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ABSTRACT: Dental caries and periodontal diseases have a
close relationship with microbes such as Streptococcus mutans,
Porphyromonas gingivalis and Fusobacterium nucleatum. Gra-
phene oxide (GO), as the derivative of graphene, plays an
important role in many areas including biology and medicine.
In particular, it has been known as a promising antimicrobial
nanomaterial. In this study, we focused on the antimicrobial
property of GO against dental pathogens. With the utilization
of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide (MTT) reduced test, colony forming units (CFU)
counting, growth curve observation, live/dead fluorescent
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staining, and confocal laser scanning microscopy (CLSM), we found GO nanosheets were highly effective in inhibiting the
growth of dental pathogens. Transmission electron microscopy (TEM) images revealed that the cell wall and membrane of
bacteria lost their integrity and the intracellular contents leaked out after they were treated by GO. Therefore, GO nanosheets
would be an effective antibacterial material against dental pathogens and the potential applications in dental care and therapy are

promising.
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1. INTRODUCTION

Dental caries and periodontal diseases have a close relationship
with microbes. Oral microbial colonization exists in a balance
with microenvironment in oral." Adverse reactions arise if the
balance got out of order. Streptococcus mutans is Gram-positive,
facultative anaerobic, and an important cariogenic micro-
organisms.” S. mutans produces large amounts of organic
acids, which leads to a decrease in the pH value of the
microenvironment of the oral cavity. Porphyromonas gingivalis
and Fusobacterium nucleatum are all Gram-negative anaerobic
bacteria, which are associated with periodontitis®* and root
canal infection.’

Graphene, an allotropic type of carbon, was first successfully
prepared by Geim and Novoselov in 2004.° Graphene is
constituted of single-atom-thick carbon nanosheets with a
honeycomb structure.” Graphene oxide is a derivative of
graphene which is modified by a number of oxygen-containing
groups on the graphene sheet, such as carboxyl, epoxy,
carbonyl, hydroxyl, etc. Because of these groups, highly
conjugated graphene structure is damaged. However, at the
same time, GO nanosheets has a better chemical stability and
solubility in water.® Graphene and graphene oxide are
recognized as promising nanomaterial to be applied in biologic
and medical fields. So far, based on a few reports, it is noted
that graphene, graphene oxide and reduced graphene oxide
suspensions can inhibit the growth of Escherichia coli,
Staphylococcus aureus, Bacillus subtilis, etc., however, with a
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minimal cytotoxicity.”” "> The effects of graphene oxide against
more dental pathogens need to be explored.

In this study, we used three typical bacteria of dental caries,
periodontal, and periapical diseases, S. mutans, P. gingivalis and
F. nucleatum, to evaluate the antibacterial activity of GO
nanosheets in different concentrations. MTT reduced assay,
CFU counting method, growth curves observation, and live/
dead fluorescent staining were applied to confirm whether GO
nanosheets worked. Transmission electron microscopy (TEM)
technique was used to reveal the change of bacterial cells in
ultramicroscopic dimension.

2. MATERIALS AND METHODS

2.1. Preparation and Characterization of Graphene Oxide.
The modified Hummers’ method was utilized to prepare graphene
oxide from natural graphite as described in previous work.”'*'S We
employed atom force microscopy (AFM, Nanoscope IIIa,USA) to
detect the morphology and size of GO, and used dynamic light
scattering (DLS, Thermo, USA) to analyze GO’ hydrodynamic
diameters and size distribution. We further investigated the surface
functional groups on GO and carbons structure of GO using Fourier
transform infrared spectroscopy (FTIR, Thermo, USA) and Raman
spectroscopy (XPLORA INV), respectively.
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Figure 1. Characterization of graphene oxide. (A) Atom force microscopy image of GO. (B) Hydrodynamic diameters and size distribution of GO.

(C) FT-IR spectrum and (D) Raman spectrum of GO.

2.2. Bacterial Strains and Culture Conditions. Oral micro-
oganism strains, S. mutans (UA1S9), F. nucleatum (ATCC 10953) and
P. gingivalis (ATCC 33277) were obtained from Shanghai Key
Laboratory of Stomatology, Ninth People’s Hospital, Shanghai Jiao
Tong University School of Medicine (Shanghai, China).

S. mutans was cultivated in tryptic soy broth (TSB) and agar (TSA).
F. nucleatum and P. gingivalis were cultivated in brain heart infusion
broth (BHI broth) and BHI agar with 0.0005% hemin, 0.0001%
menadione and 5% defribrinated sheep blood. Culture temperature
was maintained at 37 °C for each stains. S. mutans, F. nucleatum and P.
gingivalis cells were incubated in anaerobic system (N, 80%; H, 10%;
CO, 10%).

Bacteria were harvested at the exponential growth phase. After
cultures were centrifuged at SO00 rpm for 4 min, supernatant was
discarded. Cells were washed at least two times with sterile isotonic
saline. Bacterial cells were then resuspended in saline for the use of
subsequent experiments.

2.3. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl Tetrazolium
Bromide (MTT) Reduction Assay. Utilization of 3-(4,S-dimethylth-
iazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) would be a
convenient assays for estimating cell metabolic activity."*'7 250 uL of
diluted bacteria suspension that containing ~10"° CFU/mL was
dispersed in microcentrifuge tubes and coincubated with GO (final
concentration were 0, 20, 40, 80 pg/mL, respectively) for 2 h. At the
end of incubation, SO yL of MTT was added. After placing those tubes
in dark for another 2 h, every tube was centrifuged at 10 000 rpm for 1
min and the supernatant was discarded. The precipitate containing
formazan was dissolved in dimethyl sulfoxide (DMSO). Then the
tubes were centrifuged one more time, and 200 uL of supernatant was
trapped and transferred to a 96-well plate for analyzing using a
microplate reader (Bio-Rad, USA). S. mutans, F. nucleatum and P.
gingivalis were used in this assay. All the measurements were carried
out at least three times.
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2.4. Colony Forming Units (CFU) Counting Method. Bacterial
cell suspensions were diluted to obtain cell samples containing 1 X 10°
to 1 X 10’ CFU/mL. In 1.5 mL microcentrifuge tubes, 250 uL of
bacterium suspensions was mixed with a certain amount of 1 mg/mL
GO and isotonic saline to ensure the final concentration of GO in each
tube was 20, 40, 80 ug/mlL, respectively. Isotonic saline solution
without GO materials was served as control. Then, S. mutans, F.
nucleatum, and P. gingivalis cells were incubated in anaerobic system at
37 °C for 2 h. With 10-fold series dilution, 100 uL of bacterial sample
was plated onto Petri dishes. After the bacteria have had enough time
and appropriate culture condition to incubate, colony counting
method was applied to evaluate the viability of S. mutans, F. nucleatum,
and P. gingivalis. All treatments were performed two times in triplicate.

2.5. Growth Curve Determination. The bacterial growth curves
was studied by recording the change of turbidity of bacterial cultures
through their life spans. 250 uL of bacterial suspension (containing 1
X 10° to 1 X 107 CFU/mL) that exposed to GO nanosheets for 2 h
was added into 6 mL of fresh TSB/BHI medium. We set them in
appropriate incubating system and measured the optical density at 600
nm by spectrophotometer (Shimadzu, Japan) at regular intervals until
the bacteria growth reach a plateau. All treatments were performed
two times in triplicate.

2.6. Live/Dead Fluorescent Staining. Bacterial cell suspensions
were diluted to obtain cell samples containing 1 X 10° to 1 X 107
CFU/mL. In 1.5 mL microcentrifuge tubes, we mixed 250 uL of
bacterium suspensions with 40 uL of 1 mg/mL GO and 210 uL of
isotonic saline to ensure the final concentration of GO in tube was 80
ug/mL. Bacterial cells culture without GO nanosheets was served as
control. S. mutans, F. nucleatum, and P. gingivalis cells were incubated
in anaerobic box at 37 °C for 2 h. The Live/Dead BacLight Bacterial
Viability Kits was utilized which is mixture of SYTO 9, a green-
fluorescent live cells stain and propidium iodide (PI), a red-fluorescent
dead cells stain. Same volume of SYTO 9 and PI were added to one
clean microcentrifuge tube, respectively. After 2 h of incubation with
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Figure 2. Antibacterial activity was evaluated by MTT assay. Bacteria were under the treatment of 20, 40, and 80 pg/mL GO at 37 °C for 2 h. The
activities of (A) S. mutans, (B) F. nucleatum, and (C) P. gingivalis were represented by the ratio of OD,gq ,,, of GO-treated sample to that of samples

before treatment. (* means p value <0.0S).
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Figure 3. Colony forming units counting method was applied to evaluate the actual antimicrobial effect of GO nanosheets. With the treatment of 20,
40, and 80 pug/mL GO for 2 h, after 10-fold series dilution, (A) S. mutans, (B) F. nucleatum, and (C) P. gingivalis bacterial suspensions were plated
onto Petri dishes, respectively. Bacteria treated with isotonic saline were used as control. Viability was calculated by the following formula: viability %
= counts of samples after incubation with suspensions/counts of samples before incubation. (* means p value <0.05).

GO nanosheets, mixed the 1.5 uL of dye and 500 yL of samples
thoroughly and incubated them at room temperature in the dark for 15
min. Five microliters of the stained bacterial suspension was trapped
on an 18 mm square coverslip. We observed them in confocal laser
scanning microscopy (CLSM, Leica TCS SP2, Germany). The
excitation/emission of two dyes were 488/500—550 nm for the
SYTO 9, and 488/590—680 nm for PI.

2.7. Transmission Electron Microscopy (TEM). The ~1 X 10’
CFU mL S. mutans cells were suspended in GO nanosheets (80 pg/
mL) and cultured at 37 °C for 4 h. The S. mutans cells were then fixed
with 2% glutaraldehyde for 2 h at 4 °C. Cells were washed with
phosphate buffer saline, fixed with 1% aqueous OsO, for 2 h, and
washed again two times with PBS. Cells were then dehydrated via
ethanol series (30%, S0% for 10 min, respectively), then 70% ethanol
was applied for 18 h. Another ethanol series (80%, 95%, 100%) was
applied for 10 min, respectively. Then embedded the samples in
Epon/Araldite resin (polymerization at 60 °C for 48 h). Thin sections
(90 nm) cut by ultra microtome were stained for 1 min each with 4%
uranyl acetate (1:1 acetone/water) and 0.2% lead citrate, and
examined under the transmission electron microscopy (PHILIP CM-
120) .

2.8. Statistical Analysis. Data are presented as mean + standard
deviation. The values of experiment groups are compared to those of
the control groups. Differences between two mean values were
calculated by Student’s ¢ test. We consider the differences statistically
significant if p < 0.05.

3. RESULTS AND DISCUSSION

3.1. Preparation and Characterization of GO. Graphene
oxide nanosheets with a large amount of oxygen functional
groups (hydroxyl carboxyl and epoxide groups) well dispersed
in the water. Here, we synthesized GO nanosheets using the
modified Hummers’ method, which presented as a brown
colloidal suspension. Atom force microscopy results showed
that the thickness of GO nanosheets was about 1.0 nm, and the
lateral dimensions of GO ranged from nanometers to
micrometers (Figure 1A). Size of GO nanosheets would
strongly influence their antibacterial activity. Larger sheets lead
to more cell loss than smaller ones."® In our study, dynamic
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light scattering quantitatively revealed the size of 90% GO
nanosheets distributed between 200 to 400 nm (Figure 1B).
FTIR spectrum of GO displayed the stretching vibrations peak
of C=0, C=C, C—0-C groups at 1728, 1625, and 1056
!, respectively (Figure 1C), which indicated the reservation
of the sp> domains of carbon atoms and the presence of many
oxygenated groups on the graphene sheets. Raman spectros-
copy was utilized to investigate the carbon structure of graphite
during the oxidation process. As shown in Figure 1D, our GO
samples showed a typical Raman spectrum of graphene oxide
(GO), with broad G and D band peaks at 1580 and 1350 cm™,
respectively, and the intensity ratio of the D and G band (Ip/
Ig) is 1.03. These characterizations confirmed that graphene
oxide nanosheets had been successfully prepared.

3.2. Antimicrobial Effect of GO. MTT reduced assay was
a convenient method to evaluate the activity of cells. MTT is a
water-soluble yellow dye that can be reduced to water-insoluble
purple formazan crystals by the dehydrogenase system of active
cells. On the basis above theory, we can measure the optical
density value of formazan at 490 nm to reveal the metabolic
activity of live cells in culture.

To determine the effect of GO to S. mutans, GO was
amended to samples containing 250 uL bacterial cell
suspension with a final concentration of 20, 40, 80 ug/mlL,
respectively. After 2 h of incubation, we found the viability of S.
mutans decreased along with the increasing GO concentration.
Compared to origin status, the activity of bacterial cells was
442 +2.2,322 +7.9,and 16.3 & 2.1% when the concentration
of GO was 20, 40, 80 ug/mL, respectively. At the same time,
the activity of control was 65.7 + 17.5%. (Figure 2A) As to F.
nucleatum the activity of bacterial cells was 49.7 + 11.8%, 33.4
+ 4.0%, 21.5 + 9.4% when the concentration of GO was 20, 40,
80 ug/mlL, respectively, and that of control was 50.7 + 8.5%.
(Figure 2B)For P. gingivalis, the activity of bacterial cells was
440 + 15.5%, 29.1 =+ 3.0%, 147 + 2.5% when the
concentration of GO was 20, 40, 80 yug/mL, respectively, and

cm™
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Figure 4. ODgyyg ,n growth curve of (A) S. mutans, (B) F. nucleatum, and (C) P. gingivalis, which were after treatment of GO nanosheets. The
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Figure S. Live/dead fluorescent staining images. (A, B) S. mutans, (C, D) F. nucleatum, and (E, F) P. gingivalis cells were treated with GO nanosheets
and isotonic saline (control) for 2 h. Representative fluorescence microscopy images of bacteria cells which were stained by SYTO 9 (green channel)
and PI (red channel) for 15 min in dark. All treated cases had the same GO dose of 80 pg/mL. Scale bar = 50 ym.

that of control was 63. One +20.1%. (Figure 2C) As for S.
mutans and P. gingivalis, the differences between each GO-
treated group and control were statistically significant. And F.
nucleatum cells incubated with 40 pg/mL and more GO
nanosheets decreased significantly.

Absolutely, the MTT reduced assay revealed the function of
cells’ dehydrogenase system. We then applied a classic colony
forming units (CFUs) counting method to evaluate the actual
antimicrobial effect of GO nanosheet against typical dental
pathogens.

As to S. mutans, the viability came to 55.9 + 10.7%, 7.5 +
1.6%, ~0 + 0% when the concentration of GO was 20, 40, 80
ug/mlL, respectively (Figure 3A). At the same time, the viability
of bacterial cells in saline came to 81.0 & 6.9% that was higher
than GO-treated groups. The differences between each GO-
treated group and control were statistically significant. The
similar situation occurred in F. nucleatum test. The viability
were 564 + 87%, 114 + 7.1% and 0.8 + 0.9% when the
concentration of GO was 20, 40, 80 ug/mL, respectively
(Figure 3B). Comparing to control (592 + 102%), F.
nucleatum cells with more than 40 ug/mL GO nanosheets
were suppressed significantly. Similarly, as to P. gingivalis
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culture, the viability of control was 52.7 + 8.5% and the GO-
treated groups were 7.8 + 2.4%, 0.1 + 0.03% and ~0 + 0%
when the concentration of GO was 20, 40, 80 ug/mlL,
respectively (Figure 3C). The differences between each GO-
treated group and control were statistically significant.

In this research, we found the viability of bacteria in control
groups was as low as 81.0 + 6.9%, 59.2 + 10.2% and 52.7 +
8.5%, for S. mutans, F. nucleatum and P. gingivalis, respectively.
The reason for this phenomenon was that these three bacteria
strains are oxygen susceptible, especially P. gingivalis and F.
nucleatum which belong to strictly anaerobic bacteria. There-
fore, P. gingivalis and F. nucleatum cannot survive normally or
the viabilities of them decrease severely in oxygenated and
carbon-dioxide-depleted environment.'”  Although we incu-
bated P. gingivalis and F. nucleatum in anaerobic system,
conventional concentrations of O, and CO, in atmosphere
were difficult to be avoided when we diluted the sample and
plated the culture onto Petri dishes.

GO-treated bacterial samples were added in fresh medium to
be cultured. The optical density value at 600 nm represented
the quantity of bacterial cells. Figure 4A revealed that S. mutans
treated by GO of 80 pug/mL was killed absolutely and the
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medium remained clear in 24 h. Another two samples with GO
concentrations of 40 and 20 ug/mL grew quite slower than the
control. After the bacteria growth hit plateaus, we found the
final quantity of bacteria decreased along with the increase of
GO nanosheets concentration. In addition, there was a delay
when GO-treated group turned into exponential phase that
means GO nanosheets suppress largely the growth of bacteria.
As to F. nucleatum (Figure 4B) and P. gingivalis (Figure 4C),
when GO concentration came to 40 yg/mL, the bacterium cells
stopped growing. The lag phases of P. gingivalis and F.
nucleatum were prolonged to about 20 h which was quite long.
In our research, the effect of GO nanosheets against obligate
anaerobic bacteria is likely higher than facultative anaerobic
bacteria. It may link to the differences of resistances against
oxidative stress of anaerobic and facultative anaerobic bacteria.
Oxidative stress is a highly recognized mechanism of various
nanoparticles.”® It is reported as a key mechanism for the
antibacterial activity of graphene-based nanomaterials, such as
GO, rGO nanosheets, fullerene, and carbon nanotubes (CNTs)
through reactive oxygen species (ROS) generation.***'

We performed bacterial live/dead fluorescent staining assays
and observed with CLSM to identify the living status of bacteria
cells. S. mutans, F. nucleatum, and P. gingivalis suspensions
containing 1 X 10° to 1 X 10’ CFU/mL cells were used. Then
incubated them with 0, 20, 40, and 80 yug/mL GO nanosheets
at 37 °C for 2 h. With an appropriate mixture of the SYTO 9
and propidium ijodide stains, bacteria with intact cell
membranes stain fluorescent green, whereas bacteria with
damaged membranes stain fluorescent red. According to the
figures obtained, homogeneous planktonic bacterial suspension
aggregated after GO treated. According to Figure SA, B, GO-
treated S. mutans was more dead more than the control. This
result means GO nanosheets induced the death of S. mutans
cells, exactly. As to F. nucleatum (Figure SC, D)and P. gingivalis
(Figure SE, F), we found similar results.

3.3. Morphology Change of Bacterial Cells after
Exposure to GO. TEM analysis showed numbers of bacterial
cells decreased in GO-treated groups comparing to control. We
found GO nanosheets caused integrity loss of the cell
membrane and cell wall based on TEM images. However, the
cells in isotonic saline remained the normal shape and structure.
With the surrounding of GO nanosheets (Figure 6, arrows a, d,
and f), the intracellular densities of S. mutans, F. nucleatum and
P. gingivalis decreased, revealing that they lost some intracellular
substance (Figure 6, Arrow b and h). As to P. gingivalis cells, it
was prominent that the cell wall and membrane were destroyed
and inner cell structures leaked out severely. (Figure 6, arrow g)
Furthermore, we found some P. gingivalis cell with all inner
structures flowing out absolutely remaining a circle of cell wall.
(Figure 6, arrow i) Particularly, GO-treated F. nucleatum images
revealed the cell wall was stripped down (Figure 6, arrows c and
e). As to S. mutans cells, slighter membrane damages occurred,
and some damaged cells with an incomplete contour were also
observed (Figure 6, arrow b). It was reported that the
mechanism for the graphene-induced degradation of cell
membranes includes by severe insertion and cutting and by
destructive extraction of lipid molecules.”” According to these
TEM images, Gram-positive bacteria seemed to have stronger
resistance against GO nanosheets compared to Gram-negative
bacteria. However, previous studies reported that graphene
nanowalls and single-walled carbon nanotubes (SWCNT)
dispersions exhibit higher antibacterial activity against Gram-
positive bacteria than Gram-negative bacteria. Gram-negative
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Figure 6. TEM images of S. mutans, F. nucleatum, and P. gingivalis cells
after incubation with GO nanosheets dispersion (right side) for 2 h,
and after incubation with saline solution for 2 h as control (left side).
All treated cases had the same GO dose of 80 pig/mL. Scale bar = 500
nm.

bacteria have a complex outer membrane that may enhance the
surface stiffness.”>** In addition, the differences among specific
bacteria should be considered. This incompatible but
interesting results need to be explored in future mechanism
research.

In our research, TEM technique was utilized to observe the
damage of cell wall and membrane, as well as the change of
inner structure of cells. Related carbon nanomaterial such as
SWCNT, fullerene and its derivatives exhibit strong antimicro-
bial activity through the direct contacting with bacteria
membrane.”*>*® It has been reported that GO nanosheets
can insert/cut through the cell membranes of bacteria cells and
vigorously extract large amounts of phospholipids from the
membranes.””> GO nanosheets also can oxidize glutathione,
which serves as redox state mediator in bacteria.”" However,
exact mechanisms after GO nanosheets cause the degradation
of cell membrane are not clear. Metal oxide nanoparticals also
have antibacterial activity.”” >° Some metal oxide nanoparticle
antibacterial research revealed that they directly contact with
bacteria membrane, penetrate into the bacteria and interact
with sulfur-containing protein as well as phosphorus-containing
DNA. Then, the nanoparticles can disturb the respiratory chain
and lead to bacterial cell death.*'~>* GO nanosheets, as another
similar nanomaterial, the mechanical generality with nano-
particulate metals would be explored.

Most of dental caries, periapical, and periodontal diseases are
directly caused by bacteria including, but not limited to S.
mutans, P. gingivalis, and F. nucleatum.>>>® In clinical practice,
dentists use classic antibiotics, such as chlorhexidine,
cephalosporin, metronidazole, tetracycline, etc. However,
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classic antibiotic families realize their antibacterial function by
inhibition the synthesis of cell wall, protein, DNA, RNA, folic
acid, etc. Drug resistance can be delivered to next generation by
heredity.>”** With the abuse of antibiotics, we have to face the
difficult situation called antibacterial drug resistance over the
past decades.®® These three dental pathogens can be killed by
GO nanosheets directly as we found in TEM images. GO
nanosheets, a new kind of antimicrobial material, decrease the
possibility of the formation of drug resistance compared to
classic antibiotics because of its physical mechanism. Notably,
relatively convenient processing of GO with low cost provide
the possibility for its wide application.

However, the oral cavity is a complex ecosystem including
teeth, root canals, mucosa, periodontal tissues, saliva and
dentures. Oral bacterial biofilm is the structure constituted by
bacteria themselves and the substances produced or gathered
by them. It exists on the surfaces of teeth, periodontal pockets,
root canal systems, and dentures as a community.*® It has been
investigated that pure GO nanosheets have toxic effects to the
development of mature biofilms from planktonic cells.*!
Bacterial biofilm has high pathogenicity because it is less
susceptible to antibiotics but more resistant to physical
offense.*””* Though GO nanosheets played an excellent role
in killing planktonic pathogens and inhibiting the formation of
bacterial biofilm, investigations on the activity of GO
nanosheets against those pathogens within the context of an
established biofilm are necessary.*'

4. CONCLUSION

In conclusion, GO nanosheets were synthesized using modified
Hummers’ method. We studied the antimicrobial activity of
GO nanosheets against common dental pathogens, such as S.
mutans, P. gingivalis and F. nucleatum. It was revealed that the
antimicrobial effect of GO nanosheets is prominent. With a
higher concentration, GO nanosheets work more effective to
suppress the viability of these dental pathogens. GO nanosheets
can destroy the cell wall and membrane and make plasm leak
out. GO nanosheets would be a kind of promising nanomaterial
that can be applied in dental care and therapy.
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