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In this work, a facile and green approach for the synthesis of polydopamine/reduced graphene oxide nanosheets with incorporated copper ions
(Cu/PDA/RGO) has been reported using bioadhesive PDA. During the process, the coating of PDA occurred through self-assembly and
oxidative polymerisation, involving both the reduction of GO nanosheets and immobilisation of Cu ions. The Cu/PDA/RGO nanosheets
showed effective and efficient antibacterial performance against Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus). The
antibacterial mechanism of the Cu/PDA/RGO nanosheets was also investigated. The death of E. coli cells could be attributed to the
disruption of their cell membranes and increased levels of intracellular reactive oxygen species (ROS). However, due to the direct contact
between the Cu/PDA/RGO nanosheets and cells, the production of high level ROS ultimately led to the death of S. aureus cells.
This research provides a new idea for the synthesis of antibacterial agents.
1. Introduction: A steady increase in population has led to the
destruction of the natural environment. Air and water contaminated
by pathogenic microorganisms spread infectious diseases [1].
Although antibiotics can effectively cure infectious diseases, exten-
sive use of antibiotics has resulted in new problems, such as the
emergence of drug resistant pathogens (or multi-drug resistant
pathogens) [2, 3] and superbugs [4, 5] posing more serious health-
care challenges [6, 7]. There is an urgent need to develop novel and
effective antibacterial agents to tackle the problem of drug resistant
bacteria [8]. Nowadays, large numbers of nanocomposites, such
as metal oxides and metal nanoparticles (NPs) have shown excel-
lent antibacterial properties [9–11]. They can kill microbes or
inhibit their growth by destroying their cell membranes [11] or by
increasing the level of reactive oxygen species (ROS). These nano-
material-based compounds provide a new method to treat infectious
diseases.

Among these metallic compounds, copper (Cu)-based NPs have
shown great potential in disinfection of microorganisms and viruses
[12, 13], since they are economical and biologically safe [9, 14–17].
Copper NPs (Cu NPs) have been synthesised by different methods,
such as ultraviolet (UV)-light irradiation [15], co-precipitation
method [17], chemical reduction [14, 18, 19], and biotemplated
synthesis [16]. In these examples, generally, Cu salts (such as
CuSO4, CuCl2, Cu(NO3)2) were used as precursors to obtain Cu
NPs. However, most of these approaches required longer time,
special equipment, toxic materials or more complicated procedures,
and so on. Therefore, a simple, effective, and green method to syn-
thesise Cu-based NPs remains a challenge.

Dopamine is widely used as a biogenic material [20] and it can
self-polymerise in an alkaline medium. It can also spontaneously
form a thin polydopamine (PDA) layer virtually on any surface.
PDA coating not only has reducing properties but also serves as a
versatile platform for secondary functionalisation of materials
[21]. Graphene oxide (GO) coated with PDA has attracted great at-
tention due to its excellent mechanical properties, large specific
surface area and thermal and electrical properties [22, 23]. For
example, according to Guo et al., the reduction of noble metal
(Au, Ag, Pt) on the surfaces of reduced GO (RGO) by PDA
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required 30 min to 5 h [24]. Hu et al. reported that PDA functiona-
lised graphene sheets dispersed in CuCl2 solution for 2 h produced
rG–Cu, which could degrade methylene blue [25]. Yeroslavsky
et al. synthesised Cu-containing PDA capsules by overnight
refrigeration [26], which showed strong and rapid antibacterial
activity. From these studies the advantages of PDA-based chemical
modification technology, such as ease-of-use, environment-
friendliness, and versatility under mild conditions, can be seen.

Inspired by these characteristics of PDA, dopamine was used in
this study to reduce GO. The PDA coating obtained subsequently
served as a platform for immobilisation of Cu ions. To the best
of our knowledge, this is the first report on the deposition
of Cu-based NPs on the surface of PDA/RGO to achieve antibact-
erial efficiency. In this study, the synthesis of Cu-based NPs
required only 8 h and was carried out without using any other redu-
cing agent. The process is very facile, efficient, and green.
Antibacterial tests revealed that Cu/PDA/RGO nanosheets had effi-
cient antibacterial performance against Escherichia coli (E. coli)
and Staphylococcus aureus (S. aureus).

2. Materials and methods: Graphene powders were purchased
from Sigma-Aldrich. Dopamine hydrochloride was obtained by
Adramas Reagent Co., Ltd. E. coli (ATCC 25922) and S. aureus
(ATCC 25923) were purchased from China Center of Industrial
Culture Collection (Beijing, China). ROS assay kit was obtained
from Beyotime Company (Beijing, China). Tris(hydroxymethyl)
aminomethane, CuSO4, acetone, glutaraldehyde, and Lysogeny
broth (LB) medium were acquired from Tianjin Yong Da
Chemical Reagent Development Center. Analytical grade chemi-
cals were used without further purification. All solutions were
prepared in deionised (DI) water purified using a Milli-Q ultrapure
unit.

2.1. Synthesis of Cu/PDA/RGO nanosheets: GO was prepared
according to the procedure described by Wang’s team [27]. Then
the Cu/PDA/RGO nanosheets were typically synthesised as
follows: 200 mg GO was dispersed in 200 ml DI water, and the
resulting suspension was sonicated in an ice-bath for 1.5 h.
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Fig. 1 XRD patterns and TEM images of Cu/PDA/RGO nanosheets
a XRD patterns of GO, PDA/RGO, and Cu/PDA/RGO nanosheets;
b TEM image of GO
c TEM image of PDA/RGO
d TEM image of Cu/PDA/RGO nanosheets

Fig. 2 XPS survey spectrum of Cu/PDA/RGO
Then 200 mg dopamine hydrochloride and 200 ml Tris-buffer sol-
ution (10 mM, pH 8.5) were added to the above suspension and
subsequently stirred for 12 h at room temperature to obtain the com-
posites of reduced GO (PDA/RGO). The PDA/RGO composite was
collected by centrifugation, followed by washing with DI water.
Subsequently, the obtained PDA/RGO was re-dispersed in 200 ml
DI water. After adding 500 mg CuSO4, the suspension was
stirred for 8 h. Finally, the as-prepared Cu/PDA/RGO nanosheets
were separated by centrifugation and dried in an oven.

2.2. Characterisations: The crystal structure analysis was carried
out on X-ray diffraction (XRD) measurement (Germany Bruker
D8-ADVANCE, Cu-kα radiation). The surface morphology of the
samples was examined using a transmission electron microscope
(TEM, Dimension D3100, Veeco). The chemical components
were characterised using X-ray photoelectron spectroscopy (XPS,
Thermo VG Scientific). The total content of Cu in product was
measured by inductively coupled plasma-optical emission spectro-
photometry (ICP-OES, Perkin-Elmer Optima 2100).

2.3. Bacterial cells preparation: E. coli and S. aureus were chosen
as model Gram-negative and Gram-positive bacteria, respectively,
to investigate the antimicrobial properties of samples. Both stains
were grown in LB medium at 37°C overnight, and then the cells
were collected by centrifugation and washed several times with
sterile DI water. Finally, the cells were adjusted to about 107–108

colony forming units (CFU)/ml for antibacterial assay.

2.4. Optical density (OD) growth curve determination: Cells sus-
pension (2 ml) and samples (200 μl) of different concentrations
(0, 40, 80, 120, 160, 200 μg/ml) were mixed and incubated at
37°C with shaking for 2 h. The mixture was then transferred into
a 100 ml flask containing 20 ml of LB medium. The cell samples
were incubated at 37°C in a shaker incubator at 200 rpm and the
cell densities were determined at interval of one hour by the absorb-
ance at 600 nm.

2.5. Cell viability measurement: The reduced number in viable cells
treated with NPs was determined by CFU counting. After 1 ml cells
and 100 μl samples were incubated at 37°C for 2 h, the mixture was
serially (1:10) diluted. Subsequently, 100 μl cells suspension was
spread onto an LB solid plate and left to grow at 37°C for 48 h.
All assays were repeated three times. Colonies were counted and
the survival rate was evaluated. The survival rate%= counts of
samples treated with NPs/counts of control.

2.6. Detection of ROS levels: Oxidative stress generation is thought
to be one of the key antibacterial mechanisms [28]. The intracellular
ROS levels in the bacterial cells were determined, according to
Guo et al. [29]. In brief, the cells were firstly mixed with Cu/
PDA/RGO nanosheets in tubes (the control with DI water),
and then the cells were washed with phosphate-buffered saline
(PBS) solution and resuspended in PBS solution. Finally, 10 μl
2′,7′-dichlorofluorescein–diacetate was added and incubated for
1 h at room temperature in the dark. The fluorescence intensity
was measured using an Edinburgh FLS920 spectrometer with exci-
tation at 488 nm and emission at 525 nm.

2.7. Detection of integrity in cell membranes and morphological
observation: Firstly, the cells were mixed with 200 μg/ml
Cu/PDA/RGO nanosheets and incubated at 37°C for 2 h. Then,
the supernatant was filtered through a 0.22 μm membrane, and
the efflux of intracellular substances was measured by the absorb-
ance at 260 nm. The morphological variations of bacteria
were further investigated by scanning electron microscopy (SEM)
examination. The collected cells are fixed using 2.5% glutar-
aldehyde overnight at 4°C, followed by dehydrating with a
series of acetone solutions (10, 30, 50, 70, 90, and 100%).
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Finally, the cells were lyophilised and sputter-coated with gold
for SEM observation.
3. Results and discussion
3.1. Characterisation studies: The XRD patterns of the as-obtained
products are shown in Fig. 1a. For GO, a characteristic peak at
11.22°, corresponding to the (001) lattice plane, was observed. A
reflection peak (002) at 2θ= 26.2° appeared in the patterns of
PDA/RGO and Cu/PDA/RGO nanosheets, indicating the successful
reduction of GO to RGO by PDA [30]. However, the characteristic
diffractions of Cu were not observed in the patterns of Cu/PDA/
RGO, due to its low loading amount. Fig. 1b showed the TEM
image of GO, in which the GO nanosheets exhibited a transparent
lamellar structure with some wrinkles at the edges. In Fig. 1c, the
surface of PDA/RGO appeared fairly rough, compared with that
of GO. This result was consistent with the reduction of oxygen
functional groups of GO and simultaneous coating of PDA on the
surface of GO. The Cu clusters were not observed in the TEM
image of Cu/PDA/RGO, probably due to low Cu loading (Fig. 1d ).

XPS analysis determined the chemical composition of Cu/PDA/
RGO nanosheets, as shown in Fig. 2. Fig. 2 shows the XPS survey
spectrum of Cu/PDA/RGO. The peaks for C, O, N, and Cu were
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Fig. 5 OD curves for growth of S. aureus in LB broth at 37°C after the cell
suspensions (2 ml, 107–108 cfu/ml) were treated with different concentra-
tions of
a GO
b PDA/RGO
c Cu/PDA/RGO nanosheets
observed, proving the presence of characteristic elements in Cu/
PDA/RGO. As seen in the high-resolution scan (Fig. 3a), C 1s
signal could be decomposed into four components: C=C
(284.6 eV), C–N (285.2 eV), C–O (286.8 eV), and O–C=O
(288.7 eV) [24]. Peaks with binding energies (BEs) at about
400.05 and 402.1 eV in Fig. 3b were attributed to the C–NH2 and
NH3 species, respectively [31]. In the high-resolution scan of the
O 1s (Fig. 3c), two peaks at 531.9 and 532.9 eV were observed,
suggesting the presence of the PDA layer [32]. As seen in
Fig. 3d, the characteristic peaks of Cu 2p at 934.7 eV and its corre-
sponding satellite peak about 943.4 eV appeared, which suggested
the presence of Cu2+ [2, 15]. The lower BE peak at 932.8 was
assigned to Cu+ [33]. The concentration of Cu ions was further
determined by ICP-OES, which was estimated to be 0.38 mg/kg.

3.2. Antibacterial studies: Cu NPs are known to exhibit antibacter-
ial activity against many bacteria [3, 14]. In this study, E. coli and
S. aureus cells were used for investigation of the antibacterial activ-
ity of the as-obtained products. The optical densities were deter-
mined and the growth curves were plotted, as shown in Figs. 4
and 5. The control samples showed rapid bacterial growth, and
the delays in growth time of E. coli and S. aureus were 2 and
1 h, respectively (Figs. 4 and 5). Compared with control, as seen
in Figs. 4a and b, GO and PDA/RGO did not inhibit the growth
of E. coli cells at all tested concentrations. In contrast, the growth
of E. coli cells was strongly inhibited by Cu/PDA/RGO nanosheets
Fig. 3 XPS spectra of Cu/PDA/RGO
a C 1s
b N 1s
c O 1s
d Cu 2p

Fig. 4 OD curves for growth of E. coli in LB broth at 37°C after the cell
suspensions (2 ml, 107–108 cfu/ml) were treated with different concentra-
tions of
a GO
b PDA/RGO
c Cu/PDA/RGO nanosheets
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at concentrations of 80 μg/ml or more (Fig. 4c). The E. coli cells
treated with 80 μg/ml nanosheets showed delay in their growth
time by ∼4 h. For all nanosheet concentrations of >120 μg/ml the
results obtained were same, showing delayed growth by >8 h
(Fig. 4c). Figs. 5a–c show the antibacterial effects of samples on
S. aureus. In Figs. 5a and b, GO and PDA/RGO hardly showed
any delay in S. aureus growth, suggesting their weak antibacterial
activities. The S. aureus cells treated with Cu/PDA/RGO nanosheet
concentrations of below 120 μg/ml showed growth at a similar rate
as that of the control blank (Fig. 5c). Nevertheless, the Cu/PDA/
RGO nanosheets at concentrations of 160 and 200 μg/ml displayed
excellent antibacterial efficiency, wherein the cell growth was
delayed by ∼4 and 5 h, respectively (Fig. 5c).

To determine whether the as-obtained materials have a bacteri-
cidal effect on E. coli and S. aureus cells, cell viabilities were
tested. As seen in Fig. 6, both bacteria had survival rates of about
100% in the presence of PDA/RGO, indicating no toxic effects of
PDA/RGO on E. coli and S. aureus cells. Fig. 6a shows that
there was no significant reduction in the number of viable E. coli
cells in the presence of GO dispersion. Compared with other
samples, the Cu/PDA/RGO nanosheets exhibited strong antibacter-
ial activity against E. coli. As shown in Fig. 6a, the viable cell
numbers were reduced by 26.5 and 49.1% after they were treated
with Cu/PDA/RGO nanosheets at concentrations of 40 and
80 μg/ml, respectively. Moreover, treatments with concentrations
of 120, 160, and 200 μg/ml could inactivate 93.3, 94.7, and
95.6% of viable E. coli cells, respectively (Fig. 6a). Fig. 6b
shows the survival rates of S. aureus cells. Approximately
76–81% cells could survive when treated with different concentra-
tions of GO (Fig. 6b), which suggested that the GO dispersions
exhibited weak antibacterial performance. The Cu/PDA/RGO
nanosheets at concentrations of 40, 80, and 120 μg/ml could inacti-
vate 11.4–16.6% of the S. aureus cells (Fig. 6b). However, only
11.6 and 4.9% cells survived when treated with Cu/PDA/RGO
nanosheets at concentrations of 160 and 200 μg/ml, respectively
(Fig. 6b). These results clearly demonstrated enhanced antibacterial
Fig. 6 Survival rates of
a E. coli cells
b S. aureus cells after incubation with different concentrations of GO,
PDA/RGO, and Cu/PDA/RGO nanosheets for 2 h
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Fig. 9 SEM images of E. coli and S. aureus treated with
a, c Sterile DI water
b, d Cu/PDA/RGO (200 μg/ml)
properties of Cu/PDA/RGO nanosheets. All these findings were
consistent with the growth curves.
Results of bacterial viability tests showed that the Cu/PDA/RGO

nanosheets had significant bactericidal activity against E. coli and
S. aureus. To study the bactericidal mechanism, the accumulation
of ROS was determined when cells were exposed to Cu/PDA/
RGO nanosheets and the results are shown in Fig. 7. Compared
with the blank control, the intracellular ROS levels of E. coli
showed no apparent increase after treatment with Cu/PDA/RGO
nanosheets at lower concentrations (40 and 80 μg/ml). However,
the generation of ROS in E. coli cells had risen to 32.2, 41.5, and
65.2% when the concentrations of Cu/PDA/RGO nanosheets
increased to 120, 160, and 200 μg/ml, respectively (Fig. 7a). In con-
trast, the ROS production in case of S. aureus was significantly
higher after treatment with Cu/PDA/RGO nanosheets (Fig. 7b).
Compared with control, the intracellular ROS levels showed a
1.6-fold increase at concentration of 40 μg/ml. Moreover, higher
concentration of Cu/PDA/RGO nanosheets led to higher fluores-
cence intensity (Fig. 7b). Surprisingly, compared with control,
Cu/PDA/RGO nanosheets with 200 μg/ml showed a 3.4-fold in-
crease in ROS production (Fig. 7b). The significantly higher pro-
duction of ROS by Cu/PDA/RGO nanosheets could play a major
role in the antibacterial activity.
The UV–vis absorption assay was performed to further verify the

integrity of the cell membrane. It is known that if the cell membrane
of bacterium gets destroyed, the efflux of cytoplasmic materials,
such as DNA and RNA, can change the absorbance intensity at
260 nm. The UV absorptivity at 260 nm is shown in Fig. 8 after
the cells were incubated with Cu/PDA/RGO nanosheets and DI
water. Compared with the control blank, the ratio of absorbance
increased 2–5-fold with increase in concentration of Cu/PDA/
RGO nanosheets (Fig. 8a). This indicated that E. coli cells were
severely damaged and the intracellular substances had largely
leaked out. In contrast, the ratio of S. aureus exhibited no remark-
able changes before and after they were treated with Cu/PDA/RGO
nanosheets (Fig. 8b), demonstrating that the cell membranes of
S. aureus were not significantly affected by Cu/PDA/RGO
Fig. 7 ROS generation after the
a E. coli cells
b S. aureus cells were incubated with Cu/PDA/RGO nanosheets at different
concentrations and DI water

Fig. 8 Absorbances of released cytoplasmic materials at 260 nm after
a E. coli cells
b S. aureus cells were treated with different concentrations of Cu/PDA/RGO
nanosheets
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nanosheets. It has been reported that the differences between
antibacterial performances of carbon-based NPs are sometimes
attributed to the bacterial cell structure [34]. In contrast to
Gram-positive bacteria, the cells of Gram-negative bacteria have
lipids in their external membranes. Carbon-based NPs readily
enter through the lipid membrane. It is possible that the cytoplasmic
materials are released due to the partitioning of Cu/PDA/RGO
nanosheets into lipid membranes, leading to the death of E. coli
cells. However, the Cu/PDA/RGO nanosheets do not seem to
have impact on the cell membrane of S. aureus.

SEM was employed to further study the cell morphologies of
samples treated with Cu/PDA/RGO nanosheets and the results are
shown in Fig. 9. As seen in Fig. 9a, E. coli cells treated with DI
water appeared rod-shaped with smooth and intact cell surfaces.
In contrast, after treatment with Cu/PDA/RGO nanosheets, most
E. coli cells became rough and porous with completely damaged
cell walls (Fig. 9b). The antibacterial performance of Cu/PDA/
RGO nanosheets could be attributed to the entry of Cu ions into
the lipid cell membrane accompanied by the induction of more
number of ROS species. This caused damage to the cell wall and
leakage of cytoplasmic materials, which ultimately resulted in the
death of E. coli cells [35, 36]. Fig. 9c shows the morphology of
S. aureus cells, in which the blank control cells appeared spherical
in shape with well-defined cell walls and smooth surfaces. The anti-
bacterial efficiency of Cu/PDA/RGO nanosheets against S. aureus
is shown in Fig. 9d. Although the surfaces of S. aureus remained
intact, the Cu/PDA/RGO nanosheets were tightly wrapped around
the cells (Fig. 9d ). The antibacterial mechanism could possibly
be attributed to the attachment of Cu ions to the cell wall, followed
by generation of the active oxygen species due to the intracellular
enzymes, causing cell death [9, 36].

4. Conclusions: In summary, highly efficient PDA/RGO
nanosheets with incorporated Cu ions were synthesised using
PDA as a reducing agent through a facile, efficient, and green
method. Cu/PDA/RGO nanosheets exhibited better antibacterial
performance against E. coli and S. aureus. The Cu ions could
enter through the lipid membranes into the E. coli cells and
induce the formation of higher ROS levels, damaging the cell mem-
brane and causing leakage of cytoplasmic materials. This finally led
117
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to the death of E. coli cells. On the other hand, the death of
S. aureus could only be attributed to the production of high ROS
levels, due to the direct contact with the samples. The facile fabri-
cation and highly-efficient antibacterial ability of Cu/PDA/RGO
nanosheets make them potential candidates for antibacterial
nanomaterials.
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