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Objective: To determine the effects of graphene oxide (GO) deposition (on a zirconia
surface) on bacterial adhesion and osteoblast activation.

Methods: An atmospheric pressure plasma generator (PGS-300) was used to coat Ar/CHy
mixed gas onto zirconia specimens (15-mm diameter x 2.5-mm thick disks) at a rate of 10 L/
min and 240 V. Zirconia specimens were divided into two groups: uncoated (control; Zr)
group and GO-coated (Zr-GO) group. Surface characteristics and element structures of each
specimen were evaluated by field emission scanning electron microscope (FE-SEM), X-ray
photoelectron spectroscopy (XPS), Raman spectroscopy, and contact angle. Additionally,
crystal violet staining was performed to assess the adhesion of Streptococcus mutans. WST-8
and ALP (Alkaline phosphatase) assays were conducted to evaluate MC3T3-E1 osteoblast
adhesion, proliferation, and differentiation. Statistical analysis was calculated by the Mann—
Whitney U-test.

Results: FE-SEM and Raman spectroscopy demonstrated effective GO deposition on the
zirconia surface in Zr-GO. The attachment and biofilm formation of S. mutans was signifi-
cantly reduced in Zr-GO compared with that of Zr (P < 0.05). While no significant
differences in cell attachment of MC3T3-1 were observed, both proliferation and differentia-
tion were increased in Zr-GO as compared with that of Zr (P < 0.05).

Significance: GO-coated zirconia inhibited the attachment of S. mutans and stimulated
proliferation and differentiation of osteoblasts. Therefore, GO-coated zirconia can prevent
peri-implantitis by inhibiting bacterial adhesion. Moreover, its osteogenic ability can increase
bone adhesion and success rate of implants.

Keywords: graphene oxide, GO, zirconia implant, biofilm formation, osteoblast, non-

thermal atmospheric pressure plasma

Introduction

Peri-implantitis is the most significant cause of early or late implant failures." It
occurs when bacteria coagulate irreversibly on the teeth or implants and leads to the
formation of a bacterial biofilm on the surface, which can lead to bone loss.> ™ To
treat peri-implantitis, mechanical methods which remove the biofilm using carbon
fiber curettes and chemical methods which kill the bacteria via disinfection treat-
ment and antibiotics® ' are used together for effective results. Recently, to prevent
peri-implantitis, many attempts have been made to treat the surface of implants with
antibacterial materials.® Graphene, a honeycomb-lattice monolayer comprising aro-

matic ring carbon atoms, is a potential biomaterial owing to its unique physical and
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chemical properties.” ' In contrast, unlike graphene, gra-
phene oxide (GO) has hydrophilic tendency because of its
functional groups (ie, carboxyl, hydroxyl, and epoxy
groups); an antibiotic effect; and it promotes bone produc-
tion through osteoblast activation.'”'” Existing methods
of GO fabrication include chemical or physical exfoliation

18,19

from bulk graphite, chemical vapor deposition using

a metal catalyst,”® and Hummer’s method.”'*> However,
these methods have some disadvantages including high
pollution, low efficiency, potential residual solution bypro-
ducts used in GO production, and the generation of harm-
ful inflammable gases such as NO,, N,O4, and C102.23*25

When living tissues are treated with plasma (a
charged gas because of ionized energy), their wettability
and mechanical can be

and biological properties

modified.?® Plasma treatment improves biocompatibility,
cell adhesion, and increases bacterial resistance.?’ % In
this study, we developed a new method combining
Rho et al

reported the deposition of an argon plasma-based GO

plasma treatment and graphene synthesis.

on a titanium surface, improving biocompatibility and
promoting differentiation of fibroblasts (NCTC clone
929) and MC3T3-El cells.*!
effective method did not require any additives or pro-

This simple and cost-

duced any by-products. Zirconia, one of the primary
dental materials, has low toxicity and corrosivity and
high antibiotic activity and biocompatibility.>*** Owing
to these features, zirconia implants are currently being
studied extensively. The increase in clinical applications
of zirconia implants is because of its higher success
rate®® and comparable fracture strength to that of tita-

nium, which has been widely used in the past.*

However, to the best of our knowledge, the combined
effects of GO and zirconia have not yet been reported.
this the effects of

a biocompatible plasma-based GO-coated Zr surface on

Therefore, study evaluated

biofilm formation and osteoblast activation.

Materials and Methods

Experimental Materials

Samples

Zirconia (Zirmon, Kuwotech, Gwangju, Korea) was pro-
duced into disk-shaped specimens (diameter: 15 mm,
thickness: 2.5 mm). The surface of each specimen was
prepared using #800 SiC (silicon carbide) paper to obtain
an even surface. All specimens were cleaned with acetone,
alcohol, and distilled water for 20 min using an ultrasonic
cleaner. Thereafter, the specimens were dried at room
temperature (20-25 °C) and sterilized using an autoclave
(HS-3460SD, Hanshin Medical Co, Korea). Two groups of
zirconia specimens were prepared: pure zirconia speci-
mens which were not coated with GO (Group Zr) and
zirconia specimens which were coated with GO for 1
min (Group Zr-GO).

GO-Coated Zirconia

Zirconia specimens were coated with GO using an atmo-
spheric pressure plasma generator (PGS-300, Expantech
Co, Korea). Argon gas (4 L/min) and methane gas
(3.5 mL/min) were mixed in a quartz tube and coated on
the surface at 240 V at the rate of 10 L/min. The distance
between the specimen and plasma was maintained at

25 mm, and the plasma was rotated and simultaneously
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Table | Parameters of the Atmospheric Plasma Generator

Parameter Value
Average working power (W) 240

Voltage (V) 27
Frequency (MHz) 900
Atmospheric pressure (Torr) 760
Electrode type Electrodeless
Cooling type Air-cooled
Plasma density 10'%/cm?

reciprocated from side-to-side to ensure even application
of GO on the surface (Table 1, Figure 1).

Assessment of Surface Characteristics
The surface of zirconia was coated with platinum in
vacuum for 60 s using a sputter coater (E-1030, Hitachi,
Japan) and was observed using a field emission scanning
electron microscope (FE-SEM; S-4700, Hitachi, Japan).

The thicknesses, atomic components, and chemical
bonds of the specimens were assessed using X-ray photo-
electron spectroscopy (XPS; VG Multilab 2000, Thermo
Scientific, UK). The peak areas of atomic elements
observed in the specimens were normalized and expressed
as quantitative proportions.

gas gas

Plasma
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o
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e
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n
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Figure | Schematic diagram of GO coating with atmospheric plasma generator.

The shapes, thicknesses, and roughness of specimens
were observed using a nanosurface 3D optical profiler
(NV-E1000, Nano System, Korea), and for each group
three specimens were measured using three different areas.

Raman spectroscopy was performed to assess the status
of the GO coating on the zirconia surface at 532.13 nm
using a Raman spectrometer (NRS-5100, JASCO, Japan),
and the contact angle (Phoenix 300, SEO Inc., Korea) was
measured to compare the hydrophilicity of the surfaces.
For each group, three specimens were measured and their
average contact angles were analyzed (Surfaceware 9 soft-
ware, SEO Inc, Korea)

Assessment of Bacterial Adhesion

Bacterial Culture

To evaluate biofilm thickness inhibition, Streptococcus
mutans (KCOM 1504 obtained from the Korean
Collection for Oral Microbiology (KCOM, Korea)),
a gram-positive bacterium involved in early biofilm for-
mation, was used. S. mutans was cultured at 37 °C in
a culture chamber (LIB-150M, DAIHAN Labtech Co.,
Korea) using a BHI medium (Brain Heart Infusion,
Becton, Dickinson and Company, Sparks, MD, USA).

Bacterial Inoculation

Every specimen was sterilized in an autoclave (HS-3460SD,
Hanshin Medical Co, Korea) for 2 h and disinfected under
UV for 24 h. Subsequently, for each group, eight specimens
were placed in a 24-well plate (SPL Life Sciences Co., Ltd.,
Korea), and each specimen was inoculated with S. mutans
(1.5 x 107 CFU/mL) and cultured for 24 h.

Bacterial Adhesion Assessment

After culturing, the culture medium was removed, and the
specimens were cleaned with Phosphate Buffer Saline (PBS)
solution twice. Adherent bacteria were dyed with 0.3% crys-
tal violet solution by dispensing 500 pL of the solution to
each specimen. After 10 min, the crystal violet solution was
removed, and the remaining solution was cleaned three times
with PBS solution. Subsequently, the specimens were dried
for 15 min, and 500 pL of demineralized solution (80% ethyl
alcohol + 20% acetone) was dispensed. The specimens were
tightly sealed and stirred for 1 h. After stirring, 200 pL of
each specimen was dispensed into a 96-well plate (SPL Life
Sciences Co, Ltd, Korea), and their absorbance was mea-
sured at 595 nm using ELISA (VersaMax ELISA Microplate
Reader, Molecular Device, CA, USA).
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Bacteria adhesion was visually assessed using the LIVE/
DEAD®™ BacLight™ Bacterial Viability Kit (SYTO 9%,
Molecular Probes Europe BV, Netherlands). After culturing,
the bacteria and the remaining culture medium were cleaned
with PBS solution. To each specimen, 200 pL of fluorescence
reagent (SYTO 9 dye: propidium iodide: dH,O = 1.5 pL: 1.5
pL: 1.0 mL) was injected. The well plate was sealed with
aluminum foil to block the light and was dyed at room tem-
perature (2025 °C) for 15 min. Subsequently, the remaining
dye solution was cleaned with PBS solution and the adherent
bacteria were observed using a confocal laser scanning micro-
scope (Leica TCS SP5 AOBS/tandem, Leica, Germany) and
the thickness of the biofilm formed on the specimen was
measured through an z-axis depth profiling (Leica LAS AF
software, Leica Microsystems, Bensheim, Germany).

Assessment of Osteoblast Viability
Cell Culture

MC3T3-El osteoblasts (MC3T3-E1 subclone 4, ATCC
CRL2593, USA) were cultured at 37 °C in a 5% CO,
incubator (Forma Series II 3111 Water Jacketed CO,
Incubator, Thermo Fisher Scientific Inc., USA) using an
alpha minimum essential medium (a-MEM; Gibco-BRL,
Grand Island, USA) containing 10% fetal bovine serum
(FBS) and 100 U/mL penicillin.

Cell Adhesion/Proliferation

For each group, eight specimens were prepared and fixed in
a 24-well plate. Cultured cells (4x10* cells/mL) were dis-
pensed on each specimen and incubated at 37 °C in a 5%
CO, incubator. After dispensing the cells, cell adhesion and
proliferation were assessed on the 1st and the 5th day, respec-
tively. Before assessment, the surface was cleaned with PBS to
remove any remaining culture medium and non-adherent cells.
Subsequently, 1 mL of fresh medium and 100 uL of WST-8
reagent (EZ-Cytox, Itsbio, Inc., Korea) were added to each
specimen and incubated at 37 °C in a 5% CO, incubator. After
10 min, when color development was observed, 100 pL of
each specimen was dispensed into a 96-well plate and their
absorbance was measured at 450 nm using an absorbance
reader (VersaMax ELISA Microplate Reader, Molecular
Devices, USA).

Cell Differentiation

For each group, eight specimens disinfected with UV rays were
fixed in a 24-well plate. Cultured cells (4x10” cells/mL) were
dispensed on each specimen and cultured at 37 °C in a 5% CO,
incubator. Cell differentiation was assessed on the 21st day

after culturing. Subsequently, the surface was cleaned with
PBS to remove the remaining culture medium and non-
adherent cells. Each specimen was treated with 200 puL of
ALP assay buffer and cultured at 37 °C in a 5% CO, incubator
for 1 h. Subsequently, 80 uL of each specimen was dispensed
into a 96-well plate and treated with 50 uL. of pNPP solution.
The specimens were cultured at 37 °C in a 5% CO, incubator
for 1 h, treated with 20 pL of stop solution, and their absor-
bance was measured at 405 nm.

Statistical Analysis

Statistical analysis was conducted using SPSS 21.0 (SPSS
Inc., Chicago, IL, USA). The significance test depending
on the treatment of GO coating did not meet the normality,
thus the Mann—Whitney U-test, a non-parametric test, was
performed. The significance of all data collected was
tested at a significance level of P < 0.05.

Results

Surface Characteristics

Surface characteristics were observed with a scanning
electron microscope (SEM) (Figure 2A and B). Group Zr
exhibited an evenly polished surface, whereas in Group
Zr-GO, GO exhibited a cloudy appearance on the surface.

Surface roughness was measured using a nanosurface
3D optical profiler (Figure 2C and D), with Group Zr-GO
exhibiting high roughness (n=3). The Ra values of Group
Zr and Zr-GO were 130.564 + 50.352 nm and 184.084 +
45.153 nm, respectively.

The atomic components of the surface were analyzed by
XPS (Figure 3). Both Group Zr and Group Zr-GO exhibited
oxygen (0O), carbon (C), and zirconia (Zr) peaks. The ele-
ment ratio analysis demonstrated that the Zr group consisted
of 43.35% carbon, 45.28% oxygen, and 11.37% zirconia;
and the Zr-GO group consisted of 86.78% carbon, 12.08%
oxygen, and 1.13% zirconia. Group Zr-GO showed a high
carbon peak, resulting in a 2x-high carbon ratio.

The Raman spectrum analysis (Figure 4) observed
unique peaks of GO, including D band (~1350cm™ ),
G band (~1590cm™'), and 2D band (~2690cm ).
Group Zr-GO
a significant increase in the contact angle (39.27 =+
0.914° vs 64.64 + 0.310°%; P < 0.05) (Figure 5).

Compared with Group Zr, showed

Inhibition of Biofilm Formation
In the crystal violet assay, the S. mutans adhesion in Group
Zr-GO significantly decreased compared to that of Group

5748

Dove!

International Journal of Nanomedicine 2021:16


https://www.dovepress.com
https://www.dovepress.com

Dove

Jang et al

1.53
Z axis(um)

X axis(mm) 0.6

4.76

Z axis(pum)

X axis(mm) 0.6

Figure 2 FE-SEM images of (A) control (Zr) and (B) GO-coated zirconia (Zr-GO) groups (X50K). Three-dimensional surface morphology roughness images of (C) Zr and

(D) Zr-GO groups.
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Figure 3 XPS profiles of GO-coated zirconia surface (Zr-GO) and control (Zr)
groups.

Zr (P <0.001) (Figure 6A). Additionally, the thickness of
biofilm in Group Zr-GO decreased significantly (Group Zr
=16.99 + 3.36 pm, Group Zr-GO = 11.20 + 0.74 pm; P <
0.05) (Figure 6B). Finally, using the LIVE/DEAD®
BacLight™ Bacterial Viability Kit. (Figure 6C and D),
a greater number of viable cells were observed in Zr group
compared with that of the Zr-GO group.

— Zr-GO
1350

5 5860 1581
8 A
2
2 —-7r
9
£
4000 3000 2000 1000 0

Raman shift(cm'1)

Figure 4 Raman spectrum of GO-coated zirconia surface (Zr-GO) and control
(Zr) groups, showing D (1350 cm '), G (1581 cm '), and 2D peak at 2690 cm ~' of
GO band.

Osteoblast Activation

Effects on Cell Adhesion, Proliferation, and
Differentiation

To assess osteoblast adhesion and proliferation, the WST-8
assay was performed. For adhesion, a absorbance of Group Zr
(2.18) was observed with a little higher than that of Group Zr-
GO (0.207); however, this difference was not statistically
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Figure 5 Water droplet on surface of the contact angle. (A) Control (Zr) group; (B) GO-coated zirconia (Zr-GO) group. The GO-coated zirconia (Zr-GO) group is
hydrophobic compared to the control (Zr) group, and the contact angle was significantly increased.
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Figure 6 (A) Bacterial adhesion on GO-coated zirconia (Zr-GO) and control (Zr) surfaces, as measured by crystal violet assay (n = 8). (B) Biofilm thickness of Streptococcus
mutans on Zr-GO and Zr surfaces (n = 3). (C and D) Viability of Streptococcus mutans biofilm on (C) Zr and (D) Zr-GO surfaces (n = 3). Green fluorescence indicates viable
cells. *P < 0.05, ***P < 0.001; Mann—Whitney U-test.

significant (Figure 7A). Contrarily, for proliferation, assessed using the ALP activity assay. As shown in
a significantly higher absorbance level was observed in  Figure 7C, the absorbance level of Group Zr-GO (0.219)
Group Zr-GO (0.322) as compared with that of Group Zr was significantly higher than that of Group Zr (0.190)
(0.309) (P <0.05) (Figure 7B). Cell differentiation was (P <0.05).
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Figure 7 (A) Cell adhesion (measured using WST-8 assay at 24 h) on graphene oxide-coated zirconia (Zr-GO) and control (Zr) surfaces (n = 8). (B) Cell proliferation
(measured using WST-8 assay at 120 h) on Zr and Zr-GO surfaces (n = 8). (C) Cell differentiation (measured by ALP assay at 2| days) on Zr and Zr-GO surfaces (n = 8).

*P < 0.05, **P < 0.01; Mann—Whitney U-test.

After the 5 days of cell culture, the proliferation of cell
morphology were observed with a scanning electron
microscope (SEM). It showed that the cells exhibited pro-
liferation and spreading on the surfaces and the cells
proliferated more in the group Zr-GO (Figure 8B-D).
Than in the group Zr (Figure 8A—C) and a lot of cell
projections were formed.

Discussion

Implants are very useful for replacing missing teeth.
However, after implantation, bone resorption or inflamma-
tion of the surrounding gingiva often occurs because of
bacterial infection. Therefore, to prevent this, researchers

A

have attempted to apply various surface treatments to the
implant material to increase their success and survival rate;
osseointegration and cell proliferation increased because of
the increase of the surface roughness by treating the surface
of the implant.*® Electrochemical surface treatment®’ or
application of an antibacterial material coatings have been
also employed to reduce bacterial adhesion.®

Recently, several studies have exhibited an increased anti-
bacterial activity of GO.*** A previous study by Liu and
Qiu*2#
antibiotic effects and bone activation. Additionally, Wang™**
reported that GO was effective in improving the bio-
activation of the surface of materials. Fallatah et al®

reported that treating surfaces with GO promoted

Figure 8 FE-SEM images of 5 days cell culture (A) Zr group: control group (x150K), (B) Zr-GO group: zirconia coated with GO (x150K), (C) Zr group: control group

(x300K), (D) Zr-GO group: zirconia coated with GO (x300K).

International Journal of Nanomedicine 2021:16

https:

5751

Dove:


https://www.dovepress.com
https://www.dovepress.com

Jang et al

Dove

demonstrated that GO reduced the biofilm thickness formed by
Pseudomonas putida and had an ability to separate the biofilm
from the surface. In this study, GO was directly deposited using
argon plasma, which was cost-effective and did not generate
any by-products on the zirconia surface. The bacteria resis-
tance and cell activation levels were evaluated by treating GO
on zirconia, which has a high corrosion resistance and biocom-
patibility similar to titanium and esthetics similar to the natural
teeth.*™’

The mechanism of antibacterial activity of GO remains to
be elucidated. The antibacterial mechanism of GO known so
far is the physical destruction of the cell membrane and oxida-
tive stress damage.*®*’ In general, it is known that reactive
oxygen species (ROS)-mediated oxidative stress is generated
by graphene-based materials, which causes serious damage to
bacterial cells and has antibacterial action.*®*° However, some
studies have conducted in vitro experiments and suggested that
the ROS mechanism is not the primary mechanism for the
antibacterial action of GO.***° Another antibacterial process is
the dispersibility and trapping ability of oxygen-containing
functional groups of GO.*”>'>* Due to the hydrophobic prop-
erties of graphene oxide, the adhesion of bacterial cells is
prevented, and furthermore, the hydrophobic interaction can
destroy the bacterial membrane, resulting in antibacterial
action. Additionally, aggregated GO can serve as a scaffold
for bacterial attachment and proliferation.* The antibacterial
effect of GO and the effect of functional groups have received
extensive attention for future studies.

In this study, S. mutans adhesion on GO-coated zirconia
reduced significantly. This confirmed an antibacterial effect of
GO, which aided in reducing the inflammation which might
occur after the placement or restoration of zirconia implants. In
addition to the antibacterial effect, the direct-deposited GO on
zirconia also increased the cell activity which was effective in
bone adhesion, proliferation, and differentiation. The hydro-
phobic and electrostatic interaction of GO improved bone
differentiation resulting in its increased attention in the field
of bone-tissue engineering.>> Dinescu et al>® evaluated bone
differentiation by adding 3 wt% graphene to chitosan scaffolds
and observed an increase in osteogenesis. This was attributed
to the increased porosity of the surface which created a suitable
environment for cell adhesion. Aidun et al>’ reported that
(polycaprolactone) PCL-chitosan scaffolds that were addition-
ally treated with GO showed an increase in the cell adhesion
and proliferation, and the bioactivity and hydrophilicity of the
surface, while maintaining their antibacterial effect. However,
in this study, a significant difference was observed in osteoblast
proliferation and differentiation whereas no significant change

was observed in cell adhesion. Unagolla et al>® assessed cell
adhesion of PCL scaffolds which were treated with graphene at
different concentrations and reported significant increase in
cell proliferation over time. However, cell adhesion did not
show any significant difference between groups on the 2nd and
3rd day.

Hydrophilic surfaces exhibit increased adhesion and pro-
liferation of bacteria and cells. In dentistry, various approaches
have been applied to increase the surface hydrophilicity of
implants. For example, Qu et al>® reported that the surface of
implants with high hydrophilicity can improve the adhesion
and differentiation of surrounding cells. In this study, the con-
tact angle of specimens in the untreated Group Zr and the GO-
treated Group Zr-GO was compared. Group Zr demonstrated
a relatively high hydrophilicity. This surface characteristic
seemed to affect the early adhesion of cells, while coating
zirconia with GO did not affect early adhesion and improved
cell proliferation and differentiation.

Additionally, this study examined the effects of GO coating
(on a zirconia surface) on the antibacterial activity and osteo-
blast activation. Earlier studies attempted to coat on titanium
with ZrN or Ag nanos, which is known to have antibacterial
effects, and applied it to the implant abutments.®* %> In addi-
tion, some studies suggested that bacteria living at the interface
of implant abutment and prosthesis could be prevented.*®
Carinci et al** examined bacterial viability and biofilm forma-
tion on the inside of implants coated with chlorhexidine and
reported that soft tissues were effectively healed without any
inflammatory symptoms. These results demonstrated that zir-
conia coated with GO could be employed as a fixture and
abutment while placing implants in the maxillary anterior
area or in the interface of implants to reduce peri-implantitis.
In addition, GO coating can be applied to the inner side of
zirconia to produce dental crowns with a lower occurrence of
secondary caries in abutments.

Conclusions

In this study, compared to the group Zr, the attachment of
S. mutans was reduced by 58.58% and the biofilm thickness
by 43.49% in the group Zr-GO. In cell evaluation, the adhe-
sion of MC3T3-1 cells was not significant in group Zr and Zr-
GO, but cell proliferation and cell differentiation increased by
3.23% and 15.79%, which were statistically significant.

This study confirmed the potential ability of zirconia
implants coated with GO to inhibit biofilm formation and
activate the cells. However, since GO has relatively low hydro-
philicity compared with that of zirconia, additional research is
required to increase the hydrophilicity of GO for a higher cell
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activity. Moreover, when the layer of GO is too thick, the

esthetic value of zirconia reduces. Therefore, it is important

to determine the required minimum thickness of GO.
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