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Abstract: The demand for dental implants has increased, establishing them as the standard of
care for replacing missing teeth. Several factors contribute to the success or failure of an implant
post-placement. Modifications to implant surfaces can enhance the biological interactions between
bone cells and the implant, promoting better outcomes. Surface coatings have been developed to
electrochemically alter implant surfaces, aiming to reduce healing time, enhance bone growth, and
prevent bacterial adhesion. Quaternized silicon carbon nitride (QSiCN) is a novel material with
unique electrochemical and biological properties. This study aimed to assess the influence of QSiCN,
silicon carbide nitride (SiCN), and silicon carbide (SiC) coatings on the viability of osteoblast cells on
nanostructured titanium surfaces. The experiment utilized thirty-two titanium sheets with anodized
TiO, nanotubes featuring nanotube diameters of 50 nm and 150 nm. These sheets were divided
into eight groups (n = 4): QSiCN-coated 50 nm, QSiCN-coated 150 nm, SiCN-coated 50 nm, SiCN-
coated 150 nm, SiC-coated 50 nm, SiC-coated 150 nm, non-coated 50 nm, and non-coated 150 nm.
Preosteoblast MC3T3-E1 Subclone 4 cells (ATCC, USA) were used to evaluate osteoblast viability.
After three days of cell growth, samples were assessed using scanning electron microscopy (SEM).
The results indicated that QSiCN coatings significantly increased osteoblast proliferation (p < 0.005)
compared to other groups. The enhanced cell adhesion observed with QSiCN coatings is likely due
to the positive surface charge imparted by N*.

Keywords: nanotechnology; dental implants; surface coatings; bacterial adhesion; antimicrobial;
biocompatibility

1. Introduction

Dental implants are an important tool for the replacement of teeth in modern dentistry.
Complete or partial edentulism is a public health concern, with 26% of the population
expected to lose all their teeth after the age of 74 [1]. There are multiple advantages that
implants have over fixed dental prostheses, which include high success rates, decreased
risks of dental diseases and sensitivity to adjacent teeth, and bone maintenance in eden-
tulous areas [2]. There is a growing interest in being able to restore masticatory functions
and esthetic appearances without having to manipulate healthy teeth or take in and out a
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removable appliance. Researchers continue to improve the designs and materials used in
dental implants to improve the efficiency and predictability of these restorations.

The fundamental concept underlying dental implants is osseointegration, defined as
the direct interaction between bone and the implant surface. This interaction initiates a
series of biological processes, including angiogenesis, extracellular matrix deposition, and
the recruitment of osteogenic cells, all of which promote bone growth along the implant
surface [3]. Titanium (Ti) and zirconia (Zr) are widely used implant materials due to their
excellent biocompatibility and strong capacity for osseointegration within the alveolar bone.
Continuous advancements are being made to accelerate the osseointegration process, as the
speed at which an implant integrates with bone is critical to its long-term clinical success.
Faster osseointegration not only enhances the stability of the implant but also allows for
quicker functional restoration, offering patients immediate improvements in oral health
and functionality following implant placement.

Anodization is a surface modification technique used to enhance the surface area of
dental implants, promoting osteoblast growth [4] and improving osseointegration. During
this process, titanium implants are immersed in an aqueous electrolytic solution and sub-
jected to an applied voltage, which forms titanium oxide (TiO;) nanopores or nanotubes on
the surface [5]. The increased surface roughness and surface area created by these nanotubes
enhance cellular activity. Khaw et al. [6] investigated the relationship between TiO, nan-
otube diameter and osteoblast proliferation, comparing nanotubes with diameters of 20 nm,
50 nm, and 100 nm. Their findings revealed that larger nanotubes (50 nm and 100 nm)
supported higher metabolic activity and cell growth. Similarly, Bandyopadhyay et al. [7]
demonstrated how TiO; nanotubes with a diameter of 100 nm improved osteoblast attach-
ment, proliferation, and differentiation.

The impact of surface coatings further enhances cellular activity, but the size of the
nanotubes remains a crucial factor in promoting osteoblast function. Lee et al. [4] fabricated
TiO; nanotube arrays on titanium dental implants using anodic oxidation and incorporated
recombinant human bone morphogenetic protein-2 (thBMP-2) into some nanotubes. Im-
plants loaded with rhBMP-2 exhibited the highest bone-to-implant contact ratio, while even
those with only nanotube arrays outperformed traditional machined surface implants. This
suggests that both the size of the nanotubes and the presence of surface coatings contribute
significantly to enhancing osteoblast activity and implant performance.

According to a study from MS Howe, the estimated 10-year survival rate for dental
implants was 96.4% [8]. Two of the major reasons for the failure of dental implants are
chemical corrosion and bacterial infection. A substantial coating that is anti-corrosive and
antibacterial can be an effective way to prevent these problems.

Silicon carbide (SiC) is valued for its mechanical strength, stability, and biocompatibil-
ity. Hsu [9] demonstrated that SiC coatings on TiO, nanotubes (ATO) improved corrosion
resistance in a 3.5% NaCl solution compared to non-coated surfaces. Calderon [10] found
that SiC coatings enhanced osteoblast cell proliferation and mineralization on anodized
titanium surfaces while also offering notable antibacterial properties [11].

Silicon carbon nitride (S5iCN), produced by incorporating nitrogen into SiC, is a versa-
tile material with strong antibacterial properties. By adjusting the ratios of silicon, carbon,
and nitrogen, SiCN can be tailored for various applications. Its hydrophobic surface can
inhibit bacterial adhesion [12,13], as demonstrated by Petersson et al. [14], who applied
SiCN coatings to artificial joints, improving both biocompatibility and longevity.

Quaternization, the addition of an N+ ion, further enhances the antibacterial properties
of materials by disrupting negatively charged bacterial cell membranes [15]. Quaternized
SiCN (QSiCN) is formed by adding quaternary nitrogen compounds to SiCN (RsN + RCl
— RyN*Cl7). QSiCN’s positive charge provides potent electrochemical properties that
destroy bacteria on surfaces. Carey et al. [16] showed that quaternized titanium nitride
(QTiN) coatings reduced bacterial growth compared to TiN- and Ti-coated surfaces, while
Camargo et al. [17] found QSiC to be even more effective. Chiang et al. [18] further
enhanced QSiCN'’s antibacterial effects by adjusting the degree of nitrogen quaternization,
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with electron microscopy confirming bacterial cell membrane destruction as the mechanism
of action.

For an antibacterial and anti-corrosive coating to be successful, this coating material
should also promote bone growth and not prove toxic to bone-forming cells. In this study,
samples with TiO, nanotubes were coated with either (1) QSiCN; (2) SiCN; or (3) SiC.
Contact angle measurements and cell viability tests were performed with osteoblast cells
to determine whether these coatings could not only prevent bacterial infection but also
maintain the biocompatibility of TiO, nanotubes.

2. Materials and Methods
2.1. Experimental Design

Thirty-two titanium sheets with anodized TiO; nanotubes (InRedox, Longmont, CO,
USA) and two smooth-surfaced titanium disks (MilliporeSigma, Burlington, MA, USA)
were used in this study. The nanotubes had diameters of 50 nm and 150 nm, as shown
in Figure 1. Eight experimental groups (n = 4) were created, utilizing coatings based on
quaternized silicon carbon nitride (50-TiO,-QSiCN and 150-TiO,-QSiCN), silicon carbon
nitride (50-TiO,-SiCN and 150-TiO,-SiCN), silicon carbide (50-TiO,-SiC and 150-TiO,-SiC),
and uncoated surfaces (50-TiO; and 150-TiO;). The applied coatings were approximately
10 nm thick on each side, reducing the nanotube diameters by 20 nm.

(b)

Figure 1. SEM images showing nanotubes on the sample surface coated with QSiCN. (a) 50 nm;

(b) 150 nm. In total, 10 nm of the coating was applied to either side of the tube for a total of 20 nm.

2.2. Coating and Quaternization Process

Plasma-enhanced chemical vapor deposition (PECVD) was used to coat the titanium
nanotube sheets with SiC or SiCN. The gas precursors applied to the SiC/SiCN deposition
and their respective deposition rates were methane (CHy, 100 sccm), silane (SiHy, 300 sccm),
helium (He, 700 sccm), and ammonia. (NHj3, 2 sccm, only used in SiCN deposition). The
deposition temperature and bias voltage was 350 °C and 15 V, respectively. Once the
coating process was completed, the samples were cut into 1 cm squares using scissors and
cleaned with acetone (Thermo Fisher Scientific, Pittsburgh, PA, USA) and isopropyl alcohol
(IPA, Thermo Fisher Scientific, Pittsburgh, PA, USA) to remove surface contamination. The
titanium nanotubes with a SiCN coating were then immersed in a mixture of acetonitrile
(25 mL, Thermo Fisher Scientific, Pittsburgh, PA, USA) and allyl bromide (100 uL, Thermo
Fisher Scientific, Pittsburgh, PA, USA) on a belly dancer (Stovall, Greensboro, NC, USA)
for an hour to make the nitrogen atoms on the surface of the SiCN coating turn into
quaternary nitrogen.
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2.3. Cell Viability

Preosteoblast MC3T3-E1 Subclone 4 cells (ATCC CRL-2593, Washington, DC, NW,
USA) were cultured in an incubator with 5% CO, at 37 °C. The base medium for the cells
was 1x Alpha Minimum Essential Medium with ribonucleosides, deoxyribonucleosides,
2 mM L-glutamine, and 1 mM sodium pyruvate, but without ascorbic acid (MEM Alpha,
Thermo Fisher Scientific, Pittsburgh, PA, USA). In total, 10% of fetal bovine serum (Thermo
Fisher Scientific, Pittsburgh, PA, USA) and 1% of penicillin (Thermo Fisher Scientific,
Pittsburgh, PA, USA) and streptomycin (Thermo Fisher Scientific, Pittsburgh, PA, USA)
were added to the medium to enable cell growth. All cells used in the experiment were at
passages lower than 15. Four samples of each experimental group and two titanium disks
as control groups were placed on a sterile 24-well plate and were autoclaved for 30 min.
Cells with the concentration of 2 x 10* cells/mL were added into each well and cultured
on the samples for 3 days.

Cell viability was measured by CyQUANT™ MTT Cell Viability Assay (V-13154,
Thermo Fisher Scientific, Pittsburgh, PA, USA), which was performed under the instructions
of the manufacturer using a Spectronic 20D+ Spectrophotometer (Thermo Fisher Scientific,
Pittsburgh, PA, USA). After 3 days of growth, cells were detached from the surface by a
1 mL trypsin-EDTA (Thermo Fisher Scientific, Pittsburgh, PA, USA) solution for 1 min
at 37 °C, and then trypsin was deactivated by adding 0.5 mL of a fresh x-MEM medium
solution.

2.4. Scanning Electron Microscopy

Titanium nanotube sheets were inspected by scanning electron microscopy (FEl NOVA
NanoSEM 430, FEI Company, Hillsboro, OR, USA) with a secondary electron through-the-
lens detector (TLD) to confirm the cell attachment on the surface. The acceleration voltage
was 5 kV, and the samples were sputtered with 10 nm of gold before the observation. One
sample from each experimental group was used for the SEM observation after the 3-day
cell growth.

The osteoblast cells that attached to the surface were fixed in the solution of 3%
glutaraldehyde (50 wt.% in DI water), 0.1 M sodium cacodylate, and 0.1 M sucrose for
45 min and then immersed in a buffer solution of 0.1 M sucrose and 0.1 M sodium cacodylate
for 10 min. Samples were immersed in ethanol with a serial concentration (30%, 50%,
70%, and 100%) for 10 min each, and hexamethyldisilane (HMDS) was utilized for the
dehydration of the samples. Finally, the samples were coated with a 10 nm palladium-gold
alloy to prevent the charging of the surface.

2.5. Data Analysis

Quantitative data are shown as the means + standard deviations. Statistical analysis
was performed using XLSTAT free version for Windows (Lumivero Inc., Denver, CO,
USA) (https:/ /www.xlstat.com/en/download, access date 22 January 2024). Statistical
differences were calculated using the Kruskal-Wallis and Mann-Whitney tests. A p-value
of 0.05 was considered statistically significant.

3. Results
3.1. Cell Viability

The cell viability of osteoblast cells was measured by the MTT test. Absorbance at a
562 nm wavelength was obtained for all the eight experimental groups, and one reference
group (Ti disk without nanotubes) (Table 1). The results demonstrate that cell viability is
significantly higher in samples with QSiCN coatings (p < 0.0001). This indicates that QSiCN
coatings enhance the adhesion between osteoblast cells and Ti. The paired significance of
QSiCN with other coatings was as follows: (1) QSiCN vs. SiCN (p = 0.002); (2) QSiCN vs.
SiC (p = 0.003); and (3) QSiCN vs. Ti (p = 0.0006). The 50 nm size nanotubes had better cell
viability than 150 nm size nanotubes except for SiC, although differences between 50 nm
and 150 nm size nanotubes were negligible for all coatings except QSiCN.
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Table 1. Cell growth (mean =+ SD).

Group 50 nm 150 nm
Non-coated 0.079 (£0.012) 0.074 (£0.007)
SiC-coated 0.077 (£0.007) 0.083 (£0.008)
SicN-coated 0.086 (£0.014) 0.079 (£0.006)

QSiCN-coated 0.103 (£0.017) 0.086 (£0.007)

3.2. Cell Attachment

Figure 2 demonstrates the osteoblast attached to the sample surface after 3 days of
cell proliferation at 800 x magnification. The cells were oval-shaped and flattened on the
sample surface, and there was no significant difference in the cell coverage rate between
different samples, which was consistent with the MTT results.

50 pm <
(a) (b) (0)

(c) (d) ()

(8 (h) (@)

Figure 2. SEM images of osteoblast cells on sample surface after 3 days of culture. (a) Ti;
(b) 50 nm-TiOy; (c) 150 nm-TiO,; (d) 50 nm-SiC; (e) 150 nm-SiC; (f) 50 nm-SiCN; (g) 150 nm-SiCN;
(h) 50 nm-QSiCN; and (i) 150 nm QSiCN.
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Figure 3a illustrates more details of a single osteoblast attached to the QSiCN sample
surface, and the interaction between the cell and TiO; nanotubes can be seen in Figure 3b.

(b)
Figure 3. SEM images of single osteoblast on QSiCN samples: (a) 2500 magnification; (b) 20,000 x
magnification.

4. Discussion

In this article, QSiCN-coated TiO, nanotubes were tested to evaluate their biocom-
patibility to osteoblast compared to different kinds of coating materials. Commonly used
methods to improve the performance of commercial dental implants [19] are shown in
Table 2. These methods can increase the surface roughness of dental implants to facilitate
osseointegration. However, none of these methods can provide antibacterial properties,
and many of them have poor performance over long-term use [20,21]. As shown in Table 1,
anodization alone is insufficient to establish an environment that could inhibit the colo-
nization of bacterial species and prevent the deterioration of implant materials. Additional
methods, such as applying surface coatings to implants, are imperative to enhance the
biochemical and mechanical properties that promote clinical success.

The QSiCN-coated TiO, nanotubes tested in our study significantly increased os-
teoblast proliferation. According to a previous study conducted by Chiang et al. [18], the
contact angle of QSiCN was about 90°, which is 15° larger than SiCN. This incremental
increase in hydrophobicity can be explained by the extension of the allyl group on the
sample surface. Changing the nitrogen content of the QSiCN coating does not affect the
surface wettability [18]. Its highly hydrophobic surface is less favorable for bacteria to
adhere to, which is the reason why QSiCN has remarkable antibacterial properties.

The positively charged nitrogen atoms on the surfaces of QSiCN-coated TiO, nan-
otubules also play an important role in facilitating antibacterial activity. These atoms can
oxidize the lipids in bacterial cell membranes and cause lipid peroxidation [22]. Lipid
peroxidation is a biochemical process in which free radical oxidants attack lipids that con-
tain carbon—carbon double bonds, which ultimately disrupts the membrane permeability
barrier function [23,24]. As the QSiCN-coated TiO, nanotubules interact with bacterial cell
membranes, the permeability of the membrane is increased by lipid peroxidation, and its
constituents are then released from the cytosol, leading to cell death (Figure 4).
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Table 2. Commonly used methods in commercial dental implants.
i;;fﬁ;;ations Indication Sz;fienﬂy Being Osseointegrative  Anti-Bacterial Anti-Corrosive Disadvantages
Microspheres of 20-year follow-
Improves Most currently TiO,, AL, O3, SiO;, did not improve
Sand blasti ¢ h d commercialized and HA increase N N bone healing but
and blasting opography an o o .
wettability m.ethod. toget}}er surface roughness 1r1c1je.ased -
with acid etching ~ and peri-implantitis
osseointegration and failure
Micro-pits surface
Improves Together with with immersion
Acid Etching topography and sandblasting, in corrosive acids No No
wettability produces SLA such as HCl,
surface H,S0,4, HNO;3,
and HF
I TiUnite® (Nobel Oxidation of Ti . .
o mproves Biocare surface to Tribocorrosion
Anodization topography and G 4 . No No has been
= othenburg, increase surface
wettability S observed
weden) area
Improves Additional layer
Plasma Spraying biocompa?ibility ITI Straumann gf OH groups No No HA debonds with
and protein increase time
absorption osseointegration
Laser-Lok®
(BioHorizons,
Birmingham, AL,
Laser Ablation USA). SLActive® No No
(Straumann
Institute, Basel,
Switzerland)
Bacteria Cell constituents
membrane release
Membrane
disruption QSIiCN Coated TiO, Nanotubes
Bacteria
cytosol

Figure 4. Schematic of the mechanism of how the QSiCN surface kills bacteria.

The differences in cellular membrane composition between bacterial cells and human
osteoblasts are significant, particularly in the presence of cholesterol. Eukaryotic cell mem-
branes, such as those of osteoblasts, contain higher amounts of cholesterol—approximately
30% of the lipid bilayer. This cholesterol is critical for maintaining membrane rigidity and
fluidity, which is essential for the proper functioning of membrane proteins involved in
physiological processes [25,26]. Additionally, cholesterol plays a key role in preventing
lipid peroxidation by decreasing membrane fluidity and promoting the formation of lipid
rafts, which are important for signal transduction and cell stability [27].

The positively charged surface of QSiCN-coated TiO, implants interacts favorably
with osteoblast cells, whose membranes carry a net negative charge. This electrostatic
attraction enhances the adhesion of osteoblasts to the implant surface without causing
damage to the cell membrane. Rather than being harmful, the positive charges on QSiCN
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coatings help facilitate this interaction, promoting osteoblast attachment and proliferation.
This property likely explains why QSiCN-coated surfaces perform better in MTT assays,
which measure cell viability compared to other coating materials [28]. By fostering better
cell adhesion and viability through electrostatic interactions, QSiCN coatings show promise
for enhancing the integration of implants into bone tissue (Figure 5).

Osteoblast Cell

Negative charges on

cell membrane o
Electrostatic interaction Positive charges
cr @ @ @ @ 3 on the surface
‘ QSIiCN Coated TiO, Nanotubes J

Figure 5. Schematic showing the interaction between osteoblasts and QSiCN-coated nanotubes.

Biocompatibility is an important property of dental implants [29]. Both MTT data
and SEM images indicate that QSiCN surface coatings facilitate cell adhesion to substrate
material. Previous studies on SiC-coated titanium implants [30-34] and SiCN-coated
titanium implants [35] all confirm that these coating materials have good biocompatibility
to osteoblast cells. In this study, QSiCN had better performance than SiC and SiCN in these
aspects. Future research should focus on further optimizing the electrostatic interactions
between QSiCN coatings and osteoblast cells by adjusting the degree of quaternization or
altering surface roughness and nanotube dimensions. Long-term in vivo studies are also
needed to assess how QSiCN coatings affect not only initial cell adhesion but also bone
remodeling, osseointegration durability, and resistance to bacterial infection over time.

5. Conclusions

The use of dental implants to replace missing teeth has become a widely accepted
and effective treatment method. Ongoing research aims to further optimize implants for
enhanced clinical success and longevity by improving the biological processes that ensure
a stable connection between implant surfaces and host tissues. This study demonstrates
that all coating materials—SiC, SiCN, and QSiCN—promote osteoblast adhesion on TiO,
nanotubular surfaces, with each showing favorable biocompatibility. While QSiCN-coated
surfaces exhibit the strongest cell adhesion and proliferation, both SiC and SiCN also
contribute positively to cell attachment and growth. SEM images provide further evidence
of these cells interacting with the coatings, highlighting their potential for enhancing
osseointegration. Interestingly, the size of the TiO; nanotubes did not significantly affect
cell viability, suggesting that the surface coating, rather than the nanotube diameter, may
play a more decisive role in promoting osteoblast activity.

Author Contributions: Conceptualization, ER., P.d.S.C. and ].EE.-U.; formal analysis, D.N.; inves-
tigation, H.Z., X.X., C.-C.C., RS.W.L. and ]J.C,; resources, S.C.G., ER.G.R.,, RS.W.L. and J.EE.-U.;
writing—original draft preparation, H.Z.; writing—review and editing, X.X., C.-C.C., RS.W.L,, ].C,,
ERGR,S.CG, ER,DN,PdS.C.and ]J.EE.-U,; supervision, R.S.W.L., and FR.G.R,; funding acquisi-
tion, J.EE.-U.; project administration: R.S.W.L., ER.G.R., S.C.G., ER. and ]. EE.-U. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Institutes of Health-National Institute of Dental
and Craniofacial Research (grant number R56 DE025001).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Materials 2024, 17, 5392 90f 10

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Gaviria, L.; Salcido, J.P; Guda, T.; Ong, J.L. Current trends in dental implants. J. Korean Assoc. Oral Maxillofac. Surg. 2014, 40, 50.
[CrossRef] [PubMed]

2. Gupta, R.; Gupta, N.; Weber, D.D. Dental Implants. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2023. [PubMed]

3. Smeets, R.; Stadlinger, B.; Schwarz, F; Beck-Broichsitter, B.; Jung, O.; Precht, C.; Kloss, E.; Grobe, A.; Heiland, M.; Ebker, T. Impact
of dental implant surface modifications on osseointegration. BioMed Res. Int. 2016, 2016, 6285620. [CrossRef] [PubMed]

4. Lee, ].-K,; Choi, W.-Y,; Choi, D.-S.; Jang, I. Improved osseointegration of dental titanium implants by TiO, nanotube arrays with
recombinant human bone morphogenetic protein-2: A pilot in vivo study. Int. J. Nanomed. 2015, 10, 1145-1154. [CrossRef]

5. Inchingolo, A.M.; Malcangi, G.; Ferrante, L.; Del Vecchio, G.; Viapiano, F.; Inchingolo, A.D.; Mancini, A.; Annicchiarico, C.;
Inchingolo, F,; Dipalma, G.; et al. Surface Coatings of Dental Implants: A Review. J. Funct. Biomater. 2023, 14, 287. [CrossRef]

6. Khaw, ].S.; Bowen, C.R,; Cartmell, S.H. Effect of TiO, nanotube pore diameter on human mesenchymal stem cells and human
osteoblasts. Nanomaterials 2020, 10, 2117. [CrossRef]

7. Bandyopadhyay, A.; Shivaram, A.; Mitra, I; Bose, S. Electrically polarized TiO; nanotubes on Ti implants to enhance early-stage
osseointegration. Acta Biomater. 2019, 96, 686—693. [CrossRef]

8. Howe, M.-S,; Keys, W.; Richards, D. Long-term (10-year) dental implant survival: A systematic review and sensitivity meta-
analysis. J. Dent. 2019, 84, 9-21. [CrossRef]

9. Hsu, S.M.; Fares, C.; Xia, X.; Rasel, M.A.; Ketter, ].; Afonso Camargo, S.E.; Haque, M.A_; Ren, E; Esquivel-Upshaw, ].F. In vitro
corrosion of SiC-coated anodized Ti nano-tubular surfaces. J. Funct. Biomater. 2021, 12, 52. [CrossRef]

10. Calderon, P.d.S.; Rocha, ER.G.; Xia, X.; Camargo, S.E.A.; Pascoal, A.L.d.B.; Chiu, C.-W.; Ren, E; Ghivizzani, S.; Esquivel-Upshaw,
J.E. Effect of Silicon Carbide Coating on Osteoblast Mineralization of Anodized Titanium Surfaces. J. Funct. Biomater. 2022, 13, 247.
[CrossRef]

11. Camargo, S.E.A.; Roy, T,; Xia, X,; Fares, C.; Hsu, 5.-M.; Ren, F; Clark, A .E.; Neal, D.; Esquivel-Upshaw, ].E. Novel coatings to
minimize corrosion of titanium in oral biofilm. Materials 2021, 14, 342. [CrossRef]

12.  Michelle Morcos, R.; Mera, G.; Navrotsky, A.; Varga, T.; Riedel, R.; Poli, F; Miiller, K. Enthalpy of formation of carbon-rich
polymer-derived amorphous SiCN ceramics. J. Am. Ceram. Soc. 2008, 91, 3349-3354. [CrossRef]

13. Kaloyeros, A.E; Jové, EA.; Goff, J.; Arkles, B. Silicon nitride and silicon nitride-rich thin film technologies: State-of-the-art
processing technologies, properties, and applications. ECS J. Solid State Sci. Technol. 2020, 9, 063006. [CrossRef]

14. Pettersson, M.; Berlind, T.; Schmidst, S.; Jacobson, S.; Hultman, L.; Persson, C.; Engqvist, H. Structure and composition of silicon
nitride and silicon carbon nitride coatings for joint replacements. Surf. Coat. Technol. 2013, 235, 827-834. [CrossRef]

15. Wafimann, M.; Winkel, A.; Haak, K.; Dempwolf, W.; Stiesch, M.; Menzel, H. Influence of quaternization of ammonium on
antibacterial activity and cytocompatibility of thin copolymer layers on titanium. ]. Biomater. Sci. Polym. Ed. 2016, 27, 1507-1519.
[CrossRef]

16. Carey, PH., IV; Ren, F; Jia, Z.; Batich, C.D.; Camargo, S.E.A.; Clark, A.E.; Craciun, V.; Neal, D.W.; Esquivel-Upshaw, J.F.
Antibacterial properties of charged TiN surfaces for dental implant application. ChemistrySelect 2019, 4, 9185-9189. [CrossRef]

17.  Camargo, S.E.A.; Roy, T.; Iv, PH.C,; Fares, C.; Ren, E,; Clark, A.E.; Esquivel-Upshaw, ].F. Novel coatings to minimize bacterial
adhesion and promote osteoblast activity for titanium implants. J. Funct. Biomater. 2020, 11, 42. [CrossRef]

18. Chiang, C.C.; Xia, X.; Craciun, V.; Rocha, M.G.; Camargo, S.E.; Rocha, ER.; Gopalakrishnan, S.K.; Ziegler, K.J.; Ren, E; Esquivel-
Upshaw, J.F. Enhancing the Hydrophobicity and Antibacterial Properties of SiCN-Coated Surfaces with Quaternization to
Addpress Peri-Implantitis. Materials 2023, 16, 5751. [CrossRef]

19. Accioni, F; Vazquez, J.; Merinero, M.; Begines, B.; Alcudia, A. Latest trends in surface modification for dental implantology:
Innovative developments and analytical applications. Pharmaceutics 2022, 14, 455. [CrossRef]

20. Donati, M.; Ekestubbe, A.; Lindhe, J.; Wennstrom, J.L. Marginal bone loss at implants with different surface characteristics-a
20-year follow-up of a randomized controlled clinical trial. Clin. Oral Implant. Res. 2018, 29, 480-487. [CrossRef]

21. Manoj, A.; Kasar, A K.; Menezes, P.L. Tribocorrosion of porous titanium used in biomedical applications. J. Bio-Tribo-Corros. 2019,
5, 3. [CrossRef]

22. Shrestha, A.; Kishen, A. Antibacterial nanoparticles in endodontics: A review. J. Endod. 2016, 42, 1417-1426. [CrossRef] [PubMed]

23.  Ayala, A,; Muiioz, M.F; Argtielles, S. Lipid peroxidation: Production, metabolism, and signaling mechanisms of malondialdehyde
and 4-hydroxy-2-nonenal. Oxid. Med. Cell. Longev. 2014, 2014, 360438. [CrossRef] [PubMed]

24. Volinsky, R.; Kinnunen, PK.J. Oxidized phosphatidylcholines in membrane-level cellular signaling: From biophysics to physiology
and molecular pathology. FEBS |. 2013, 280, 2806-2816. [CrossRef] [PubMed]

25. Brender, ].R.; McHenry, A.]J.; Ramamoorthy, A. Does cholesterol play a role in the bacterial selectivity of antimicrobial peptides?

Front. Immunol. 2012, 3, 31501. [CrossRef]


https://doi.org/10.5125/jkaoms.2014.40.2.50
https://www.ncbi.nlm.nih.gov/pubmed/24868501
https://www.ncbi.nlm.nih.gov/pubmed/29262027
https://doi.org/10.1155/2016/6285620
https://www.ncbi.nlm.nih.gov/pubmed/27478833
https://doi.org/10.2147/IJN.S78138
https://doi.org/10.3390/jfb14050287
https://doi.org/10.3390/nano10112117
https://doi.org/10.1016/j.actbio.2019.07.028
https://doi.org/10.1016/j.jdent.2019.03.008
https://doi.org/10.3390/jfb12030052
https://doi.org/10.3390/jfb13040247
https://doi.org/10.3390/ma14020342
https://doi.org/10.1111/j.1551-2916.2008.02626.x
https://doi.org/10.1149/2162-8777/aba447
https://doi.org/10.1016/j.surfcoat.2013.09.008
https://doi.org/10.1080/09205063.2016.1214001
https://doi.org/10.1002/slct.201901001
https://doi.org/10.3390/jfb11020042
https://doi.org/10.3390/ma16175751
https://doi.org/10.3390/pharmaceutics14020455
https://doi.org/10.1111/clr.13145
https://doi.org/10.1007/s40735-018-0194-4
https://doi.org/10.1016/j.joen.2016.05.021
https://www.ncbi.nlm.nih.gov/pubmed/27520408
https://doi.org/10.1155/2014/360438
https://www.ncbi.nlm.nih.gov/pubmed/24999379
https://doi.org/10.1111/febs.12247
https://www.ncbi.nlm.nih.gov/pubmed/23506295
https://doi.org/10.3389/fimmu.2012.00195

Materials 2024, 17,5392 10 of 10

26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

Zhang, J.; Li, Q.; Wu, Y,; Wang, D.; Xu, L.; Zhang, Y.; Wang, S.; Wang, T.; Liu, E; Zaky, M.Y.; et al. Cholesterol content in cell
membrane maintains surface levels of ErbB2 and confers a therapeutic vulnerability in ErbB2-positive breast cancer. Cell Commun.
Signal. 2019, 17, 15. [CrossRef]

Zhao, X,; Lian, X; Xie, J.; Liu, G. Accumulated cholesterol protects tumours from elevated lipid peroxidation in the microenviron-
ment. Redox Biol. 2023, 62, 102678. [CrossRef]

Metwally, S.; Stachewicz, U. Surface potential and charges impact on cell responses on biomaterials interfaces for medical
applications. Mater. Sci. Eng. C 2019, 104, 109883. [CrossRef]

Nuss, KM.R.; von Rechenberg, B. Biocompatibility issues with modern implants in bone—A review for clinical orthopedics.
Open Orthop. ]. 2008, 2, 66-78. [CrossRef]

De’rand, T. Reinforcement of porcelain crowns with silicon carbide fibers. J. Prosthet. Dent. 1980, 43, 40—41. [CrossRef]

Brennan, ].J.; Prewo, K.M. Silicon carbide fibre reinforced glass-ceramic matrix composites exhibiting high strength and toughness.
J. Mater. Sci. 1982, 17, 2371-2383. [CrossRef]

Naji, A.; Harmand, M.-F. Cytocompatibility of two coating materials, amorphous alumina and silicon carbide, using human
differentiated cell cultures. Biomaterials 1991, 12, 690-694. [CrossRef] [PubMed]

Mahmud, N.N.; Vajpai, SK.; Ameyama, K. Fabrication of Yttria Stabilized Zirconia-Silicon Carbide Composites with High
Strength and High Toughness by Spark Plasma Sintering of Mechanically Milled Powders. Mater. Trans. 2014, 55, 1827-1833.
[CrossRef]

Gryshkov, O.; Klyui, N.I,; Temchenko, V.P; Kyselov, V.S.; Chatterjee, A.; Belyaev, A.E.; Lauterboeck, L.; Iarmolenko, D.;
Glasmacher, B. Porous biomorphic silicon carbide ceramics coated with hydroxyapatite as prospective materials for bone
implants. Mater. Sci. Eng. C 2016, 68, 143-152. [CrossRef] [PubMed]

Xia, X.; Chiang, C.-C.; Gopalakrishnan, S.K.; Kulkarni, A.V,; Ren, F; Ziegler, K.J.; Esquivel-Upshaw, J.F. Properties of SiCN Films
Relevant to Dental Implant Applications. Materials 2023, 16, 5318. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1186/s12964-019-0328-4
https://doi.org/10.1016/j.redox.2023.102678
https://doi.org/10.1016/j.msec.2019.109883
https://doi.org/10.2174/1874325000802010066
https://doi.org/10.1016/0022-3913(80)90350-9
https://doi.org/10.1007/BF00543747
https://doi.org/10.1016/0142-9612(91)90118-T
https://www.ncbi.nlm.nih.gov/pubmed/1742414
https://doi.org/10.2320/matertrans.Y-M2014835
https://doi.org/10.1016/j.msec.2016.05.113
https://www.ncbi.nlm.nih.gov/pubmed/27524006
https://doi.org/10.3390/ma16155318

	Introduction 
	Materials and Methods 
	Experimental Design 
	Coating and Quaternization Process 
	Cell Viability 
	Scanning Electron Microscopy 
	Data Analysis 

	Results 
	Cell Viability 
	Cell Attachment 

	Discussion 
	Conclusions 
	References

