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Abstract: Peri-implantitis leads to implant failure and decreases long-term survival and success rates
of implant-supported prostheses. The pathogenesis of this disease is complex but implant corrosion
is believed to be one of the many factors which contributes to progression of this disease. A nanos-
tructured titanium dioxide layer was introduced using anodization to improve the functionality of
dental implants. In the present study, we evaluated the corrosion performance of silicon carbide (SiC)
on anodized titanium dioxide nanotubes (ATO) using plasma-enhanced chemical vapor deposition
(PECVD). This was investigated through a potentiodynamic polarization test and bacterial incubation
for 30 days. Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were
used to analyze surface morphologies of non-coated and SiC-coated nanotubes. Energy dispersive
X-ray (EDX) was used to analyze the surface composition. In conclusion, SiC-coated ATO exhibited
improved corrosion resistance and holds promise as an implant coating material.

Keywords: corrosion; peri-implantitis; titanium implant; surface modification

1. Introduction

Titanium and titanium alloy (Ti-6Al-4V) implants have been widely used to restore
the function of missing teeth [1,2]. Several studies have demonstrated high survival
and success rates for titanium and titanium alloys and the prostheses they support [2–4].
Titanium and titanium alloy implants exhibit relatively high strength, corrosion resistance,
and biocompatibility [5–9]. Lekholm et al. reported a 92.6% overall implant survival rate
after 10-years for Branemark implants on partially edentulous patients [2]. Pierre et al.
showed an 82.94% long-term cumulative survival rate up to 16 years follow-up [10]. In
spite of the reported high survival rate for these implants, biological (peri-implantitis)
and/or technical (screw loosening and fracture) complications can lead to implant failure
and decrease the success of implant-supported prostheses. The cumulative complication
rate was 48.03% and the cumulative success rate was 51.97% for an observation period of
up to 16 years [10].

Peri-implantitis is a multifactional process and is accompanied by tissue inflammation
and loss of peri-implant bone [11,12]. Peri-implantitis is one of two pathologies classified
under peri-implant disease. Dreyer et al. reported a systematic review on epidemiology
and risks factors of peri-implantitis based on the publications from 1980 to 2016 [11]. The
results showed the prevalence of peri-implantitis was up to 85.0% and the incidence was
43.9% in five years. Several pathogens/bacteria such as Porphyromonas gingivalis (Pg),
Prevotella intermedia (Pi), Tannerella forsythia (Tf ), and Fusobacterium nucleatum (Fn) were
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found to be highly associated with peri-implantitis [13,14]. Among these microorganisms,
P. gingivalis accounts for the highest percentage of bacteria in biofilm formation on dental
implants is capable of producing several virulence factors [15,16].

Implant corrosion is suspected to be one of the potential causes for implant failure [17].
Titanium or titanium alloys are very reactive to fluid or air. A titanium oxide layer is
formed on the surface, where an interface between titanium and the oral environment is
formed. This oxide layer is stable and protects titanium from corrosion. However, the
oral environment is very hostile to dental materials in general, where these materials
are exposed to masticatory forces, chemical, and bacteria environment, all of which can
result in surface degradation [18–21]. Corrosion is a process where materials undergo
degradation and release metallic ions into their surroundings. Mastication and loading can
create cracks where the oxide layer can fracture [22]. Bacteria have been hypothesized to
generate acid as a toxic byproduct, which lowers the pH of the environment and causes
disruption of the oxide layer [23,24]. As the titanium oxide layer breaks down, the titanium
implants become susceptible to corrosion.

Increasing long-term implant survival and success rates is important for predictability
of implant supported restorations. This can be accomplished by materials that promote
osseointegration, reduce the incidence and progression of peri-implantitis, have high
strength, and are corrosion resistant. Surface modifications on titanium implants have
been widely introduced in literature to improve osseointegration and/or reduce bacterial
colonization [25–27]. Anodization is currently being used to produce a nanostructured
titanium dioxide layer as a surface roughening modification technique because of the
low cost, simplicity, controllability, and reproducibility of the process [28]. Brammer et al.
showed that anodized titanium dioxide nanotubes exhibited greater bone-forming abilities
as the diameter of nanotubes increased from 30 nm to 100 nm [29]. Peng et al. investigated
the growth of S. epidermidis bacteria on titanium dioxide nanotubes and found bacteria
decreased on nanotube surfaces compared with mechanically polished and acid-etched
titanium sheets [30]. Aside from surface roughening modifications, surface coating is an
alternative technique to improving physical properties of the surface. Fouda et al. showed
that hydroxyapatite coated implants shorten the healing process compared with uncoated
implants [31]. Das et al. demonstrated that silver-coated titanium oxide nanotubes have a
higher antibacterial activity compared with only titanium oxide nanotubes [32].

Silicon carbide (SiC) coating has been used for biomedical applications due to this
material’s high strength, corrosion resistance, lightweight, and biocompatibility [33–38].
The cytocompatibility of SiC coating was reported by Naji and Harmand [39]. SiC exhib-
ited a better cytocompatibility for alveolar bone osteoblasts and gingival fibroblasts in
comparison with titanium. Camargo et al. evaluated cytotoxicity of the SiC coating using
human periodontal ligament fibroblasts and reported that SiC coating is biocompatible [38].
Hsu et al. demonstrated that SiC coating protects glass-ceramic veneers from corrosion [37].
Fares et al. demonstrated that SiC coating conformed to titanium implant surfaces and
remained intact after torqueing into Poly(methyl methacrylate) blocks with similar human
bone hardness [40].

In this pilot study, we determined (i) the ability of SiC coating to conform to titanium
oxide nanotubes using plasma-enhanced chemical vapor deposition; (ii) the electrochemical
stability of SiC-coated titanium nanotubes in NaCl solution compared with uncoated
nanotubes; and (iii) the corrosion resistance of uncoated compared with SiC-coated titanium
nanotubes to bacteria incubation after an extended period of time.

2. Materials and Methods
2.1. Samples Preparation

Titanium oxide nanotubes were obtained through anodization, which was conducted
in a two-electrode configuration with a DC power supply. The metallic titanium was
oxidized where the titanium foil served as the anode and the graphite/platinum was the
cathode. Anodized titanium dioxide (ATO) nanotubes on titanium foils were purchased
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in 100 nm and 150 nm size from InRedox (Longmont, CO, USA) and directly used in this
experiment. The diameters of nanotubes on titanium foils that were chosen and used in
this pilot experiment were based on nanotubes currently being applied to dental implant
from Dentix Millenmium SRL (Giurgiu, Romania) (Figure 1).
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Figure 1. SEM images of anodized dental implants (A) low magnification (B) higher magnification.

A plasma-enhanced chemical vapor deposition (PECVD, PlasmaTherm 790, Saint
Petersburg, FL, USA) was applied in this study. PECVD consists of a load lock, a parallel
plate, and a showerhead. The coating deposition was conducted at 300 ◦C, where the
silicon dioxide and silicon carbide (SiO2/SiC) coatings were coated on the ATO nanotubes.
Silane and nitrous oxide were used for the SiO2 depositions as precursors. After SiO2
depostion, silicon-carbide was deposited using methane and silane as precursors. The
chamber pressure was 1100 mTorr. Two thicknesses of coatings were applied in this study to
determine if the coatings were able to conformably coat anodized titanium oxide nanotubes.
They are (i) 12 nm SiO2 and 12 nm SiC, and (ii) 12 nm SiO2 and 30 nm SiC. The SiO2 was
deposited on ATO initially and followed by SiC. We used 12 nm SiO2/SiC represented as
12 nm SiO2 and 12 nm SiC, and 30 nm SiO2/SiC represented as 12 nm SiO2 and 30 nm SiC
in the following content.

2.2. Surface Characterization

Field-emission scanning electron microscopy (FEI Helios G4 PFIB CXe dual beam
FIB, Thermo-Fisher Scientific Waltham, MA, USA) was utilized to examine the surface
morphology of anodized titanium oxide nanotubes and SiO2/SiC-coated nanotubes. En-
ergy Dispersive X-rays analysis was used to analyze the surface composition of the ATO
nanotubes and SiO2/SiC-coated ATO nanotubes.

Scanning Electron Microscope (Helios Nanolab DualBeamTM, Thermo-Fisher Scien-
tific Waltham, MA, USA) was used to analyze the cross-section of SiO2/SiC-coated ATO
nanotubes. Electron transparent (nominally 100 nm thick) ATO nanotube coupons were
prepared and lifted out using a Ga+ Focused Ion Beam (FIB). At first, a coupon was lifted
out from the bulk sample and attached on a copper TEM grid which was further thinned
down to 100 nm electron transparent sample using Ga+ FIB. Thinning down of the coupon
involves a series of ion beam accelerating voltages and a wide range of current steps 21nA-
72pA. The thickness of the sample was monitored at regular intervals during the thinning
down process, and both accelerating voltage and currents were adjusted depending on
the sample thickness. Energy dispersive spectroscopy (EDS) was performed inside a field
emission 200 kV FEI Talos F200X TEM with 1.2 Å resolution.

2.3. Corrosion Tests
2.3.1. Potentiodynamic Polarization Test

To evaluate corrosion behavior of the ATO nanotubes and SiO2/SiC-coated ATO nan-
otubes, a potentiodynamic polarization test was performed using a computer-controlled
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potentiostat (Gamry Interface 1010, Gamry Instruments, Warminster, PA, USA). The corro-
sion experiment was conducted in a three electrode flat cell with electroplaters tape used
to minimize crevice formation. The ATO nanotubes and SiO2/SiC-coated ATO nanotubes
were used as working electrode. The graphite was used as counter electrode. The saturated
calomel electrode (SCE) was used as reference electrode. The working electrolyte was 3.5%
NaCl solution.

2.3.2. Bacterial Corrosion Test

ATO nanotubes and SiO2/SiC-coated ATO nanotubes were sterilized at 120 ◦C in an
autoclave for 60 min. After sterilization, the samples were placed into individual sterile
plates. There are three samples for each group. A biofilm of Porphyromonas gingivalis (FDC
381) was grown in Brucella blood agar plate supplemented with hemin and vitamin K
(Hardy Diagnostics, Santa Maria, CA, USA). The axenic nature of the bacteria was assessed
by Gram staining. The number of bacterial cells in the suspension was determined using
Petroff-Hausser bacterial counting chamber. Bacteria were diluted in RTF to reach the
final concentrations of 1010 cells/mL. ATO nanotubes and 12 nm SiO2/SiC-coated ATO
nanotubes were placed in 1 mL of bacterial suspension individually in 24-well sterile plates
in anaerobic chamber. The 24-well plates were maintained in anaerobic growth chamber
for 30 days with respective fresh media replenishments for every two days. After 30 days,
the biofilm was removed from the ATO nanotubes and SiO2/SiC-coated ATO nanotubes
using a sonication for 5 min and examined under SEM.

3. Results

The nanotubes were fabricated using anodization. Figure 2 illustrates the ATO nano-
tubes with 100 nm and 150 nm diameters from InRedox before SiO2/SiC coating and
after SiO2/SiC coating. From the SEM results, the coatings demonstrated the ability to
conform to the nanotube surface. The diameters of ATO nanotubes before coating and
after coating were measured from SEM images and analyzed. The average diameter was
83 ± 10 nm with ridge 17 ± 6 nm for 100 nm ATO nanotubes, and 105 ± 30 nm with
ridge 11 ± 11 nm for 150 nm ATO nanotubes (Table 1). After SiO2/SiC coating deposition,
the diameter of ATO nanotubes and ridge of nanotubes were examined. Two different
thicknesses of coating (12 nm SiO2/SiC and 30 nm SiO2/SiC) were applied to adjust the
size of the nanotubes. The average diameter was 96 ± 12 nm with ridge 29 ± 2 nm for
12 nm SiO2/SiC-coated ATO nanotubes and was 85 ± 11 nm with ridge 41 ± 2 nm for
30 nm SiO2/SiC-coated ATO nanotubes.

Table 1. The results of diameters and ridges of ATO nanotubes before coatings and after
coating deposition.

Size
Parameters 100 nm ATO 150 nm ATO 12 nm SiO2/SiC

150 nm ATO
30 nm SiO2/SiC

150 nm ATO

Diameter (nm) 83 ± 10 105 ± 30 96 ± 12 85 ± 11
Ridge (nm) 17 ± 6 11 ± 11 29 ± 2 41 ± 2

The ATO nanotubes and SiO2/SiC-coated ATO nanotubes were examined using
energy-dispersive X-ray spectroscopy (EDX) analysis to determine the composition of the
surface. The results were consistent among different diameters and thicknesses of ATO
nanotubes. The representative EDX spectra are shown in Figure 3. Figure 3A shows the
main elements as Ti, O, F, and Al from the non-coated ATO nanotubes. Figure 3B shows
additional Si elements on ATO nanotubes after the SiO2/SiC coating was applied.
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Further investigation was conducted to determine the ability of SiO2/SiC coatings to
conform to the internal surface of the ATO nanotubes. Figure 4A illustrates a schematic
diagram of SiO2/SiC coating on ATO nanotubes, where the nanotubes were initially coated
with SiO2 before the deposition of the SiC. The coating morphology was investigated
with scanning electron microscopy (SEM) and transmission electron microscope (TEM).
In order to achieve this, the titanium foil with coated ATO nanotubes was broken down
by a mechanical force (i.e., scissor) into small pieces. This resulted in smaller clusters
with a cross-sectional view of the ATO nanotubes arrays, as shown in Figure 4B. The
ATO nanotubes were grown on the Ti foil substrates successfully using anodization, and
coatings fully covered the surface of nanotubes. However, SEM microscopy did not show
the internal surface of the nanotubes. For a higher magnification TEM study, a small section
of the coated nanotubes were further processed into electron transparent lamella using the
FIB technique. This allowed investigation of the internal surface of the nanotubes using
TEM (relate Figure 4A–C). The results demonstrated the vertical alignment of SiO2/SiC-
coated ATO nanotubes on the Ti foil substrate. The composition of cross-sectional ATO
nanotubes using EDX (Figure 4D) revealed the presence Ti, O, Si, and C elements. The top
region of the nanotubes showed Si and C elements mainly with Ti and O being the main
elements towards the bottom portion of the nanotubes. The average diameter of these
nanotubes is 51 ± 4 nm, obtained with higher magnification imaging. There is a difference
between the diameter of ATO from the cross-sectional TEM measurements and the top
SEM measurements (Table 1). The reason could be that the nanotubes were not cut off right
at the middle positions and/or the diameter of ATO was larger at top portion and smaller
towards the bottom portion of the ATO.
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The corrosion behavior of non-coated and coated ATO nanotubes was studied using
potentiodynamic polarization test (Figure 5). The 100 nm ATO nanotubes and 12 nm
SiO2/SiC-coated 150 nm ATO were used in this experiment. Figure 5 shows the anodic
polarization curves of non-coated nanotubes and SiO2/SiC-coated nanotubes in 3.5%
NaCl electrolyte. The passivation behavior was shown in the anodic polarization region
for non-coated nanotubes and coated nanotubes. At the passivity region, the current
density (i0.1) was 3.3 × 10−7 (A/cm2) for non-coated nanotubes and 7.5 × 10−9 (A/cm2)
for SiO2/SiC-coated nanotubes. The anodic region of the potentiodynamic scans indicate
less susceptibility to corrosion for SiO2/SiC-coated 150 nm ATO.
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The non-coated ATO nanotubes and SiO2/SiC-coated ATO nanotubes were evaluated
for their corrosion resistance to P. gingivalis bacteria after a 30-day incubation period
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(Figure 6). The bacteria were removed from the surface after the 30-day incubation period.
The samples were examined using SEM to determine the presence of corrosion. From
SEM results, the surface demonstrated similar morphologies as before bacteria incubation
(Figure 2A,C).
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4. Discussion

Corrosion at the interface of dental implants is an important consideration as this phe-
nomenon is believed to contribute to implant failure [41]. Studies have shown that metallic
particles were found in the surrounding tissue as evidence of titanium corrosion. Failed
implant surfaces were evaluated by Rodrigues and co-workers [42] and demonstrated
corroded surfaces as evidenced by pitting, cracks, and discoloration, as these implants
were exposed to masticatory forces, and an acidic environment from bacteria. Souza et al.
evaluated titanium corrosion resistance in vitro in the presence of biofilm [24]. The results
did not show localized corrosion after 48 h of biofilm growth. In addition, a report by
Harada et al. showed no signs of corrosion or changes to surface morphology after using
SEM on the titanium surfaces after P. gingivalis growth for seven days [43]. In this study,
the ATO nanotubes and SiO2/SiC-coated ATO nanotubes specimens were incubated with
P. gingivalis for 30 days. Based on these results, demonstration of localized corrosion or sur-
face changes for non-coated ATO or SiO2/SiC-coated ATO nanotubes (Figures 2A,C and 6)
was inconclusive. However, the SiO2/SiC-coated ATO maintained a smooth surface after
bacteria incubation compared with the non-coated. There is the possibility that a longer
incubation time in bacteria, as what normally occurs intra-orally, can differentiate corrosion
effects between coated and uncoated samples.

Corrosion behavior of titanium dioxide nanotubes has been widely evaluated using the
potentiodynamic polarization test [44,45]. Titanium dioxide nanotubes showed enhanced
corrosion resistance compared with mechanically polished titanium in artificial saliva [44].
Al-Saady’s study showed that corrosion behaviors of titanium dioxide nanotubes varied
with the anodizing parameters [45]. The corrosion resistance improved as the applied
voltage for anodization increased [45,46]. At the same time, the diameter of nanotubes
was increased [44]. The area of nanotubes exposed to corrosive ions was increased. This
may affect the electrochecmical corrosion behavior. The corrosion resistance was decreased
when the diameter of titanium dioxide nanotubes was larger than 86 nm in a comparison
of 22 nm to 59 nm diameters [44]. In our study, 100 nm ATO nanotubes were applied and
the corrosion behavior was compared to SiO2/SiC-coated ATO nanotubes (Figure 5). ATO
nanotubes possibly reacted with chloride ions in the electrolyte and became unstable [45],
whereas SiO2/SiC-coated ATO nanotubes showed an improved corrosion resistance.

Surface coatings have been applied to ATO nanotubes to improve or enhance the
desired function. However, previous studies have demonstrated that the surface morphol-
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ogy of ATO nanotubes may be altered because of the coatings. Roguska et al. reported
an unexpected change to the surface, where partial nanotubes were closed by nanoparti-
cles [47]. Perumal et al. showed the corrosion resistance of ATO nanotubes were improved
by polyaniline polymer [48] but the pores of nanotubes were partially filled or disappeared
after deposition of the polymer. Motola et al. deposited thin titanium dioxide coating on
ATO nanotubes using atomic layer deposition to enhance cell growth [49]. The coating was
deposited on nanotubes with 0.3 nm thickness successfully. However, the diameter of nan-
otubes decreased and some of them were clogged by titanium dioxide coatings when the
coating thickness was increased to 8 nm. In this pilot study, SiO2/SiC coating conformably
covered the ATO nanotubes without significant surface alteration (Figures 2 and 4). The
diameters of nanotubes can be adjusted by controlling the thickness of SiO2/SiC coatings
(Table 1).

One limitation of this pilot study is the coating coverage inside of ATO nanotubes.
From the SEM cross-section images (Figure 4B), thickened layers of the SiC coating were de-
posited on top of the nanotubes. From the TEM cross-section image and EDX (Figure 4C,D),
a relatively higher content of Si and C on the top of the nanotubes is demonstrated and
serves as evidence of the presence of coatings. Although the authors intended to examine
the ATO nanotubes at cross-section (Figure 4A) using FIB, some of the nanotubes were dif-
ficult to visualize completely and may have affected the EDX results. Another limitation is
although this pilot study demonstrates a promising approach in that SiO2/SiC coatings are
capable to conform to the surface of ATO nanotubes utilizing PECVD, there is still a need
to optimize the coating parameters and examine the coating coverage inside the nanotubes
because the nanotubes can be a channel for the electrolyte, where the corrosion initiated.
A third limitation is that the level of titanium ion released from long periods of bacterial
incubation is still unknown. Results from bacterial inoculation of coated and non-coated
nanotubes were inconclusive in this study. Future studies are recommended to consider
quantifying the released titanium ions from bacteria or increasing incubation time.

5. Conclusions

In conclusion, a SiO2/SiC coating is capable of covering ATO nanotubes conformably.
This pilot study showed an improved corrosion resistance on ATO nanotubes under
3.5% NaCl solutions. The SiO2/SiC-coated ATO maintained a smooth surface after
bacterial incubation.
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