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The antibacterial mechanism of GO in solution have been well studied, however, the 

antibacterial activity of GO as coating material in solid phase is still unclear. Here, we 

report a direct proof of the antibacterial mechanisms of GO coatings. Oxidative stress 

induced by GO coating was found to be an important reason for the prevention of bacteria 

colonization on the coating surface, since a ROS dependent antibacterial effect was 

detected in this study. This finding could help with understanding bacteria-GO solid 

surface interaction and further designing such antibacterial implant surfaces. 
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1. Introduction 

 

Since it was reported to show antibacterial effects against a broad spectrum of bacteria 

[1-4], GO has attracted considerable attention worldwide for its great potential application in 

antibacterial coating materials. According to the previous reports, the antimicrobial activity of GO 

was influenced by its quality, size, forms and other factors[5, 6]. So far, there are three main GO 

antibacterial activities, are reported. 1. The first mechanism is called nano-knife model which 

means that the sharp edges of GO sheets can physically cut the bacterial membrane and led to the 

leakage of cytoplasmic constituent and death of the microorganism[7]; 2. The second mode of 

antibacterial action is associated with oxidative stress induced by charge transfer and a reactive 

oxygen species (ROS)[8, 9]; 3. Microorganisms can be wrapped and isolated from the surrounding 

environment and dead due to the lack of nutrition[10].  
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The antibacterial mechanism of GO solid coating can be quite different from GO in 

solution, however, only few studies reported the antibacterial activities, and the exact mechanism 

is still not clear.  

In this study, since the coating is solid and flat, the wrapping mechanism can be ignored, 

and nano-knife action has weakened a lot, we suppose that the oxidative stress effect is the main 

antibacterial activity. Therefore, we concentrate our attention to the amounts of GO for preparing 

the coatings. The samples preparation strategy was shown in Figure S1. Three GO coatings with 

different amounts of GO were fabricated by spin coating, the activities of Escherichia coli (E. coli, 

ATCC 25922) on GO coatings were investigated. Furthermore, The ROS generated after E. coli 

and GO interaction was detected.  

 

 

2. Experimental section 

 

2.1. Preparation of GO coatings on SiO2 substrates 

Aqueous GO suspension (10 g·L
−1

; Graphene Supermarket) was diluted with deionized 

(DI) water to 7mg mL
-1

, 4 mg mL-1 , 1 mg mL-1 respectively. SiO2 substrates (diameter 14 mm, 

thickness 1 mm) were washed by ultrasonication in acetone, methanol, and anhydrous ethanol for 

10 min respectively, followed by rinsing with DI water for 10 min. The samples were degreased by 

sonication in acetone, methanol, and ethyl alcohol, and drying at 100 °C for 30 min. After drying 

at 80 °C for 1 hour in an air oven, the samples were immersed in 2% (3-amminopropyl) 

triethoxysilane (APTES, Sigma-Aldrich) ethanol solution (5 mL) for 40 min to obtain 

aminosilane-functionalized discs. Then the samples were left to dry again at 80 °C for 1 hour in 

nitrogen atmosphere. Finally, GO coatings were self-assembled on the aminosilane-functionalized 

SiO2 substrates by spin coating. Briefly, GO water dispersing solution (1 mg mL
-1

, 4 mg mL
-1

 , 

7mg mL
-1

) was dropped on the surface of SiO2 substrate respectively, and the substrate was spin 

coated at 100 rpm for 5 s, and at 2000 rpm for 30 s to obtain the 3 different GO coatings on the 

surface, named GO-1, GO-4, GO-7 respectively.  

 

2.2. Characterization 

The morphology and size of GO sheets were detected by atom force microscopy (AFM, 

Bruker Dimension 3100); the surface morphology of GO coating was characterized by Scanning 

Electron Microscope (SEM, Zeiss Supra 60 VP); the surface elemental composition of GO coating 

was characterized by Energy Dispersive Spectrometer (EDS, EDAX EDS Elite T). 

 

2.3. Antibacterial activity evaluation 

The antibacterial performance of GO coating was evaluated by Escherichia coli （E. coli，

ATCC25922）using a procedure adapted from previous publications[11, 12]. The coating samples 

were sterilized in 70 % ethanol aqueous solution, then bacterial cell suspension (10
7
 CFU mL

-1
) 

was introduced onto the coated surface to a density of 60 μL cm
-2

. After 24 h of incubation, the 

dissociated bacterial solution was immediately spread on LB agar media and cultured overnight at 

37 °C. Colony counting method was employed to analyze the viability of E.coli after interaction 

with GO coating.  
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Bacterial cell viability can be calculated by formula (1):  

%100
N

N
(%)Viability  Cell Bacterial

Control

Experiment
                     (1) 

NExperiment: The number of bacteria in the experimental group (CFU mL
-1

).  

NControl: The number of bacteria in the control group (CFU mL
-1

). 

In addition, a Live/Dead fluorescent staining assay was performed to show the cell 
viability on the sample. Cell suspension at a concentration of 10

7
 CFU mL

-1 
was inoculated on the 

sample to a density of 60 μL cm
-2

. After incubation overnight, the culture medium was removed 
and the samples were rinsed with physiological saline, stained by using a the LIVE/DEAD 
BacLight™ Bacterial Viability Kit (L13152, Molecular Probes) was used to stain in the dark for 20 
min and then observed with the fluorescent microscope (Nikon 80i).   

 

2.4. Assay of ROS           

The intracellular level of ROS was directly displayed by ROS fluorescence staining. 

Briefly, 10
7
 CFU mL

-1
 bacterial suspensions were inoculated on the sample surfaces at a density of 

60 μL cm
-2

. After culture overnight, the culture medium was removed and the samples were rinse 

in PBS, stained by a ROS Asay Kit (Shanghai beyotime Biotechnology Co., Ltd) for 20min, then 

rinsed with stroke-physiological saline solution and observed under a fluorescence 

microscope(Nikon 80i). 

 

2.5. Statistical Analysis 

Antibacterial studies were performed in quadruplicates for each group. The values were 

expressed as mean ± standard deviation. The statistical analysis was performed using the Student’s 

T-test and p < 0.05 or 0.01 in the differences between groups was considered to be significant or 

extremely significant. 

 

 

3. Results and discussion 

 

3.1. Characterization of GO and GO coatings 

Graphene oxide nanosheets were purchased from Graphene Supermarket in this study. The 
obtained aqueous GO suspension was diluted to obtain a GO solution with a concentration of 50 
μg mL

-1 
for AMF analysis. The results showed that GO nanosheets were mostly monolayer and 

bilayer with irregular shape, height around 1 nm and lateral sizes of ~200–250 nm (Figure S2).  
The morphology of GO-1, GO-4, GO-7 and the SiO2 surface were investigated by SEM. 

As shown in Fig. 1, the pristine SiO2 has a flat and clear surface, while all GO coatings with 
wrinkles was clearly seen particularly for GO-4 and GO-7 samples . EDS results (Figure 2) 
showed that C content increased in the order of GO-1, GO-4, and GO-7(~5%, 7%, and 9% 
respectively), indicating the amount of GO increased in the same order.  
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Fig. 1. SEM images of SiO2 substrate(a and e, scale bar 5μm, 1μm respectively,);GO-1 coating (b and f, 

scale bar 5μm, 1μm respectively); GO-4 coating (c and g, scale bar 5μm, 1μm respectively);and GO-7 

coating (d and h, scale bar 5μm, 1μm respectively). 

. 

 

 

 

 

Fig. 2. EDS mappings of the SiO2 substrate(a), GO-1 coating(b), GO-4 coating(c), and GO-4 coating(d). 
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3.2. Antibacterial Activity of GO coatings 

Figure 3 showed the typical pictures and colony forming units counting results of E. coli 

after incubation with GO coating samples. A large number of bacterial colonies can be seen on the 

agar medium for the control group, which indicated that E. coli can survive well on the SiO2 

substrate. The number of colonies was decreased in the order of GO-1, GO-4, and GO-7. 

Particularly for GO-7 group, no bacterial colonies were found, which means that E.coli cell growth 

was inhibited completely after incubation with GO-7. Cell viability of E.coli was calculated and 

shown in Figure 3b. Compared with SiO2 control, significant loss of viability was found on 

GO-1(lost 40%), GO-4(lost 75%), and GO-7 (lost 100%) surfaces.   

 

 

 

Fig. 3. E.coli cell response to GO coatings. (a) Typical photographs of re-cultivated E. coli colonies 

on agar culture plates, with the seeded concentrations of 10
7
 CFU/ml; (b) Cell viability measurement 

by CFU counting after incubation with various coatings and re-culture on agar culture plates, *p < 

0.05 ,** p < 0.01 compared with control. 

 

 

Live/Dead fluorescent staining was further used to visualize the survival status of E.coli 

on respective surfaces. The representative fluorescent images are presented in Figure 4. After 

culture overnight, most viable E.coli cells (green) were observed on the control surface while the 

amounts of viable cells were evidently lower and the dead cells (red) increased dramatically on the 

GO coating surfaces. Particularly, GO-7 surface showed the highest intensity in red, suggesting 

that the number of dead cells were the highest in all groups. Both GO-4 and GO-7 surfaces showed 

excellent antibacterial activities confirmed by large amounts of dead cells. And GO-1 showed 
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relatively lower antibacterial activities, this trend is consistent with the CFU counting result 

described above.  

 

 

Fig. 4. Live/dead fluorescent staining images of E. coli on GO coatings. 

 

 

3.3. Generation of intracellular ROS  

ROS are a series of crucial signaling molecules in oxidative stress response, 

including ·O2
-
, H2O2, ·OH, etc., which are generated by the successive single-electron reductions 

of molecular oxygen [13]. A small amount of intracellular ROS generation can promote cell 

growth[14], while the excessive production of ROS can cause oxidative stress[13, 15], and induce 

oxidative damage, which eventually leads to mitochondrial dysfunction and cell death. As shown 

in Figure 4, compared with the control group, the fluorescence intensities in GO-1, GO-4, and 

GO-7 groups were increased significantly after E.coli incubation with GO coating samples, and 

the fluorescence intensities increased in the order of GO-1, GO-4, and GO-7, suggesting that the 

generation of ROS increased in the same order. It demonstrated that after interaction with GO 

coatings, the intracellular ROS generation was significantly enhanced, particularly in GO-7 group 

which showed the highest ROS level.  

 

3.4 Proposed mechanism for the ROS dependent antibacterial activity of GO coatings 

As we described above, there are three main antibacterial activities of GO nanomaterials 

according to the previous publications. However, the wrapping mechanism is not likely to happen, 

since in the solid coating GO sheets cannot move around, and the bacterial cells would attached on 

the coating rather than wrapped by the coating. Therefore, the rest two mechanisms (Physical 



487 

 

contact destruction and Oxidative stress antibacterial) could be important for the GO coatings. 

The alignment of graphene oxide nanosheets was reported to influence the antibacterial 

activities by regulating the physical contact way between bacteria cells and GO nanosheets[5]. The 

vertical GO film was found to enhance the antibacterial activities than the random film and the 

planar one. In their study, phospholipid vesicles were utilized to mimic GO–cell interactions. Their 

results found that membrane damage in the GO/lipid vesicle system is mainly caused by physical 

disruption rather than chemical mechanisms like ROS induced oxidative stress. Other similar 

studies also confirmed that the vertical GO coatings significantly enhanced the antibacterial 

activity by exposing more edges of GO sheets to bacterial cells[6, 16-18]. Overall, Physical 

contact destruction caused by sharp edges of vertical GO film or coating were thought to be the 

main reason for the enhanced antibacterial effect. 

However, the antibacterial performance of the random GO film and the planar one did not 

show significant statistical difference compared with the control group without GO[5]. In this 

study, GO coatings were prepared by random alignment but with different amounts of GO sheets. 

SEM images confirmed that no obvious vertical GO sheets were found on all GO coating surfaces 

(Figure 1). Compared with GO-1, GO-4 and GO-7 showed more wrinkles in some area but all 

samples are flat in general. As we discussed above, vertically oriented GO nanosheets are more 

likely to contact derictly with bacteria cells in an orthogonal fashion, which was confirmed by 

previous modeling studies to be beneficial for penetration of the lipid bilayer[19, 20]. For random 

GO coatings, it is not likely to pierce the bacterial cell membrane as easy as vertical GO coating 

does. We suppose that chemical mechanism (Oxidative stress antibacterial mechanism) plays a key 

role in the antibacterial activities of random GO coatings. The ROS detecting results confirmed 

that the intracellular ROS generation increased as the GO amounts rise in the coatings.  

A clear ROS dependent antibacterial effect of GO coatings was shown in Figure S3, with 

the increase of GO sheets amounts in the order of GO-1, GO-4 and GO-7, the ROS generation and 

oxidative stress damage of cells increased in the same order, suggesting that the cytotoxicity of GO 

can be regulated by controlling GO concentration in the coating. Compared with controlling the 

alignment of graphene oxide nanosheets, the strategy to control the GO amounts in the coating is 

more effective and simple. 

 

 

4. Conclusion 

 

In conclusion, GO coatings with different amounts of GO sheets were prepared via a 

simple spin coating technology, the cytotoxicity of GO against E.coli was found to be rely on the 

ROS generation after incubation with GO coatings. The exact cytotoxicity mechanism of GO is 

complex and still unclear, it is unrealistic to evaluate all the factors which could influence the 

toxicity of GO. In this study, we focused on the GO amounts in the coating, and found that the 

antibacterial activity of GO coating is heavily dependent on the ROS generation which regulated 

by the GO amounts in the coating. Our study not only demonstrates a ROS dependent cytotoxicity 

of GO coating, but also provides a simple way to design engineering GO antibacterial coatings 

with regulated cytotoxicity.  
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