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Stable reduced graphene oxide-cuprous oxide (rGO-Cu2O) nanocomposites with long-term antibacterial
activities were prepared by reducing copper sulfate supported on GO using ascorbic acid as reducing
agent in the presence of polyethylene glycol (PEG) and sodium hydroxide at room temperature. The
rGO provided a protective barrier for Cu2O, preventing Cu2O from reacting with external solution to leach
copper ions too quickly. Meanwhile, the rGO also promoted the separation of photoexcited charge carri-
ers of Cu2O nanoparticles to enhance the oxidative stress reactive and protected Cu2O from falling apart
in the phosphate buffered solution (PBS) solution to prolong the generation time of reactive oxygen spe-
cies (ROS). More importantly, the large specific surface area of rGO improved the dispersibility of Cu2O by
electrostatic interaction. The synergistic effect of sustained release of copper ions, elevated ROS
production ability and uniform dispersion of rGO-Cu2O nanocomposites resulted in the excellent antibac-
terial activities of rGO-Cu2O nanocomposites against Escherichia coli (E. coli) and Staphylococcus aureus
(S. aureus) which were maintained around 70% and 65% and were increased by 40% and 35% compared
with free Cu2O after immersing 30 days in PBS solutions.

� 2018 Elsevier Inc. All rights reserved.
1. Introduction presence of biofilm will cause not only corrosion in metal surfaces
Microorganisms, easily found in the ocean, air and soil, will
form a biofilm and have a great impact on human activities. The
in industrial process, but also the hygiene and safety issues when
bacteria are involved in the food industry, and the device-related
infections in medical fields [1–3]. Therefore, antibacterial agents
play an important role in our life. However, traditional bactericides
gradually lose their bactericidal effects when bacteria develop their
own resistance. Thereby, more attentions have been focused on the
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exploration of new antibacterial agents like polymer and nanosized
inorganic materials [4–6].

Recently, copper related materials attract growing attentions
because of their wide potential applications such as hydrogen pro-
duction, solar energy, catalysis, and anode materials for lithium ion
batteries [7–12]. Especially, cuprous oxide (Cu2O), as a potential
and widely abundant, comparatively cheap bactericide, has been
extensively used in the fields of antibacterial. Cu2O can kill bacteria
by means of releasing copper ions and producing reactive oxygen
species (ROS) on the surface when contact with bacteria [13].
Therefore, the antibacterial ability of Cu2O is associated with the
morphology (size and shape), release properties of copper ion
and dispersion closely. For example, Feng et al. studied the cyto-
toxicity of Cu2O with different morphologies [14]. Their research
showed that small cubic Cu2O crystal with the most exposed
(1 0 0) crystal plane had the best bactericidal performance.
Because ROS was mainly generated on the (1 0 0) crystal plane,
the larger the specific surface area was, the more likely the Cu2O
would fall apart to release copper ion to kill bacterial. Although
Cu2O has shown immediate antibacterial properties, Cu2O will be
deteriorated after a short period of use due to rapid release of cop-
per ions and easy aggregation. Hence, it is crucial to find a proper
support material to improve the long-term antimicrobial
performance.

Carbon materials such as graphene oxide (GO), reduced gra-
phene oxide (rGO), carbon nanotubes and graphitic carbon nitride
nanosheets have initiated a large number of scientific activities in
physics, biology, electronics and chemistry fields [15–25]. It is
greatly promising to exploit the graphene nanosheets as a support
material for metal oxide nanoparticles to form hybrid nanocom-
posites due to their unique two-dimensional (2-D) nanostructure
and extraordinary properties like high thermal conductivity, high
electron mobility of 2 � 105 cm2 V�1 s�1 and tremendous specific
surface area of 2965 m2 g�1 [26–28]. For example, Shao et al. used
graphene to improve the dispersion of nano-silver and prepared
GO-Ag composites which showed excellent antibacterial activities
[29]. Lei et al combined graphene with ZnS to improve the abilities
to separate the photoexcited charge carriers from ZnS composites
for superior photoelectric applications due to electron capture
and transfer ability of graphene [30]. Thus, the ability of GO dis-
persing nanoparticles can be used to prevent Cu2O from aggregat-
ing. The ability of separating photogenerated carriers can be used
to promote Cu2O to cause a stronger oxidative stress reactive with
the effect of destroying the balance between oxidation and antiox-
idation in the cell and thus resulting in cell death. Because oxida-
tive stress reactive happened in a process that the photoexcited
electrons of Cu2O reacted with O2 to generate super-oxide radical
anions (�O2�) and hydrogen peroxide (H2O2) for further killing
the bacteria or the photoexcited electrons and holes of Cu2O
directly attacked the bacterial cells themselves [31].

Cu2O can interact with GO nanosheets through physisorption,
electrostatic binding or charge-transfer interactions because there
are many hydroxyl, epoxide, carbonyl, and carboxyl groups on the
basal planes of GO [32]. Additionally, Cu2O was reduced on the sur-
face of GO nanosheets, forming a stable rGO-Cu2O nanocomposite.
The rGO-Cu2O nanocomposites have better bactericidal properties
than Cu2O, because the ‘‘blade like edges” of rGO can damage bac-
terial cell membranes physically, and the rGO nanosheets with a
lower Fermi potential level can promote Cu2O to generate more
ROS, which exerts synergistic bactericidal [33]. Most important,
the aggregation of Cu2O can be prevented after the incorporation
of rGO because rGO has a large specific surface area and provides
strong attachment sites for Cu2O. At the same time, rGO protects
Cu2O from reacting with external solution to disintegrate and
releasing copper ion quickly. The dispersion and copper ion release
rate are crucial for long-lasting antibacterial properties of Cu2O.
Herein, rGO nanocomposites loaded with cubic Cu2O nanoparti-
cles were prepared by a simple wet chemical method at room tem-
perature. The release of copper ions and dispersion properties of
rGO-Cu2O were studied by means of inductively coupled plasma
(ICP) and stability experiment. The reactive oxygen species assay
kit was used to assess the ROS production effect of rGO, Cu2O
and rGO-Cu2O. The long-lasting antibacterial properties of Cu2O
and rGO-Cu2O were investigated by plate colony counting method
after storing in PBS solutions for different time intervals. The cop-
per ion release properties, ROS generation performance and disper-
sion of rGO-Cu2O were studied. The exhibited better and long-term
bacteriostatic for rGO-Cu2O was disclosed considering the syner-
gistic effects of these three aspects, i.e., copper ion release proper-
ties, ROS generation performance and dispersion.
2. Experimental

2.1. Materials

Graphite powder, 37% hydrochloric acid (HCl), 98% sulfuric acid
(H2SO4), 85% phosphoric acid (H3PO4), 30% hydrogen peroxide
(H2O2), L-ascorbic acid, Sodium Chloride (NaCl) and Yeast Extract
were purchased from Sinopharm Chemical Regent Co. Ltd. (shang-
hai, China). Potassium permanganate (KMnO4), cupric sulfate
(CuSO4�5H2O), sodium hydroxide (NaOH), poly-ethylene oxide
(av. MW 600; also called polyethylene glycol), absolute ethyl alco-
hol and Peptone were supplied by Tianjin bodi chemical Co. Ltd. All
chemicals reagents were analytical grade and used as-received
without any further purification in this work. Ultrapure deionized
water was used for all solution preparation. Phosphate-buffered
saline (PBS, pH 6.2) solutions were stored at 4 �C after high pres-
sure steam sterilization. Reactive Oxygen Species Assay Kit was
purchased from Beyotime (Hainan, China). E.coli (ATCC25922)
and S. aureus (ATCC25923) were provided by Rishui Biotech Co.
Ltd (Qingdao, China).

2.2. Synthesis of GO

Graphene oxide (GO) was prepared according to the reported
procedures [34]. Briefly, a mixture of H2SO4/H3PO4 (360:40 mL)
was added to the mixture of graphite flakes (3.0 g) and KMnO4

(18.0 g). The reaction was heated to 50 �C and stirred for 14 h,
and then cooled down to room temperature and poured into ice
water (about 400 mL). Subsequently, 30% H2O2 was added to the
mixture till it turned bright yellow. The mixed solution was then
centrifuged and the precipitation was put in the vacuum freeze
dryer for 24 h.

2.3. Synthesis of Cu2O

Three kinds of cuprous oxide nanoparticles (Cu2O NPs) were
synthesized according to three different procedures [35], which
could be seen at supporting information (Experimental). The pre-
pared Cu2O samples had been characterized by TEM (Fig. S1).
Fig. S1 depicts that cubic Cu2O with a size of 25 nm, cubic Cu2O
with a size of 150 nm and irregular Cu2O with a size of 25 nm were
synthesized successfully by procedure A, procedure B and proce-
dure C, respectively. The XRD patterns of different morphologies
and the sizes Cu2O nanoparticles were shown in Fig. S2. The XRD
characteristic diffraction peaks of three kinds of Cu2O samples
were in good agreement with the standard file of Cu2O (JCPDS
No. 05-0667) [36], indicating the successful preparation of Cu2O
nanoparticles. The antibacterial activities of the cubic Cu2O
nanoparticles with a size of 25 nm were superior than that of cubic
Cu2O with a size of 150 nm and irregular Cu2O with a size of 25 nm
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(Fig. S3 and Fig. S4). Because the number of colonies of cubic Cu2O
nanoparticles with a size of 25 nm was the least (Fig. S3) and the
number of dead red bacteria of cubic Cu2O nanoparticles with a
size of 25 nmwas the most (Fig. S4). Cubic Cu2O nanoparticles with
a size of 25 nm were selected to combine with rGO to form the
nanocomposites for further study of long-term antibacterial
properties.

Supplementary data associated with this article can be found, in
the online version, at https://doi.org/10.1016/j.jcis.2018.08.053.

2.4. Preparation of rGO-Cu2O nanocomposites

In brief, 2 mg GO was added into 40 mL 0.01 M copper (II) sul-
fate solution and was smashed for 15 min by Ultrasonic Cell Dis-
ruptor. Then the mixed solution was stirred for another 30 min
to make sure that Cu2+ was absorbed onto GO sheets. The following
preparation process was similar to that of procedure A: 10 mL
0.5 M PEG-600 stock solution was added to solution, and then
10 mL 0.1 M ascorbic acid and 30 mL 0.5 M NaOH were added
dropwise to the solution simultaneously. The whole solution was
kept stirring for another 5 min, afterward was remained undis-
turbed under nitrogen for 30 min to allow the reaction to complete
at room temperature. The prepared products were defined as
rGO-Cu2O nanocomposites (Fig. 1).

2.5. Characterizations

The dried powders were characterized by X-ray diffraction
(XRD) on a Bruker D8 Advance diffractometer with Cu Ka radiation
to determine the crystal structure. The X-ray photoelectron spec-
troscopy (XPS, ESCALAB 250Xi, Thermo Fisher Scientific) data
fitting was conducted on a Thermo Advantage. The photolumines-
cence (PL) spectra were analyzed by a fluorescence spectropho-
tometer (F-4600, Hitachi, Japan). The copper content was
analyzed by a Thermogravimetric Analysis (TGA, METTLER TOLEDO
TGA/DSC1/1600). Transmission electron microscopy (TEM) analy-
ses was taken with a JEOL JEM2100 microscope. Copper ion release
test was carried out on an ICAP-6300 Plasma emission spectrome-
ter. Zeta potential was taken with a Zetasizer3000HS laser particle
size analyzer. The component analysis of different samples were
determined by the Ultraviolet and visible spectrophotometer
(UV–vis) U-3900H manufactured by Hitachi Ltd and Fourier trans-
form infrared spectroscopy (FTIR) IS-50 spectrometer (Nicolet,
America) with KBr discs. The samples loaded with fluorescent
probe 20, 70-dichlorofluorescein diacetate (DCFH-DA) were
Fig. 1. Schematic illustration of the rG
observed with a confocal laser scanning microscope (ZEISS Scope.
A1).

2.6. Zeta potential test

The three prepared samples, i.e., Cu2O, GO and rGO-Cu2O were
dispersed in ultrapure water to make 0.01 mg/mL solution respec-
tively. 3 mL of each sample was taken by pipette to analyze the
zeta potential.

2.7. Stability test

3 mg Cu2O, GO and rGO-Cu2O samples were added into 6 mL
ultrapure water respectively and dispersed under ultrasonication.
The optical images of different suspensions were taken after stand-
ing for 0 day, 1 day, 3 days, 7 days, 14 days and 30 days to observe
their dispersion at room temperature.

2.8. Releasing properties of copper ions

The 40 lg/mL Cu2O and rGO-Cu2O were filtered after shaking
0 day, 1 day, 3 days, 7 days, 14 days and 30 days respectively in
the PBS solution at room temperature. The solution was studied
by ICP to evaluate the releasing properties of copper ions.

2.9. Reactive oxygen species (ROS) determination

Intracellular ROS generation was detected by reactive oxygen
species assay kit. Before experiments, the fluorescent probe 20,70-
dichlorofluorescein diacetate (DCFH-DA) was diluted 104 times
with fluid medium prepared by mixing yeast extract (0.25 g), pep-
tone (0.5 g), sodium chloride (NaCl, 0.25 g) with 50 mL Ultrapure
deionized water. The rGO, Cu2O and rGO-Cu2O were dried after
immersing in PBS for 0 day, 1 day, 3 days, 7 days, 14 days and
30 days to investigate the production of ROS in bacterial cell.
20 lL activated bacteria was distributed into 50 mL fluid medium
containing 2 mg three kinds of prepared samples which were
stored for 0 day, 1 day, 3 days, 7 days, 14 days and 30 days, respec-
tively. All the samples were shaken 30 s to promote the production
of ROS before loaded with 10 lM fluorescent probe DCFH-DA.
DCFH-DA can passively diffuse into the cells and be deacetylated
by esterase to form non-fluorescent 2,7-dichlorofluorescein
(DCFH). In the presence of ROS, DCFH reacts with ROS to form
the fluorescent product DCF, which was detected by a confocal
laser scanning microscope after 30 min of incubation at 37 �C.
O-Cu2O nanocomposite synthesis.

https://doi.org/10.1016/j.jcis.2018.08.053
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2.10. Long-term antibacterial activities assay

The antimicrobial ability of rGO-Cu2O and Cu2O was investi-
gated by the plate colony counting method. The E. coli and S. aureus
were selected as the test strains. All stuffs used in the antibacterial
activity test needed be sterilized in an autoclave and the experi-
mental operations were conducted in the super clean bench. The
Cu2O and rGO-Cu2O were dried after immersing in PBS for 0 day,
1 day, 3 days, 7 days, 14 days and 30 days to investigate the change
of antibacterial effectiveness. The E.coli and S. aureus should be
activated. Breifly, 20 lL strains of bacteria were transferred to
50 mL fluid medium and were cultured for 20 h. Secondly, the acti-
vated bacteria needed be distributed into 50 mL fluid medium con-
taining 2 mg Cu2O nanoparticles, 2 mg rGO-Cu2O nanocomposites
and nothing as blank sample respectively for another 20-hour cul-
tivation. All kinds of bacterium solutions were diluted to 104 times
and 20 lL diluted Cu2O, rGO-Cu2O and blank solutions were lay-
ered over Luria-Bertani (LB) agar plates uniformly. The antibacte-
rial activities of these materials could be observed through the
number of colony after a period of time. All tests were repeated
at least three times. The percentage of the bacterial reduction of
each sample was calculated according to Eq. (1) [16]:

BR ¼ A � Bð Þ=A � 100% ð1Þ

where BR is the bacteriostatic percentage, A is the number of viable
bacteria of the control group, and B is the number of viable bacteria
of the experimental group.
Fig. 2. XRD patterns of pristine graphite (PG) and graphene oxide (GO) (a),
rGO-Cu2O nanocomposites and Cu2O nanoparticles (b).

Fig. 3. FT-IR spectra (a) and UV–vis absorption spectra (b) of Cu2O, GO, and
rGO-Cu2O.
3. Results and discussion

3.1. Characterization of GO, Cu2O nanoparticles and rGO-Cu2O
nanocomposites

Fig. 2a shows the XRD patterns of pristine graphite (PG) and
graphene oxide (GO). Compared to that of PG, the X-ray (0 0 2)
peak of GO shifted from 26.7� to 11.4�, indicating the increased
interlayer distance due to the introduction of various oxygenic
functional groups (epoxy, hydroxyl, carboxyl and carbonyl) on
both sides and edges of carbon sheets [37]. These oxygen func-
tional groups can improve the hydrophilic properties of GO and
become the attachment sites for cupric ions subsequently. Fig. 2b
shows the XRD patterns of Cu2O nanoparticles and rGO-Cu2O
nanocomposites. The strong diffraction peaks of the prepared
Cu2O at 2h = 29.65�, 36.52�, 42.42�, 61.54�, 73.72� and 77.61�
belong to the (1 1 0), (1 1 1), (2 0 0), (2 2 0), (3 1 1) and (2 2 2) crys-
tal planes of Cu2O, respectively, which are in good agreement with
the standard file of Cu2O crystals in cubic phase (JCPDS No. 05-
0667) [36]. As for the line of Cu2O-rGO, all the diffraction peaks
are similar to those of pure Cu2O (JCPDS No. 05-0667) while the
characteristic peaks corresponding to the graphitic structure can-
not be observed in the XRD curve of rGO-Cu2O. The reason for
these phenomena was that the aggregation and restacking of these
prepared graphene composites were prevented and that the regu-
lar layer spacings of graphene sheets were also decreased due to
the insertion of Cu2O [38,39].

Fig. 3a shows the FT-IR spectra of Cu2O, GO, and rGO-Cu2O. In
the case of GO, a broad peak at 3400 cm�1 and a peak at
1730 cm�1 were contributed to the hydroxyl groups (-OH) and
the carboxyl group (C@O), respectively. The peak at 1050 cm�1 cor-
responded to the epoxy groups (CAO) of GO. The CAC and C@C
bending vibrations at 1420 and 1629 cm�1 were also observed
[40]. For rGO-Cu2O nanocomposites, the C@C vibration of graphene
skeleton was observed at 1589 cm�1. The CuAO vibration peak
(Cu2O curve) also appeared on the line of rGO-Cu2O nanocompos-
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ites, which confirmed the successful formation of the rGO and
Cu2O.

UV–vis spectroscopy was used to monitor the formation of
Cu2O nanoparticles and rGO-Cu2O nanocomposites. Fig. 3b shows
the UV–vis absorption spectra of rGO-Cu2O, Cu2O and GO. A char-
acteristic absorption peak was observed in the UV–vis spectrum at
about 236 nm for the p-p* absorption band of GO [41,42] and a
wide absorbing peak at 480 nm for Cu2O [43]. The absorption peak
of rGO-Cu2O nanocomposites was similar to that of pure Cu2O
nanoparticles, while it presented a higher absorbing intensity. In
addition, the characteristic absorption peak of graphene in the
nanocomposites red shifted from 236 to 270 nm, confirming that
the electronic conjugation within graphene nanosheets was recov-
ered after the reduction of GO during the process of formation rGO-
Cu2O nanocomposites [41,42].

The composition of GO and rGO-Cu2O was further confirmed by
XPS spectra in Fig. 4. Fig. 4a displays the whole spectrum of rGO-
Cu2O composites which revealed the existence of Cu2O and rGO.
The XPS spectrum of Cu 2p in Fig. 4b shows two sharp peaks at
932.2 and 952.3 eV which correspond to Cu 2p3/2 and Cu 2p1/2 of
Cu+, respectively [44]. Moreover, Fig. 4b shows no peaks belonging
to Cu2+, indicating the high purity of the Cu2O of the prepared rGO-
Cu2O nanocomposites. Fig. 4c shows the C 1 s high resolution spec-
tra of rGO-Cu2O and the corresponding quantitative deconvolution
peaks. The peak at 284.7 eV corresponds to the nonoxygenated
sp2-hybridized carbon atoms CAC (C@C), another peak centered
at 286.2 eV is attributed to the CAO bonds, and other peaks at
288.3 eV correspond to the C@O (carbonyl). [45]. Whereas the C
1 s XPS spectrum of GO in Fig. 4d exhibits the same oxygen func-
tionalities, their peak intensities are stronger than those in rGO,
indicating that GO has been reduced partially during the process
of preparing rGO-Cu2O nanocomposites.

The morphology of GO, Cu2O and rGO-Cu2O had been character-
ized by TEM. Fig. 5a reveals an almost-transparent single layer GO
nanosheet which possesses large area. There were many wrinkles
Fig. 4. The whole XPS spectrum of rGO-Cu2O (a), XPS spectra of Cu 2
on the surface of GO to reduce the surface energy which made it
more stable [46]. The size of Cu2O nanoparticles was less than
30 nm as shown in Fig. 5b. Fig. 5c displays monodispersed cubic-
like Cu2O nanoparticles dispersed on the surface of rGO nanosheets
uniformly. Zeta potential data (Fig. 5d) suggests that GO possessed
strong negative charge of�51.64 mV that made GO highly stable in
aqueous solutions, while Cu2O exhibited opposite charge of
16.08 mV. Therefore, Cu2O nanoparticles can be anchored on the
surface of rGO firmly due to the electrostatic effect between rGO
supports and Cu2O nanoparticles. These results indicated that
rGO nanosheets had a vital influence on the process of nucleation
and stabilization.

3.2. Stability and copper ions release behavior of Cu2O nanoparticles
and rGO-Cu2O nanocomposites

To investigate the stability, the GO, Cu2O, and rGO-Cu2O were
dispersed in ultrapure water for different durations. Fig. 6 mani-
fests that most Cu2O nanoparticles began to aggregate in order to
reduce specific surface energy and displayed poor dispersion after
7 days. However, rGO-Cu2O can maintain good dispersion until
14 days. These phenomena can be explained from two aspects.
Large surface area of rGO nanosheets promoted Cu2O nanoparticles
deposit on both sides of such sheets. Moreover, abundant polar
functional groups such as hydroxyl, and carbonyl groups on the
rGO sheet can endow rGO with excellent water solubility and
firmly fix Cu2O nanoparticles on the surface of rGO. Therefore,
the aggregation problem of Cu2O nanoparticles can be minimized
and even prevented.

Copper ion release behavior has a significant impact on the bac-
tericidal effect of Cu2O [13]. Cu2O nanoparticles collapsed easily
and the Cu+ ions released from Cu2O nanoparticles had a high level
under acidic environment as shown in Eq. (2) [47]. Meanwhile, as
shown in Eq. (3), Cu2O was easily oxidized to CuO by dissolved
oxygen [48]. Under acidic conditions, Cu+ ions were oxidized by
p (b) and C 1 s in rGO-Cu2O (c), XPS spectrum of C 1 s in GO (d).



Fig. 5. TEM image of GO (a), Cu2O nanoparticles (b) and rGO-Cu2O nanocomposites (c); and the zeta potential of GO, Cu2O and rGO-Cu2O (d).

Fig. 6. Digital pictures of dispersion of GO (a0, a1, a3, a7, a14, a30), rGO-Cu2O (b0, b1, b3, b7, b14, b30) and Cu2O (c0, c1, c3, c7, c14, c30) after storage for 0, 1, 3, 7, 14, 30 days.
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protons to Cu2+ and generated hydrogen because of the remarkable
reducibility, which was labeled in Eq. (4). However, hydrogen was
more active than copper and was oxidized into H+ by Cu2+ before
gathering into H2 as shown in Eq. (5). The whole reaction process
could be written as Eq. (6).

Cu2Oþ 2Hþ ! 2Cuþ þH2O ð2Þ

2Cu2Oþ O2 ! 4CuO ð3Þ

2Cuþ þ 2Hþ ! 2Cu2þ þH2 " ð4Þ
Cu2þ þH2 ! Cu # þ2Hþ ð5Þ
3Cu2Oþ O2 þ 2Hþ ! H2Oþ Cuþ Cu2þ þ 4CuO ð6Þ
The copper ions release behaviors of Cu2O and rGO-Cu2O were

characterized by ICP. The copper content of rGO-Cu2O nanocom-
posites was calibrated by TG (Fig. S5) and the TG test showed that
the remaining mass fractions of rGO and rGO-Cu2O after being
heated to 800 �C in nitrogen were 41.2% and 81.7%, respectively.
Therefore, the mass fraction of Cu2O in rGO-Cu2O was 68.88%
and the ICP curve of rGO-Cu2O nanocomposites was based on the
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copper content of 68.88%. As can be observed in Fig. 7, the copper
ions release rate of Cu2O nanoparticles was more rapid than that of
the rGO-Cu2O nanocomposites. Therefore, the rGO could prolong
the release time of copper ions to improve the long-term bacte-
riostasis because rGO wrapped the Cu2O tightly to form a protec-
tive barrier by electrostatic interaction (Fig. 5d) and reduced the
possibility of Cu2O contacting with external solution to react, as
shown in Eq. (6) [49].
3.3. ROS production of rGO, Cu2O nanoparticles and rGO-Cu2O
nanocomposites

The ROS is one of the important underlying physicochemical
mechanisms leading to the toxicity of Cu2O to microorganism
[50]. As a P-type semiconductor, the electron-hole pairs of Cu2O
were separated easily under light conditions to oxidize and
degrade organic materials. The reactive oxygen species assay kit
was used to assess the ROS production of rGO, Cu2O and rGO-
Cu2O stored in PBS for different time. As exhibited in Fig. 8a0,
8b0 and 8c0, the fresh rGO-Cu2O nanocomposites generated abun-
dant ROS, which was much more than that produced by fresh rGO
and Cu2O [51,52]. It indicated that the separation efficiency of pho-
toexcited charges of Cu2O was improved significantly after Cu2O
combining with rGO, because there was a better interfacial charge
transfer between Cu2O and rGO. With the increase of storage time,
the performance of all kinds of samples producing ROS was
restrained (Fig. 8a0-8a30, Fig. 8b0-8b30, Fig. 8c0-8c30). Especially,
Cu2O did not generate ROS thoroughly after 3 days of storage
(Fig. 8c3). This may be due to the fact that lots of copper ions were
released from the whole crystal surface of nanocrystals (Fig. 7),
which dramatically destroyed the Cu2O semiconductor structures
and unique atom arrangements of nanocrystals, causing the failure
of Cu2O to generate ROS [14]. Nevertheless, Fig. 8b30 showed that
there was still a little bit of ROS for the rGO-Cu2O nanocomposites
after immersing for 30 days. This was possibly attributed to that
the rGO encased on the outside of Cu2O nanoparticles reduced
the probability of Cu2O reacting with the external solution directly.
Fig. 8b0-8b30 and Fig. 8c0-8c30 also indicate that the copper con-
tent in both samples displayed a downward trend with increasing
the immersing time, while the copper content in pure Cu2O
nanoparticles decreased more violently. The changes of the atomic
ratio between copper and oxygen of two samples confirmed the
view that the copper ions were released from the Cu2O crystal,
which destroyed the Cu2O semiconductor structures and
Fig. 7. The relative copper ions release curves of Cu2O and rGO-Cu2O after 1 day,
3 days, 7 days, 14 days, 30 days, respectively. All samples were tested at least three
times.
restrained the generation of ROS. However, the copper content in
the rGO-Cu2O nanocomposites was reduced mildly, showing that
rGO-Cu2O nanocomposites could release copper ions slowly and
remain stable structure in a relatively long time to generate ROS
for bacteria inactivation.

To get insight into the ROS antibacterial mechanism of materi-
als, photoluminescence (PL) spectra were conducted to study the
optical properties of rGO-Cu2O nanocomposites. Fig. 9a displays
the PL spectra of Cu2O and rGO-Cu2O under 325 nm excitation. It
was observed that the emission peak intensity of the rGO-Cu2O
nanocomposites was significantly decreased in comparison with
that of Cu2O. These results indicated that the incorporation of
rGO can effectively prevent the recombination of electron-hole
pairs of Cu2O and can maintain its high photocatalytic disinfection.

Considering the discussions above, the ROS antibacterial mech-
anism about rGO-Cu2O nanocomposites was similar to the mecha-
nism of photocatalysis [53,54], which was exhibited in Fig. 9b. The
photoinduced electron (e�) preferentially transferred from Cu2O to
rGO, which could effectively suppress the recombination of
electron-hole pairs, because the Fermi potential level of rGO
(�4.42 eV) was lower than the conduction band (CB) of Cu2O
(�1.14 eV) [55]. The photoexcited electrons and holes of Cu2O
can directly attack the bacterial cells themselves [31]. Moreover,
the rGO, playing an important role, accepted the photoexcited elec-
trons from Cu2O, leading to abundant photoexcited electrons on
rGO surface, which provide better charge transfer between bacteria
and rGO-Cu2O nanocomposites [56,57]. The photoexcited electrons
and holes induced the excess accumulation of intracellular ROS,
such as hydrogen peroxide (H2O2), superoxide anions (�O2

�) or
hydroxyl radicals (�OH). The abundant active substances of ROS
induced nucleic acids damage, intracellular protein inactivation,
dysfunction of the mitochondria, and gradual disintegration of
the cell membrane leading to the cell death [58].

3.4. Antibacterial assay of Cu2O nanoparticles and rGO-Cu2O
nanocomposites

Plate colony counting method detected the long-term antibac-
terial activities of rGO-Cu2O and Cu2O, which were stored in PBS
for 0 day, 1 day, 3 days, 7 days, 14 days and 30 days, respectively.
The number of E. coli and S. aureus colonies results could be seen
at Fig. 10a and 10c, and the bacteriostasis of E. coli and S. aureus
could be observed in Fig. 10b and 10d. As shown in Fig. 10a and
10c, the number of E. coli and S. aureus colonies exhibited an
increase trend for both samples with increasing the storage time.
Corresponding to the change of colonies’ profile, Fig. 10b and d
demonstrate that the bacteriostasis of Cu2O nanoparticles
decreased more sharply than that of rGO-Cu2O nanocomposites
for E. coli as well as S. aureus. It can be explained from two aspects
why the antibacterial performance of both samples showed a
downward trend during the whole storage period. Two kinds of
samples reacted with O2 and H+ in the PBS solution to promote
the Cu2O to release copper ions (Fig. 7, Eq. (6)), destroying the reg-
ular crystal structure of cubic Cu2O and impacting the production
of ROS which was generated on a specific face mainly (Fig. 8b0-
8b30, 8c0-8c30) [14]. With increasing the soaking time, these
two kinds of samples agglomerated to reduce the specific surface
area which reduced the probability of contacting with bacteria.
However, the antibacterial effect of the rGO-Cu2O nanocomposites
was better than that of Cu2O during the whole period. Firstly, rGO
enveloped outside of the Cu2O by electrostatic action (Fig. 5d)
reduced the chance of Cu2O contacting with the PBS solution,
which slowed down the release of copper ions (Fig. 7). Secondly,
rGO could improve the separation efficiency of electron-hole pairs
of Cu2O to produce more ROS to kill bacteria (Fig. 8b0-8b30, Fig. 9).
Thirdly, the ‘‘blade like edges” of rGO-Cu2O nanocomposites could



Fig. 8. ROS generation of 40 lg/mL rGO (a0, a1, a3, a7, a14, a30), rGO-Cu2O (b0, b1, b3, b7, b14, b30) and Cu2O (c0, c1, c3, c7, c14, c30) after storage for 0, 1, 3, 7, 14, 30 days,
respectively. The atomic ratios between copper and oxygen of rGO-Cu2O (b0, b1, b3, b7, b14, b30) and Cu2O (c0, c1, c3, c7, c14, c30) after storage for 0, 1, 3, 7, 14, 30 days were
analyzed using energy dispersive spectrometer (EDS), respectively. Note: Scale bar = 100 lm.

Fig. 9. PL spectra of Cu2O nanoparticles and rGO-Cu2O nanocomposites at the excitation wavelength of 325 nm (a). Schematic illustration of the mechanism of ROS
production of rGO-Cu2O nanocomposites (b).
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Fig. 10. The number of E. coli and S. aureus colonies in LB medium for 18 hrs containing Cu2O and rGO-Cu2O, which were shaken in PBS for 0 day, 1 day, 3 days, 7 days, 14 days
and 30 days, respectively (a and c). The bacteriostasis of E. coli and S. aureus of Cu2O and rGO-Cu2O after shaking in PBS for 0 day, 1 day, 3 days, 7 days, 14 days and 30 days,
respectively (b and d). All samples were tested at least three times.
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destroy the bacterial cells, making the copper ions react with cyto-
plasmic constituents more conveniently, and finally inactivate the
bacteria [33]. Fourthly, rGO can prevent Cu2O nanoparticles from
agglomerating after long time storage, rGO-Cu2O nanocomposites
possessed a larger contact area with bacteria consequently (Fig. 6-
b0-6b30, 6c0-6c30), which was more conducive to kill bacteria.

The 7th day was selected as the demarcation point to further
study the long-term antibacterial properties of Cu2O nanoparticles
and rGO-Cu2O nanocomposites. As illustrated in Fig. 10b and 10d,
when these two samples were stored in PBS for less than 7 days,
compared with the Cu2O nanoparticles, the antibacterial perfor-
mance of the rGO-Cu2O nanocomposites was increased by 13%
and 14% against E. coli and S. aureus, respectively. Although the dis-
persibility of these two samples was not significantly different, the
ROS generation ability and the copper ions release rate were very
different within 7 days. The Cu2O nanoparticles did not generate
ROS on the third day, while the rGO-Cu2O nanocomposites could
generate ROS continuously during this time (Fig. 8b0-8b3, 8c0-
8c3). In addition, the Cu2O nanoparticles had a tendency of releas-
ing copper ions within 7 days quickly (Fig. 7). Hence, the antibac-
terial properties of Cu2O nanoparticles were suppressed more
severely than those of the rGO-Cu2O nanocomposites. When the
storage time was over 7 days, the antibacterial performance of
rGO-Cu2O nanocomposites was far better than that of Cu2O
nanoparticles. The bacteriostasis of Cu2O nanoparticles against
E. coli and S. aureus dropped to 29.33% and 31.03% respectively at
the 30th day, whereas rGO-Cu2O nanocomposites still displayed
a strong antibacterial activity, which possessed 70.09% and
65.06%, respectively. The bactericidal effect of ROS of both samples
was not apparent over 7 days, although the rGO-Cu2O nanocom-
posites could still produce small amount of ROS on the 30th day.
Because the release of copper ions of two samples destroyed the
Cu2O semiconductor structures, however, the rGO could protect
the internal Cu2O from reacting with O2 and H+ too quickly and
remain its stable structure in a relatively long time (Fig. 8b7-
8b30, 8c7-8c30). The difference of antibacterial effect between
Cu2O nanoparticles and rGO-Cu2O nanocomposites was mainly
attributed to the copper ion release properties and dispersibility
after storage in PBS over 7 days. The rGO-Cu2O nanocomposites
still keep prominent copper ions sterilization effect by retarding
the release of copper ions and reducing the mass loss of Cu2O
(Fig. 7) [59]. Furthermore, the dispersibility of Cu2O nanoparticles
had been enhanced after Cu2O combining with rGO which pos-
sessed excellent solubility by electrostatic interaction, improving
the contact area with bacteria consequently (Fig. 6b7-6b30,
6c7-6c30). Therefore, the prepared rGO-Cu2O nanocomposites pos-
sessed high efficient sterilization because of the synergistic effect
of sustained release of copper ions, elevated ROS production ability
and excellent dispersion of rGO-Cu2O nanocompositesthe.

4. Conclusion

This work provides a novel facile strategy to design stable
rGO-Cu2O nanocomposites utilizing the electrostatic interaction
and special electronic transition between rGO and Cu2O, present-
ing formidable antibacterial capacity and long-term effectiveness
[26,60]. As a result, the monodispersed Cu2O nanoparticles with
a size of 25 nm were dispersed well on the surface of rGO
nanosheets. The antibacterial test results indicated that the rGO-
Cu2O nanocomposites presented powerful long-lasting antibacte-
rial capability against E. coli and S. aureus. As systematically
revealed by stability test, copper ion release test and ROS
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detection, the enhanced antibacterial mechanisms of rGO-Cu2O
nanocomposites were due to the synergistic effect of sustained
release of copper ions, elevated ROS production ability and excel-
lent dispersion of rGO-Cu2O nanocomposites. The specific findings
can be summarized as follows: (1) Initially, the rGO wrapped the
Cu2O by electrostatic interaction, protecting Cu2O from reacting
with external solution directly, which extended the release period
of copper ions; (2) The sharp edges of rGO nanosheets can damage
the bacterial cell membranes physically, making the copper ions
react with bacterial cell more conveniently, which maintained a
highly efficient ion sterilization; (3) Furthermore, the rGO-Cu2O
nanocomposites had a stronger ROS generation capacity and a
longer ROS generation time than pure Cu2O due to the fact that
the rGO promoted the charge carrier separation of Cu2O and pro-
tected Cu2O from falling apart quickly in PBS solution; 4) Finally,
the dispersibility of rGO-Cu2O nanocomposites had been improved
in aqueous solution owing to the excellent solubility of rGO, thus
the prepared bactericide had a larger contacting surface with bac-
teria to kill bacteria. The produced rGO-Cu2O is a promising bacte-
ricide in the antibacterial fields and can provide an alternative
strategy for fighting against drug-resistance crisis in public health.
We hope to further optimize the process of preparing materials or
combine Cu2O with other materials to synthesize more efficient
and environmental friendly long-term fungicides.
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