.3 eV originates from Cu2O instead of CuO, as the
latter gives a peak at 529.2 eV according to the literature [50]. The
high-resolution XPS spectrum of the Cu 2p core level and the Cu LMM
Auger spectrum of the rGO/Cu2O nanocomposite are given in Fig. 3c and
d, respectively.

Fig. 1. Schematic of green synthesis of rGO/Cu2O nanocomposite.

this study, cellulose acetate (Fig. 1, yellow box) underwent carbonization
and graphitization at 1040  C to form reduced graphene oxide (Fig. 1,
gray box) under the continuous ﬂow of H2 and Ar gases, during which
oxygen atoms from oxygen-containing functional groups of cellulose
acetate were released to their surroundings (Scheme S1). CuCl2 molecules adsorbed on the surface of cellulose acetate polymers were reduced
to Cu atoms, which were then oxidized by the released oxygen atoms to
form Cu2O. Following the principle of minimum energy, the Cu2O
migrated and aggregated with each other to form Cu2O nanocrystals
surrounded by reduced graphene oxide nanoparticles at high temperatures. Also, the unreacted residual Cu serves as the catalyst to improve
the rGO crystal’s quality following a similar mechanism to the CVD
growth of graphene on Cu foils [22,23]. The components, qualities and
antibacterial properties of green synthesized rGO/Cu2O nanocomposites
were systematically characterized and studied as discussed below.
3.2. Spectroscopic analysis of rGO/Cu2O
The identity of the synthesized composite was ﬁrst studied by Raman
spectroscopy, which is often used to semi-quantitatively analyze carbon
nanomaterials [24–26]. Fig. 2a shows the representative Raman spectra
of the as-synthesized rGO/Cu2O nanocomposite. The G-peak of graphitic
materials originates from the E2g symmetry, which exists in nearly all
graphitic materials such as carbon nanotube, graphite, graphene, graphene oxide and reduced graphene oxide, etc. [27–35] The absence of
the radial breathing mode (RBM) þ G peak around 1743 cm-1 excludes

Fig. 2. (a) Raman spectrum (b) X-ray diffraction pattern of rGO/Cu2O nanocomposite.
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Fig. 3. XPS spectra of synthesized Cu2O/rGO nanocomposite. (a) C 1s core spectrum (b) O 1s core spectrum (c) Cu 2p spectrum (d) Cu LMM Auger spectrum.

investigate the morphology, lateral dimensions and thickness of the rGO/
Cu2O nanocomposites. Fig. 4a shows a SEM image of ground rGO/Cu2O
powders on a specimen pin stub. The lateral particle sizes vary from tens
of nanometers to several microns. The shapes of the particles are irregular; however, no wire shape is observed since rGO has extremely high
in-plane strength and stiffness [54,55].
Samples for AFM imaging were treated differently from the SEM
samples. For the AFM samples, rGO/Cu2O nanocomposites were
dispersed in acetone and sonicated for 15 min Then one drop of the top
dispersion was cast on a tilted 300 nm SiO2/Si substrate. The top
dispersion was mainly composed of Cu2O nanocrystals released to the
solvent during the sonication. The AFM image in Fig. S1 shows that Cu2O
nanocrystals with an average diameter of 50 nm tended to aggregate
together to minimize their surface energy. The height proﬁles of the AFM
images are given in Fig. S1. They show that the thickness of Cu2O
nanocrystals ranges from 2 nm to 35 nm, and the average lateral size was
estimated to be ~40 nm.
For the STEM, EDX and HRTEM measurements, the rGO/Cu2O
nanocomposite was dispersed in an ethanol solution and sonicated for
2 min under low power to avoid the detachment of Cu2O from rGO. Fig. 4
b and c show the STEM image of the rGO/Cu2O nanocomposite. The
white dots in the images are Cu2O nanocrystals, and the gray area is
mainly rGO. This image clearly shows that the nanoscale Cu2O crystals
are uniformly incorporated into the srGO powders on a large scale.
Fig. 4d–f show HRTEM images of rGO/Cu2O nanocomposite under
increasing magniﬁcation. The Cu2O crystals (black dots) with diameters
from 5 to 40 nm are randomly embedded inside the rGO (the gray area)

The determination of the chemical state of copper is challenging,
mainly due to the overlapping of the binding energies of Cu(0) and Cu(I).
The two peaks at 951.6 eV and 931.7 eV in Fig. 3c can be assigned to
Cu2p1/2 and Cu2p3/2, respectively [42,51].
We then ﬁtted the Cu2p3/2 core spectrum with three components
located at 932.4 eV, 932.6 eV and 933.7 eV, which were attributed to
Cu(I) from Cu2O, Cu(0) from metallic Cu, and Cu(II) from CuO, respectively. Cu(0) was generated under the reductive conditions during thermal treatment, whereas the small amounts of Cu(II) was probably due to
oxidation of Cu(I) by ambient oxygen. The Cu LMM Auger spectra
(Fig. 3d) were collected to conﬁrm the oxidation state of copper. The
main peaks at 916.6 eV were assigned to Cu(I) from Cu2O, while the
sharp peak at 918.6 eV originated from metallic Cu [42,51,52]. Based on
the information extracted from Fig. 3c and d, the percentage of each
copper component is estimated to be 74% Cu (I), 23% Cu (0) and 3% Cu
(II), respectively. It is difﬁcult to completely transform copper into Cu(I),
as the results are inﬂuenced by numerous factors such as the composition
of mixture gases, the reaction temperature and length of time, the gas
ﬂow rate, and so on. Overall, the XPS core spectra shows that Cu2O is the
primary species of copper in the synthesized nanocomposite, which is
therefore referred to as rGO/Cu2O. The purity of Cu2O in rGO/Cu2O may
be further improved in the future by optimizing various reaction conditions with the help of molecular dynamics simulations [53].
3.3. Microscopic analysis of rGO/Cu2O
SEM, AFM, STEM and HRTEM measurements were taken to
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Fig. 4. Microscopic analysis of rGO/Cu2O nanocomposites. (a) SEM morphology images of ground Cu2O/rGO nanocomposite powders on specimen pin stubs. (b, c)
STEM images of Cu2O/rGO nanocomposite. (d–f) HRTEM images of Cu2O/rGO nanocomposite under increasing magniﬁcation.

As demonstrated, a trivial amount of Cu2O could largely enhance the
overall antibacterial performance of the rGO/Cu2O nanocomposite.
Fig. 6b displays the bactericidal capability of rGO/Cu2O at different
doses. E. coli cells were treated with 20, 40, and 80 μg/mL rGO/Cu2O,
and each treatment lasted for 1, 2, and 3 h, respectively. It is clear that
higher concentrations of rGO/Cu2O results in greater bacterial inactivation efﬁciency. The 20, 40, and 80 μg/mL of rGO/Cu2O inactivated
0.67-, 1.17-, and 2.57-log E. coli cells after 3 h of incubation. Moreover,
we noticed that the bactericidal activity of rGO/Cu2O is also timedependent; the longer contact time, the more cells were killed based
on the Chick-Watson model [52]. The Chick-Watson coefﬁcient is
calculated as 1.98  10-4 mg-1 L min-1 accordingly, and is comparable to
other metallic materials with antibacterial properties [56–59].
The outstanding antibacterial activity of the rGO/Cu2O nanocomposite was further investigated with various probes as demonstrated
in Fig. 6c. First, we used a live/dead kit to stain the cells with ﬂuorescent
dyes. Green ﬂuorescence indicates live cells with active metabolic activity, whereas cells with red ﬂuorescence are dead, due to the loss of
selectivity of the cell membrane. The pure rGO treatment mediated 7.5%
of the cells’ inactivation; thus, only a small fraction of the cells show red
ﬂuorescence after 3 h of incubation. In sharp contrast, after using the
rGO/Cu2O treatment almost all the cells are stained with red ﬂuorescence, indicating increased membrane permeability. Therefore, the
ﬂuorescent images reveal that increased membrane permeability might
be partially responsible for the high antibacterial activity of the rGO/
Cu2O nanocomposite.
Another possible mechanism that accounts for the highly efﬁcient
bacterial inactivation by the rGO/Cu2O nanocomposite treatment is the
generation of reactive oxygen species (ROS). Remarkable ROS elevation
has been observed in E. coli cells after treatment with various chemicals,
such as bactericidal antibiotics and nanosized particles [60,61]. The in

on a small scale. The contrast of black dots and the gray surface indicates
the distance to the surface, which means that the greater the contrast is,
the closer Cu2O is to the rGO’s surface. Fig. S3 shows the speciﬁc HRTEM
images of rthe GO in the rGO/Cu2O nanocomposite under higher magniﬁcations; the characteristic honeycomb lattice of graphene can be
easily identiﬁed, further conﬁrming the rGO nature of our carbon
material.
The STEM-EDX elemental mapping images are shown in Fig. 5. The
carbon element in Fig. 5b covers the whole area, indicating that Cu2O
nanocrystals are embedded in the rGO. The spatial distribution of the Cu
(Fig. 5d) is highly consistency with the white dots displayed in Fig. 5a,
conﬁrming our previous statement that the white dots in the STEM images are mainly Cu2O. The oxygen element of the rGO/Cu2O comes from
two sources, the oxygen-containing functional groups of the rGO and the
oxygen in the Cu2O. A combined mapping image (carbon, oxygen, copper) is given in Fig. S4, correlates signiﬁcantly with Fig. 5a, suggesting
that our rGO/Cu2O nanocomposite consisted only of carbon, copper and
oxygen.
3.4. Antibacterial performance and mechanism of rGO/Cu2O
After the successful synthesis of the rGO/Cu2O nanocomposite, we
subsequently explored its antibacterial properties (Fig. 6). E. coli cells of
the exponential growth phase were treated witha rGO/Cu2O in a MOPS
buffer at pH 7. The mixed suspensions were then incubated at 37  C with
a shaking rate of 250 cycles per minute We also treated E. coli cell aliquots with 1) the MOPS buffer only, and 2) pure rGO without Cu2O
nanocrystals under the same conditions as the two controls. Fig. 6a shows
that after 3 h of incubation, the rGO/Cu2O composite killed 2.57-log
cells, whereas the E. coli cells given the buffer and rGO treatment controls show 0.03- and 0.69-log inactivation, respectively.
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Fig. 5. EDX mapping of rGO/Cu2O nanocomposites. (a) STEM image of the mapping area. (b–d) Elemental EDX mapping images of rGO/Cu2O in the same area.

cell growth effect. Phenylalanine and thiourea strongly bind with copper
atoms based on their amine group and sulfhydryl group, respectively
[65]. Consistently, the addition of phenylalanine and thiourea exhibited
a rescuing effect similar to that observed with the EDTA.
Taking all these results into account, we conclude that the doping of
small amounts of Cu2O into rGO dramatically enhance itsr bactericidal
activity. It has been reported that Cu(I) offers signiﬁcantly higher
bactericidal activity than other cupric species, mainly because Cu(I) has a
strong tendency to donate electrons [61]. The cytotoxicity mechanism of
the rGO/Cu2O nanocomposite is possibly linked to protein denaturation
resulting from the Cu(I) contact, as well as the ROS generation that impairs cellular components. Our results, therefore, have demonstrated the
strong bacterial inactivation efﬁciency of the economically produced
rGO/Cu2O nanocomposite and paved the way for its industrial application in wastewater treatment.

vivo generation of ROS can oxidize both the functional proteins and the
DNA, deplete the reducing agents such as NAD(P)H, and eventually lead
to weakened metabolic activities [60]. The bactericidal role of Cu2O was
speciﬁcally investigated and the results are given in Fig. 6d.
Next, we used several chemical scavengers to evaluate the extent to
which ROS contributed to the bacterial inactivation in our scenario. Tertbutanol is a scavenger of the hydroxyl radical with a high reaction rate
[62], and the addition of tert-butanol did not promote the E. coli cells’
survival after the rGO/Cu2O treatment. It has been reported that
although tert-butanol is a strong scavenger of the hydroxyl radical, its
addition to impaired E. coli cells might further boost the lethality of the
oxidizing radical [13].
To test whether ROS was generated by the rGO/Cu2O-treated E. coli
cells, a ﬂuorescent dye was added to a bacterial solution and incubated
for 3 h. The results show that the MOPS buffer did not induce any
noticeable ROS perturbation, while rGO/Cu2O and hydrogen peroxide
led to a 25.4% and a 52.5% increase of ROS production after treatment
for 3 h, respectively (Fig. S5). The ROS generation in E. coli was presumably induced by the Cu(I); it disrupts the electron transfer chain by
destroying related proteins [63].
EDTA is a complexing agent with four carboxylic acid groups and two
amine groups with lone pair electrons, and it can sequester available
metal atoms. Surprisingly, EDTA rescued 85.3% of cells from inactivation
by the rGO/Cu2O. This is mainly due to the fact that the EDTA complexed
with the bactericidal copper element in the Cu2O, and as a result, the
antibacterial activity of the rGO/Cu2O was signiﬁcantly reduced. Since
EDTA is a controversial compound in molecular biology due to its chelation effect on inherent cellular metal ions [64], we also veriﬁed the
results by testing with phenylalanine and thiourea, which are extensively
employed in molecular biology studies. The results exhibited a negligible

4. Conclusions
We have reported a green and economical synthesis route of using
rGO/Cu2O from cellulose acetate/CuCl2 for highly efﬁcient antibacterial
applications. Raman spectroscopy, XRD and XPS have conﬁrmed the
successful synthesis of an rGO/Cu2O nanocomposite. SEM, AFM, STEM,
EDX and HRTEM investigations have further determined the morphology
and structure information of the rGO/Cu2O nanocomposite. Cu2O
nanocrystals with a diameter of 5–40 nm were uniformly incorporated
into the rGO.
Subsequently, the antibacterial tests showed that our synthesized
rGO/Cu2O nanocomposite killed 2.57-log E. coli cells after 3 h of treatment. The high antibacterial activity of the rGO/Cu2O was mainly
attributed to the bactericidal Cu(I) species embedded inside the rGO,
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Fig. 6. Antibacterial performance of synthesized rGO/Cu2O nanocomposite. (a) rGO/Cu2O exhibited higher bactericidal activity than pure rGO. Control indicated
E. coli in MOPS buffer. (b) The high concentration of rGO/Cu2O demonstrated higher antibacterial abilities against E. coli. (c) Fluorescent images showed that rGO/
Cu2O was much more efﬁcient in killing E. coli compared to pure rGO. Green and red dyes indicated live and dead cell respectively. (d) The antibacterial activities of
rGO/Cu2O were inhibited by EDTA, phenylalanine and thiourea, except for tert-butanol, thus indicating a non-ROS bactericidal pathway of Cu(I).

Appendix A. Supplementary data

which is a low-cost material but offers superior antibacterial performance
as compared to many other noble metals. The rGO provided a fairly stable
platform for the Cu2O nanocrystals, prevented them from aggregating
into large particles, and thus largely preserved the considerable antibacterial abilities of the Cu(I) nanocrystals.
Moreover, our method of preparing the rGO/Cu2O is advantageous
for other reasons, such as our discovery that we successfully turned cellulose acetate, which is abundant in anthropogenic litter, into strong a
antibacterial material, and this facile green synthesis method is easy to
up-scale for industrial use, thus expediting the commercialization of selfsterilized rGO/Cu2O devices in the fast-growing ﬁelds of nanomedicine
and smart food packing materials.

Supplementary data to this article can be found online at https
://doi.org/10.1016/j.nanoms.2019.09.005.
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