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Abstract: Graphene oxide (GO) is recognized as a promising antibacterial material that is expected to be used to prepare a 
new generation of high-efficiency antibacterial coatings. The propensity of GO to agglomeration makes it difficult to apply it 
effectively. A new method of preparing GO-loaded nickel (GNC) with excellent antibacterial property is proposed in this paper. 
In this work, GNC was prepared on a titanium sheet by magnetic field-assisted scanning jet electrodeposition. The massive 
introduction of GO on the coating was proven by energy disperse spectroscopy and Raman spectroscopy. The antibacterial 
performance of GNC was proven by agar plate assessment and cell living/dead staining. The detection of intracellular reactive 
oxygen species (ROS) and the concentration of nickel ions, indicate that the antibacterial property of GNC are not entirely 
derived from the nickel ions released by the coating and the intracellular ROS induced by nickel ions, but rather are due to the 
synergistic effect of nickel ions and GO.
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1. Introduction
Microbial safety has attracted intense research interest 
worldwide. Bacteria are widely distributed in nature, 
and many can attach to the surface to form biofilms, 
posing a constant threat to human health and economy[1]. 
The prevention of bacterial colonization and infection 
in human daily life and the working environment is 
extremely important to human health. In addition, biofilm 
will also reduce or even fully destroy the functional 

performance of surfaces, for example, in ships, petroleum 
pipeline metal structures, and medical implants[2-4]. 
Antibacterial coatings have been mainly achieved using 
three major strategies[5] of contact-killing, antibacterial 
agent release and anti-adhesion/bacteria-repellence[6-10]. 
At present, there is an increasing demand for improved 
performance of antibacterial surfaces in terms of 
environmental friendliness, reliability, and efficiency. 
Thus, the development of a new generation of safe, 
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reliable, and durable antibacterial coatings is increasingly 
urgent.

Nickel is widely used in coatings to protect metal 
substrates from corrosion due to its good corrosion 
resistance and wear resistance[11]. Antibacterial coatings 
with excellent comprehensive properties are expected 
to be obtained through the preparation of nickel-
based composite coatings. As a derivative of graphene, 
graphene oxide (GO) is obtained by oxidation of graphite 
under acidic conditions[12]. Due to its unique physical and 
chemical properties, GO has important research value in 
biology, energy, medicine, sensors, and other fields[13-15]. 
Abundant oxygen-containing functional groups are 
distributed on the edge (hydroxyl and carboxyl) and base 
surface (epoxy) of GO sheets, endowing GO with excellent 
hydrophilicity, and dispersibility[16]. Since GO was first 
reported to exhibit antibacterial ability in 2010[17], many 
studies on the antibacterial mechanism and application of 
GO have begun to be carried out. The physical damage 
of the sharp edges of GO, the effect of oxidative stress, 
and wrapping or trapping of bacterial membranes by the 
thin film of GO are considered to be the three mainstream 
antibacterial mechanisms of GO[18-20]. In addition, 
theories regarding the extraction of lipid bilayers and the 
interference of signal proteins have been reported[21,22]. 
Although the antibacterial mechanism of GO is still 
controversial, the outstanding antibacterial performance 
of GO has been accepted, and its applications are being 
expanded. Some methods for the preparation of GO 
coatings have been reported, such as cold spraying, thin 
evaporation, chemical vapor deposition, electrophoretic 
deposition, and chemical grafting[23-25].

Additive manufacturing (AM), defined as a process 
to build three-dimensional (3D) objects by joining 
materials layer by layer, has been used in automotive, 
aerospace, printed electronics, and healthcare[26-30]. Inkjet 
printing and electrohydrodynamic jetting are widely 
used in printed electronics and biological printing with 
their excellent dimensional accuracy[31-34]. Compared 
with the traditional coating process, AM can shorten 
the production cycle of coating preparation, does not 
require assembly or mold preparation, and consumes less 
energy[35]. Laser melting deposition is an efficient method 
that can effectively enhance the fusion of powder and 
matrix and is widely used in the preparation of ceramic-
reinforced metal-based composite coatings[27,36]. As a 
kind of AM technology, local electrochemical deposition 
technology can realize the directional deposition of metal 
ions layer by layer to print metal parts[37]. In the process 
of jet electrodeposition, the pumped plating bath forms a 
conductive jet between the cathode and anode under the 
restriction of the nozzle, and the deposition is realized 
in the contact area between the jet and the cathode. By 
adjusting the position of the deposition area on the surface 

of the cathode, a variety of patterns can be obtained. The 
metal plating layer deposited in the previous step can 
be used as the substrate for the next deposited layer. As 
the number of reciprocating scans of the deposition area 
increases, the coating grows layer by layer, forming a 
three-dimensional geometric entity. The high efficiency 
mass transfer of the jet between the electrodes makes the 
jet electrodeposition have the advantage of high limit 
current, which is conducive to the improvement of the 
coating deposition efficiency and the enhancement of 
the bonding force with the substrate[38,39]. By adjusting 
the composition of the plating bath, multiple composite 
coatings can be prepared. The flowing plating bath will 
promote the dispersion of the second phase in the bath 
and improve the uniformity of the composite coating, and 
no additional post-process is required after the coating is 
prepared. Therefore, jet electrodeposition is widely used 
for the preparation of composite coatings[38,40].

However, the agglomeration of GO in the plating 
bath has always been a challenge for the preparation of 
GO composite coating. The agglomerates of GO in the 
plating bath will have a great negative impact on the 
preparation of the coating. It is also common that GO 
cannot be introduced into the coating due to agglomeration 
(Figure S1). To solve the problem of the difficulty 
of the deposition of GO on the coating, the magnetic 
field-assisted scanning electrodeposition technique was 
applied to the fabrication of GO-loaded nickel (GNC). 
Magnetic field-assisted jet electrodeposition is a new 
type of process for preparing composite coatings, and 
our group has reported the preparation of Nickel/Silicon 
Carbide (Ni-SiC) composite coating by magnetic field-
assisted jet electrodeposition[41]. The introduction of 
magnetic field and ferromagnetic particles promoted the 
deposition of GO on the coating. In this work, GO is no 
longer independently dispersed into the plating bath as the 
second phase, but is dispersed into the plating bath together 
with ferromagnetic nickel particles (Nip). The sheet-like 
GO adsorbs on the surface of the Nip to form GO-loaded 
nickel particles. During the cathode deposition process, 
the permanent magnet under the cathode provides a stable 
magnetic field to capture the Nip. As the nickel coating 
grows, these GO-loaded particles are bound and fixed 
by the nickel coating, and eventually become part of the 
coating. In this work, the GNC was prepared by magnetic 
field-assisted scanning jet electrodeposition, and then the 
antibacterial activity and the antibacterial process of the 
composite coating were studied.

2. Materials and methods
2.1. Materials
GO used in the experiment is commercial few-layer GO 
purchased from Guoheng Technology Co., Ltd (China). 
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The ferromagnetic particles used in the experiment are 
reduced nickel powder purchased from Aladdin Co., Ltd 
(China), with an average particle size of 50 μm. Pure 
titanium sheets were used as the substrate with dimensions 
of 30 mm × 30 mm × 0.5 mm. The weak cytotoxicity of 
titanium is beneficial to reflect the antibacterial properties 
of the coating. Watts nickel bath was used as the basic 
plating bath. The composition of basic plating bath 
is shown in Table 1. All experimental reagents were 
analytical grade and distilled water was used to prepare 
the plating bath.

2.2. Preparation of composite plating bath
To promote the dispersion of GO in the bath, the two-
step dispersion method was adopted. In the first step 
of dispersion, GO powder and sodium dodecyl sulfate 
(SDS) were dispersed in distilled water at a ratio of 5 g/L 
and 0.5 g/L, respectively (Figure 1A). An ultrasonic 
oscillator with a power of 240 W was used. Ultrasonic 
treatment for 1 h was used to promote the uniform 
dispersion of GO. As an anionic additive, dissolved SDS 
can form an electrostatic balance with GO to maintain the 
dispersed state of GO[42]. While preparing GO dispersion, 
the reduction nickel powder was dispersed into the basic 
bath according to the amount of 2 g/L, accompanied 
by magnetic stirring and ultrasonic vibration for 1 h 
(Figure 1B). The Nip were evenly dispersed in the 
plating bath, after sufficient ultrasonic treatment. In 

the second step of dispersion, the GO dispersion was 
gradually added to the bath containing Nip in a volume 
ratio of 1:9 (Figure 1C). The plating bath is titrated to 
control the concentration of GO in the composite plating 
bath to 0.5 g/L, and the whole process was carried out 
under the conditions of magnetic stirring and ultrasonic 
vibration for 1 h, so that the GO can be uniformly mixed 
with Nip and fully contacted. Finally, GO and Nip adsorb 
each other and stably dispersed in the composite plating 
bath (Figure S3).

2.3. Preparation of the GNC
The titanium sheets were polished and cleaned with acetone 
and alcohol, and finally were cleaned ultrasonically with 
distilled water. The plating bath is kept at 40℃ and is 
circulated and pumped by a water pump, and the flow rate 
of the bath at the nozzle is maintained at 200 L/h. Figure 2A 
illustrates the experimental device. The flowing plating 
bath will accumulate in the anode cavity under the action 
of the pump and is sprayed onto the cathode substrate 
through a rectangular nozzle. The flowing plating bath 
connects the cathode and anode and forms a jet between 
the electrodes. The distance between the nozzle and the 
cathode substrate is maintained at 2 mm. The nickel rod in 
the anode tube is used as a soluble electrode to supplement 
the consumed nickel ions. The jet between the electrodes 
is excited by a current of 100 A/dm2, and the nickel 
coating is deposited on the surface of the cathode below 
the nozzle. A large-area permanent magnet placed 3mm 
below the cathodes provides a uniform magnetic field 
with a strength of 100 mT to capture the Nip in the jet. In 
the deposition process, the deposition area of nickel ions 
is focused on the impact area of the jet on the cathode 
under the restriction of the nozzle. The anode and nozzle 
will perform a reciprocating uniform scanning movement 

Table 1. Compositions of basic plating bath.

Bath composition Content
NiSO4·6H2O 260 g/L
NiCl2·6H2O 40 g/L
H3BO3 40 g/L
Saccharin 5 g/L

Figure 1. (A-C) Schematic of preparing the composite plating bath.

A B

C
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Table 2. Each sample corresponds to the additive phase in the 
plating bath.

Sample WNC PNC GNC
Nickel particles (g/L) 0 2 2
Graphene oxide (g/L) 0 0 0.5

(4 mm/s) in the horizontal direction relative to the fixed 
substrate along the designed path provided by the model 
file (Figure 2B). As the number of reciprocating scans 
increases, the thickness of the coating increases layer by 
layer, and finally a three-dimensional geometric model is 
formed. The size of the scanning area is 20 × 20 mm2. 
The jet from the nozzle hit the surface of the cathode and 
spread around, and the diffused plating bath was collected 
by the external container and reused. In the initial stage 
of deposition, the nickel ions were reduced at the cathode 
to form a pre-deposited nickel coating. At the same time, 
a large number of Nip also impact the surface of the 
cathode along with the jet. Under the action of an external 
magnetic field, the pre-deposited nickel coating and the 
ferromagnetic Nip were simultaneously magnetized to 
generate opposite magnetic poles. The Nip are attracted 
to the surface of the cathode nickel coating along the 
magnetic line of induction[41,43]. A part of the Nip will be 
transferred out of the cathode surface under the impact of 
the jet, and the remaining part of the Nip can come into 
contact with the nickel coating. The exposed area of the 
Nip surface (not covered by GO) can be used as a site 
for combine with the nickel coating (Figure 2C). The 
Nip combined with the coating to form strong adsorption. 
At high current density, a large amount of nickel ions are 
deposited on the surface of the cathode. The growing 
coating wraps and fixes these particles in the coating to 
obtain a GNC (Figure 2D).

To evaluate the influence of nickel plating and 
Nip on the antibacterial activity of samples, the coating 
prepared with traditional Watts nickel bath was named 

WNC and the coating prepared with Watts nickel bath 
added with Nip was named PNC. The list of samples is 
shown in Table 2. The deposition time for each sample is 
30 min. In addition, a pure titanium sample (TI) was set 
to evaluate the influence of the substrate. The magnetic 
field only used to promote the doping of Nip carrying 
GO during the preparation process of the coating. In 
the absence of a magnetic field, Nip and GO cannot be 
effectively deposited on the cathode surface (Figure S4). 
In the subsequent antibacterial test, there was no difference 
between the failed coating and the pure nickel coating 
prepared by Watts nickel bath. Thus, the coatings prepared 
without a magnetic field have not been discussed.

2.4. Surface characterization
Surface morphologies of the coating on the samples 
were observed using a field emission scanning electron 
microscope (Hitachi Instruments, S-4800, Japan) 
equipped with an energy dispersive spectrometer (EDS) 
to examine the chemical composition. Raman microscopy 
was used to observe the Raman spectra of the GO powder 
and GNC using a laser wavelength of 532 nm (Thermo 
Fisher Scientific, DXR 2X, USA).

Figure 2. (A) Schematic diagram of experimental equipment. (B) The process of composite coating. (C-D) Model of introducing GO into 
the coating.

A B

C D
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2.5. Antibacterial activity assessment
The antibacterial activity was assessed by agar plate 
assessment, and cell live/dead staining was used to 
directly observe whether the bacteria were alive or 
dead. Escherichia coli (E. coli, ATCC25922) and 
Staphylococcus aureus (S. aureus, ATCC25923) were 
used in this experiment. Luria-Broth was used for 
bacterial culture. Prior the experiment, a single colony 
of bacteria was added into the LB broth and cultivated 
overnight using a constant temperature shaker (220 rpm, 
37℃) to obtain a bacterial solution for testing. Glass 
without antibacterial activity was used as a blank control 
sample, and the samples were disinfected with 75% 
ethanol for 30 min.

In agar plate assessment, the bacterial culture 
solution was diluted to ~1 × 106 CFU/mL with phosphate 
buffer solution (PBS). Bacterial suspension (100 μL) 
was inoculated on the samples and incubated at 37℃ 
for 2 h. After incubation, the samples were soaked in 
PBS (30 mL), and shaken using a shaker (220 rpm) for 
10 min to rinse and collect the bacteria on the surfaces 
of the samples. Subsequently, the samples flushing liquid 
(100 μL) was introduced to the LB agar culture plate and 
cultured for 24 h.

For cell live/dead staining, bacterial suspension 
(100 μL) with a cell density of 2 – 3 × 109 CFU/mL 
was inoculated on the samples and incubated for 2 h at 
37℃. Such a high concentration of bacteria is helpful 
for observation under a fluorescence microscope. After 
the incubation, the bacteria on the samples were stained 
with cell live/dead kit containing 4’, 6-diamidino-2-
phenylindole (DAPI) and propidium iodide (PI), and then 
incubated for 15 min in the dark at 37℃. DAPI can pass 
through intact cell membranes and bind to bacterial DNA. 
All of the bacteria were stained with DAPI and fluoresced 
blue, while only cells with damaged membranes can be 
stained as red by PI. Subsequently, PBS (200 μL) was 
used to rinse excess stain. Finally, a laser microscope 
(Olympus, IX83, Japan) was used to observe the 
experimental result.

2.6. Intracellular reactive oxygen species (ROS) 
assay
2’, 7’-dichlorodihydrofluorescein diacetate (DCFH-DA) 
was used to investigate the intracellular ROS levels 
in the bacteria collected from the samples. DCFH-
DA can be transformed into non-fluorescent DCFH by 
intracellular esterase and DCFH can be oxidized by ROS 
into fluorescent DCF. Because the incubation time of the 
bacteria on the surface of samples is within 2 h, to record 
the accumulation of intracellular ROS, DCFH-DA 10 μM 
is dispersed in the bacterial suspension in advance when 
the bacteria are inoculated on the surface of the samples. 

The bacterial suspension was diluted to 106 CFU/mL. 
After the incubation, the bacteria on the samples were 
collected by PBS (2000 μL). A fluorescence microplate 
reader (Tecan Infinite, 200Pro, Switzerland) was used to 
quantitatively determine the intracellular ROS level of 
bacteria in PBS. The excitation light wavelength was set 
to 488 nm.

2.7. Measurement of nickel ion release
The nickel ion releasing ability of the samples was 
detected, and PBS was used to simulate the living 
environment of the bacteria. Samples were immersed 
in PBS (10 mL) for 2 h at 37℃. The concentration of 
nickel ions in the resultant solution was determined by 
inductively coupled plasma mass spectroscopy (Agilent, 
Agilent 7700/7800, USA).

3. Results and discussion
3.1. Surface characterizations of the samples
Figure 3A shows the photos of the samples. The 
uncoated substrate and the WNC possess a shiny surface. 
The introduction of Nip and a magnetic field caused the 
GNC and PNC to be darkened. Under the effect of GO in 
the plating bath, the surface of GNC is darker than PNC. 
Raman spectroscopy is commonly used to characterize 
GO. In the Raman spectrum of the GO, the peaks at 
1356 cm−1 corresponding to D band due to the edges and 
defects and 1611 cm−1 corresponds to the G band, depicting 
the in-plane stretching vibrations of C-sp2 atoms[44]. The 
D and G peaks of GO can be clearly observed on the 
Raman spectrum of GNC, but no characteristic peaks of 
GO can be found on WNC and PNC (Figure 3B). The 
presence of the D and G peaks in the Raman spectrum 
confirms the existence of GO on the surface of GNC[45].

Figure 3C shows a typical morphology of nickel 
coating with large grains and cellular bulges. Observed 
under high magnification, the surface of the WNC is flat 
and dense. WNC is prepared by the traditional Watts nickel 
bath, so WNC possess a low surface roughness. However, 
due to the introduction of Nip and a magnetic field, a large 
number of coral-like clusters on the surface of the PNC 
were observed (Figure 3D). This unique morphology 
appear due to the external magnetic field trapping the 
ferromagnetic Nip in the bath and the mutual repulsive 
magnetic force existing between the adjacent clusters[40]. 
According to the principle of minimum energy, the 
distribution of particles along the lines of magnetic force 
has a tendency of peaking[46,47]. Affected by the tip effect, 
the electric field at the protrusion is more concentrated, the 
current density is higher, and the deposition speed is faster. 
Finally, coral-like clusters are formed on the coating. The 
gap between the protrusions is approximately 20 μm, and 
the surface roughness of the coating is greatly improved. 
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Observed under high magnification, the coral-like clusters 
on the surface of the PNC are full of holes and the texture 
is very loose.

Similar to PNC, due to the influence of PNC and 
magnetic field, dense clusters are also distributed on the 
surface of the GNC (Figure 3E). The diameter of clusters 
on the surface of GNC is smaller than that of PNC, which 
is mainly affected by GO in the plating bath. Unlike PNC, 
the clusters on the surface of GNC are covered by a large 
amount of transparent sheet-like material (Figure 3F). 
The transparent sheet-like material is very consistent with 
the morphology of GO under the electron microscope. 
Similar phenomenon are reported in the co-deposition of 
copper-GO composites[48]. Combined with the results of 
Raman spectroscopy, it is confirmed that GO is heavily 
covered on the surface of GNC.

Figure 4A shows the EDS mapping images of 
the section of GNC. The cross section was previously 
polished and corroded by nitric acid. A large amount of 
transparent sheet-like material can be observed to fills 
the internal pores of the coating. Since GO is mainly 

composed of carbon and oxygen. The distribution area 
of the transparent material coincides with the main 
distribution area of carbon and oxygen, further confirming 
that the transparent GO was successfully introduced into 
the coating. The weight percentage of each element on 
the cross section is detected, as shown in Figure 4B. 
The weight percentage for carbon and oxygen on the 
cross section of GNC is 46.1% and 10.8%, respectively. 
The sample is corroded by dilute nitric acid and then 
repeatedly ultrasonically cleaned in deionized water. 
The drying and detection of the samples were carried out 
in the ultra-clean room. Such a high content of carbon 
mainly comes from the GO in the coating. The results 
of various tests show that massive GO material can be 
introduced into the coating by the method of magnetic 
field-assisted scanning jet electrodeposition, with the 
help of ferromagnetic particles carrying GO.

3.2. Assessment of antibacterial activity 
The agar plate assessment was used to evaluate the 
antibacterial activity of the samples. 

Figure 3. (A) Photos of samples. (B) Raman spectrum of graphene oxide and coated samples. The morphology of (C) WNC, (D) PNC, and 
(E-F) GNC. 

A B
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The experimental results for E. coli are shown in 
Figure 5A. The survival rates of bacteria were counted 

after 1 and 2 h incubation to provide distinguishable results. 
For the blank control sample, the colonies were densely 
distributed on the agar plate. Only minor differences 
can be observed between the blank control sample 
and TI, indicating that TI only shows an insignificant 
antibacterial activity against E. coli, in agreement with 
the results obtained by Qiu et al.[49] WNC and PNC with 
nickel plating exhibit antibacterial properties. After 1 h of 
incubation on the surface of the samples, the cell viability 
of E. coli on the surface of WNC was only 71.1%, 
while that of PNC was 60.7%. After 2 h of incubation, 
the cell viability decreased further. At this time, the cell 
viability of E. coli on WNC and PNC were 53.7% and 
35.4%, respectively. Nickel coating shows an obvious 
antibacterial effect on E. coli as shown by the comparison 
with TI and blank control sample, but there are still a large 
number of surviving bacteria on the surface of WNC and 
PNC. However, GNC showed a strong inhibitory effect 
on E. coli within 1 h, with a cell viability of 5% at 1 h. 
And this value was close to 0% at 2 h. The surface of 
the GNC exhibit highly effective antibacterial property 
against E. coli and can inactivate all bacteria within 2 h. 
This remarkable property is mainly related to the presence 
of GO materials on the coating. As shown in Figure 5B, 
the antibacterial activities of the samples against E. coli 
within 2 h can be expressed as GNC>PNC>WNC>TI.

The experimental results for S. aureus are shown in 
Figure 5C. The agar plate assessment result of S. aureus 
was similar to that for E. coli. As shown in Figure 5D, the 
antibacterial activities of the samples against S. aureus 
within 2 h can be expressed as GNC>PNC>WNC>TI. 
The difference from the results obtained by incubating 
E. coli is that WNC and PNC show a stronger bactericidal 
activity on S. aureus. After 2 h of incubation, the cell 
viability of S. aureus on WNC and PNC were only 35.4% 

Figure 4. Energy dispersive spectrometer (EDS) analysis of the 
section of graphene oxide-loaded nickel. (A) The EDS mapping 
images of C, O, and Ni elements. (B) The weight percentage of 
each element.

B

A

Figure 5. Evaluation of antibacterial activity. (A) Incubate Escherichia coli on samples. (B) The cell viability of E. coli on the surface of 
samples. (C) Incubate Staphylococcus aureus on samples. (D) The cell viability of S. aureus on the surface of samples.

A

C

B

D
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and 19.3%, respectively. In addition, although GNC also 
showed strong antibacterial effects against S. aureus 
within 2 h, some colonies were still present on the plate 
corresponding to GNC. Although S. aureus cannot be 
completely inactivated by GNC within 2 h, the average 
cell viability of S. aureus is <15% after 1 h incubation, 
and <5% after 2 h. The agar plate assessment showed that 
GNC possess rapid and excellent antibacterial activity 
against S. aureus and E. coli within 2 h.

3.3. Fluorescence staining of live/dead bacteria
Although the agar plate assessment is a classic method 
for the evaluation of the number of alive bacteria, the 
survival status of bacteria on the surface of samples cannot 

be directly observed using the method. The live/dead cell 
staining technique was used to directly distinguish live and 
dead bacteria on the surfaces of the samples. Both live and 
dead cells can be stained as blue by DAPI, whereas PI can 
only stain bacteria with broken membranes, that is, dead 
bacteria. Live/dead staining fluorescent images of E. coli 
are shown in Figure 6A. For the blank control sample 
and TI, strong blue fluorescence can be observed, and red 
fluorescence was almost invisible. A very small amount of 
red bacteria is only attributed to the normal metabolic death 
of bacteria. WNC and PNC all showed different degrees 
of antibacterial activity, because while more bacteria died 
on their surface than on the surface of the blank control 
sample, but a large number of E. coli still survived and 

Figure 6. Live/dead staining fluorescent images of Escherichia coli and Staphylococcus aureus. (A) E. coli cells were inoculated on the 
sample surfaces and incubated for 2 h. (B) S. aureus cells were inoculated on the samples surfaces and incubated for 2 h. Scale bar: 20 μm.

A

B
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were not stained as red by PI. However, almost all E. coli 
observed on the surface of GNC was stained as red by PI, 
implying that almost all E. coli died. Fluorescence images 
show that GNC can indeed effectively inactivate E. coli 
on its surface. The order of the antibacterial activity of the 
samples against E. coli is consistent with the agar plate 
assessment, and GNC has better antibacterial activity 
against E. coli than the other samples.

Similar results obtained for S. aureus are shown in 
Figure 6B. The ability of GNC to inactivate S. aureus is 
more significant compared with other samples. Most of 
S. aureus died on the surface of GNC. However, after the 
same incubation time, a small part of S. aureus was not 
stained red on the surface of GNC. This shows that the 
S. aureus has not been completely killed S. aureus has a 
higher cell viability on GNC, which may be due to that 
Gram-positive bacteria (S. aureus) have thicker cell walls 
compared to Gram-negative bacteria (E. coli). Combined 
with the results of the agar plate assessment, although 
the S. aureus on the surface of GNC was not completely 
stained as red, the cell vitality of S. aureus had been lost, 
and the remaining bacteria could not form dense colonies 
on the agar plate. It was concluded that GNC can be used 
as an effective antibacterial platform that causes severe 
membrane damage to bacteria and causes bacteria death.

3.4. Effect of ROS and nickel ions
As shown by the above experiments, WNC, PNC, and 
GNC all exhibit better antibacterial performance than 
TI. GO was not detected on the surface of WNC and 
PNC, so the antibacterial activity of WNC and PNC 
mainly comes from the metallic nickel of the coating. 
Due to the incomplete coverage of GO, the bare metallic 
nickel on the surface of GNC may also participate in the 
antibacterial process of GNC. Metal materials are widely 
used for antibacterial[50,51]. As a traditional inorganic 
bactericide method, metal ions have been reported to 
inactivate the oxidase involved in bacterial respiration 
and induce the production of ROS[52-55]. For GNC, few 
layers of GO were used in this experiment, and the GO 
on the surface of GNC shows a soft fibrous shape and 

does not exhibit any sharp edges (Figure 3F). GO was 
anchored on the coating and does not appear to be a free 
state, so that the wrapping mechanism or physical cutting 
has a limited influence on the antibacterial activity. Since 
these effects are excluded as the origin of the bacterial 
activity of GO, the ROS dependent oxidative stress effect 
and electron transfer may be the antibacterial mechanism 
of GO on the surface of GNC[19,56-58].

To detect the level of ROS during the incubation of 
bacteria on the coated samples, DCFH-DA was used as 
an indicator of intracellular ROS, as shown in Figure 7. 
In the experiment of two types of bacteria, a low level of 
ROS was detected in the bacterial liquid recovered from 
the TI at the two detection points. Such a low level of ROS 
did not show an evident inhibitory effect on the bacteria, 
which is consistent with the results of antibacterial 
experiment. However, high levels of intracellular ROS 
were detected in WNC, PNC and GNC, indicating that 
the antibacterial ability of coated samples is related to the 
oxidative stress effect of intracellular ROS. The nickel 
ions released by the metallic nickel on the coating may 
induce the production of ROS. Nickel ions can cause 
cells to produce high levels of intracellular ROS, causing 
damage to cell lipids and DNA, decreasing intracellular 
enzyme activity and leading to cell apoptosis[59-61].

To further explore the relationship between the 
release of nickel ions from the samples and the level of 
ROS, an inductively coupled plasma mass spectrometer 
was used to detect the nickel ion release rate of the 
samples. To avoid interference from the culture medium 
and the metabolites of bacteria, the same amount of 
PBS (10 mL) was used to soak the coated samples to 
simulate the incubational environment of bacteria. The 
results for the concentration of nickel ions are shown 
in Figure 8. After immersing for 2 h, the concentration 
of nickel ions released by WNC was only 4.49 μg/mL, 
while the corresponding values for PNC and GNC were 
10.43 μg/mL and 8.6 μg/mL, respectively. The highest 
concentration of nickel ions released from PNC was 
mainly due to the larger actual contact area between the 
rough surface of the PNC and the liquid that promoted the 

Figure 7. Quantitative analysis of the reactive oxygen species intensity. (A) Escherichia coli. (B) Staphylococcus aureus.
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release of nickel ions. This explains why the antibacterial 
activity of PNC is better than that of WNC because 
PNC can produce a higher concentration of nickel ions 
around it. GNC and PNC have similar morphological 
characteristics, but the former released fewer nickel ions 
than the latter. This is mainly because the presence of GO 
on the surface of GNC hinders the release of nickel ions.

The nickel ion release rate of GNC is between 
PNC and GNC, but the level of ROS is significantly 
lower than that of PNC and WNC during the incubation 
period (Figure 7). Therefore, the excellent antibacterial 
activity of GNC cannot be explained by nickel ions 
and the intracellular ROS mediated by ions. In fact, the 
antibacterial effect of GNC was faster than those for 
WNC and PNC, and the sterilization is more thorough. 
The results of the agar plate experiment showed that the 
bacterial cell viability on GNC decreased significantly 
after 1 h of incubation (Figure 5B and D). At the same 
time, there are still a large number of surviving bacteria 
on the surface of WNC and PNC. For bacteria on GNC, 
the short survival time is insufficient to accumulate high 
level of intracellular ROS. The antibacterial performance 
of WNC and PNC in the agar plate assessment also shows 
that the antibacterial effect of nickel ions is a relatively 
slow process, and the fast-acting antibacterial ability of 
GNC was not entirely derived from nickel ions. It shows 
that the GO on GNC also participates in the antibacterial 
process, and the effect of GO on bacteria is more rapid, 
resulting in the antibacterial effect of nickel ions is not 
fully exerted.

3.5. Possible antibacterial mechanism
The GO coating prepared on the metal can form a GO-
metal system with the metal matrix. The antibacterial 
properties of GO-metal systems have been widely 
reported[44,62]. In the environment of incubating bacteria, 
GO can act as a terminal electron acceptor in bacterial 
respiratory chain and extract electrons from microbial 
membranes, realizing the reduction of GO[63,64]. 
Panda et al.[65] studied the antibacterial properties of the 
GO-metal system and reported that the electron transport 
pathway can be interrupted by the GO-metal system and 
inhibit the metabolic process of bacteria, the functional 
groups exist on the surface and edges of GO that serve as 
sites for the generation of ROS after accepting electrons. 
Qiu et al.[49] prepared a GO coating on the surface of 
titanium, and also confirmed that the antibacterial ability 
of the coating comes from the electron transfer between 
the bacteria and the GO-metal system.

Since the coverage of GO on the surface of GNC 
is incomplete, the excellent antibacterial activity of GNC 
mainly comes from two aspects. On the one hand, the 
nickel ions released from the surface of GNC induce 
the generation of intracellular ROS in the bacterial cells, 

following the same process as that for WNC and PNC. 
On the other hand, electron transfer occurs between GNC 
and bacteria, inhibiting or even interrupting the metabolic 
process of the bacteria[65]. The electrons accepted by 
GO mediate the generation of ROS on its oxygen-
containing functional group[66], and some of the ROS 
will become intracellular ROS due to the internalization 
of bacteria[67,68]. The remaining part will be distributed 
around the bacteria as extracellular ROS, enhancing the 
oxidative stress on the bacteria. The strong oxidative 
stress effect increases the permeability of the cell 
membrane and leads to the penetration and destruction of 
the bacterial cell membrane.

The antibacterial process of GNC on bacteria is 
illustrated in Figure 9. In the initial stage of bacterial 
inoculation on the surface of GNC, GO exerts the main 
antibacterial effect, because of the low concentration of the 
nickel ions released on the surface of GNC (Figure 9B). 
Due to the non-oxidative electron transfer between GO 
and bacteria, the metabolism of the bacteria is severely 
inhibited by GO, resulting in decreased bacterial activity. 
Meanwhile, the ROS mediated by GO cause oxidative 
stress damage to bacteria. As the incubation time 
increases, nickel ions continue to accumulate around 
the bacteria. Since the effect of GO on bacteria is more 
rapid in the initial period, the function of nickel ions is 
not fully exerted. However, the high concentration of 
nickel ions further enhances the antibacterial effect of 
GNC by inducing the generation of ROS (Figure 9C). 
Finally, under the synergistic effect of nickel ions and GO 
(Figure 9D) inhibited respiration and oxidative stress lead 
to the death of bacteria. There are differences in the cell 
walls and outer membranes between Gram-negative and 
Gram-positive bacteria. S. aureus is an aerobic bacteria, 
and its final electron acceptor is oxygen rather than the 
extracellular environment, and a thicker cell wall makes 

Figure 8. Concentration of nickel ions released by the coated 
samples. 
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it difficult to carry out extracellular electron transfer[69,70]. 
As a result, the antibacterial effect of GO on S. aureus 
is relatively weak, so that S. aureus shows a higher cell 
viability on the surface of GNC than E. coli.

4. Conclusions
The ferromagnetic particle carrier method and the 
magnetic field-assisted scanning jet electrodeposition 
technique were applied to the fabrication of the GNC. 
A large amount of GO covered on the coating endows 
the coating with excellent antibacterial properties. The 
antibacterial rate of GNC against S. aureus exceeds 
90% with 2 h and is close to 100% against E. coli. 
The presence of intracellular ROS was detected in the 
bacterial suspension collected on the surface of GNC. 
The antibacterial properties of GNC was not entirely 
derived from intracellular ROS mediated by nickel 
ions, but rather was the result of the synergistic effect of 
nickel ions and GO on the bacteria. The combination of 
GO and nickel realizes rapid sterilization and long-term 
antibacterial effect, respectively. GNC can be used as an 
effective antibacterial platform that induces the death of 
bacteria on its surface.
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