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Implant-related oral diseases such as peri-implantitis and peri-mucositis are largely initiated by bacterial colonization on artificial implant surfaces. Therefore, implant and abutment material characteristics that minimize bacterial attachment and subsequent biofilm formation are important factors in reducing the risk of infection-related implant failure. This study compares the properties of two different titanium-based implant coating materials, titanium nitride (TiN) and titanium carbon nitride (TiCN). Surface hydrophilicity/ hydrophobicity and roughness were evaluated via contact angle measurements and surface profiling with white light interferometry, respectively. TiN-coated surfaces were hydrophobic according to its contact angle higher than 72.7°, whereas TiCN-coated surfaces were hydrophilic with its contact angle of 53.6°. The average roughness (Ra) was greater for TiCN than TiN with the root mean square roughness (Rq) being significantly higher. These findings are in contrast to the common understanding for titanium-based materials that surface roughness and hydrophobicity are positively correlated. A well-established saliva-based oral microbial biofilm model was employed to compare bacterial attachment and biofilm formation on TiN and TiCN. Growth conditions included relevant host components such as blood as well as the presence or absence of dietary carbohydrates. The accumulated biomass was measured by crystal violet staining and the bacterial community profiles of the attached biofilms were determined via 16S rRNA gene microbiome sequencing at different time points over a 7-day period. At all time points, TiCN showed significantly less bacterial attachment and biofilm formation compared to TiN. This implied the importance of the hydrophilic state over surface roughness as parameter for the prevention of oral microbial attachment. Although, the biofilm community composition was very similar on both materials, environmental growth conditions resulted in significantly different bacterial profiles independent of the surface. In conclusion, TiCN coating produced a unique titanium surface which is rougher but more hydrophilic. TiCN-coated surfaces exhibited reduced bacterial attachment and biofilm formation in comparison to TiN coating. This coating technique can be further explored to improve implant and abutment success.
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INTRODUCTION

Dental implants and implant-supported dentures are widely accepted prosthetic replacements for untimely tooth loss in patients facing functional and esthetic problems. However, the long-term maintenance of dental implants has become a persistent challenge due to complications related to peri-implant tissue-associated diseases such as peri-mucositis and peri-implantitis (1–3). While peri-implant mucositis is a reversible condition involving inflammation of the soft tissues surrounding implant material, peri-implantitis results in irreversible loss of the bone supporting the implant due to inflammation (2, 4–6). The etiology of these diseases is multi-factorial involving host factors, implant material, as well as implant-associated plaque buildup and composition. Among these factors, biofilm accumulation around the implant is a leading cause of inflammation and eventual implant failure (7–9). This detrimental consequence highlights the significant need to identify dental implant materials with drastically reduced affinity for oral microbial colonization.

Mechanical and surface features are important factors in the clinical success of dental implants. Desirable properties of implant materials include being conducive to attachment of bone-generating cells for effective osseointegration and low adherence of microbial cells to reduce biofilm development and subsequent complications of peri-implant infections. Since the inception of dental implants in the 1960s by Branemark et al. (10), the field has focused on the development of implant materials that are biocompatible and resistant to fracture or corrosion (11, 12). To date, titanium and biomedical titanium alloys are the most preferred materials for the fabrication of dental implants (13–15). There are, however, controversial reports regarding the antibacterial nature of titanium. While some studies found that titanium exhibits antibacterial properties (16), other studies showed no inhibitory effect of titanium on oral bacteria (17, 18). Although titanium is considered a “gold standard” for the fabrication of implant materials, an ideal material with all of the desirable properties has not been established.

Surface coating is often employed to improve wear and corrosion resistance along with the hardness of the implant and abutment materials (19–23). Currently, several different types of surface modifications are being utilized for further improvement of titanium and titanium alloys (24). Of these, titanium nitride (TiN) (25, 26) and more recently diamond- like carbon coatings like titanium carbon nitride (TiCN) are gaining popularity due to their tribological properties that render them suitable for biomedical applications (27–31). In addition to favorable physical and chemical properties, ideal implant and abutment materials should also possess antibacterial activities to reduce the risk of infection and implant failure. Though widely investigated, contradictory reports exist for the antibacterial effect of TiN coatings. While several in vitro studies suggested that surface coatings like TiN enhance the antibacterial property of the material (32–34), others reported no significant difference (25, 35). Similarly, an enhanced antibacterial effect of TiCN coatings has been reported against Staphylococcus epidermidis and S. aureus (36), the main pathogens involved in orthopedic implant failure. Most of the aforementioned studies investigated the antibacterial effect of surface coatings against a single species or a consortium of multiple oral species (37). However, with over 700 microbial species in the oral cavity (38, 39) the in-vivo conditions are significantly different from in-vitro conditions in regards to their complexity and composition (40, 41). Although, an in-vitro study (42) used saliva as a source of oral community to study the density and morphology of biofilm formed on various surfaces, the composition of the oral community was not assessed. To date, there are very few reports that use oral community for comprehensive assessment of the implant or abutment surfaces including the TiCN and TiN surface coatings.

In this study, we explored the potential clinical effects of these two surface coatings for abutment materials by characterizing the material-bacterial interaction of TiCN and TiN with the oral bacterial community. Our comprehensive approach included the investigation of the material surface properties, biomass, architecture, and microbial composition of the oral biofilm formed on these two surfaces.



MATERIALS AND METHODS


Surface Characterization

In this study, two titanium-based implant abutment coatings; titanium carbon nitride (TiCN) and titanium nitride (TiN) were compared. The two materials were tested in form of coated titanium discs (a kind gift from Zest Dental solutions), which were standardized to 7 mm in diameter and 2 mm in thickness.


Surface Hydrophilicity (Wettability) Test

To assess surface hydrophilic properties of the TiCN- and TiN-coated discs, a sessile drop method was used (43). Briefly, a drop of 10 μl deionized water was placed on the surface of the disc and the angle was measured by a contact angle meter (CA-X, Kyowa Interface Science, Tokyo, Japan). Three samples from each of the implant material groups were used and all procedures were performed in a clean room under controlled conditions of 20°C and 46% humidity.



Optical Profilometry

The surface roughness of TiCN- and TiN-coated discs was characterized with white light interferometry profiling, which has the capability to resolve, large surface areas with sub-nanometer resolution. To allow better positioning of the discs for imaging, the samples were mounted on a glass slide. Surface measurements were obtained using a WYKO NT-1100 white light interferometer (Bruker, Tucson, AZ) (44). All images were collected in Vertical Scanning Interferometry (VSI) mode sampling. Data analyses, including surface roughness measurements, were calculated according to the corresponding parameters in the Bruker, Wyko Optical Profilometry software. Average parameters for identically sized 4–5 different regions selected by the operator as representative of each quadrant were used. The calculated surface roughness average (Ra), and root mean square roughness (Rq), were defined as the main height calculated over the entire measured length or area and as the average between the height deviations and the mean surface taken over the evaluation area, respectively (as defined in the software parameters for the Veeco, Wyko Optical Profiler).




Oral Microbial Community and Culture Conditions

The TiCN- and TiN-coated discs were sterilized by autoclaving at 121 psi for 30 min and placed into sterile 24-well culture plates prior to inoculation for biofilm growth. Human saliva-derived oral community was grown anaerobically (10% CO2, 10% H2, and 80% N2) at 37°C according to previously described protocols (45, 46). Briefly, 100 μl of a pooled saliva stock that was collected under UCLA-IRB 11-002483 was grown in 1 ml of SHI medium (45) for 17–18 h under anaerobic conditions. Prior to use, the overnight grown oral community was pelleted and washed with 1XPBS (phosphate-buffered saline). For biofilm seeding, cells corresponding to an optical density of 0.1 at 600 nm were diluted in 50% SHI medium alone or 50% SHI medium supplemented with 0.5% sucrose (Scr) and 0.5% mannose (Man). One milliliters of this diluted oral community was seeded into sterile 24-well polystyrene plates (Fisher Scientific) containing the sterilized discs and incubated under anaerobic conditions (10% CO2, 10% H2, and 80% N2) at 37°C for up to 7 days. The biofilm communities were assessed after 1 (day1), 3 (day3), and 7 (day7) days. For all experiments, medium was carefully removed at the end of the respective incubation period; the discs were gently transferred into new 24-well-polystyrene plates and washed one time with 1 ml sterile PBS prior to further processing.



Crystal Violet Assay

The biomass of the biofilms accumulated on the titanium discs with TiCN and TiN coatings was assessed using the crystal violet assay as described earlier (47). Briefly, the PBS-washed discs were placed into a 24-well-polystyrene plate and incubated in 1 ml of methanol for 15 min for fixation of the biofilm. After removal of the methanol, the biofilms were submerged in 1 ml of 0.5% crystal violet aqueous solution for 15 min. The discs were then carefully transferred to a new 24-well-polystyrene plate and washed four times with distilled water to remove excess crystal violet and ensure complete removal of residual dye. After the final wash, 1 ml of 95% ethanol was added and the plate was incubated at room temperature on a rotatory shaker at 100 rpm for 15 min. The ethanol solution containing the crystal violet stain retained by the biofilms was transferred into 1.5 ml cuvettes (USA Scientific) and the optical density at 570 nm was determined for total biomass evaluation. All experiments were performed as biological and technical triplicates.



Scanning Electron Microscopy

Bacterial biofilm morphology formed on the TiN- and TiCN-coated discs after a 7-day incubation period in the presence of Scr and Man was visualized via scanning electron microscopy (SEM, ZEISS Supra 40 VP) at the Electron Imaging Center for Nano Machines (EICN), University of California Los Angeles (UCLA) according to previously published protocol (48). Briefly, after 7 days of biofilm growth, the discs were washed gently in 1XPBS and fixed with 2.5% glutaraldehyde for 1 h followed by dehydration in a graded ethanol series of 10, 30, 50, 70, 90, and 100% absolute ethanol. The dehydrated specimens were further dried with a critical point drying apparatus (Tousimis Autosamdry-810), sputter-coated with Iridium (South Bay Technology Ion Beam Sputtering / Etching System), and imaged with SEM (49) at 10.0 kV electron high tension (EHT). The working distance was (WD) 17 mm and the images were captured with secondary electron (SE) mode.



DNA Extraction, PCR, and Denaturing Gradient Gel-Electrophoresis

Microbial cells were harvested from the TiCN- and TiN-coated discs by scraping with a sterile pipette tip in 500 μl of 1X PBS. The microbial cells were then pelleted and total genomic DNA was isolated using the Master Pure™ DNA purification kit (Epicenter) with some minor modifications (50). The concentration of bacterial DNA was determined with a Nanodrop 2000 (Thermo Scientific).

For denaturing gradient gel electrophoresis (DGGE), a 300 bp region of the 16S ribosomal RNA encoding gene was amplified from the genomic DNA using the universal 16S rRNA specific primers Bac1 with a GC clamp (5′-CGC CCG CCG CGC CCC GCG CCC GTC CCG CCG CCC CCG CCC GAC TAC GTG CCA GCA GCC-3′) and Bac2 (5′-GGA CTA CCA GGG TAT CTA ATC C-3′) (51). The PCR was performed in a total reaction volume of 50 μl, containing 25 μl of 2X GoTaq® Green Master Mix (Promega), 0.5 μM each of forward and reverse primers and 50 ng of genomic DNA. The PCR conditions consisted of an initial denaturation for 3 min at 95°C followed by 35 cycles of denaturing at 95°C for 1 min, annealing at 56°C for 1 min, and elongation at 72°C for 30 s. After 35 cycles of amplification, an additional elongation step was performed at 72°C for 5 min. Before separating the PCR products via DGGE, PCR amplification was confirmed by electrophoresis on a 1.0% agarose gel. Further, the Bio-Rad DCode™Universal Mutation Detection System (Bio-Rad Laboratories, Inc., Hercules, CA) was used for running the DGGE. Before the electrophoresis, gradient gels ranging from 40 to 60% denaturant were prepared with denaturing urea and formamide. Approximately 45 μl of the PCR product were loaded into each well and the PCR products were separated by electrophoresis at 60 V for 17–18 h at 58°C. After electrophoresis, the gels were stained with SYBR safe and imaged with the Molecular Imager Gel Documentation system (Bio-Rad Laboratories).



16S rRNA Gene Sequencing and Data Analysis

Microbiome sequencing of the 16S rRNA gene was performed according to the earth-microbiome project protocols (https://earthmicrobiome.org/protocols-and-standards/16s/) at Laragen Sequencing and Genotyping (Culver City, CA, USA). Briefly, the modified 506f (52) and modified 806r primers (53) were used for amplification of the V4 region of the 16S rRNA gene (506f: GTGYCAGCMGCCGCGGTAA and 806r: GGACTACNVGGGTWTCTAAT).

Demutiplexed paired-end sequences were obtained from Laragen Inc and imported into Qiime2 v2020.11 (54). Low quality sequences containing bases with Phred quality values <20 were trimmed and denoised using the DADA2 package (55). The amplicon sequence variants (ASVs) generated after merging the paired ends were taxonomically assigned by comparison to the HOMD database (56). Alpha and beta diversity analyses were performed using the core metrics plugin in QIIME 2. The Shannon's index diversity measure was used for calculating alpha diversity, while weighted unifrac was used for assessing beta diversity. For calculations, the data were rarefied to 34,900 sampling depth, the lowest number of sequences found amongst all samples.



Statistical Analysis

Statistical comparisons were performed using GraphPad Prism (version 9.1.0, GraphPad Software, San Diego, California USA). The significance of alpha diversity measures was assessed by the Kruskal Wallis test, and beta diversity measures were evaluated using analysis of similarity (ANOSIM) with 999 permutations in Qiime2 (54).




RESULTS


Surface Characterization

The surface properties of two different titanium-based implants coatings: TiCN and TiN, were analyzed for hydrophilicity and roughness. Wettability assessment revealed a larger spread area of the water droplet on TiCN-coated titanium discs compared to the firm semispherical shape of the water droplet formed on TiN (Figure 1A). This translated into average contact angles of 53.6 ± 1.6° and 72.7 ± 2.4°, respectively, and thus significantly higher hydrophilicity of the TiCN-coated surface compared to the TiN-coated one (Figure 1B).


[image: Figure 1]
FIGURE 1. Hydrophilicity evaluation of titanium carbon nitride (TiCN) and titanium nitride (TiN) coatings by contact angle measurement of 10 μl ddH2O. (A) Representative images of 10 μl ddH2O placed on TiCN (upper panel) and TiN (lower panel) coatings. (B) A histogram representing the average contact angles with standard error of mean on TiCN (gray bars) and TiN (yellow bars) coatings. *indicates significant differences of p < 0.05.


Furthermore, the topography of the two different surface coatings was evaluated via interferometric analysis using white light. The measurements of Ra and Rq parameters revealed lower values for the TiN-coated discs in comparison to TiCN-coated discs (Figure 2A). While TiCN-coatings resulted in rougher surfaces (Ra: 0.94 ± 0.20 μm; Rq: 1.51 ± 0.38 μm) compared to TiN (Ra: 0.66 ± 0.02 μm; Rq: 0.88 ± 0.20 μm), only the difference in Rq was significant. Representative images are shown in Figure 2B.


[image: Figure 2]
FIGURE 2. Roughness measurements of TiCN and TiN coatings by white light interferometry. (A) A histogram comparing the Ra (surface roughness average) and Rq (root mean square roughness) values between the two types of coatings. The average Ra and Rq values are shown with standard error of mean. (B) Representative images of TiCN (upper panel) and TiN (lower panel) coating measurements are shown. *indicates significant differences of p < 0.05.




Biofilm Formation

Next, the impact of differential surface properties of the coating materials on bacterial attachment and biofilm formation was investigated. Biofilm formation was assessed at three different time points (day1, day3, and day7) in the presence and absence of the carbohydrates Scr and Man (Figure 3). For the biofilm growth conditions without addition of Scr and Man only the day3 and day7 results are shown, since day1 biofilms were very loose and easily detached, which hampered accurate measurements (Figure 3A). Even though the biomass increased over time, biofilm accumulation overall remained significantly lower on the TiCN-coated discs compared to their TiN-coated counterparts independent of growth condition at all time points (Figure 3).


[image: Figure 3]
FIGURE 3. Biomass determination of oral microbial biofilm formed on the surfaces of TiCN- and TiN-coated discs using the crystal violet assay. Shown are the biomass of the biofilms formed on TiCN (gray bars) and TiN (yellow bars) in 50% SHI medium (A) without Scr and Man supplementation, and (B) in the presence of Scr and Man. *indicates significant differences of p < 0.05.


Further, the architecture of 7-day old biofilms grown in the presence of Scr and Man on both the TiCN- and TiN-coated discs was visualized with SEM (Figure 4). The biofilm architecture was distinct with long rod-shaped bacteria and cocci forming a loose network on the TiCN-coated discs (Figure 4A). In contrast, for the TiN-coated discs a dense mat of predominantly short rod-shaped bacteria was evident with an apparent lower number of cocci present (Figure 4B).


[image: Figure 4]
FIGURE 4. Visualization of oral microbial biofilms formed on (A) TiCN and (B) TiN coatings via scanning electron microscopy (SEM) after 7 days of biofilm growth in 50% SHI medium with Scr and Man.




Microbial Composition Analysis

Screening of biofilms by DGGE revealed that their overall community profile was very similar for both types of surface coating materials when grown under the same growth conditions (with/without Scr and Man) (Figure 5). However, the microbial community composition appeared to greatly vary depending on the presence or absence of Scr and Man. Addition of these carbohydrates resulted in lower diversity compared to biofilms grown in unsupplemented medium (Figures 5A,B).


[image: Figure 5]
FIGURE 5. Denaturing gradient gel electrophoresis (DGGE) profiles of the oral microbial biofilms on TiCN and TiN coatings grown in 50% SHI medium (A) in the absence (B) and presence of Scr and Man.


Species-level microbial composition analysis via 16S rRNA gene sequencing further confirmed that the communities grown without Scr and Man were more diverse in contrast to the biofilms formed in their presence, independent of the type of disc surface coating (Figure 6). Under Scr and Man supplemented conditions, gram positive species such as members of the genus Streptococcus and Lactobacillus dominated the community. Specifically, on day3 the genus Streptococcus represented by S. agalactiae, S. salivarius, and S. anginosus comprised about 75% of the community on both TiCN and TiN, while the relative abundance of L. fermentum was 20.3% on TiCN and 22.3 % on TiN (Figure 6). Further incubation to day7 resulted in a decrease in relative abundance of streptococci to 42.3% on TiCN and 61.1% on TiN, which was accompanied by an increase of L. fermentum relative abundance to 37.9 and 35.1%, respectively. Although preferential attachment of Fusobacterium sp. HMT_203 and Porphyromonas pasteri was observed on TiCN-coated discs after 7 days of incubation compared to TiN, these differences were not significant. On the other hand, without addition of the carbohydrates, the community had a more diverse profile with comparable representation of both gram-positive and gram-negative species (Figure 6). Similar to biofilm growth in the presence of Scr and Man, no significant differences in microbial biofilm composition were observed between the two types of surface coatings. Although S. agalactiae was still the most dominant species at day3 (22.0–29.3% on TiCN and TiN, respectively) which reduced to 7.8 and 5.7%, respectively, on TiCN and TiN at day7, the levels of L. fermentum were drastically reduced both at the day3 and day7 time points.


[image: Figure 6]
FIGURE 6. Species level microbial composition determination of TiCN and TiN surface-associated oral biofilms via 16S rRNA gene sequencing. Bar plots represent the relative abundance of species present in the oral biofilm communities formed on TiCN- and TiN-coated discs on day3 or day7 after growth in the absence or presence or of Scr and Man.




Alpha and Beta Diversity

Next, alpha diversity was compared between biofilm communities grown on TiCN and TiN surfaces in the presence and absence of Scr and Man by measuring the Shannon's index. While the biofilm growth conditions were a major driver of alpha diversity, the two different titanium-based surface coatings were not (Figure 7). Significantly lower alpha diversities were observed for biofilms grown in the presence of carbohydrates compared to those grown without, irrespective of the type of surface coating. In contrast, microbial communities that accumulated on TiCN- and TiN-coated discs under the same growth condition displayed no significant differences in alpha diversity.


[image: Figure 7]
FIGURE 7. Alpha diversity analysis of TiCN and TiN surface coatings associated oral microbial biofilm communities. Box plots representing the alpha diversity of oral biofilms formed on TiCN (gray box plot) and TiN (yellow box plot) in the absence and presence of Scr and Man are shown. The whiskers represent minimum to maximum value and a line in the box represent the median. Alpha diversity is measured by Shannon's index representing mean species richness. ****indicates significant differences of p < 0.0001.


Further, the differences and similarities between the communities were assessed using the weighted unifrac distance measure. Similar to alpha diversity, no significant differences in beta diversity were observed for the biofilms based on the type of the titanium-based surface coating (TiCN or TiN) they were grown on (Figure 8A). The communities between the two different growth conditions, however, differed remarkably (Figure 8B). The biofilm communities grown with or without the addition of carbohydrates continued to change from day3 to day7 (Figure 8C) showing a significant shift in communities (p = 0.031 and 0.029, respectively).


[image: Figure 8]
FIGURE 8. Beta diversity analysis of oral microbial biofilm communities formed on TiCN and TiN coatings evaluated by weighted unifrac. Principal coordinate analysis (PCoA) is plotted according to (A) the type of coating: TiCN (gray circles) and TiN (yellow circles) (B) growth conditions: without Scr and Man (red circles); with Scr and Man (blue circles) and (C) both growth conditions and time points: without and with Scr and Man day3 (open green circles and closed green circles, respectively) and without Scr and Man day7 (open orange circles and closed orange circles, respectively). The p-values obtained by analysis with 999 permutations in ANOSIM are shown with in the panels.





DISCUSSION

Biofilm accumulation on implant and abutment materials remains a major cause of oral implant failure. In this study, the surface properties of two titanium-based implant abutment coatings, TiCN and TiN, and their effect on the biomass and composition of oral biofilms was investigated. The results of the study revealed that the TiCN-coated discs accumulated less oral biofilm biomass in comparison to the discs coated with TiN. However, the microbial composition of the community that attached to both these surfaces was very similar.

Microbial adhesion on a biomaterial surface can be attributed to several factors such as surface roughness, surface free energy (35) and chemical composition of the material (57–59). In this study, the surfaces of two titanium-based coatings were characterized using a wettability test and optical interferometry assays. While the wettability test revealed a more hydrophilic surface for the TiCN coating (Figure 1), the surface roughness parameters (Ra and Rq) suggested that TiCN was rougher than TiCN (Figure 2). This is an unusual observation for titanium-based materials, for which roughness is generally correlated with hydrophobicity instead of hydrophilicity and indicates that other factors may play a role. In addition, lower oral biofilm biomass accumulation was observed for TiCN-coated disc (Figure 3) suggesting that surface free energy/hydrophilicity and not surface roughness was the relevant factor in bacterial adhesion. Currently, there is no consensus regarding a lower biofilm accumulation to either hydrophilic or hydrophobic surfaces. In this study lower biofilm biomass was observed on a more hydrophilic surface. Similar to findings of this study, other studies have also demonstrated that hydrophilic surfaces accumulate less biofilm biomass (60–62).

Adhesion of bacteria on a surface is affected by a multitude of factors other than the physical and chemical properties of the material. In addition to the properties of the biomaterials, bacterial cell surface properties also affect adhesion (63), which can be very different in a heterogeneous microbial community. Therefore, it is necessary to assess the impact of an oral community that mimics the bacterial community present in in vivo conditions. In this study, we used well-established biofilm growth conditions that represented the diversity of oral bacterial community similar to the salivary microflora (45). Although in vitro conditions are significantly different than the in vivo conditions existing in the oral community (40, 41), investigation with oral community rather than single or multispecies biofilm is essential for getting relevant insight into the behavior of the dental materials.

The differential architecture of the biofilm grown on the TiCN and TiN coatings as observed via SEM further reveals the complexity of bacterial adhesion on a surface. Based on the surface properties, the initial bacterial population that adheres to the surface can be different resulting in a looser biofilm as seen on TiCN or a denser one as observed on TiN (Figure 4). However, a further investigation of the microbial composition, on the two titanium-based coatings revealed that the community that attached to both types of coatings was very similar (Figures 5, 6). The differences seen in the bacterial morphology can possibly be explained by the fact that the same bacterial species, based on the surface they attach to, can exhibit different morphological characteristics (64).

To further understand if microbial community differences can play a role in the bacterial attachment to the two different coatings, the oral biofilm was grown in the presence and absence of Scr and Man. As expected, 16S rRNA gene sequencing analysis revealed a less diverse community for biofilm growth conditions with carbohydrates which was more diverse in their absence. Addition of Scr and Man facilitate preferential growth of Streptococcus spp. while the absence results in a more diverse microbial community (65, 66). However, between the two different titanium-based coatings, there was no difference in the overall composition of the attached oral biofilm (Figure 6). A few other studies, utilizing single strand conformation polymorphism (SSCP) of the 16S rRNA gene have similarly reported that the oral biofilm composition did not change between various biomaterials tested (67, 68).

Alpha- and beta- diversity analyses (Figures 7, 8), further revealed that these measures were very similar between the two types of titanium-based coatings. Growth conditions, however, were the main drivers for diversity and dissimilarities/similarities between the communities. Interestingly, the oral communities in the absence of Scr and Man showed further diversification in bacterial composition between day3 and day7, while in the presence of Scr and Man the community differed mostly with respect to the abundance of Streptococcus and Lactobacillus species. This is in agreement with several other studies which suggest that addition of Scr and Man result in highly skewed communities with abundance of Streptococcus and Lactobacillus species (65, 66).

In conclusion, although both the titanium-based implant abutment coating surfaces showed similar composition of the bacterial species, biofilm accumulation on TiCN coating was significantly lower than on the TiN coating. For these surfaces, hydrophilicity seems to be the driving factor for the level of biofilm accumulation rather than the surface roughness. The TiCN coating tested in this study displayed the interesting characteristic of being more hydrophilic despite being rougher than the TiN-coated surface. To further establish possible clinical advantages of TiCN over TiN coating of implant abutment materials, in vivo assays are necessary including interaction with host environmental factors and tissue cells.
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