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Biofilm formation on medical devices can induce complications. Graphene oxide/silver nanoparticles
(GO/AgNPs) coated nickel-titanium (NiTi) alloy has been successfully produced. Therefore, the aim

of this study was to determine the anti-bacterial and anti-biofilm effects of a GO/AgNPs coated NiTi
alloy prepared by Electrophoretic deposition (EPD). GO/AgNPs were coated on NiTi alloy using various
coating times. The surface characteristics of the coated NiTi alloy substrates were investigated and its
anti-biofilm and anti-bacterial effect on Streptococcus mutans biofilm were determined by measuring
the biofilm mass and the number of viable cells using a crystal violet assay and colony counting assay,
respectively. The results showed that although the surface roughness increased in a coating time-
dependent manner, there was no positive correlation between the surface roughness and the total
biofilm mass. However, increased GO/AgNPs deposition produced by the increased coating time
significantly reduced the number of viable bacteria in the biofilm (p <0.05). Therefore, the GO/AgNPs
on NiTi alloy have an antibacterial effect on the S. mutans biofilm. However, the increased surface
roughness does not influence total biofilm mass formation (p=0.993). Modifying the NiTi alloy surface
using GO/AgNPs can be a promising coating to reduce the consequences of biofilm formation.

Currently, nickel-titanium (NiTi) alloy is used in many biomedical devices due to its mechanical properties and
biocompatibility. Because of its versatility, NiTi alloy has been used for biomedical devices, such as vascular stents,
staples, catheter guide wires, bone fixtures, including orthodontic wires, and endodontic instruments. However,
biofilm formation on medical/dental devices is a major reason for their clinical complications or failure. Among
dental treatments, fixed orthodontic appliances are commonly recognized as a source for potential high caries
risk because they have many inaccessible sites and eventually develop biofilm-forming areas!~>.

Graphene is a carbon nanomaterial that has a single layer of sp?- hybridized carbon atoms condensed in a
hexagonal honey-comb appearance with two-dimensional structures. Graphene oxide (GO) is a highly oxidized
form of graphene composed of a graphene sheet and its oxygenated portion. Many GO oxidized functional
groups can be used to create many compound materials possessing exceptional improvements in mechanical,
physical, and biological characteristics, especially when incorporating GO into many nanocomposites*. The
previous studies have shown that coating NiTi alloy with a GO nanocomposite using electrophoretic deposition
lowered the coefficient of friction and increased corrosion resistance and surface hardness”®. In addition to
improved mechanical properties, the antibacterial effects of GO were increased by adding nanoparticles, such
as silver nanoparticles (AgNPs), gold nanoparticles (AuNPs), or copper oxide nanoparticles (CuONPs), on the
GO functionalized surface®'’. In industry, graphene-metal nanocomposites have been used in various manners,
including using graphene nanosheets with gold or silver nanoparticles as heat transfer technology''2. In addition
to their biocompatibility, metal-based (either Au or Ag) graphene has been investigated for biomedical use due
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Figure 1. Raman spectroscopy of the GO/AgNPs coated NiTi alloy samples coated using 3 coating times: (a)
CT1=1 min, (b) CT5=5 min, and (¢) CT10=10 min.

to their unique thermal, mechanical, and optical properties, such as a photothermal therapy (PTT) in cancer
treatment or a biosensor as a diagnostic device'®. Although the GO nanoparticles have excellent biocompatibility,
these materials can be toxic in certain conditions. Long-term graphene exposure can cause inflammation and
cell death, depending on the concentration, duration, and treatment used'*. Among many useful nanoparticles,
silver nanoparticles (AgNPs) are a promising material for medical use because of their exceptional antibacterial
effect along with good biocompatibility to human cells'>'¢. Moreover, the antibacterial action of AgNPs can be
increased when combined with other materials, especially graphene oxide, and this combination yields a better
antibacterial effect compared with pure AgNPs'’.

Based on the ecological plaque hypothesis, plaque accumulation under some conditions such as sugar con-
sumption, decreases the biofilm pH which leads to an ecological shift in resident microbiota to cariogenic
bacteria'®'. Streptococcus mutans (S. mutans) is a major cariogenic bacteria due to its three main virulence char-
acteristics, acid-tolerance, acid-production, and biofilm formation'®. Among the different surface modification
methods, Electrophoretic deposition (EPD) is one of the most useful and predictable coating approaches because
it results in many outstanding characteristics, i.e. good surface coverage, controllable deposited film thickness,
dense packing, and one-step processing®. Although the previous studies found that a longer EPD coating time
produces better mechanical surface properties, it also increased surface roughness”#?! which could affect the
formation of a biofilm on the surface of a NiTi alloy. Therefore, the aim of this study was to determine the influ-
ence of a GO/AgNPs coated NiTi alloy with different EPD coating durations on biofilm formation, including its
bactericidal effect. The null hypotheses of this study were that the GO/AgNPs coating would have no bactericidal
effect on the biofilm and the increased coating surface roughness would not influence biofilm mass formation.

Results

Surface characterizations. Raman spectra, surface morphology and elemental analysis. The character-
istics of the GO deposited on the surface of the NiTi alloy were identified and confirmed by the existence of D
and G bands on the Raman spectra (Fig. 1). The intensity ratios of the D bands and G bands (I,/I;) of all coat-
ing groups were 0.84. Note that not all the SEM images and EDS mappings of specimen groups are presented
in this study, except for the uncoated (Fig. 2) and 10-min (CT10) samples (Fig. 3). The coated surfaces of each
experimental group were evaluated at randomly selected areas using EDS (Table 1). The results indicated that the
amount of Ti and Ni detected on the coated surface decreased with increased coating time.
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Figure 3. SEM images and EDS mapping of the 10 min GO/AgNPs coated NiTi alloy sample (CT10). Black
arrows indicate the GO assembly with the AgNPs.

Elements (Wt%)
Samples Titanium | Nickel | Carbon | Oxygen | Silver
Uncoated 50.65 49.35 - - -
CT1 (1 min) 42.89 50.50 2.60 3.01 1.01
CT5 (5 min) 38.72 45.76 5.51 7.16 2.85
CT10 (10 min) 34.41 38.56 8.33 11.08 7.62

Table 1. Surface elemental analysis by energy disperse spectroscopy (EDS).

Surface roughness (Ra). The mean values and standard deviation (nm) of surface roughness are presented in
Fig. 4. The surface of each coating group was significantly rougher than that of the uncoated group (p<0.05).
Welch’'s ANOVA and Game-Howell multiple comparison tests determined that the surface roughness of GO/
AgNPs coating was significantly higher compared with the uncoated group (29.061+0.126 nm) followed by
the CT1 group (29.697 +0.340 nm), CT5 group (30.302+0.267 nm), and the CT10 group (30.833 £0.904 nm).
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Figure 4. Surface roughness (Ra, nm) of the uncoated NiTi alloy sample and the GO/AgNPs coated NiTij alloy
samples with different coating times. Asterisk (*) represents a significant difference (p <0.05) by Welch's ANOVA
and Game-Howell multiple comparison tests.
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Figure 5. The total biofilm mass (represented as an optical density value at 570 nm) on the surface of the
uncoated NiTi alloy sample and the GO/AgNPs coated NiTi alloy samples using different coating times.
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Figure 6. The number of viable bacteria (represented as Log CFU/mL) on the surface of the uncoated NiTi
alloy sample and the GO/AgNPs coated NiTi alloy samples using different coating times. Asterisk (*) represents
a significant difference (p <0.05) by Kruskal-Wallis H test and Dunn’s test.

Biofilm inhibition assay. A crystal violet (CV) assay was performed to determine the biofilm inhibition
effect of the GO/AgNPs coated NiTi alloy produced in different durations. Figure 5 presents the mean and stand-
ard deviation of the biofilm mass formed on surface of each material (n=>5/group). The results revealed that
there was no significant difference in the total biofilm mass between the groups (p=0.993), however, the surface
roughness tended to increase coating time-dependently.

Examination of the bactericidal effect on S. mutans biofilm. A colony counting assay was per-
formed to determine the number of viable cells in the biofilm adhered on the surface of the tested samples. The
mean and standard deviation of the log CFU/mL in each group (n=>5/group) are found in Fig. 6. The number
of viable cells in the CT10 group (0.871 log CFU/mL) were significantly lower than those of the uncoated (6.108
log CFU/mL) and CT1 groups (5.674 log CFU/mL) (p <0.05), however, there was no significant difference in the
number of viable cells between the CT1, CT5, (4.493 log CFU/mL), and uncoated groups (p =0.798).
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Figure 7. Statistical correlation between (a) The surface roughness and the total biofilm mass and (b) The
surface roughness and log CFU/mL. Each data point represents the material surface roughness value (x-axis)
and the biofilm mass amount or CFU (y-axis) on the coated NiTi alloy specimen.

Correlation analysis was performed to determine the relationship between the surface roughness and the
biofilm mass. This analysis indicated that there was no correlation between the surface roughness and the biofilm
mass formation (r=0.094, p=0.692). In contrast, the correlation analysis between the surface roughness and log
CFU/mL of viable cells demonstrated a negative correlation (r= —0.667, p=0.001) (Fig. 7).

Discussion

A dental biofilm commonly forms on hard surfaces, e.g., tooth surfaces, dental prosthesis, and restorative materi-
als and exposes the teeth and periodontal tissues to a greater amount of bacteria metabolites that cause dental
diseases, such as dental caries, gingivitis, or periodontitis. Biofilm formation occurs by a complex mechanism
that involves many surrounding factors, including surface morphology, hydrophobicity, and temperature?>?*.
Different environment surface conditions also directly affect the biofilm nature and development. The material
surfaces including surface topography and surface roughness have an important effect on bacterial adhesion and
subsequent biofilm formation in all degrees down to the micrometric or nanometric scale?.

The previous studies successfully produced GO/AgNPs coated NiT1i alloys with improved coating surface
mechanical and physical properties”®?!. These studies demonstrated that a longer coating time results in better
material properties and tends to increase surface roughness, which may affect biofilm formation. Using EPD,
electrochemical deposition immobilizes and deposits many metal nanoparticles from a liquid medium to a
conductive-solid substrate to create nanoscale surface roughness. Moreover, the thickness and density of the
deposited metal particles on substrates increased with the deposition duration. We found that the roughness
of coated NiTi alloy substrates ranged from 29.697 to 30.833 nm, which was higher than the roughness of the
uncoated NiTi samples.

Although some studies demonstrated that a surface roughness of material involved in microbial adhesion
and biofilm formation*-?’, this correlation is unresolved and is not a linear relationship*?%. This study showed
that there was no difference in biofilm mass formation on the NiTi alloy surface between the GO/AgNPs coated
NiTi groups and the uncoated NiTi group. Moreover, the correlation analysis found no relationship between the
surface roughness and biofilm mass formation. Although the surface roughness on biofilm formation influences
biofilm accumulation, the hydrophobicity of a GO coated surface has a greater effect on biofilm accumulation®*°.
Not only does GO increase the hydrophobicity, but also AgNPs increase surface hydrophobicity*!. Therefore, the
hydrophobicity of the GO/AgNPs has a greater influence on biofilm formation compared with surface rough-
ness. The previous studies have proposed that a rougher surface is more easily adhered to by bacteria compared
with a smooth surface because it has numerous extended surfaces for bacterial adhesion and biofilm formation.
Rougher surfaces protect bacteria from shear forces and promote their attachment, leading to mature biofilm
formation®*?%*2. However, this concept has been questioned because it cannot be applied to nanoscale surface
roughness. Furthermore, other studies found that a rougher surface had a higher attraction to bacteria compared
with a smoother surface only in the initial stages, approximately 2-6 h of incubation, and after that surface
roughness did not affect the number of adherent bacteria®>*.

The finding that there was no difference in the total biofilm mass corresponds with those of previous in vivo
and in vitro studies®-*. These studies reported that there was no significant difference in adherent biofilm mass
between 4 h and 5 d of incubation, and the increased surface nanoscale roughness of many dental materials,
such as zirconia, acrylic resin, or titanium, did not affect the number of colonized bacteria. A possible reason
is the proceeding maturation of the biofilm. The influence of a material’s nanoscale rough surface would be
compensated for by biofilm maturation, especially in the early stage called the “conditioning film or pellicle for-
mation”. When the biofilm initially develops, it begins with the adsorption of organic and inorganic substances
to a solid surface. When the surfaces and microorganisms are exposed to an aqueous surrounding that contains
a high level of the organic material such as tears, blood, or saliva, they will be covered with adsorbed organic
particles within seconds. Many proteins are adsorbed to form a conditioning film on a surface known as the
acellular pellicle or acquired pellicle”. The presence of this pellicle can mask the rough substratum and makes
it smoother compared with the underlying coarse area?***-*. The proceeding maturation of oral biofilm and
the antibacterial properties of GO/AgNPs may also affect the total biofilm mass. The bactericidal effect results
in dead bacteria that gradually smoothens the rough surface of the corrugated GO. Farid et al. reported that
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these dead cell layers may also act as a conditioning layer that can mask the GO nanosheet edges that prevents
the direct contact between other live cells and GO*. These could explain why we found no significant change
in total biofilm mass formation between the experimental groups, despite that the surface roughness tended to
increase in a coating time-dependent manner. This finding will accept the null hypothesis that the increased
coating surface roughness would not influence biofilm mass formation.

We found that NiTi alloy coated with GO/AgNPs for 10 min had the highest bactericidal action on the
biofilm (almost completely removed viable S. mutans compared with the uncoated surface). Therefore, these
results indicate that this GO/AgNP coating has an excellent antibacterial effect. The results demonstrated that
the number of viable S. mutans decreased in the biofilm formed on the surface of GO/AgNPs coated NiTi alloys
with increased coating times. This reduction could be due to the higher amount of GO and AgNPs deposited
on the NiTi substrates, which corresponds to previous studies suggesting that the antibacterial effect of GO and
AgNDPs increases in concentration- or contact time-dependent manners®**. A higher number of GO functional
groups and nano-sharp edges can kill bacteria via mechanical and chemical direct contact*” together with the
high amounts of released Ag* from AgNPs'” that enhances the bactericidal effect. These results indicated that the
surface roughness of the GO/AgNPs coated NiTi specimens generated using EPD did not induce more biofilm
mass formation compared with the uncoated NiTi alloy. In contrast, the higher amount of GO/AgNPs resulted
in a higher bactericidal effect on the biofilms. Although GO/AgNPs on NiTi are biocompatible to human pulp
fibroblasts and studies have reported good biocompatibility of GO*'?, other studies have found that GO/Au or
GO/Ag led to cell impairment and graphene-based materials in particular generated harmful reactive oxygen
species (ROS)*"*2, Therefore, the null hypothesis that GO/AgNPs would have no bactericidal effect on biofilm
is rejected.

Although AgNPs are a well-known anti-bacterial material, silver ions may be toxic. AgNPs toxicity is
directly related to the amount of free Ag* ions released into medium. Ag* ions can cause soft tissue discolora-
tion (Argyria), contact dermatitis, or genotoxicity or neurotoxicity*’. The long-term biocompatibility of GO/
AgNPs needs to be further investigated. Because the biocompatibility of GO/AgNPs is unresolved, other pos-
sible nanocomposites should be considered. Many kinds of Ag-based nanocomposites have been engineered
instead of using GO/Ag for antimicrobial activity, such as Ag-ZnO and Ag-TiO,***. Moreover, studies have
produced biosynthesized nanoparticles for biomedical uses, such as FeO and Cr,0O; nanoparticles with improved
biocompatibility*—%. These nanoparticles should be considered as future alternatives. Additionally, this study
only investigated the antibacterial effects on S. mutans mono-species biofilm, which does not replicate all
aspects of the oral environment. Therefore, further investigations on multispecies biofilms and clinical studies
are required before GO/AgNPs surface coating could be safely used long term clinically.

Methods

Sample and graphene oxide/silver nanoparticle solution preparation. Sixty 6x6x1 mm medi-
cal grade NiTi alloy (55.7 wt% Ni, 44.8 wt% Ti, and 0.2 wt% other elements, Baoji Seabird Metal Material Co.,
Ltd., China) plates were prepared. The samples were polished with silicon carbide paper (400-2000 grit) and
ultrasonically cleaned by sequentially immersing them in acetone, alcohol, and deionized (DI) water solutions
for 10 min. Finally, the samples were etched using Kroll's reagent composed of 2 ml 40% nitric acid, 4 ml 40%
hydrofluoric acid and 994 ml deionized (DI) water and ultrasonicated in DI water for 10 min.

GO powder (Nanjing Jing Ji Cang Nano Technology Co., Nanjing, China) (average diameter of 50 um) was
used in this study. The GO was produced by graphite oxidation using concentrated sulfuric acid and potassium
permanganate. One-hundred ml GO aqueous solution (0.05 mg/ml) was prepared in DI water and ultrasonicated
for 3 h and a 100 ml silver nitrate (AgNO3) solution (0.05 mg/ml) was prepared and ultrasonicated for 20 min.
The GO and AgNO; solutions were mixed and ultrasonicated for 30 min. The AgNPs solution was produced
by chemical reduction using trisodium citrate (Na;C4H;O;) as the stabilizing agent. The GO/AgNO; solution
was heated at 80 °C for 1 h and 10 ml 0.05 mg/ml Na;C,H,;0O, was added dropwise. The solution was kept at
80 °C for 1 h and ultrasonicated for 20 min at room temperature to obtain a homogenous GO/AgNO; mixture.

Electrophoretic deposition (EPD) of graphene oxide/ silver nanoparticles. The NiTi alloy sample
surfaces were coated with the GO/AgNPs solution using EPD. The anodic deposition was performed on the NiTi
samples at the anode (+) with a constant voltage of 20 V for 1, 5, and 10 min referred as the CT1, CT5, and CT10
groups, respectively (n=5/group’). Platinum was used as the cathode (-). The coated NiTi alloy samples were
rinsed with DI water and dried at room temperature for 24 h and at 80 °C for 5 h. The surface characteristics and
antimicrobial and biofilm inhibition effects of the coated samples were evaluated.

Surface characterizations. Surface analysis, surface morphology, and elemental analysis. 'The surface
coating Raman spectra were obtained using Raman spectroscopy (LabRAM HR Evolution, Horiba Scientific
Inc., New York, USA) at room temperature with a grating of 1200 gr/mm, 200-pm slit, and 532 nm laser wave-
length. The surface morphology observations and elemental analysis of the uncoated and coated NiTi alloy
samples were repeated using a Scanning Electron Microscope (SEM) (JSM-IT300, JEOL Ltd., Japan) at 30 kV
and Energy Dispersive X-ray Spectrometer (EDS) (Oxford X-Max 20, Oxford, UK), respectively.

Surface roughness measurement. The surface roughness was investigated using a surface-contact profilometer
device (Taylor Scan 150, Taylor Hobson Ltd., Leicester, UK). The samples were traced 11 times mesiodistally at
the center of the samples in the same direction and 1 mm in length (Gaussian filter at 0.08, spacing at 1 um, and a
speed of 1500 pm/s) before and after coating. The mean surface roughness (Ra) was calculated from 10 measured
areas between the 11 traced lines for each specimen.
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Bacteria and growth condition.  Streptococcus mutans UA159 was used in this study. S. mutans frozen
stock was thawed and inoculated in brain heart infusion (BHI, HiMedia, India) agar and incubated at 37 °C with
5% CO, for 24 h. A single colony was inoculated into BHI broth and incubated at 37 °C with 5% CO, overnight.
The optical density of the overnight culture was measured by a spectrophotometer (Thermo Scientific GENESYS
20, USA) at a 600 nm wavelength (ODgg,y,) and then adjusted to an ODgg,, 0f 0.1. The adjusted-culture was
incubated at 37 °C with 5% CO, for 2 h until reaching the log-phase (approximately 107 colony-forming unit/
milliliter (CFU/mL)) that was used for the biofilm formation assay.

Biofilm formation. There were 4 biofilm formation groups (n=>5) including (1) uncoated group, (2) 1 min-
coated group (CT1), (3) 5 min-coated group (CT5), and (4) 10 min-coated group (CT10). Each coated sample
was mounted into a 6-well microtiter plate well (Sigma-Aldrich, USA) and sterilized using low-temperature
hydrogen peroxide plasma (Johnson & Johnson, Thailand). The log-phase bacteria were re-suspended in BHI
broth with 5% sucrose (final concentration = 10’ CFU/mL)¥. Ten ml bacterial suspension was added into each
well to cover the mounted sample. The plate was incubated at 37 °C with 5% CO, for 24 h to allow mature biofilm
formation.

Biofilm inhibition evaluation. Biofilm inhibition was investigated using a crystal violet (CV) assay as
previously described®*. This method quantifies the total biofilm mass based on the CV dye’s binding ability
to the extracellular polymeric substances (EPS) and both live and dead bacterial cells®. The 24 h biofilms were
gently washed with phosphate-buffered saline (PBS, pH="7.4) to remove unbound bacteria. The biofilms were
fixed with 70% ethanol at room temperature for 20 min. Subsequently, the 70% ethanol was removed and 200 pl
1% (w/v) crystal violet solution (Sigma-Aldrich, USA) was added into each well. The biofilms were stained for
20 min and washed 3 times with PBS to remove the excess dye. Subsequently, 500 pl 30% acetic acid was added
to each well and incubated for 10 min to elute the stain. After incubation, 200 pl acetic acid was transferred to a
new 48-well plate. The absorbance of the de-staining solution was measured at 570 nm using a microplate reader
(BioTek Epoch2 microplate reader, USA). The optical density of the de-staining solution represented the biofilm
mass. The experiments were independently repeated 5 times.

Examination of the bactericidal effect on the S. mutans biofilm. A colony counting assay? was
performed to quantify the number of viable bacteria in the biofilm. The 24 h biofilms were washed with PBS to
remove unbound bacteria. The biofilms were detached from the samples by sonicating them for 10 min in PBS
and then tenfold serially diluted. One-hundred pl from each dilution was spread on BHI agar and incubated at
37 °C with 5% CO, for 24 h. The bacterial colonies were counted and displayed as log CFU/mL. The experiments
were independently repeated 5 times.

Statistical analysis. The Shapiro-Wilk and Levene’s tests were performed to determine the data normal-
ity and homogeneity of variances, respectively, using SPSS (statistical analysis software version 22.0, Chicago,
IL, USA). One-way ANOVA and Tukey’s post-hoc analysis was used to analyze the surface roughness and the
biofilm mass, and the Kruskal-Wallis H test and Dunn’s test were used to analyze the number of viable cells.
Correlation analysis was performed to determine the relationships between surface roughness, biofilm mass,
and number of viable bacteria. The level of significance was set at p <0.05.

Ethical approval. This article does not contain any studies with human participants or animals performed
by any of the authors.

Conclusions

Within the limitations of our controlled in vitro experiment on mono-species biofilm, the increased surface
roughness of GO/AgNPs coated NiTi alloys did not increase the amount of total biofilm mass formed on the
surface of NiTi alloy. In contrast, higher amounts of GO/AgNPs on the coated NiTi alloys generated an increased
anti-bacterial effect. Therefore, GO/AgNPs can be a promising anti-bacterial surface coating material on NiTi
alloy for dental uses.
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