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Abstract
Objectives: The purpose is to characterize the surface properties 
of specimens coated with titanium nitride (TiN) and to investigate 
the in vitro biofilm formation on TiN coated specimens.

Methods: Ti6Al4V specimens were coated with a <1 µm thick 
coating of TiN. Surface roughness, surface chemistry, and 
wettability were measured using 2D stylus profilometry, SEM/EDX, 
XPS, XRD, and contact angle analysis, respectively. The specimens 
were preconditioned with artificial saliva and thereafter incubated 
with a coculture of Streptococcus sanguinis, Actinomyces oris, and 
Porphyromonas gingivalis. Biofilm formation was evaluated with 
plate counts, qPCR, Live/dead, and Crystal Violet staining.

Results: Except for surface chemistry no significant differences 
regarding surface characteristics were found. EDX analysis 
showed oxygen content of the outermost part of the TiN coating, 
which was confirmed with XPS. XRD also showed the presence 
of TiNxOy compounds. Viable counts of the bacterial load on TiN 
after 24 hours incubation showed a log 2 reduction (p<0.05), but no 
difference was seen with qPCR.

Conclusion: TiN coatings are covered by a thin layer of TiNxOy. 
A biological effect could be shown based on bacterial viability. Its 
potential benefit for a dental application and the elucidation of the 
underlying mechanism require further investigation.
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modifications can be categorized as non-adhesive, bactericidal, or 
combined non-adhesive and bactericidal [2,13,15,16].

Titanium nitride (TiN) has been used for several years for coatings 
of medical devices, such as surgical instruments, hip replacement 
implants, and dental implant devices. Physical Vapour Deposition 
(PVD) is one of the most commonly used techniques for deposition 
of TiN. With PVD, TiN is formed by the reaction of pure titanium 
and nitrogen gas in a vapour phase before deposition. The coating 
thickness is typically in the range of one to some microns. TiN is a 
very hard ceramic material with favourable characteristics such as 
improved resistance against wear and corrosion [17-19].

TiN coatings are used for customized dental abutments 
(ATLANTIS abutments, Dentsply Sirona Implants) due to its golden 
colour, but different in vitro and in vivo studies have shown that TiN 
coatings reduce bacterial adhesion [20-22]. Using monocultures of 
Streptococcus sanguinis (S. sanguinis) and Streptococcus mutans (S. 
mutans), and an incubation time of 1 hour, the amounts of adhering 
bacteria were measured with fluorescence microscopy [20]. A 
statistically significant reduction of S. sanguinis, but not S. mutans, 
was found on TiN compared to Ti [20]. In another study using 
intraoral splints and 60 hours intraoral exposure, lower bacterial cells 
counts were found on TiN compared to Ti, by evaluating with SYBR 
green staining and fluorescence microscopy [21]. Scarano et al. also 
performed a study with intraoral exposure of Ti and TiN, but for 24 
hours [22]. They evaluated the bacterial adherence with Scanning 
Electron Microscopy (SEM) and reported a lower percentage of 
implant surface coverage of bacteria on TiN compared to Ti [22].

The mechanisms behind the antibacterial effect of TiN are not well 
understood, although there are hypotheses that relate to the impact of 
electron transfer and surface resistivity on bacterial adhesion to Ti-
O-N [23,24]. Thus, there is limited knowledge on the possible mode 
of action of anti-biofilm properties of TiN. Therefore, the purpose 
of this study is to characterize the surface properties of TiN and to 
investigate biofilm formation on TiN using different in vitro methods.

Materials and Methods
Surface preparations

Circular discs (Ø: 6.25 mm, thickness: 2 mm) of titanium alloy 
(Ti6Al4V) were used in the study. The specimens were cleaned, and 
dried in ambient temperature. Half the amount of specimens served 
as a control and were not subjected to any further surface treatment. 
Using Physical Vapor Deposition (PVD), 0.5-1 µm thick coatings of 
TiN were deposited on the other specimens. After TiN coating, the 
specimens, as well as the uncoated controls, were packaged in plastic 
containers, and sterilized with electron beam irradiation.

Surface characterization

Scanning electron microscopy/energy dispersive X-ray analysis 
(SEM/EDX): Surface morphology and surface chemistry were 
analyzed with Environmental Scanning Electron Microscopy (XL30 
ESEM, Philips, Netherlands) / Energy Dispersive Spectroscopy 
(Genesis System, EDAX Inc., US) at an acceleration voltage of 30 
kV (SEM analysis) or 10 kV (EDX analysis), at a 500x magnification. 

Introduction
Biomaterial associated infections are challenging to treat due to 

bacterial biofilm formation [1-4]. Infections around dental implants 
with bone loss (so called peri-implantitis) may occur both shortly 
after implantation as well as after several years [5,6]. Some risk factors 
are patient related, such as a prior history of periodontitis, plaque 
accumulation/poor oral hygiene, and smoking [7,8]. However, the 
possible impact of product properties on the risk, progression, and 
resolution of peri-implantitis has also been investigated and discussed 
[9-11]. It is hypothesized that anti-biofilm surface modifications 
may have a counteracting effect in the progress of infection and 
thereby reducing the risk of infection [2,12-14]. Antibacterial surface 
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Three specimens per surface group were analyzed at three different 
areas (n=9). In addition, EDX was used to analyze a cross section 
made with ion etching (6 kV).

X-ray photoelectron spectroscopy (XPS): Surface chemistry was 
also analyzed with X-ray Photoelectron Spectroscopy (XPS, Physical 
Electronics, US), which is a more surface sensitive technique than 
EDX. As X-ray source monochromatic AlKα was used. The beam was 
focused to 100 µm in diameter. Two samples per surface group were 
analyzed at three different areas (n=6).

X-ray diffraction (XRD) and gracing incident angle X-ray 
diffraction (GIXRD): X-ray diffraction and gracing incident angle 
x-ray diffraction was used to identify the presence of crystalline 
phases and structuring in the metal phase. The samples were analyzed 
using a Siemens D5000 diffractometer utilizing CuKa radiation 
(lambda=1.54056 Å) and a fast scan position sensitive detector (PSD). 
Two samples per surface group were analyzed at three different areas 
(n=6).

2D Stylus profilometry: The surface roughness was measured 
with 2D stylus Profilometry (Hommel T1000 wave, Hommelwerke 
GmbH, Germany). A vertical measuring range of 320 µm and an 
assessment length of 4.8 mm were used. Three specimens of each type 
were included in the analysis, and three measurements per specimen 
were performed (n=9). The surface roughness in terms of arithmetic 
mean value of vertical deviations of the roughness profile from a 
mean line (Ra) was calculated after using a filtering process, with cut-
off at 0.800 mm.

Contact angle analysis: In order to investigate the wettability, 
contact angles were measured using a contact angle measuring 
system (Drop Shape Analysis System DSA 100, Kruss GmbH, 
Germany). Measurements (n=6 per surface group) were performed 
with deionized water (1 µl drop, 0.5mm needle diameter).

Evaluation of biofilm formation

Preparation of bacterial inoculums: All bacterial strains used in 
the present study were ordered from Culture Collection University of 
Gothenburg (CCUG, Gothenburg, Sweden): Streptococcus sanguinis 
(S. sanguinis, CCUG 17826), Actinomyces oris (A. oris, CCUG 60842), 
and Porphyromonas gingivalis (P. gingivalis, CCUG 25893T). Streak 
plates were made for S. sanguinis and A. oris by culturing for 18-24 
hours on horse blood agar plates and for P. gingivalis by culturing 
4-5 days on FAA plates. Colonies of S. sanguinis, A. oris, and P. 
gingivalis were inoculated to 5 ml BHI with supplements: glucose 10 
g/l, cysteine hydrochloride 0.5 g/l, yeast extract 5 g/l and inactivated 
horse serum 10% and grown anaerobically at 37 ± 1°C. The optical 
density was adjusted to 0.1 at 600 nm, which equals to 1-3×107 CFU/
ml for S. sanguinis, A. oris, and P. gingivalis according to Perismay and 
Kolenbrander [25]. The species were mixed to obtain the coculture 
and diluted so that the final bacterial load was 3×105 CFU/ml of each 
species.

Preconditioning of test specimens: Test specimens were 
prepared aseptically and preconditioned with artificial saliva [26] for 
one hour at room temperature to allow pellicle formation [27].

Film contact method: A film contact method [28] was used 
to evaluate antibacterial activity. Pre-conditioned TiN coated and 
uncoated Ti6Al4V specimens were put in respective well of a 12 well 
plate (n=3) and the coculture was inoculated on the specimens. As 
control to check that bacteria grow as anticipated, the same volume 
of bacteria in supplemented brain heart infusion (BHI) was pipetted 

in one well of a 12-well plate. Thin transparent plastic films à 5 mm 
were punched, and sterilized using 70% ethanol followed by drying 
in a laminar air flow (LAF) chamber. A 15 µl drop of bacteria in 
supplemented BHI was applied on each specimen. One thin plastic 
film per specimen was carefully placed over the inoculums so that the 
inoculums were evenly spread over the specimen surface, ensuring 
good contact. Directly after inoculation a “0” sample was taken 
from the control sample only. After incubation under anaerobic 
conditions for 24 hours at 36 ± 1°C, the film of each specimen was 
aseptically removed and washed by pipetting 1 ml phosphate buffer 
solution (PBS) over the surface into a separate 2 ml Eppendorf tube 
per specimen. Then the specimens were transferred to the same 
Eppendorf tubes as used when washing the film. First each specimen 
surface was washed by pipetting the very same PBS as the film was 
previously washed with. Next, the specimens were sonicated for 1 
minute and vigorously vortexed for 1 minute in the very same tube 
as previously used when washing the film. Serial dilutions and plate 
count were performed. Plates were incubated for 24 hours and colony 
numbers were counted and recorded.

Static assay: The static assay was performed according to the 
previous publication [29]. A synthetic soft tissue was prepared with 2 
mg/ml collagen, 0.05% mucin and 6.8% serum proteins, and cured at 
37°C for one hour. 15 µl bacterial suspensions of the coculture of S. 
sanguinis, A. oris, and P. gingivalis were added to the gel casted wells 
and incubated for 15 minutes to allow bacterial colonization in the 
gel. Then the preconditioned test specimens were applied in triplicate 
on top of the gel. After incubation under anaerobic conditions for 
24 hours at 37°C under humid conditions (>75%) three different 
evaluations were performed.

Analysis of zone of inhibition: Evaluations were done by 
photography and assessment of zone of inhibition.

Plate counts of bacterial load in synthetic soft tissue and on 
specimens: The gel exposed to the specimens was punched à 19.6 mm2 
and 2.1 mm deep, and enzymatically broken down in a total volume 
of 1 ml PBS. Then the solution was serial diluted and spread on plates 
in duplicates. The titanium specimens were removed and transferred 
to 1 ml PBS. The bacteria were recovered by vortexing and sonication, 
and then serial diluted and spread on plates in duplicates.

Quantitative Polymerase Chain Reaction (qPCR) analysis of 
amounts of bacterial DNA: Bacterial samples were recovered from 
the test specimens and pelleted, and then stored at -20°C until DNA 
isolation. For DNA extraction, the pelleted cells were resuspended 
and lysed with lysozyme-containing TE Buffer. Once the cells were 
lysed the extracted proteins and RNA were discarded before the DNA 
was extracted by spin column purification steps including binding of 
the DNA followed by washing of bound DNA and elution of clean 
DNA to DNAse/RNAse free Eppendorf tubes. Concentration of 
DNA extracts and quality was determined by using a DropSense 96 
spectrophotometer. Primers were selected from literature (Table 1). 
For qPCR analysis the plate was set with mastermix (TATAA SYBR 
GrandMaster mix, DNAse/RNAse free water, Primermix, dsDNAse 
and DTT) and DNA samples. Three different standard curves were 
included, one for each bacterial species. All samples were run in 
triplicate and then in the qPCR reaction as duplicate. The qPCR was 
run with decontaminated mastermix and according to a program 
shown in Table 2. 

Crystal violet staining: The Crystal violet staining was performed 
according to Djordjevic et al. [30], with slight modifications. 
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Preconditioned specimens were transferred to a 48 well plate and 
moved to an anaerobic box at 37°C where 500 µl coculture was 
inoculated to each well, at a final load of 2.5×105 CFU/well. As sterile 
control, media without bacteria was used as blank. After incubation for 
4 hours, 24 hours, and 96 hours, respectively, the medium from each 
well was gently removed and discarded and each specimen was gently 
washed in prefilled wells containing 500 µl sterile water to remove 
loosely associated bacteria. The specimens were then transferred to 
a new 48-well plate and allowed to dry in air for 45 minutes before 
staining with 1% (w/v) crystal violet for 45 minutes. After staining, the 
crystal violet solution was removed and discarded and the specimens 
were rinsed thrice with distilled water by dipping in sterile water. The 
stain was then extracted by adding 95% ethanol for 45 minutes upon 
and by sonication for 5 minutes in the ultrasound bath Bransonic 
according to Bjerkan et al. [31]. Extracted stain was transferred à 100 
µl in duplicate to a 96-well plate and absorbance measured at OD 595 
nm in a microtiterplate spectrophotometer, Epoch.

Baclight live/dead staining: Preconditioned specimens were 
transferred to a 48 well plate and moved to an anaerobic box at 37°C 
where 500 µl coculture was inoculated to each well, at a final load of 
2.5x105 CFU/well. After incubation for 24 and 96 hours, the medium 
from each well was gently removed and discarded. Each specimen was 
then gently washed in prefilled wells containing 500 µl sterile water to 
remove loosely associated bacteria. The 40 l prepared Filmtracer Live/
Dead solution (1:1 SYTO®9 stain: propidium iodide stain), in sterile 
distilled water, was added on top of each specimen. After incubation 
for 20 to 30 minutes in darkness, excess stain was gently rinsed with 
filter-sterilized water.

Confocal Laser Scanning Microscopy (CLSM) was used for 
analysis. Z-stack images were obtained from CLSM and combined 
to obtain 3D images. The average thickness of the biofilm was 
determined by representative side view images.

Results
Surface characterization

No differences in terms of surface morphology could be detected 
between Ti6Al4V and TiN (Figure 1), and the EDX analysis showed 
expected composition of Ti6Al4V and TiN, respectively (Table 3). 
The EDX analysis of the cross section confirmed Ti and N content 
of the coating, but also oxygen in the outermost part of the coating 
(Figure 2). The XPS analysis also showed the presence of oxygen in 
the outermost part of the TiN coating (Table 3). The XRD analysis 
confirmed the presence of TiNxOy compounds in the TiN coating 
(Figure 3).

The surface roughness (Ra) was 0.20 ± 0.07 µm for Ti6Al4V and 
0.24 ± 0.06 µm for TiN, which was not statistically significant different 
(p>0.05). The contact angle of Ti6Al4V (63 ± 5°) was slightly lower 
than the contact angle of TiN (70 ± 3°), but not statistically significant 
(p>0.05) as evaluated with a t-test (SPSS Inc., US).

Evaluation of biofilm formation

Film contact method: Viable counts of the bacterial load on TiN 
showed a log 2 reduction (p<0.05) in comparison to Ti6Al4V (Table 
4). 

Static assay: No zones of inhibition could be detected for any of 
the test specimens. Plate counts of the bacterial load on test specimens 
showed a log 2 reduction (p<0.05) on TiN in comparison to Ti6Al4V 
(Table 5), but no difference in bacterial load in the synthetic soft 
tissue. Furthermore, no differences of bacterial load on Ti6Al4V 
and TiN, respectively, were found when analyzing bacterial DNA 
amounts with qPCR (Figure 4).

Crystal violet staining: The average biofilm mass increased with 
time of incubation for Ti6Al4V and TiN (Figure 5). The biofilm 
mass after 24 hours incubation was larger (p<0.05) on TiN than on 
Ti6Al4V (Figure 5).

Baclight live/dead staining: The CLSM images indicated mainly 
live bacteria after 24 hours, but more dead bacteria after 96 hours 
(Figure 6). The average thickness was lower on TiN compared to 
Ti6Al4V (Figure 7).

Discussion
Plate counts in the present study indicated an anti-biofilm activity 

of TiN compared to Ti6Al4V, but no difference was found with 
qPCR and Crystal violet staining. The surface modifications were 
characterized in terms of surface chemistry, surface morphology, 
surface roughness, and wettability, and except for surface chemistry 
no significant differences regarding surface characteristics were 
found.

The surface structure and composition of biomaterials are of high 
importance for its clinical outcome, and are always different from its 
bulk composition and structure. Thus, surface-sensitive techniques are 
needed for proper surface characterization. In the present study XPS 
analysis was used to determine what kind of elemental compositions 
that can be found on the surfaces of the two different sample groups, 
TiN and Ti6Al4V respectively. These results are compared with EDX 
analysis of corresponding samples in order to compare the surface 
composition with the bulk. The surface compositions obtained from 
the both elemental analyses are summarized in Table 3.

Species Name Sequence

S. sanguinis
SsF GAT ACA TAG CCG ACC TGA G
SsR CCC ATT GCC GAA GAT TCC

A. oris
AvF GGC TGC GAT ACC GTG AGG
AvR TCT GCG ATT ACT AGC GAC TCC

P. gingivalis
PgF TGG GTT TAA AGG GTG CGT AG
PgR CAA TCG GAG TTC CTC GTG AT

Table 1: Primer sequences specific to 16S rRNA according to Perisamy et al, 2009 [50]. Annealing temperature was 60°C.

Step 1 Hold 95°C, 30s
Step 2 Cycling x40 95°C, 5s 62°C, 15s 72°C, 10s
Step 3 Melt 95°C, 5s 60°C, 15s 95°C, 15s

Table 2: Program used for the qPCR analysis.
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Figure 1: SEM images of Ti6Al4V (1A) and TiN coated (1B). Magnification is 500X.

Figure 2:  EDX analysis of a cross section of a TiN coating.

Figure 3: XRD/GIXRD analysis of TiN sample. 
X-ray diffraction spectra for TiN at three different gracing angles 1) 0.5° (orange), 2) 2° (blue) and 3) 10° (grey). The standard reflections for titanium grade 
5 (Ti6Al4V) (black bars) and TiNXOY (green) are also shown. 

Analytical 
technique Test specimen

Chemical composition, (at%)
Ti Al V N O C Ca

EDX
Ti6Al4V 85.6 (0.2) 11.9 (0.1) 2.5  (0.1) - - - -
TiN 70.0 (1.0) - - 30.0 (1.1) - - -

XPS
Ti6Al4V 14.9 (0.4) 1.2 (0.4) - 1.1 (0.4) 42.1 (0.3) 40.1 (0.3) 0.4 (0.1)
TiN 28.5 (0.7) - - 29.7 (0.5) 23.4 (0.7) 18.4 (1.5) -

Table 3: The chemical composition of surface coatings as evaluated with EDX and XPS. The EDX analysis gives a normalized answer i.e. 100% in total. Numbers are 
means, standard deviations within parenthesis.
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Test specimen Log CFU/ml
Control S. sanguinis + A. oris (0h) 6.0 (0.1)
Control P. gingivalis (0h) 5.5 (0.1)
Bacteria recovered from the Ti6Al4V surfaces after 24 h incubation 5.2 (0.1)
Bacteria recovered from the TiN surfaces after 24 h incubation 3.0 (0.9)*

Table 4:  Viable counts (log CFU/ml) of biofilms formed on Ti6Al4V and TiN surfaces after 24 hours incubation using the Film contact method. Numbers are means, 
standard deviations within parenthesis.

*The viable counts for TiN was statistically significant lower compared to Ti6Al4V (p<0.05), as evaluated with a t-test.

Test specimen Bacterial load in the synthetic soft tissue adjacent to the 
test specimens (Log CFU/ml) Bacterial load on the test specimens (Log CFU/ml)

Ti6Al4V 5.86 (0.18) 4.23 (0.17)
TiN 5.59 (0.14) 1.91 (0.55) *

Table 5: Viable counts (log CFU/ml) of biofilm after 24 incubation with a coculture using the static assay. The plate counts were performed separately for bacteria 
recovered from the synthetic soft tissue and from bacteria recovered from the surfaces of the test specimens, as presented below. Numbers are means, standard 
deviations within parenthesis.

* The bacterial load on test specimens is statistically significant lower on TiN compared to Ti6Al4V (p<0.05), as evaluated with a t-test.

Figure 4: Quantification of biofilm using qPCR. The bacteria included in the qPCR analysis were recovered from biofilms formed on Ti6Al4V and TiN 
surfaces after incubation for 24 hours using the static assay.

Figure 5: Biofilm quantification using the Crystal Violet staining assay, after incubation of Ti6Al4V and TiN specimens for 4, 24, and 96 hours with a 
coculture. Loosely adhering bacteria were removed by gentle washing before staining, so quantification was made on the biofilms formed on the surfaces 
of the test specimens
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Figure (a)                                                                 Figure (b)  

  
                  Figure (c)                                                                Figure (d) 

Figure 6: CLSM images after incubation of Ti6Al4V and TiN with a coculture of bacteria for 24 and 96 hours and subsequent Live/Dead staining. Green 
color indicates live bacteria, and red color dead bacteria. A) Biofilm on Ti6Al4V after 24 hours, B) biofilm on Ti6Al4V after 96 hours, C) biofilm on TiN after 
24 hours, and D) biofilm on TiN after 96 hours.

Figure 7: Measurement of the thickness of biofilms formed on Ti6Al4V and TiN after 24 and 96 hours incubation with a coculture of bacteria. The 
thicknesses were measured from side views of CLSM image.
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According to the traditional XPS analysis carbon, nitrogen, 
oxygen, and titanium were observed on both samples. In addition, 
aluminum was observed on the Ti6Al4V sample while the energy 
from the vanadium signal is so close to the titanium signal so it is 
hidden in the broad titanium peak. From a more detailed analysis of 
the XPS data, using the CASA XPS software, it can be concluded that 
the surface of the nitride samples are constituted of TiN which, due 
to the exposure to air at room temperature after the PVD treatment, 
seems to be covered by a thin oxidized over layer. Both titanium and 
oxygen show signals which indicate that this over layer consist mainly 
of an oxynitride.

There are differences between surface and bulk composition, 
which are easy to separate using XPS and EDX together. The main 
difference from the XPS analysis is the absence of carbon, and oxygen 
in the bulk, which is expected since carbon is a surface contamination 
and the bulk is not oxidized. Further, both vanadium and aluminum 
signals from the titanium Grade 5 (Ti6Al4V) is detected by EDX. 

According to the values in Table 3 the Ti/N ratio for the TiN 
samples as determined from XPS surface is just below 1 indicating 
that the surface is primarily TiN. For the EDX analysis this ratio 
increases, which means that the amount of nitrogen decreases in 
relation to titanium within the bulk material. This is expected since 
TiN appears as a thin layer on Ti. These results are also verified by the 
cross section analysis presented in Figure 2, where titanium and nitrogen 
are observed close to the surface of the sample which represents the TiN 
coating. On top of the nitrogen signal, oxygen is present which shows 
that the surface is oxidized in agreement with the XPS results.

As a complement to the elemental analysis X-ray diffraction 
(XRD) was used for identification of crystalline phases and structuring 
of the TiN surfaces. From the TiN reference spectra, Figure 3, all 
titanium peaks are present as can be seen when compared to the 
standard reflections for Ti6Al4V shown by the black bars. It can also 
be observed from this diffractogram that there is no structuring of the 
metal signal for any of the incident angles indicating that neither bulk 
nor surface of this sample is structured. Further, it can be observed 
that the surface of the TiN sample is covered by a thin TiNxOy layer, 
which is expected for an oxidized TiN surface coating and was also 
verified by the cross section and XPS analysis.

The machining tracks were visible on both uncoated Ti6Al4V 
and TiN coated surfaces, and no major morphological differences 
could be observed (Figure 1). This was in accordance with the surface 
roughness analysis, which could not find any significant differences 
between surface groups. However, it should be emphasized that 
2D Stylus Profilometry with the current filter size used, reflects the 
surface roughness at the micrometer level. It is possible that there 
are surface roughness differences at the nanometer level, which need 
to be studied with other analytical techniques, such as Atomic Force 
Microscopy (AFM). The Ra parameter describes the 2D amplitude 
variation, but for a complete characterization of surface roughness, 
other types of surface roughness parameters (e.g. spatial and hybrid 
parameters) should also be evaluated. Surfaces can have a similar 
Ra value, although the surface morphology is completely different 
[32]. In general, bacterial adhesion/retention is reduced as surface 
roughness is decreased, but when Ra<0.2 µm Bollen  et al. found 
that the roughness has no further effect on plaque accumulation 
[33]. In a review by Subramani et al. it was concluded that increased 
surface roughness facilitates biofilm formation on dental implant 
and abutment surfaces [34]. In the present study, both groups had a 
surface roughness close to that threshold.

Both Ti6Al4V and TiN showed hydrophilic properties with 
contact angles <90°, although the uncoated Ti6Al4V was found 
to be slightly more hydrophilic than TiN. Hydrophilicity is one of 
the physicochemical properties of a material that affect microbial 
adhesion [12,35,36]. It has been suggested that hydrophilic coatings 
can prevent bacterial adhesion due to the hydrophobic nature 
of bacterial surfaces [12]. Hydrophilic surfaces have also been 
described to improve the early stages of soft tissue adhesion, as well as 
osseointegration [37-39].

In the present study the specimens were pre-conditioned with 
artificial saliva to simulate the salivary pellicle that rapidly is formed 
on all surfaces introduced in the oral cavity [40]. Artificial saliva, and 
not whole human saliva, was selected since it is reproducible, simple 
to prepare, and has a good shelf life. The recipe of the artificial saliva 
has the same protein content (mucins) as what has been measured 
for whole saliva, and supports growth of the oral pathogens [26]. 
In the oral cavity there are more than 700 different bacterial species 
[41], but three species were selected as a coculture. Gram-positive 
Streptococci was used since it is a primary colonizer and the most 
prevalent microorganism present in the gingival crevicular fluid 
during various stages of implant treatment [42-44]. A. oris is a Gram-
positive facultatively anaerobic bacterium, and was selected as a 
representative of an early colonizer of oral surfaces that interacts with 
other initial colonizers and gram-negative anaerobes and thereby 
promotes biofilm development [45-47]. P. gingivalis is a Gram-
negative anaerobe, and was selected as one of the pathogenic 
bacteria involved in peri-implant mucositis and as one that can 
form mutualistic biofilm with e.g. A. oris [44,48]. The bacterial 
concentration can influence the biofilm formation, but in the 
present study an inoculum size of 1-3×105 CFU/ml of each species 
was used since it reflects concentrations present sub-mucosally 
around dental implants [44]. Follow-up times were selected to 
reflect the different stages of biofilm formation. Initial adhesion 
is reflected by the 4 hour time-point, and after 4-7 days a mature 
biofilm has been formed.

The biofilm formation was evaluated with different methods in 
order to allow investigation from different perspectives. The Film 
contact method is modified from the standard JIS Z:2801:2000 
“Antimicrobial products – test for antimicrobial activity and 
efficacy”, and is described in a publication by Yasuyuki et al. [28]. 
The static assay is a qualitative and quantitative biofilm method 
with in vivo like 3D soft tissue combining visual rapid screening and 
quantitative evaluation of the antimicrobial activity in both synthetic 
tissue and on devices [29]. No zone of inhibition could be observed 
around the specimens, which indicates that there is no release of 
antimicrobial compounds from the TiN surface, or that the release 
is below the minimal inhibitory concentration. The bacterial load 
was quantified with two different methods, with diverging results. 
This might be explained by the fact that plate counts only quantifies 
metabolically active bacteria, while qPCR analyses the total amount 
of bacterial DNA from both live and dead bacteria. In the present 
study plate counts from both the Film contact method and the static 
assay showed a log 2 reduction (Tables 4 and 5), but qPCR did not 
indicate any difference (Figure 4). The results are in accordance 
with a previous publication by Grossner-Schreiber et al. that found 
indications of a lower metabolic activity on nitride coatings than on 
Ti surfaces, as measured by RNA fingerprints [21].

Crystal violet staining is a method used for biofilm biomass 
quantification, and consists in staining negatively charged molecules 
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by the basic dye crystal violet [49]. Crystal violet binds indifferently to 
negatively charged bacteria and polysaccharides of the extracellular 
polymeric substances. After staining the adsorbed crystal violet 
is eluted using a solvent. The amount of dye solubilized by the 
solvent is measured by optical absorbance at 590 nm, and is directly 
proportional to biofilm size [49]. Results indicated that the biomass 
increased with increasing time of incubation for both groups (Figure 
5). However, more experiments would be needed to determine any 
differences between TiN and Ti6Al4V.

The Live/Dead Baclight assay is another established and commonly 
used method for analysis of microbial biofilm colonization [49]. It 
distinguishes between live and dead bacteria, and may give valuable 
information on mode of action. The method does not allow a total 
count of bacterial cells, but the method provides semi-quantitative 
data [50]. The biofilm was indicated to be thinner on TiN coated 
specimens compared to uncoated controls (Figure 7), but more 
analyses would be needed in order to allow a statistical calculation 
and a definite conclusion.

In previous publications showing reduced biofilm formation 
on TiN, incubation times used were not as long as the longest 
incubation time used in the present study. Monocultures as well as 
intraoral exposures were previously used, in difference to a culture 
used in the present study. However, despite the different model 
settings, the overall result presents a certain degree of anti-biofilm 
properties of TiN, which is in accordance with previous publications 
on TiN. However, to better understand the mode of action further in 
vitro and in vivo studies are needed, addressing e.g. the mechanical 
stability of the biofilm or the impact on long term biofilm formation. 
Additionally, an enhanced understanding of the chemical processes 
occurring at the TiN/biofilm interface would facilitate the further 
development of anti-biofilm surface modifications.

Conclusion
From the surface characterization, it can be concluded that TiN is 

covered by a thin TiNxOy layer, which was verified by different surface 
sensitive techniques. No differences concerning surface morphology, 
surface roughness, or wettability could be observed between uncoated 
and TiN coated specimens The plate counts showed a significant 
reduction of metabolic active bacteria in biofilms formed on TiN than 
Ti6Al4V, and Live/Dead indicated a thinner biofilm on TiN than 
Ti6Al4V. However, qPCR and Crystal Violet staining performed in 
the current study did not indicate any anti-biofilm activity of TiN.
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