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Abstract

This in vitro study assessed the efficacy of functionalized graphene oxide (f-GO) nanocomposites on the decalcification of dentin,
because dental caries of the root surface is becoming one of the new problems in aged society. Hydroxyapatite plates (HAP) and
dentin slices were coated with f-GO nanocomposites by comparing them to silver diamine fluoride as a positive control, then treated
with decalcification solutions such as ethylenediaminetetraacetic acid and citrate at 37°C for 24 h. Scanning electron microscopy (SEM)
revealed significant protection of the surface morphology of HAP and dentin. On the other hand, a cariogenic Streptococcus mutans
growth was inhibited by f-GO nanocomposites. In addition, cytotoxicity of them to epithelial cells was much less than that of povidone-
iodine, which is commonly used for oral disinfectant. We synthesized 5 different f-GO nanocomposites such as GO-silver (Ag), GO-
Ag—calcium fluoride (CaF,), GO-CaF,, GO-zinc, and GO-tricalcium phosphate (Ca;(PO,),). They were standardized by evaluating under
SEM, transmission electron microscopy (TEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), thermogravimetry
analysis (TGA), and Raman spectra after being synthesized in an aseptic technique. The abilities of GO-Ag, GO-Ag-CaF,, and GO-CaF,
nanocomposites were most preventive for decalcification. In addition, GO-Ag and GO-Ag-CaF, almost completely inhibited S. mutans
growth. However, they did not exhibit cytotoxicity to epithelial cells except at the highest concentration (0.1 w/v%) of GO-Ag and GO-
Ag-CaF,. Furthermore, these f-GO nanocomposites exhibited less or no discoloration of dentin, although commonly used silver diamine
fluoride causes discoloration of dentin to black. Thus, these f-GO nanocomposites are useful to protect dental caries on the tooth root
that becomes a social problem in aged society.
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The treatment of this problem is to protect dentin from
demineralization to prevent external stimulation to pulps via
dentinal tubules. There have been several agents for this treat-
ment such as fluoride and oxalate-based compounds (Zhong
et al. 2015); however, these treatments are impermanent and
cause discoloration of dentin. For example, Saforide (silver
diamine fluoride) can help remineralization of dentin by long-
term effects of intratubular deposition of mineral crystals
(Markowitz and Pashley 2008); however, the formed calcium
fluoride crystals are small and unstable and consequently

Introduction

Dentin is the main component of the human tooth, which con-
sists of approximately 70% inorganic material and 30% organic
material and water. Its inorganic part is calcium and phosphate
ions that form hydroxyapatite (HAp) crystals (Goldberg et al.
2011). This HAp is easily dissolved by acids, resulting in tooth
demineralization such as dental caries and dental erosion
(Lussi 2009). This demineralization of dentin is a chronic irre-
versible loss of tooth tissue (Soares et al. 2012), thus causing
one of the worldwide problems for humans, although the prev-
alence of it is decreasing (GBD 2017 Disease and Injury
Incidence and Prevalence Collaborators 2018). Dental caries is
associated with demineralization of the tooth structure, so-
called softening of dentin, by organic acids produced by micro-
organisms, but it can be prevented or arrested. Oral hygiene
maintenance, fluoride application, pit and fissure sealants,
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xylitol substitutes, and vaccine (Smith 2012) have been
described for caries prevention. Dental erosion is the irrevers-
ible loss of the tooth exterior due to acids from foods, environ-
ment, and even from the host body but not from microbiological
sources (Kreulen et al. 2010). Dental erosion does not cause
tooth softening, but both dental caries and erosion cause dentin
hypersensitivity and pain (Addy 2005). The aging population
suffers more gingival recession and root exposure, which
causes dental caries and erosion on the exposed root surface
(Carey and Brown 2017).
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dissolve when exposed to acidic saliva, foods, and beverages
(Ganss et al. 2001). In addition, the prime drawback is the dis-
coloration of dentin. Therefore, the development of new agents
is strongly needed in dental practice; thus, we were looking for
antibacterial chemicals that adhere to the dentin surface to
facilitate remineralization.

Among generic elements, we have focused on carbon.
Recently, significant efforts have been focused on 2-dimen-
sional carbons due to their excellent chemical, physical, and
electronic properties (Castro Neto et al. 2009). Graphene oxide
(GO) is a graphene analogue mainly composed of sp>-bonded
carbon atoms, possessing extraordinary physical and chemical
properties (Novoselov et al. 2004). Notably, dental application
is one of the hot topics in GO application; within a few years,
a lot of interesting works have been carried out such as drug/
gene delivery, antibacterial agents, a biocompatible scaffold,
physiochemical properties, and improvement of dental bioma-
terials (Xie et al. 2017). These applications are derived from GO
properties, such as high specific surface area (>1,000 m?/g),
mechanical strength (Young’s modulus of ~1,100 GPa), bio-
compatibility, low cost, and facile biological/chemical func-
tionalization. Besides, GO has a strong affinity with metal
species (Kulshrestha et al. 2014; Peng et al. 2017; Zhang et al.
2016). These outstanding properties motivated us to use GO as
the treatment agent with a prolonged performance for dental
issues. In this study, we aimed to synthesize functionalized GO
(f-GO) nanocomposites for the materials to prevent demineral-
ization of tooth dentin by covering the dentin surface, espe-
cially orifices of dentinal tubules.

The effects of f~GO nanocomposites should be evaluated
from the viewpoints of antidemineralization of dentin such as
the sealing orifice of the dentinal tubule and formation of a
protective layer on dentin, as well as dentin discoloration and
bactericidal and cytotoxic effects. Hence, the surface condi-
tions of HAp and tooth dentin covered by f-GO nanocompos-
ites after soaking in demineralizing solutions were analyzed. In
addition, the effects on the cariogenic oral bacteria and epithe-
lial cells were also analyzed.

Materials and Methods

Synthesis of f-GO Nanocomposites
and Their Characterization

We synthesized and characterized GO and 5 different f~-GO-
nanocomposites by scanning electron microscopy (SEM), trans-
mission electron microscopy (TEM), X-ray diffraction (XRD),
X-ray photoelectron spectroscopy (XPS), thermogravimetry
analysis (TGA), and Raman spectra (Appendix Sections 1-3).

Effects of the Nanocomposites on the Prevention
of Demineralization

The conditions of HAp plates and the orifice of the dentinal
tubule in the dentin slice (Appendix Section 4) were observed
under SEM before and after being coated with f-GO nanocom-
posites. Saforide (silver diamine fluoride; Bee Brand Medico

Dental), a reagent commonly used to prevent demineralization
of tooth dentin and dental caries, was used as a positive control.
These coated samples were incubated at 37°C in ethylenedi-
aminetetraacetic acid (EDTA; 0.5 mM, pH 7.0) and citrate buf-
fer (0.5 mM, pH 6.0) for 24 h and 72 h (Appendix Section 5).

Biological Effects of the Nanocomposites

Colony-forming units (CFUs/mL) of Streptococcus mutans
were counted on an agar plate inoculated for 48 h after treat-
ment with f~GO nanocomposites at various concentrations for 6 h
(Appendix Section 6). Viability of human epithelial HeLa cells
cultured with f-GO nanocomposites at the different concentra-
tions for 24 h was determined by the MTS assay (Appendix
Section 7). Povidone iodine (0.1%) was used as a positive con-
trol, and medium and phosphate-buffered saline (pH 7.0) were
used as negative controls. We performed 3 individual experi-
ments, each of which was carried out in triplicate.

Statistical Analysis

Statistical analyses were performed for normality and lognor-
mality tests with the Anderson-Darling test, D’ Agostino and
Pearson test, Shapiro-Wilk test, and Kolmogorov-Smirnov test.
In addition, Dunn’s multiple comparisons test was also performed.

Results

Effects on Prevention of Demineralization
of the HAp Plate

HAp plates (10 x 10 mm) were coated with GO and GO nano-
composites and soaked in EDTA buffer (0.5 mM, pH 7.0) for
24 and 72 h at 37°C. We observed the surfaces of all samples
under SEM (Fig. 1). The surface of the intact HAp plate, which
was not treated with anything, looked smooth with some pores
(approximately 2 um in diameter; Fig. 1a). Once the HAp plate
was soaked in EDTA buffer, its surface turned rough, and the
pores became remarkable (approximately 5 um in diameter;
Fig. 1b). When the HAp plate was coated with Saforide, its
surface looked smooth but wavy, as covered with aggregated
crystals (Fig. 1c). The pores were less prominent than those
seen in the noncoated HAp plate. Even though the HAp plate
was coated with GO alone (Fig. 1d), the surface looked very
similar to the one without any coating. EDTA treatment might
have removed residues from the pores.

In contrast, the surfaces of HAp plates coated with GO—
silver (Ag), GO-Ag—calcium fluoride (CaF,), GO-CaF,, GO-
zinc (Zn), and GO-tricalcium phosphate (Cay(PO,),) (Fig.
le-h) seemed smooth and with several clearly visible pores
like the intact HAp plate but less than the ones seen in both
noncoated and GO-coated plates. The surface views coated
with Saforide and GO-Zn looked like they were covered with
thick layers. Notably, the HAp plate coated with GO-Ag-CaF,
seemed as smooth as the nontreated one, whereas the HAp
plate covered with GO-Ca,(PO,), looked as smooth as the one
without any coating, but the pores seemed wider and deeper.
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erosion (Fig. 2B). We used the same exper-
imental designs as mentioned above. The
results were comparable to the ones with
EDTA (Fig. 2A) except for the GO-Zn-
coated dentin slice (Fig. 2B-h). After soak-
ing in citrate buffer, the surfaces coated
with GO-Ag, GO-Ag-CaF,, GO-CaF,, and
GO-Ca,(PO,), kept the views completely
covered without traces of prominent den-
tinal tubules as seen in the results after
soaking in EDTA buffer (Fig. 2A-d—g, 1).
However, the dentin coated with GO-Zn
showed many open dentinal tubules and
intertubule spaces. In addition, the surface
of dentin covered with Saforide seemed
rough. This may be the result of the aggre-
gation of silver diamine fluoride coated on
the dentin surface after citrate exposure to
acidic conditions.

Since the results demonstrated that

Figure |. Scanning electron microscopy views of coated hydroxyapatite (HAp) plates after
being soaked in ethylenediaminetetraacetic acid (EDTA) buffer. (a) Intact HAp plate (unexposed
to EDTA), (b) none, (c) Saforide, (d) graphene oxide (GO), (e) GO-silver (Ag), (f) GO-
Ag—calcium fluoride (CaF,), (g) GO-CaF,, (h) GO-zinc (Zn), and (i) GO-tricalcium phosphate

(Ca3(POy),). Magnification was x500. Scale bar: 50 ym.

The HAp plates were protected by the Saforide, GO-Ag,
GO-Ag-CaF,, GO-CaF,, and GO-Zn layer on the surface. The
same tendency was observed in the 72 h of EDTA treatment.

Effects on Prevention of Demineralization of
Tooth Dentin

The same treatment and observation performed for the HAp
plate were applied on the 2-mm-thick dentin slices (Appendix
Section 4.2) for 24 h at 37°C (Fig. 2A). We observed that the
surfaces of the dentin slice, which were not treated with any-
thing, had copious numbers of open dentinal tubules (approxi-
mately 2 um in diameter; Fig. 2A-a) by SEM. Once the dentin
slice was soaked in EDTA buffer, many tubule openings were
visible in the noncoated dentin (Fig. 2A-b). Its intertubule
spaces and tubules became irregular and wider (approximately
5 um in diameter; Fig. 2A-b). We found many open dentinal
tubules in the dentin slice coated with Saforide (Fig. 2A-c),
although Saforide has been used as a protective barrier in clini-
cal dental practice. In contrast, GO-coated dentin seemed to be
covered by a thin layer, resulting in dentinal tubules that
seemed to be partially sealed (Fig. 2A-d). On the other hand,
the dentin slices coated with GO-Ag, GO-Ag-CaF,, GO-CaF,,
GO-Zn, and GO-Ca,y(PO,), seemed to be covered entirely,
resulting in no traces of prominent dentinal tubules (Fig. 2A-e—
i). These results indicate that all f-GO nanocomposites can
make up the layers covering the entire surface of dentin and
orifices of the dentinal tubules.

In addition to EDTA buffer, citrate buffer (0.5 mM, pH 6.0)
was used to assess the effects of f~GO nanocomposites in an
acidic condition to resemble the condition for dental caries and

f-GO nanocomposites succeeded in seal-
ing the orifices of dentinal tubules, Raman
spectra analysis was performed to confirm
that the protective layer was formed by
GO. GO-characteristic spectra (2 peaks
around 1,500 cm ' Raman shift) were
found in each specimen (Appendix Section 9), suggesting that
the GO layer was formed on the dentin surface of dentin and
the orifice of the dentinal tubules. The elemental existence on
the dentin surface was satisfactory, as confirmed by SEM/
energy dispersive spectroscopy (EDS) and XPS analysis
(Appendix Sections 10, 11).

Biological Activities of Cariogenic Bacteria
and Epithelial Cells

We examined the antimicrobial activity of f~GO nanocom-
posites against cariogenic bacteria S. mutans in liquid media.
We observed that the CFUs in control (media alone) were
approximately 470 CFUs/mL (Fig. 3A). This was reduced to
about 45 CFUs/mL (90%) by positive control (0.1% povi-
done iodine solution). Unexpectedly, GO alone also showed
antimicrobial activity, reducing to 65% to 80% (among 0.01—
0.1 w/v% of GO). f-GO nanocomposites such as GO-Zn,
GO-CaF,, and GO-Ca,(PO,), showed less antimicrobial
activity than that of GO alone: 45% to 60% by GO-Zn, around
60% by GO-CaF,, and 5% to 15% by GO-Ca,(PO,),.
However, once GO conjugated with either Ag or Ag-CaF,,
the antimicrobial activity reduced to more than 90%. In par-
ticular, Ag-CaF, showed the most substantial reduction of
more than 98%. These reductions were statistically signifi-
cant (Fig. 3A). The tested f~-GO nanocomposites can be cate-
gorized into 2 groups; one had a mild to moderate reduction
of S. mutans growth, and another had a high reduction. These
large reductions of the growth of S. mutans may be beneficial
for saving the tooth from acidic conditions. However, no sta-
tistical difference was observed.
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Figure 2. Scanning electron microscopy views of dentin slices after being soaked in ethylenediaminetetraacetic acid (EDTA) buffer (A) and citrate
buffer (B). (a) Intact dentin slice (unexposed to EDTA), (b) none, (c) Saforide, (d) graphene oxide (GO), (e) GO-silver (Ag), (f) GO-Ag—calcium
fluoride (CaF,), (g) GO-CaF,, (h) GO-zinc (Zn), and (i) GO-tricalcium phosphate (Ca;(POy),). Magnification was x500. Scale bar: 50 ym.

To examine the effect of the f~-GO nanocomposites on epi- cultured on a tissue plate with f-GO nanocomposites dispersed
thelial cells, a human epithelial cell line, including HeLa cells in liquid media for 24 h and 48 h. The proliferation rate of the
derived from human cervical cancer, was used. Cells were cells was measured by using the MTS assay (Fig. 3B). GO
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Figure 3. Biological effects on bacteria and epithelial cells. Graph
shows mean and standard deviation of 3 individual experiments,

each of which was carried out in triplicate. Each dot represents an
individual experiment. (A) Growth of Streptococcus mutans. Bacteria
were cultured in the medium with a specific functionalized graphene
oxide (f-GO) nanocomposite, then inoculated on an agar plate. After
incubation, colony numbers were counted, and colony-forming units
were calculated. (B) Proliferation of human epithelial cells. Cells were
cultured in the medium with specific -GO nanocomposites, and then
MTS reagent was added. After incubation for 24 and 48 h, absorbance at
490 nm was measured.

exhibited cell proliferation in a dose-dependent manner but no
effects at 0.01 w/v%. This tendency was found with GO-Ag,
GO-Zn, and GO-Ca,(PO4), composites, but the inhibition of
GO-Ag at 0.1 w/v% was stronger than that of GO alone.
However, GO-CaF, did not exhibit any inhibition up to 0.1
w/v%. In contrast, GO-Ag-CaF, also did not exhibit inhibition
at 0.01 and 0.05% w/v%, but it showed the inhibition to 33%
of the control with media alone at 0.1% w/v%, which was the
most active inhibition among f-GO nanocomposites tested in
this study. This inhibition was like the one with povidone iodine
(24% proliferation at 0.1 w/v% concentration). However, no
statistical difference was observed.

Discussion

We conjugated GO with different nanoparticles to evaluate
their effects on bactericidal activity and antidemineralization
activity to use in dental applications. We used silver (Ag), zinc
(Zn), calcium fluoride (CaF,), and tricalcium phosphate
(Ca,(PO,),). These 4 nanoparticles were used in direct conju-
gation with GO. As the fifth one, we conjugated GO with both

Ag and CaF, together to evaluate the combined effect. Ag
nanoparticles are characterized by high bactericidal activity
(Bhardwaj et al. 2009) and thus have been used with success in
numerous medical and dental fields (Cheng et al. 2012; Samiei
et al. 2013). Zn nanoparticles also possess broad-spectrum bac-
tericidal activity (Finney et al. 2003) against several bacteria,
including S. mutans (Tsai et al. 2013). In addition, it inhibits
collagen degradation in acid-etched dentin (Oh et al. 2018). Zn
has been used for dental cement, in restorative materials, and in
toothpaste and mouthwash (de Souza et al. 2000). Fluoride has
been applied in dentistry to prevent tooth decay by strengthen-
ing the HAp structure (Yamazaki et al. 2007). The CaF, pow-
der is highly soluble and a good source of fluoride ion (Matthias
and Christian 2013). Amorphous Ca4(PO,), has been used as a
remineralization agent for enamel and dentin lesions (Bailey
et al. 2009) and scaffolds for bone and tissue engineering
(Schwarz et al. 2006). The nanoparticles described above can
act as active ingredients to inhibit demineralization of dentin
and cariogenic bacteria. GO is expected to act as carriers, adhe-
sives, and stabilizers.

This is the first study to test the series of f-GO nanocompos-
ites to cover the dentin surface and to seal the orifice of the
dentinal tubule under demineralization conditions (summarized
in the Table). The results obtained from this study of substan-
tial tubule sealing by f-GO nanocomposites are encouraging.
Although it is unclear if these nanocomposites could seal den-
tin permeability completely, they may effectively seal the ori-
fices of dentinal tubules and significantly reduce dentin
demineralization and might reduce its permeability. It is well
known that sealing the orifices of dentinal tubules is one of
the essential factors for reducing dentin demineralization for the
treatment of dentinal hypersensitivity on the surface of the
tooth root. In regular dental practice, the topical application of
dentin adhesives on the root surface is widely performed (Fu et al.
2007). In this study, we found that the protective layers with
f-GO nanocomposites were stronger against demineralization
conditions than that of Saforide. In addition, there was less
color change of the dentin surface with f~GO nanocomposites;
only GO-Ag and GO-Ag-CaF, provided a slight yellowish col-
oration. These findings strongly suggest that these f-GO nano-
composites are superior for protecting the tooth dentin exposed
to the oral environment compared with Saforide.

Several acidogenic streptococci and lactobacilli are causing
the demineralization of the tooth surface, initiating dental car-
ies (Marsh et al. 2011). Thus, inhibiting the initial stage of bio-
film formation can be a strategic target for protecting
demineralization and erosion of the tooth. GO composites (i.e.,
composted with metals such as zinc, silver, and titanium) have
been investigated as antimicrobial agents (Kulshrestha et al.
2014; Kim et al. 2017; Peng et al. 2017). It is better for antide-
mineralizing coating reagents to have antimicrobial activity
because oral bacteria produce acids, causing dental caries and
erosion. GO can accelerate the antimicrobial activity of the
original reagent once GO makes a composite with it
(Kulshrestha et al. 2014; Kim et al. 2017; Peng et al. 2017). In
our study, GO-Ag, GO-Ag-CaF,, and GO-CaF, exhibited
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Table. Summary of Our Findings.

GO Layer over the
GO Fraction Dentin (analyzed by
(W), % Raman Spectra)

Orrifice Closing
Nanocomposite

(observed by SEM)

Antibacterial

Color Change (Naked  Activity (CFU Cytotoxicity

GO alone I Yes Almost complete
GO-Ag | Yes Almost complete
GO-Ag-CaF, | Yes Complete
GO-CaF, | Yes Almost complete
GO-Zn I Yes Partial
GO-Ca}(PO“)2 | Yes Almost complete

Eye Visibility) Reduction?), % (MTS Reduction)

No visible color change 65-80 No

Slight yellowish 90 No

Slight yellowish 98 35% (at high concentration)
No (at low concentration)

No visible color change 60 No

No visible color change 45-60 No

No visible color change 5-15 No

CFU, colony-forming unit; GO, graphene oxide; SEM, scanning electron microscopy.

“Results of measurement but not statistically analyzed.

reduced CFUs, and they did not show any cytotoxicity to the
epithelial cells, except at high concentrations of GO-Ag and
GO-Ag-CaF,. There are reports regarding the cytotoxicity by
Saforide, and the activities of it were stronger than those of
f-GO nanocomposites (Marsh et al. 2011). These reports used
6 different human oral cells (3 kinds of squamous cell cancer
cell lines, pulpal cells, gingival fibroblasts, and periodontal
ligament cells) and found severe toxicity in them (most of the
cells were dead at 0.039 mM) (Garcia-Contreras et al. 2013).
Another study reported the inhibition of bacterial growth
(Scarpelli et al. 2017). In summary, the substantial toxicity of
Saforide is an issue in clinical dental practice, but f-GO nano-
composites are expected to solve the problem.

The results mentioned above, we assume f-GO composite’s
capability in creating a proactive layer on HAp plate and den-
tin, though GO and GO-Ca,(PO,), on HAp plate in EDTA buf-
fer and GO-Zn on dentin in citrate buffer failed to show such
efficiency. We know that the surface deposition of materials
affects changing the orifices of dentinal tubules. An amount of
fluid in the dentinal tubules is proportional to the fourth power
of the diameter of dentinal tubules, and the surface characteris-
tics of dentin determine 86% of the tubular fluid flow resis-
tance. A slight reduction of the dentinal tubule diameter can
momentously reduce the liquid flow in the dentinal tubules,
which later alleviates dentinal sensitivity (Yuan et al. 2012). As
we observed that these f-GO nanocomposites sealed the tubules
and created the protective layer on the dentin surface, we
assume that it will help to avoid the dentin surface in the
exposed oral condition. Fluid dynamics in dentinal tubules
induce the nerve activity in dentinal tubules, which causes den-
tin hypersensitivity (West et al. 1998). Desensitizer has been
used to seal dentinal tubules mechanically (Schiipbach et al.
1997) or physiologically decrease the excitability of the nerve
in dentinal tubules (Markowitz and Kim 1992).

Although complete relief from demineralization, erosion,
and hypersensitivity are nearly impossible in clinical cases.
Early studies have shown the effectiveness of fluoride, bioac-
tive glass, and HAp-containing dentifrices in sealing dentinal
tubules and reducing sensitivity (Farooq et al. 2015). A wide-
range literature search did not reveal any similar studies that
could be compared to the results of this research in terms of
tubule-sealing competence of f~-GO nanocomposites. The mul-
tiwalled carbon nanotube/graphene oxide hybrid carbon-based
material combined with nanohydroxyapatite was found to be a

protective coating for dentin erosion (Nahorny et al. 2017). In
this study, all nanocomposites showed considerable tubule
sealing after 24 h, even with vigorous brushing. This could be
a direction of the remineralization and sealing potential of
these f~GO nanocomposites. This shows excellent retentive
properties of f-GO nanocomposites. Analyzing the extent of
the penetration of particles inside dentinal tubules was not part
of the present study, but it could form a solid basis for future
work in this area. The effects of these f~-GO nanocomposites
are more than the impact of Saforide, which is commonly used
for the same purposes. In addition, there is no visible color
change on the dentin with f~GO nanocomposites apart from
slight yellowish coloration with GO-Ag and GO-Ag-CaF, but
not black like Saforide. In the future, quantitative and clinical
studies analyzing the effect of these nanocomposites in pre-
venting demineralization-related problems such as tooth decay
and dentin hypersensitivity over a period are still required.

As a limitation of this in vitro study, we have concerns
about the condition of dentinal tubules and the dynamic
changes of fluid movement in them whether dental pulp is vital
or not. Thus, future studies are needed to better elucidate these
early findings. These studies may help us to understand the
mechanism of how the GO nanocomposites work and the pos-
sibility of a clinical application of them.

Conclusion

f-~GO nanocomposites such as GO-Ag, GO-Ag-CaF,, and
GO-CaF, were preventive for demineralization without discolor-
ing. Among them, GO-Ag and GO-Ag-CaF, inhibited S. mutans
growth and were not toxic to epithelial cells except at a high con-
centration (0.1 w/v%). Therefore, we may conclude that these
3 £-GO nanocomposites may be suitable for the prevention of
tooth decalcification caused by cariogenic bacteria. Further in vivo
animal studies are needed to test safety and effectiveness.

Author Contributions

M.Z.1. Nizami, contributed to conception, design, data acquisition,
analysis, and interpretation, drafted the manuscript; Y. Nishina,
contributed to design, data analysis, and interpretation, drafted and
critically revised the manuscript; T. Yamamoto, contributed to
conception and data interpretation, critically revised the manu-
script; Y. Shinoda-Ito, contributed to conception, design, data
acquisition, and interpretation, critically revised the manuscript;



188

Journal of Dental Research 99(2)

S. Takashiba, contributed to conception, design, data analysis, and
interpretation, drafted and critically revised the manuscript. All
authors gave final approval and agree to be accountable for all
aspects of the work.

Acknowledgments

The authors thank Ms. Tomoko Ohkubo for performing XPS anal-
ysis, Mr. Yusuke Tomita for assisting in XRD and SEM EDS
analysis, and Dr. Shin Nakamura for assisting in statistical analy-
sis. The authors received no financial support and declare no
potential conflicts of interest with respect to the authorship and/or
publication of this article.

ORCID iD

S. Takashiba https://orcid.org/0000-0002-4712-6829

References

Addy M. 2005. Tooth brushing, tooth wear and dentine hypersensitivity: are
they associated? Int Dent J. 55(4 Suppl 1):261-267.

Bailey DL, Adams GG, Tsao CE, Hyslop A, Escobar K, Manton DJ, Reynolds
EC, Morgan MV. 2009. Regression of post-orthodontic lesions by a remin-
eralizing cream. J Dent Res. 88(12):1148-1153.

Bhardwaj SB, Mehta M, Gauba K. 2009. Nanotechnology: role in dental bio-
films. Indian J Dent Res. 20(4):511-513.

Carey CM, Brown W. 2017. Dentin erosion: method validation and efficacy of
fluoride protection. Dent J (Basel). 5(4):E27.

Castro Neto AH, Guinea F, Peres NMR, Novoselov KS, Geim AK. 2009. The
electronic properties of graphene. Rev Mod Phys. 81(1):109-162.

Cheng L, Weir MD, Xu HH, Antonucci JM, Lin NJ, Lin-Gibson S, Xu SM,
Zhou X. 2012. Effect of amorphous calcium phosphate and silver nanocom-
posites on dental plaque microcosm biofilms. J Biomed Mater Res B Appl
Biomater. 100(5):1378-1386.

de Souza AP, Gerlach RF, Line SR. 2000. Inhibition of human gingival gela-
tinases (MMP-2 and MMP-9) by metal salts. Dent Mater. 16(2):103—108.

Farooq I, Moheet IA, AlShwaimi E. 2015. In vitro dentin tubule occlusion
and remineralization competence of various toothpastes. Arch Oral Biol.
60(9):1246-1253.

Finney M, Walker JT, Marsh PD, Brading MG. 2003. Antimicrobial effects of
a novel triclosan/zinc citrate dentifrice against mixed culture oral biofilms.
Int Dent J. 53(6 Suppl 1):371-378.

Fu B, Shen Y, Wang H, Hannig M. 2007. Sealing ability of dentin adhesives/
desensitizer. Oper Dent. 32(5):496-503.

Ganss C, Klimek J, Schiffer U, Spall T. 2001. Effectiveness of two fluoridation
measures on erosion progression in human enamel and dentine in vitro.
Caries Res. 35(5):325-330.

Garcia-Contreras R, Scougall-Vilchis RJ, Contreras-Bulnes R, Sakagami H,
Baeza-Robleto JS, Flores-Chavez RI, Nakajima H. 2013. Cytotoxic impact
of silver and silver diamine fluoride in six oral cells culture. Rev ADM.
70(3):134-139.

GBD 2017 Disease and Injury Incidence and Prevalence Collaborators. 2018.
Global, regional, and national incidence, prevalence, and years lived with
disability for 354 diseases and injuries for 195 countries and territories,
1990-2017: a systematic analysis for the Global Burden of Disease Study
2017. Lancet. 392(10159):1789—1858.

Goldberg M, Kulkarni AB, Young M, Boskey A. 2011. Dentin: structure, com-
position and mineralization. Front Biosci (Elite Ed). 3:711-735.

Kim JW, Shin YC, Lee JJ, Bae EB, Jeon YC, Jeong CM, Yun MJ, Lee SH, Han
DW, Huh JB. 2017. The effect of reduced graphene oxide-coated biphasic cal-
cium phosphate bone graft material on osteogenesis. Int J Mol Sci. 18(8):E1725.

Kreulen C, Van’t Spijker A, Rodriguez JM, Bronkhorst EM, Creugers NH,
Bartlett DW. 2010. Systematic review of the prevalence of tooth wear in
children and adolescents. Caries Res. 44(2):151-159.

Kulshrestha S, Khan S, Meena R, Singh BR, Khan AU. 2014. A graphene/zinc
oxide nanocomposite film protects dental implant surfaces against cario-
genic Streptococcus mutans. Biofouling. 30(10):1281-1294.

Lussi A. 2009. Dental erosion: novel remineralizing agents in prevention or
repair. Adv Dent Res. 21(1):13-16.

Markowitz K, Kim S. 1992. The role of selected cations in the desensitization of
intradental nerves. Proc Finn Dent Soc. 88(Suppl 1):39-54.

Markowitz K, Pashley DH. 2008. Discovering new treatments for sensitive
teeth: the long path from biology to therapy. J Oral Rehabil. 35(4):300-315.

Marsh PD, Moter A, Devine DA. 2011. Dental plaque biofilms: communities,
conflict and control. Periodontology 2000. 55(1):16-35.

Matthias H, Christian H. 2013. Nanobiomaterials in preventive dentistry. In:
Subramani K, Ahmed W, Hartsfield JK Jr, editors. Nanobiomaterials in
clinical dentistry. New York: Elsevier. p. 167-186.

Nahorny S, Zanin H, Christino VA, Marciano FR, Lobo AO, Soares LES. 2017.
Multi-walled carbon nanotubes/graphene oxide hybrid and nanohydroxy-
apatite composite: a novel coating to prevent dentin erosion. Mater Sci Eng
C Mater Biol Appl. 79:199-208.

Novoselov KS, Geim AK, Morozov SV, Jiang D, Zhang Y, Dubonos SV,
Grigorieva IV, Firsov AA. 2004. Electric field effect in atomically thin car-
bon films. Science. 306(5696):666—669.

Oh S, Jung HS, Kim HJ, Jang JH, Kim DS, Choi KK, Kim SY. 2018. Effect of zinc
on the collagen degradation in acid-etched dentin. J Dent Sci. 13(2):97-102.

Peng JM, Lin JC, Chen ZY, Wei MC, Fu YX, Lu SS, Yu DS, Zhao W. 2017.
Enhanced antimicrobial activities of silver-nanoparticle-decorated reduced
graphene nanocomposites against oral pathogens. Mater Sci Eng C Mater
Biol Appl. 71:10-16.

Samiei M, Aghazadeh M, Lotfi M, Shakoei S, Aghazadeh Z, Vahid Pakdel
SM. 2013. Antimicrobial efficacy of mineral trioxide aggregate with and
without silver nanoparticles. Iran Endod J. 8(4):166-170.

Scarpelli BB, Punhagui MF, Hoeppner MG, Almeida RSC, Juliani FA, Guiraldo
RD, Berger SB. 2017. In vitro evaluation of the remineralizing potential
and antimicrobial activity of a cariostatic agent with silver nanoparticles.
Braz Dent J. 28(6):738-743.

Schiipbach P, Lutz F, Finger WJ. 1997. Closing of dentinal tubules by Gluma
desensitizer. Eur J Oral Sci. 105:414-421.

Schwarz F, Bieling K, Latz T, Nuesry E, Becker J. 2006. Healing of intrabony
peri-implantitis defects following application of a nanocrystalline hydroxy-
apatite (Ostim™) or a bovine-derived xenograft (Bio-Oss) in combination
with a collagen membrane (Bio-Gide): a case series. J Clin Periodontol.
33(7):491-499.

Smith DJ. 2012. Prospects in caries vaccine development. J Dent Res.
91(3):225-226.

Soares LE, Lima LR, Vieira Lde S, Do Espirito Santo AM, Martin AA. 2012.
Erosion effects on chemical composition and morphology of dental materi-
als and root dentin. Microsc Res Tech. 75(6):703-710.

Tsai MT, Chang YY, Huang HL, Hsu JT, Chen YC, Wu AYJ. 2013.
Characterization and antibacterial performance of bioactive Ti-Zn-O coat-
ings deposited on titanium implants. Thin Solid Films. 528:143—150.

West N, Addy M, Hughes J. 1998. Dentine hypersensitivity: the effects of brush-
ing desensitizing toothpastes, their solid and liquid phases, and detergents
on dentine and acrylic: studies in vitro. J Oral Rehabil. 25(12):885-895.

Xie H, Cao T, Rodriguez-Lozano FJ, Luong-Van EK, Rosa V. 2017. Graphene
for the development of the next generation of biocomposites for dental and
medical applications. Dent Mater. 33(7):765-774.

Yamazaki H, Litman A, Margolis HC. 2007. Effect of fluoride on artificial
caries lesion progression and repair in human enamel: regulation of mineral
deposition and dissolution under in vivo-like conditions. Arch Oral Biol.
52(2):110-120.

Yuan P, Shen X, Liu J, Hou Y, Zhu M, Huang J, Xu P. 2012. Effects of denti-
frice containing hydroxyapatite on dentinal tubule occlusion and aqueous
hexavalent chromium cations sorption: a preliminary study. PLoS One.
7(12):¢45283.

Zhang HZ, Zhang C, Zeng GM, Gong JL, Ou XM, Huan SY. 2016. Easily sepa-
rated silver nanoparticle-decorated magnetic graphene oxide: synthesis and
high antibacterial activity. J Colloid Interface Sci. 471:94-102.

Zhong Y, Liu J, Li X, Yin W, He T, Hu D, Liao Y, Yao X, Wang Y. 2015.
Effect of a novel bioactive glass-ceramic on dentinal tubule occlusion: an in
vitro study. Aust Dent J. 60(1):96-103.


https://orcid.org/0000-0002-4712-6829

