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Abstract Xanthomonas oryzae pv. oryzae (Xoo) is

one representative phytopathogenic bacterium causing

bacteria infections in rice. The antibacterial activity of

graphene suspended in different dispersants against

Xoo was first investigated. Bacteriological test data,

fluorescence microscope and transmission electron

microscopy images are provided, which yield insight

into the antibacterial action of the nanoscale materials.

Surprisingly, the results showed graphene oxide (GO)

exhibits superior bactericidal effect even at extremely

low dose in water (250 lg/mL), almost killing

94.48 % cells, in comparison to common bactericide

bismerthiazol with only 13.3 % mortality. The high

efficiency in inactivating the bacteria on account of

considerable changes in the cell membranes caused by

the extremely sharp edges of graphene oxide and

generation of reactive oxygen species, which may be

the fatal factor for bacterial inactivation. Given the

superior antibacterial effect of GO and the fact that GO

can be mass-produced with low cost, we expect a new

application could be developed as bactericide for

controlling plant disease, which may be a matter of

great importance for agricultural development.
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Introduction

Xanthomonas oryzae pv. oryzae (Xoo), a rod-shaped,

Gram-negative species, represent one of the most

common pathogens which are the causative agent of

bacteria infections causing bacterial leaf blight of rice

(Oryza sativa) (Ryba-White et al. 1995). Bacterial leaf

blight is recognized as one of the most devastating

crop bacteria diseases in tropical Asian countries and

can cause severe yield loss of up to 50 % in rice (Mew

1987). Protection of crops plant from bacterial disease

can substantially improve agricultural production.

Commonly, the effective antibacterial agents applied

to controlling the plant diseases are confined to

synthetic or fumigant chemicals including inorganic

bactericide, triazoles, antibiotic, metallic compound

biocides (organosulfurs, nitrogen compounds, etc.),

which accompany with adverse impact on the envi-

ronment (Monroc et al. 2006). Moreover, antimicro-

bial resistance in plant pathogenic target bacteria also

brought about the accumulation of the compound,

which can result in unimaginably long-term conse-

quences (Imfelda and Vuilleumierb 2012). Another
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approach for preventing the disease is to improve the

disease resistance of rice by means of the new

transgenic technique, yet it is hard and money-

consuming (Gu et al. 2005). Consequently, it is very

urgent to develop alternatives to green antibacterial to

prevent crop from pathogens infections to avoid the

above-mentioned adverse effects (Vidaver 2002).

Recently, carbon nanotubes (CNTs), nanoscale

graphene oxide (GO), and reduced graphene oxide

(rGO) have been exhibited extremely antibacterial

action against major foodborne pathogens like Esch-

erichia coli (E. coli) and Staphylococcus aureus (S.

aureus) (Kang et al. 2008; Akhavan and Ghaderi 2010;

Liu et al. 2009). Among these, Liu et al. (2011) also

discovered that GO was more toxic to bacteria than

rGO and proved that GO kill approximately 90 %

bacteria even at such low concentrations of 80 lg/mL.

These studies on different species of microorganisms

demonstrate that GO perform a wide target of

antibacterial activity. In addition, they are believed

to be mild cytotoxicity toward mammalian cells and

have also been used for medical disinfection, cellular

imaging and drug delivery (Balandin et al. 2008;

Bolotin et al. 2008; Jin et al. 2010; Yang et al. 2008).

The effectiveness of graphene as antimicrobial agents

may be attributed to its extraordinary properties, such

as good thermal stability, high surface area, excep-

tional physiochemical properties, high electronic

conductivity, and excellent mechanical strength (Bai

and Shen 2012; Hu et al. 2010; Vila et al. 2012).

Several studies specifically have proposed that sus-

pensions of sharp GO nanosheets produce either

disorganization of cell membrane or oxidative stress

which thought to be responsible for high activity of

nanoparticles (Akhavan and Ghaderi 2010; Bolotin

et al. 2008).

Though graphene and its derivatives were previ-

ously shown to be a broad spectrum bactericidal agent

active in vitro against both gram-positive and gram-

negative pathogenic bacterium (Akhavan and Ghaderi

2010), their action against plant pathogenic bacterium

has not been studied. Only recently, one report was put

forward that CNTs and GO had superior inactivation

effects on copper-resistant Ralstonia solanacearum

(R. solanacearum) and cell membrane damage is the

causative factor (Wang et al. 2013). Practically,

breakdown of resistance is greatly essential for

controlling plant pathogen Xoo. Though, biotechnol-

ogy has been used to overcome the problem but the

way is restricted to the genetic engineering of

pathogen-resistant plants (Leach et al. 1995). GO has

never reported to cause bacterial resistance for com-

plicating bacterial infections therapy. Besides, its

germicidal activity and low cost caused by the cheap

raw material have much more advantages over tradi-

tional bactericides or other chemical compound (Bo-

lotin et al. 2008; Hummers and Offeman 1958; Liu

et al. 2008). Thereby, it is indispensable to clarify their

cytotoxicity on phytopathogenic bacterium and extend

its general function to be potentially applied to design

strategies for plant bacterial disease management.

Toward this purpose, a systematic evaluation of

graphene oxide and reduced graphene oxide (rGO)

against selected plant pathogenic bacterium Xoo was

investigated for the first time. Specifically, how the

material affects cell growth and the mechanisms of

contact interaction of graphene with the bacteria are

examined. The results found GO could create lethal

effects on bacteria, not only due to physically injury the

cell structure but also chemically induce harm oxida-

tion action. The unique advantage of physical injury,

which current chemical pesticide cannot be beyond the

reach of, guarantee this nanoparticle to be efficacious

antibacterial agent for eliminating or completely

killing surrounding drug- and multidrug-resistant

plants infected bacterium. It is anticipated that the

research to a certain extent will promote the better

application in the biology field and the development of

nanoscience and nanotechnology (Hussain et al. 2009).

Methods and materials

Synthesis of GO and rGO

GO was prepared from nature graphite powders by the

modified Hummers method (Hummers and Offeman

1958). First, the nature graphite powders (99.99 %;

Sigma-Aldrich) were oxidized to produce graphite

oxide (GtO). After being washed using deionized

water to remove chemical residues, the produced GtO

dispersed in deionized water was sonicated (Elam-

sonic, S60H) for 2 h to exfoliate the GO. The obtained

brown GO was reduced to rGO by hydrazine hydrate

(Liu et al. 2011), and the reduced graphene oxide was

dispersed by bath sonication at 200 W for 2 h.

Bismerthiazol (93.7 %) was bought from Hubei

provincial seed company.
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The two types of materials were characterized by

several techniques. The particle stability and size of

GO and rGO dispersions were evaluated with dynamic

light scattering (DLS) on Malvern Zetasizer Nanoser-

iesa (Malvern, England). A drop of dispersion was

spreaded on a freshly cut mica surface and let the

samples air-dried for AFM analysis which obtained on

(Agilent 5500) and the ultraviolet absorption spectra

were acquired on the Nicolet Evolution 300 UV–Vis

spectrometer. The morphology of graphene was

inspected and obtained by TEM (Hitachi H-7650,

Japan). The Raman spectra were obtained in Via

Raman spectrometer (Renishaw, UK) equipped with a

confocal microscope (Leica, DM LM/P/11888500,

Germany). Fourier transform infrared (FT-IR) spectra

were performed on a Nicolet Avatar-330 spectrometer

with 2 cm-1 resolution using the KBr pellet technique.

Bacterial cell preparations

Xanthomonas oryzae pv. oryzae was purchased from

the State Key Laboratory of Agricultural Microbiol-

ogy of Huazhong Agricultural University. Xoo was

grown in LB (Luria–Bertani) broth medium in a

humidified incubator at 30 �C with constant agitation

over night. The bacteria cultures were harvested in the

midexponential growth phase and centrifuged at

6,000 rpm for 5 min to collect the cells, and then the

bacteria bread was washed three times with deionized

water in order to wipe off medium constituents and

other chemical macromolecules. After that, cells were

resuspended in deionized water, 0.9 % NaCl, and

0.1 M phosphate buffer solution (pH 7.0), and the

suspensions were diluted to desired concentration of

107–108 colony-forming units (CFU/mL), respec-

tively. We will utilize DI water, 0.9 % NaCl and

PBS as abbreviations throughout this article. All

experiments were carried out at room temperature.

Bacterial cells growth curve

To examine the bacterial growth rate, and the growth

curve of bacteria was determined. 200 lL of the

diluted cells suspensions mixed with 20 lL of differ-

ent test concentrations (50, 100, 150, 200, and 250 lg/

mL) of GO, rGO, or bismerthiazol was incubated at

30 �C for 2 h with gentle shaking. The control sample

contained 200 lL of the cell suspensions added to

20 lL of DI water. The mixture was then transferred to

5 mL tubes containing 2 mL LB medium and the

tubes were kept rotating on a shaker at 120 rpm at

30 �C. All treatments were prepared in triplicate. Cells

growth was detected by measuring the optical density

(OD) at 600 nm every hour on the Nicolet Evolution

300 UV–Vis spectrometer. OD of 0.1 corresponds to a

concentration of about 108 colony-forming units per

ml. Growth curves were created by plotting logarithm

of colony-forming units versus time (Dang et al.

2012).

Antibacterial investigations

The antibacterial activity of the graphene-based

materials was evaluated by the viability of the

bacterial cells with the colony counting methods.

200 lL of cell suspensions (107–108 CFU/mL) were

incubated with 20 lL different test concentrations (50,

100, 150, 200, 250 lg/mL) of GO, rGO, or bis-

merthiazol for 2 h at 30 �C with gentle shaking,

respectively. Then 20 lL serial 106-fold diluted with

three buffer solutions was spread onto LB plates and

left to grow for 2 days at 30 �C. Colonies were

counted and calculate the bacterial cell viability

compared with control plates method. All treatments

were repeated on at least three separate occasions. The

cell death rate (% of control) is express as the

percentage of (counts of control - counts of treat

samples)/counts of control.

Effluxes of DNA and RNA and cell morphology

observation

The normal bacteria have integrated membrane. If the

cell membrane is disrupted, the vulnerable cell

membranes will release some intracellular materials,

such as DNA and RNA, and can be monitored at

260 nm by UV absorption (Chen and Cooper 2002).

200 lL portion of different concentration GO or rGO

was incubated with 2 mL bacteria suspensions(107–

108 CFU/mL) for 2 h at 30 �C. Then, the mixed

suspensions were immediately filtered with 0.22 lm

syringe filters to remove the bacteria and the filtrate

was examined by the absorbance at 260 nm. Further,

the morphology of Xoo cells was observed by

transmission electron microscopy (TEM) after incu-

bation with GO or rGO. Specifically, after centrifuga-

tion at 6,000 rpm, the condensed bacteria were fixed

with 2.5 % glutaraldehyde, postfixed with 1 %
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aqueous OsO4 (Fluka) and washed with 0.1 M, pH 7.0

phosphate buffers. Then, samples were dehydrated in

an ascending ethanol series (30, 50, 70, 80, 90, and

100 %) for 15 min, respectively, and dried in a

vacuum oven. Finally, thin sections containing the

cells were placed on the copper grids and were

conducted under Tecnai G20 microscopy (FEI, Czech)

(Liu et al. 2011).

Fluorescence imaging

The bacterial cell death rates and membrane integrity

were further verified by the LIVE/DEAD viability

assay (Kang et al. 2008). Briefly, after incubation with

100 lL of GO or rGO (250 lg/mL) at 30 �C for 2 h,

the cells were harvested by centrifugation in a

microcentrifuge at 6,000 rpm and suspended in

1 mL of water and stained with 10 lL propidium

iodide (PI; excitation/emission at 535 nm/617 nm;

Sigma-Aldrich) for 15 min and then counter-stained

with 10 lL 40,6-diamidino-2-phenylindole (DAPI,

excitation/emission at 358 nm/461 nm; Sigma-

Aldrich) for 5 min in the dark, respectively. Then,

the samples were observed under inverted fluores-

cence microscope (Eclipse Ti, Nikon). The cell growth

inhibition percentage was from the ratio of the number

of cells stained with PI (dead bacteria) divided by the

number of cells stained with DAPI plus PI (total

bacteria).

Detection of reactive oxygen species

The reactive oxygen species (ROS) production in the

bacterial growth medium were investigated using the

oxidation sensitive fluorescent dye 20,70-dichlorofluo-

rescin diacetate (DCFH-DA, Sigma-Aldrich), which is

a kind of ROS-detecting agent (Tan et al. 2009).

DCFH-DA is a nonfluorescent compound, after it

enters the cell, it was commonly hydrolyzed to 20,70-
dichlorofluorescin (DCFH-DA) by esterase and oxi-

dized to DCF due to the presence of ROS. The

increasing fluorescence intensity of DCF indicates the

level of intracellular ROS. In brief, 300 lL of GO or

rGO dispersions (the control with DI water) were

incubated with 3 mL bacteria suspensions for 2 h at

30 �C, the bacteria then were washed three time with

0.1 M PBS (pH 7.8) solution and resuspended in

3 mL 0.1 M PBS (pH 7.8) solution. A drop of DCFH-

DA with a final concentration of 10 lM was added to

the bacteria suspensions and incubated in the dark for

1 h. The mixture immediately was washed to remove

the DCFH-DA without oxidation. The fluorescence

generated by the DCF oxidation was measured on an

Edinburgh FLS920 spectrometer at 522 nm. The level

of intracellular ROS was expressed as a percentage of

control cells.

Measurements of thiols contents

In this experiment, the loss of thiol groups (–SH) on

the proteins was quantified by a Thiol and Sulfide

Quantization Kit (Molecular Probes, Abigen) used in

previous study (Liu et al. 2011). 200 lL of GO or rGO

dispersions at 250 lg/mL in DI water were incubated

with 0.5 mL of Xoo (107–108 CFU/mL) suspensions

for 2 h at 30 �C. The bacteria then were centrifuged at

6,000 rpm for 10 min and washed three times in DI

water. After being resuspended in water, the cells were

lysed by sonication at 200 W for 1 min. The super-

natants were used for assay. The protein concentra-

tions in cell extracts were determined by a Pierce BCA

protein assay kit. The assays were performed to assess

the GO and rGO oxidation of proteins according to the

manufacturer’s protocol of the kit.

Statistical analysis

Data are expressed as mean and standard deviations of

a representative of three experiments carried out in

triplicate. Error bars represent the standard deviation

of the mean. The significant difference of data was

analyzed using the Statistical Package for the Social

Sciences (SPSS) version 19.0 software. Statistical

comparisons were performed by analysis of variances

(ANOVA). The value of p (\0.05 and \0.01) which

were denoted * and **, defined as significant

difference.

Results and discussion

Characterization of GO and rGO dispersions

We prepared the GO and rGO dispersions using the

methods described in ‘‘Methods and materials’’ sec-

tion. As shown in Fig. 1, we displayed the visual

photos and the dynamic light scattering size distribu-

tion of the graphene solution, showing that the average
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size of the nanosheets was between 300 and 600 nm.

The size of rGO is much larger than that of GO

because of the aggregation of rGO fragments. It is

observed that GO presented clear and yellow-brown

dispersions but black and turbid for rGO dispersions.

The differences between them derive from some

hydrophilic functional groups on the surface of GO

nanosheets (Stankovich et al. 2007). AFM measure-

ments revealed that exfoliated GO were flat sheets

with an average thickness of 0.76 nm. rGO presented

disorganized aggregation and had a reduced sheet

thickness of 1.59 nm (Fig. 1c, d), which was possibly

attributed to partial removal of oxygen functional

groups on the surface of GO nanosheets during the

reduction process.

TEM image revealed that GO sheets had smooth

with small wrinkles at the edges, while rGO thin sheets

became randomly folded and aggregated. The crum-

pled sheets closely associate with each other and

forming a disordered solid (Fig. 2b). As shown in

Fig. 2c, the Raman spectrum of GO contains high

intensive G and D bands at 1,590 and 1,350 cm-1, due

to the extensive oxidation. rGO displays G and D

peaks at 1,586 and 1,329 cm-1. However, an

Fig. 1 Visual image of GO

and rGO water dispersions

and size distribution of GO

(a) and rGO (b) in water

using dynamic light

scattering after 2 h

sonication. AFM height

image of exfoliated GO

(c) and rGO (d) nanosheets

dried on amica surface and

the corresponding height

profile of the AFM image
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increased D/G intensity ratio of rGO compared to that

of the GO is observed, indicating a decrease in the

average size of the sp2 domains upon the reduction of

the GO and the GO has been well deoxygenated in

rGO (Xu et al. 2008). The UV–Vis absorption peak of

GO is 230 nm involving p–p* transitions of aromatic

C=C bonds which is gradually red-shifted to 267 nm

in comparison with that of rGO. It is indicated the p-

conjugation network restore within the G nanosheets

(Zhou et al. 2009) (Fig. 2d). FT-IR spectrum of GO

and rGO in Fig. 2e demonstrated the fully oxidation of

graphite and reduced by hydrazine hydrate, which

successfully formed GO and rGO, respectively. GO

vibrated characteristically at the broad and intense

peak of –OH group at 3,423 cm-1, strong C=O peak at

1,750 cm-1, the C–OH stretching peak at 1,200 cm-1,

and the C–O stretching peak at 1,050 cm-1. After

reduced using hydrazine, the adsorption bands of

oxygen functionalities (such as carboxyl groups, C–

OH) weakened or almost disappeared. Only two broad

peaks at 3,400 and 1,047 cm-1 were found for rGO in

Fig. 2e, which could be assigned to the –OH group of

remaining water and C–O stretch, respectively (Xu

et al. 2008). On the other hand, the strong van der Waal

makes the rGO particles aggregated, inducing bad

dispersibility. These examinations confirmed that GO

and rGO were well synthesized.

Inhibition of bacterial growth after treatment

with GO and rGO dispersions

The growth inhibitory effect of GO and rGO in different

buffers against plant pathogenic bacteria Xoo was

initially evaluated by means of measuring the growth

curves of the bacteria during the 8-h cultivation.

Figures 3 and 4 represent the growth inhibition

assays for Xoo. The bacterial growth was observed

during the first 8 growth hours (lag phase and

exponential phase). The results showed that GO and

rGO caused a growth delay of Xoo, primarily depending

Fig. 2 TEM images of

graphene oxide nanosheets

(a) and aggregated reduced

GO sheets (b). c Raman

spectra of GO and the rGO.

d UV–Vis absorption

spectra and e FT-IR

spectrum of GO and rGO
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on the concentration and the type of buffer. At a given

point of growth, it was important to note that the

bacteria growth rate significantly decreased with

increasing concentration of GO in DI water and 0.9 %

NaCl, yet a little decrease in 0.1 M PBS. A dose-

dependent elongation in the time reach the exponential

phase was demonstrated in Xoo cells exposure to GO.

Obviously, compared with the control which required

approximately 2.2 h, the growth time of the cells treated

with 50, 100, 150, 200, and 250 lg/mL of GO

dispersions in DI water were 3.0, 3.5, 4.0, 5.0, 6.8 h

or so, delayed by approximately 5 h at the highest

concentration of 250 lg/mL (Fig. 3a). Similarly,

Fig. 3b showed that the cells treated with GO in

0.9 % NaCl delayed exponential growth for approxi-

mately 0.5, 1.3, 1.6, 2.0, and 2.2 h, respectively. The

shorter time to reach the exponential phase required, the

more vigorous the cells are. It means that there were few

surviving cells in the mixture after treatment with GO

dispersions in both buffers compared with the control

sample, indicating stronger antibacterial activity. Dif-

ferently, it was shown in Fig. 4a, b, growth of Xoo

tested in rGO dispersions in DI water and 0.9 % NaCl

with varying concentrations was weakly affected.

As seen from the growth inhibition rates in Figs. 3

and 4, GO and rGO showed the better inhibitory effect

in DI water than in 0.9 % NaCl and the antibacterial

activities greatly depended on the buffer solutions in

our experiment. Moreover, it should be noted that GO

exhibited much stronger antimicrobial activity in DI

water and 0.9 % NaCl than rGO from the growth

curves. However, there was nearly no significant

difference in the time reached to the exponential phase

between the groups in 0.1 M PBS, which showed no

obvious bacterial growth inhibition. The results can be

attributed to the effects of the ionic strength on the

interactions between the bacterial cell and the CNMs

(Liao et al. 2011). However, the growth of bacteria

was not affected by the exposure to bismerthiazol (Fig.

S2a in supplementary material).

Bactericidal effect of GO and rGO dispersions

toward Xoo cells

Previous studies showed carbon nanomaterial have

strong antibacterial activity and the antibacterial

activities of CNTs and GO depended on the size,

aggregate state, buffer type, and concentrations

(Moore et al. 2003; Kang et al. 2008; Dong et al.

2008; Liao et al. 2011). The colony-forming units

method (CFU) was used to further verify the mortality

of Xoo cells in different solutions from the growing

cells in the presence of different concentrations of GO

and rGO dispersions. Xoo cell suspensions dispersed

in DI water, 0.9 % NaCl, and 0.1 M PBS (107–

108 CFU/mL) mixed with the nanomaterials at the

same shaking speed (120 rpm) for 2 h, respectively.

The samples without graphene were used as a control.

It well also shows buffer and dose-dependent antibac-

terial activity of GO and rGO dispersions. We

demonstrate that the concentration range of

50–250 lg/mL suspensions of GO could effectively

inhibit the microorganisms. As presented in Fig. 5, the

bacteria death rate significantly soared in order of

concentration of GO and rGO dispersions. GO exhib-

ited much stronger antibacterial activity in both DI

water and 0.9 % NaCl with the cell mortality 94.48

and 86.4 % at 250 lg/mL compared with 36.11 and

22.31 % of cell death with rGO treatment, respec-

tively. Whereas bismerthiazol only killed 13.3 % of

Fig. 3 Growth curves of Xoo after treatment with various

concentrations of GO in different buffers for 2 h: a in DI water,

b in 0.9 % NaCl, and c in pH 7.0, 0.1 M PBS. All concentrations

referred to the final concentration in the treatment solutions. The

control cells were being treated with DI water
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bacteria at 250 lg/mL in DI water (Fig. 6c). These

results confirm GO has higher antibacterial activity

than rGO, which displays the same effect as previous

reports (Liu et al. 2011; Hu et al. 2010). The LB-agar

plate images exhibited the bacterial colony after

treatment with different concentrations of GO and

bismerthiazol (Fig. S1a in supplementary material).

This phenomenon can also support our results that GO

has not only bacteriostatic activity but also bacterici-

dal effect toward Xoo in DI water. Nonetheless, it is

interesting that both GO and rGO present stronger

antibacterial activity in DI water than in 0.9 % NaCl

and they present scarcely any bacteriostatic activity in

0.1 M PBS even at the highest concentration of

250 lg/mL, inducing few bacteria cells loss. These

findings were consistent with the rate of the growth

inhibition from the bacteria growth OD curve.

As control experimental results, all three solutions

are suitable for bacteria growth in which cells show

very similar vigor having the same growth curve and

survival rate as illustrated in Fig. 3 and Figure S1 in

supplementary material. Therefore, the remarkably

different antibacterial activities presented in Fig. 5 can

be attributed to the distinct GO interaction action with

bacteria in different dispersant. It was reported that GO

was soluble and possessed well dispersity stationarity

in water but aggregated in solutions with rich salts (Liu

et al. 2008). The iron strength in the salts may affect the

interaction between bacteria and nanomaterial (Liao

et al. 2011). The properties make clear that GO sheets

have strongest antibacterial activity in water and

significantly inhibit the cell growth (Fig. 3).

We also investigated the effect of incubation time

on the inhibitory activity of the nanoparticles in DI

water (Fig. 6). The representative concentrations of

the lowest (50 lg/mL) and highest (250 lg/mL) were

used. The cells were incubated with GO or rGO

solutions for 1–4 h at 30 �C, respectively. These

results also show that incubation time is an important

factor when graphene put into effect antibacterial

activities on Xoo.

As observed in Fig. 6a, the cell mortality rate was

obviously greater than the control and the death

became more serious with increasing incubation time

at both concentrations. The cell death percentage

ascended from 19.43 to 66.09 % at 50 lg/mL and

from 47.78 to 88.6 % at 250 lg/mL after incubation

with GO dispersions extending from 1 to 4 h. And the

loss of cell viability increases from 10.82 to 24.77 and

13.85 to 30.53 % for the rGO dispersions, respectively

(Fig. 6b). Results in these study found that the

antibacterial activity of GO toward plant pathogen is

also largely determined by factors of concentration,

buffer type, and time.

Furthermore, since the high antibacterial activity of

GO is observed in the present study, the effect of the

nanomaterials on the plant should be taken into a

major consideration for future application. It was

found previously that the graphene materials

increased growth rates of tomato in the seedling stage

at 50 lg/mL, with no sign of significant toxicity.

Little toxicity of GO for some kinds of plants was also

investigated at concentrations of 500–2,000 lg/mL

(Khodakovskaya et al. 2011; Begum et al. 2011).

Thus, it can be believed that GO could strongly

inactivate Xoo at such low concentration (50–250 lg/

mL) in our experimental conditions, which may have

little influence on crop.

Fig. 4 Growth curves of Xoo after treatment with various

concentrations of rGO in different buffers for 2 h: a in DI water,

b in 0.9 % NaCl, and c in pH 7.0, 0.1 M PBS. All concentrations

referred to the final concentration in the treatment solutions.

Control cells were being treated with DI water
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Study of antibacterial mechanisms of graphene

Destruction of bacterial membrane

From the results above, it can be concluded that GO

solution dispersed in DI water has stronger bacterici-

dal effect at both concentrations than rGO dispersions.

Therefore, the following mechanism investigation of

this study will focus on the Xoo incubated with GO in

DI water.

To verify the reliability of the CFU method in the

study, Xoo is used to further examine the death rates

after incubation with graphene dispersions by fluores-

cence dye methods. After treatment with GO and rGO

at 250 lg/mL, the bacteria suspensions in water were

dyed using fluorescence agent (DAPI and PI) accord-

ing to previous studies (Kang et al. 2008). DAPI can

pass through an intact cell membrane and bind strongly

to DNA which stains live cells with blue fluorescence.

PI is membrane impermeable which commonly stains

dead cells with red fluorescence. Figure 7 presents the

fluorescence microscopy images of Xoo suspensions in

DI water interacted with GO, rGO, and the control (i.e.,

without any materials). Visually, the untreated cells

showed blue fluorescence due to the intact cell wall

structure of the viable or live cells in Fig. 7a. In

contrast, almost 100 % of bacteria cells treated with

250 lg/mL GO showed red fluorescence indicating

dead cells with permeable cell membrane structure

(Fig. 7b). However, a majority of cells were live (blue)

in rGO dispersions. The results from the studies above

are in agreement with cell viability test.

Then, an intriguing conclusion arises from our

antibacterial activity results. That is GO dispersions

Fig. 5 Cell death rate after incubation with GO (a) and rGO

(b) dispersions at different concentrations (0–250 lg/mL) in

different buffers for 2 h at 30 �C. Xoo suspension without

graphene-based materials was used as control. Error bars

represent the standard deviation. *p \ 0.05 and **p \ 0.01

Fig. 6 The effects of incubation time on the cell mortality after

treatment with GO (a) and rGO (b) dispersions in DI water. GO

or rGO (20 lL) was incubated with Xoo (107–108 CFU/mL,

200 lL) in DI water for 4 h at 30 �C. The data was measured at

intervals of 1 h. c Cell death rate after incubation with

bismerthiazol, GO, and rGO dispersions at different concentra-

tions (0–250 lg/mL) in DI water for 2 h at 30 �C. Xoo
suspension without graphene-based materials was used as

control. Error bars represent the standard deviation.

*p \ 0.05 and **p \ 0.01
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have higher antibacterial activity than rGO disper-

sions. Therefore, it is essential to understand how the

nanomaterials interact with bacterial cells. Several

previous studies have proposed that the antibacterial

activity of GO is associated with the damage of cell

membrane upon the direct contact between GO and

bacteria by Liu et al. (2011) and Akhavan and Ghaderi

(2010). From our subsequent studies by TEM in

Fig. 8, it can be observed that the thin nanosheets of

GO and the large aggregation of rGO fragments. The

cell morphology images implied that bacteria cells

were wrapped by thin layers of GO sheets after 2 h of

incubation. The cells exposed to GO were partly

hollow and membranes were probably fractured with

some endoplasm outflowing. However, the rGO sheets

were just near the bacteria cell and without impinging

on them (Fig. 8c). The observed images of cell in this

experiment were in similar with previous scanning

electron microscope images (Liu et al. 2011; Hu et al.

2010). The better dispersibility and smaller size of GO

may correlate to different behavior from rGO.

The UV absorption assay in the particular study was

further carried out to verify whether the cell membrane

was disorganized when it was exposed to GO and rGO

dispersions by measuring the efflux of cytoplasmic

materials. If the bacterial membrane is compromised,

the release of cytoplasmic constituents, such as DNA

and RNA can be monitored by their strong UV

absorption at 260 nm. A statistically significant UV

absorption at 260 nm was observed in Fig. 9 after

incubation with different concentrations of GO dis-

persions compared with the cytoplasmic constituents

concentration of the control sample, but nearly little

increase in rGO dispersions. These investigations are

in agreement with cell viability measurement. The

results from the absorption study confirmed that the

DNA and RNA were largely leaked, suggesting that

severely injured bacteria cell membrane correlates to

the bacterial mortality.

Hence, it can be proposed that smaller, sharper GO

sheets can easily wrap and cover the cell surface,

affecting metabolic activity such as blocking transport

through cell membrane (Liu et al. 2012). Meanwhile,

GO sheets interact with cell and damage vulnerable

cell membrane, causing cell death. This proposed

mechanism may be play the vital role in inactivating

the bacterial Xoo for GO. The findings mentioned

above were similar with our group previous report that

graphene oxide showed distinct antibacterial proper-

ties against the copper-resistant plant pathogenic

bacteria R. solanacearum duing to sharp-knife-like

GO had more chances to contact bacteria than rGO,

thus causing severe damage to cell membrane (Wang

et al. 2013). Most of plant pathogens are gram-negative

bacterium, having the similar structure to Xoo. Thus, it

is presumable that the high performance of graphene

maybe open up new possibilities for inactivating on

multi-plant pathogenic microorganisms.

Production of intracellular oxidative stress

Finding in the experiment, the observation of GO

attached to the cell membrane and physically injure

them is fundamental to understand the bactericidal

Fig. 7 Fluorescence microscope image of Xoo total cells in DI

water (cells stained with propidium iodide and DAPI) after

incubation with GO (b) and rGO (c) dispersions at the

concentration of 250 lg/mL, the cells treated with water as

control (a). The cells were observed directly at 1003
magnification by fluorescence microscopy. Red stands for dead

cells and blue stands for live cells
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mechanism. Also, except for the physical membrane

damage, the toxicity of graphene largely due to

oxidative stress toward neural cells (Zhang et al.

2010). Thiol groups of glutathione (GSH) as an

antioxidant in protein can be oxidized to disulfide

bond, forming defense mechanisms in the cellular

against oxidative stress (Liu et al. 2011). So, the

consume content of GSH can reflect the ability of cells

against oxidative stress. We assessed the level of thiols

groups in cellular protein after the bacteria were

incubated with GO and rGO dispersions using a Thiol

and Sulfide Quantization Kit. As shown in Fig. 10a,

after bacteria exposure to both of the dispersions, the

loss of GSH significantly increased with the gradual

increase of concentration compared with the control,

which demonstrated the GO and rGO can induce

oxidation of GSH and the dose-dependent effects was

consist with the foregoing results. Some previous

studies demonstrated that oxidative stress played an

important role in the antibacterial mechanism of CNT

(Arias and Yang 2009; Liu et al. 2009) and C60 (Lyon

and Alvarez 2008; Hotze et al. 2008). It was proved

that rGO possessed higher oxidative capacity than GO.

The difference may attribute to the much higher

conductivity of rGO. Graphene oxide is electrically

insulating materials because of their disrupted sp2

bonding networks. When GO is reduced to rGO, the p
network will be restored and the electrical conductiv-

ity can be recovered (Zhou et al. 2009). Therefore,

rGO can oxidize more GSH than insulating GO, which

suggested the chemistry properties of the materials

determine its antibacterial actions.

Another oxidative damage to cells is the production

of ROS. To detect the accumulation of ROS, Xoo

bacteria cells were exposed to GO at various concen-

trations. The ROS content was measured using the

fluorescence intensity of the fluorescent ROS-indica-

tor DCFH-DA. In the presence of GO dispersions, the

ROS production significantly increased in a concen-

tration-dependent manner compared with the control

group, even at the lowest concentration (50 lg/mL).

The fluorescence intensity was nearly 5-fold of control

after exposure to the highest concentration of 250 lg/

mL. A small amount accumulation of ROS content

also displayed in Fig. 10b when the bacteria cells

Fig. 8 TEM images of Xoo cells treated without nanomaterials (a), with GO (b), and rGO (c) suspensions. 100 lL of GO and rGO

dispersions (250 lg/mL) were incubated with 1 mL bacterial suspensions (107–108 CFU/mL) for 2 h at 30 �C

Fig. 9 The absorbance of efflux of cytoplasmic materials

(DNA and RNA) at 260 nm after cells being incubated with

different concentrations of GO and rGO, respectively. 200 lL of

GO and rGO dispersions were incubated with 2 mL bacterial

suspensions in DI water (107–108 CFU/mL) for 2 h at 120 rpm

shaking speed, and 30 �C. Error bars represent the standard

deviation. *p \ 0.05 and **p \ 0.01
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treating with rGO dispersions, which was only 2-fold

of the control at the higher concentrations. It has been

reported that GO-induced superoxide anion-indepen-

dent oxidation and ROS production toward bacteria

and cells (Liu et al. 2011). GO mediated higher level

ROS production than rGO, probably due to their

different physicochemical properties, such as size,

conductivity, and functional group in the surface.

Meanwhile, we did the cell-free assay and the result

showed there was no fluorescence generation when

GO and rGO only incubated with DCFH-DA (Fig. S3

in supplementary material), which suggest that the

nanomaterials would not direct oxidize the fluores-

cence dye. The finding is in agreement with the

previous conclusion that there was no signal with the

XTT assay (Liu et al. 2011). It was concluded that the

DCF fluorescence was obtained through the interme-

diary of ROS production in bacteria rather than

directly oxidized by nanoparticles. Namely, GO can

led to oxidative stress toward the bacteria Xoo by

inducing the generation of ROS.

Conclusion

In conclusion, we discussed the antibacterial action of

GO toward the phytopathogenic bacterium Xoo for the

first time. The results of this study have demonstrated

that GO had the extremely prominent dose-dependent

inhibitory effect on cell growth utilizing growth

inhibition assay and colony-forming count method.

The mechanism may be the combination of direct

membrane damage and oxidative stress, possibly

acting synergistically. With the application potential,

the advantages of inhibiting or killing bacteria by

graphene oxide presumably include three respects

compared to other antibacterial materials or agents.

First, the antibacterial mechanism of GO caused by

both mechanically physical injury and chemical

oxidation which is hard to cause bacterial resistance.

Second, GO is environment-friendly and presents mild

cytotoxicity to mammalian cells and some plant within

such low dose. Third, compared to other carbon

nanomaterials, the easy processing, large scale pro-

duction, and inexpensive cost all guarantee it can be a

good choice as an antibacterial agent.

Further investigations will be required to under-

stand the molecular basis of graphene oxide action,

such as some important response genes expression of

bacteria involved in oxidative stress response, patho-

genesis and toxin production, making comprehensive

understanding the interaction mechanism between the

nanoparticles and the pathogen. Our studies would

stimulate more toxicology evaluations of graphene

and its derivatives. Thus, this powerful new pattern

holds great promise as bactericide for multiple path-

ogenic microorganisms, implying an equipment for

crop protection.
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