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This study was conducted to characterize titanium (Ti) metal surfaces modified by polishing, coating with titanium nitride, coating
with titanium oxide, sandblasting with alumina (Al

2
O
3
) particles and coating with titanium oxide, coating with titanium plasma

spray (TPS); and to evaluate the effect of surface roughness and crystalline structure on adhesion of human fetal osteoblast cells
(CRL-11372) in vitro after 24 hours. Surface topography and roughness were examined by scanning electronmicroscopy (SEM) and
a noncontacting optical profilometer, respectively.The crystalline structures of the coatings were characterized by X-ray diffraction
(XRD). CRL-11372 cells were incubated at these surfaces for 24 h and were evaluated for their mean total cell counts and cell
viabilities. Cell morphologies were examined qualitatively by SEM images. Glass discs served as control group (CG) for the cell
culture experiments. Surfaces at the Group TPS had the highest 𝑅

𝑎
and 𝑅

𝑧
values. Highest mean total cell counts were found

for the CG. SC (sandblasted and TiO
2
coated) surfaces had shown sparsely oriented CRL-11372 cells while other surfaces and

CG showed confluency. Surfaces displayed diverse crystalline structures. Crystalline structures led to different cellular adhesion
responses among the groups regardless of the surface roughness values.

1. Introduction

Studies on implant surfaces have evaluated topographical
modification to optimize cellular responses at the bone-
implant interfaces. It is widely acknowledged that topography
and surface chemistry improvements of the materials poten-
tiate dental implant surfaces’ cytocompatibility [1–3].

Major determinants of the bone-implant interface struc-
ture are the initial adhesion, spreading, proliferation, and
differentiation of osteoblast cells on the implant surfaces
and these processes are proven to lead to faster and more
extensive implant integration and long-term stability [4]. Cell

adhesion to the implant surfaces is the critical starting point
of the biological functions at the interface influencing the
cellular responses of the organism [5].Thebiocompatibility of
biomaterials is related to the behavior of the contacting cells,
in particular cell adhesion. Cell adhesion affects cell growth,
proliferation, and differentiation.Adhesion in the biomaterial
domain involves temporary events such as physicochemi-
cal linkages between cells and materials involving van der
Waals and electrostatic forces. The adhesion phase may also
involve biological molecules such as extracellular matrix
proteins, cell membrane proteins, and cytoskeleton proteins
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that interact together to induce signal transduction, thus
promoting the action of transcription factors and conse-
quently regulating gene expression. In the initial phase of cell-
material interactions, the quality of attachment, adhesion,
and spreading influences the capacity of the cell to proliferate
and differentiate in contact with the biomaterial [4]. One
way to improve the success of Ti-based materials is to alter
their surface properties since initial cell adhesion with an
implanted material occurs at this stage [6]. Mechanism of
cellular adhesion together with the quality of the connection
between the adherent growing cells (e.g., osteoblast-like cells,
fibroblasts, and endothelial cells) and the biomaterial can be
influenced by the chemistry as well as the dimensions of the
surface topography [7]. Dental implant surfaces are modified
with a large range of surface roughness values from relatively
smooth machined surfaces to those roughened by coatings,
abrasion or blasting, or acid etching or by a combination of
these techniques [8]. One of the challenges to further improve
the biological capability of implants is to enhance their
surface chemistry without altering the proven microfeatures
[9]. With the development of the thin coating technology,
recent studies have started to focus on creating unique thin
coatings of TiN and TiO

2
to control cellular functions [10–

12]. TiN has drawn attention due to itsmechanical properties,
such as hardness, corrosion resistance, shear strength [8, 13,
14], and biological properties such as biocompatibility [15]
and haemocompatibility [16–18]. The high hardness and low
coefficient of friction of these coatings have been exploited
for applications such as drills or cutting tools leading to
increases in lifetime as excellent tribological coatings [18, 19].
The use of TiN for dental prostheses [20], hip joint, and
heart valve prostheses [21–23] had been reported, because
of their desirable properties, such as relatively low modulus,
good fatigue strength, formability, machinability, corrosion
resistance, and biocompatibility.

Most of the studies entitled with TiO
2
coatings usually

included tissue attachment with titania-silica mixed oxide
coatings and hydroxyapatite-titania composite coatings [24–
26]. Sol-gel derived titania coatings were found to facilitate
direct soft tissue attachment. This was considered to result
in improved biocompatibility, protein adsorption, and cell
attachment enhancing the reactivity of the titanium surface
[27]. Meretoja et al. [28] showed that the sol-gel-derived
TiO
2
coatings can facilitate the cell growth and attachment of

human gingival fibroblasts on titanium in vitro. In a clinical
study by Wennerberg et al. [29], it was stated that with the
TiO
2
surfacemodification, clinical benefits could be expected

in early healing of soft tissue as well as increased adherence
of soft tissue and reduced marginal bone resorption.

TiN and TiO
2
had been shown to have substantial influ-

ence on the reduction of bacterial adherence and colonization
[30, 31]. In this way, applications around transmucosal parts
of the implants were expected to avoid inflammation at the
soft tissues. Applications of alternative surface preparation
methods to modify and produce surface oxide on titanium
have been previously investigated to regulate and enhance
cell adhesion. Titanium implant surfaces coated with TiO

2

using a Physical Vapor Deposition (PVD) process has been
evaluated as carrier oxide coatings to enhance peri-implant

osseointegration and gap bridging by the construction of an
immobilized layer of rhBMP-2 [32].

PVD processes are used to apply thin coatings of TiN
and TiO

2
, allowing the chemical composition and crystalline

structure of the surface to change while preserving the
microroughness of the implant surface [33]. These atomistic
deposition processes in which materials are vaporized from a
solid or liquid source in the form of atoms or molecules are
transported in the form of a vapor or plasma in a vacuum
or low pressure gaseous (or plasma) environment to the
substrate, where they condense. PVD processes are employed
to fabricate films with thicknesses ranging from a few
nanometers to thousands of nanometers; however, they can
also be used to formmultilayer coatings, graded composition
deposits, very thick deposits, and freestanding structures
[34]. Ballo et al. [33] had claimed that early bone-promoting
effect during the healing of implants with a thinner oxide
and different nanotopography should be characterized to
optimize the early phases of osseointegration.

Titanium plasma spray coating consists of interactions
that include gas adsorption followed by chemical interaction
and formation of an oxide layer and other bonds on the
surface, dissolution as molten particles, and diffusion and
mechanical mixing of the products. Some bioinert ceram-
ics with excellent mechanical properties, such as Al

2
O
3
,

ZrO
2
, and TiO

2
, can be deposited onto titanium by plasma

spraying [35]. Synthesis of TiN-Ti composite using reactive
plasma spray technique has also been practiced by various
researchers, where nitrogenhas beenused as reactive gas [36].

In this context, to further enhance the biological prop-
erties of featured titanium surfaces, the objective of this in
vitro study was to test the hypothesis that (1) the surface
crystalline structures of titanium surfaces can be controllably
varied by coating with a layer of titanium nitride or titanium
oxide, without altering the existing roughness features; and
(2) the change in the surface crystalline structure affects the
biological response of the CRL-11372 cells.

2. Materials and Methods

2.1.Materials. A total of 20 commercially pure Ti discs (grade
2, Friadent GmbH, Mannheim, Germany) measuring 10mm
in diameter and 2mm in thickness were grounded and
polished up to a 1 𝜇m diamond abrasive suspension with
metallurgical papers to obtain a mirror finish surface using
Struers RotoSystem (Struers, Glasgow, England).

Five groups (each 𝑛 = 4) of surface-modifiedTi discswere
prepared and characterized as follows.

(1) Group P: polished Ti discs;
(2) Group TiN: TiN coated polished Ti discs (TiN coat-

ings were deposited in 100% N
2
environment using a

pure Ti cathode via PVD);
(3) Group C: TiO

2
coated polished Ti discs (TiO

2
coat-

ings were deposited in 100% O
2
environment using a

pure Ti cathode via PVD);
(4) Group SC: TiO

2
coated sandblasted Ti discs (Al

2
O
3

particles of 800 𝜇m grain size under a pressure of
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6 bars were used for sandblasting; TiO
2
coatings were

deposited in 100% O
2
environment using a pure Ti

cathode via PVD);
(5) Group TPS: TPS coated Ti discs (Friadent, GmbH,

Mannheim, Germany).

2.2. Surface Characterization. The surface morphologies of
the discs were characterized using a SEM (JSM5410, JEOL,
Tokyo, Japan) at a 10 kV acceleration voltage and ×1000
magnification.The XRD analyses were carried out on surface
treated samples using a Philips PW 3710 diffractometer, with
Cu-K𝛼 radiation and a graphite monochromator, operated at
20 kV and 10mA.The samplesweremeasured from20 to 80∘𝜃
with a step size of 0.01∘2𝜃min−1. Surface roughnesswas deter-
mined by a noncontacting optical profilometer (Perthome-
ter S8P, Perthen-Mahr, Göttingen, Germany). Two height-
descriptive parameters as 𝑅

𝑎
(the arithmetic average of the

absolute deviation from themean line over a sampling length)
and 𝑅

𝑧
(the arithmetic average of the five highest-profile

peaks and the five lowest-profile valleys over the entire mea-
surement trace) were used to quantify the surface roughness.

2.3. Cell Culture and Data Analysis. Human fetal osteoblast
cells (CRL 11372, ATCC American Type Culture Collection,
Manassas, VA, USA) were cultured in DMEM-F12 medium
supplemented with penicillin (100 units/mL) and strepto-
mycin (100 𝜇g/mL), L-Glutamine (2.5mM), HEPES buffer
(15mM), sodium pyruvate (0.5mM), sodium bicarbonate
(1.2 g/L), G418 sulphate (0.3mg/mL), and 10% fetal calf
serum. The cells were allowed to adhere on the substrates at
34∘C in a humidified atmosphere of 5% CO

2
(CO
2
Incubator

MCO-17AI, Sanyo, Japan). Medium was changed every three
days and cells were subcultured (0.25% trypsin). The cells
were counted and the concentration was adjusted to 1 × 105
cells/mL with 100% viability. Sterile discs (25 kGy; gamma
radiation) were placed in sterile six-well culture plates. On
every sample, 50 𝜇L of a cell suspension was applied and the
cells were allowed to attach for 60 minutes to the underlying
substrate; afterwards 1mL of culture medium was added
into each well. Osteoblast cells grown on glass discs were
used as Control Group (CG) for the cell culture assay. Cell
adhesion on each surface at 24 h from plating was measured
by counting the cells after trypsinization and cell viability was
estimated by counting the number of cells which excluded
Trypan blue solution (in 0.4%PBS) (Gibco, Grand Island,NY,
USA) in a hemocytometer.

2.4. Morphological Analysis. After the 24 h cell adhesion
assay, the washed samples containing cell layers were fixed
with 2.5% glutaraldehyde in 0.1M cacodylate buffer (pH
7.4) for 1 h at 4∘C. Cells were washed twice for 10min with
0.1M sodium cacodylate buffer and postfixed in 1% osmium
tetroxide for 1 h at 4∘C. Cells were dehydrated stepwise
in graded acetone series and incubated in amyl acetate.
The samples were critical-point dried, sputter coated with
gold-palladium, and then evaluated in terms of their cell
morphologies under SEM (JSM5200, JEOL, Tokyo, Japan) at
various magnifications and accelerating voltages.

Table 1: Surface roughness assessment of the surfaces. 𝑅
𝑎
= the

arithmetic average of the absolute deviation from the mean line
over a sampling length; 𝑅

𝑧
= the arithmetic average of the five

highest-profile peaks and the five lowest-profile valleys over the
entire measurement trace. Means ± SDs are shown.

Group 𝑅
𝑧
(𝜇m) ± SD 𝑅

𝑎
(𝜇m) ± SD

P 1.32 ± 0.36
∗

0.05 ± 0.01
||

TiN 4.17 ± 0.52
†

0.26 ± 0.02
¶

C 4.06 ± 0.52
†

0.31 ± 0.02
∗∗

SC 25.71 ± 2.19
‡

4.22 ± 0.50
††

TPS 38.97 ± 3.81
§

5.77 ± 0.64
§

KW: 89.84 KW: 93.19
𝑃 < 0.0001 𝑃 < 0.0001

∗Significant difference compared with Groups TiN, C, SC, and TPS (signif-
icant at 99.9%).
†Significant difference compared with Groups P, SC, and TPS (significant at
99.9%).
‡Significant difference comparedwithGroups P, TiN, C, and TPS (significant
at 99.9%).
§Significant difference compared with Groups P, TiN, C, and SC (significant
at 99.9%).
||Significant difference comparedwithGroups C (significant at 95%), SC, and
TPS (significant at 99.9%).
¶Significant difference compared with Groups SC and TPS (significant at
99.9%).
∗∗Significant difference compared with Groups P (significant at 95%), SC,
and TPS (significant at 99.9%).
††Significant difference compared with Groups P, TiN, C, and TPS (signifi-
cant at 99.9%).

2.5. Statistical Analysis. All measurements were done four
times and expressed in mean ± standard deviations. The
difference between the means for each group was analyzed
by Kruskal-Wallis test followed by Post Hoc LSD test com-
parisons using SPSS 10.0 (SPSS Inc., Chicago, USA) program.
Differences were considered significant at 𝑃 < 0.05.

3. Results

3.1. Surface Topographic Evaluation. SEM images of each
modified surface are shown in Figures 1(a), 1(b), 1(c), 1(d),
and 1(e). The quantitative surface roughness measurements
are demonstrated at Table 1.

Coating with either TiN (Figure 1(b)) or TiO
2

(Figure 1(c)) had qualitatively altered the surface character
of the polished surfaces (Figure 1(a)) by scattered droplet
formations onto them originating from the sudden cool
down of the coating material upon impinging the surface
during the PVD process. Deep valleys and high peaks of the
Group SC (Figure 1(d)) were covered with droplets including
the surface of Al

2
O
3
particles impinged to the surface. The

distinctive surface topography of the Group TPS could be
distinguished by the droplets forming splats which had
solidified upon impact on the substrate surface. The next
droplets causing impact on already solidified splats were
visible throughout the surface (Figure 1(e)).
𝑅
𝑎
and 𝑅

𝑧
surface roughness values of the groups were

found between the range of 0.05–5.77𝜇m and 1.32–38.97 𝜇m,
respectively, where TPS coated surfaces had the highest
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(a) (b)

(c) (d)

(e)

Figure 1: SEM images of the (a) Group P: few scratchingmarks without orientation, (b) Group TiN: droplets 0.5–3𝜇m in diameter, (c) Group
C: droplets 0.5–3 𝜇m in diameter, and (d) Group SC: droplets 0.5–3 𝜇m in diameter residing within the microtopography of the sandblasted
surfaces. Al

2
O
3
particles (arrow) were also coated with the TiO

2
coating; (e) Group TPS: droplets forming splats (original magnification

×1000; all size bars = 10 𝜇m).

𝑅
𝑎
and𝑅

𝑧
values among all the surfaces and polished surfaces

had the lowest values (Table 1).
Figure 2 shows the XRD patterns of the prepared groups

of surfaces. XRD of the Group P showed well-defined diffrac-
tions of Ti indicating the pure presence of this material. After
coating with TiO

2
, reflections observed in the XRD pattern

of Group C indicated the presence of Ti as the substrate
material whereas anatase and rutile were indicated as well-
developed coating substances. XRD patterns of the Group
SC were rather similar to the Group C in terms of anatase
and rutile peaks. However, Group SC consisted of additional

TiO peaks when compared to the Group C. Al
2
O
3
peaks were

not observed at the Group SC. Coating the polished surfaces
with TiN revealed intense peak of the Ti

2
N, where minute

amounts of Ti presence were observed at this group. This
reflected that the TiN coating process had efficiently covered
the underlying Ti substrate with Ti

2
N at the Group TiN. The

coatingmaterial of the Group TPS primarily consisted of TiN
peaks and represented minor amounts of Ti

3
O peaks.

3.2. Cell Adhesion, Viability and Morphology Evaluation. The
numbers of osteoblast cells at each group were increased by
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Figure 2: XRDpatterns of (P)GroupP, (TiN)GroupTiN, (C)Group
C, (SC) Group SC, and (TPS) Group TPS. Ti: titanium, A: anatase,
and R: rutile.

the end of 24 h. Highest mean total cell counts were found
for the CG (42.41±7.10) followed by the Group TPS (37.50±
5.06). Lowestmean total cell counts were found as 25.66±5.22
for the Group SC (Table 2).

24 h cell viability data were expressed as the mean ±
SDs in Table 2. Cell viability at the Group SC was found
significantly lower than it was at Groups P, TiN, C, and the
CG.

SEM images had revealed that CRL-11372 cells displayed
good adhesion on these fivemodified surfaces after 24 h from
plating. Group SC (Figure 3(e)) showed sparsely oriented
cells intimately attaching to their underlying valleys and hills
with their cytoplasmic extensions while the other surfaces
(Figures 3(a), 3(b), 3(c), 3(d), and 3(f)) showed confluent cell
monolayers.

Table 2: Effects of the surfaces on CRL-11372 cell yield and viability
after culturing for 24 h.

Group Cell count (×104 cells/mL) ± SD Viability (%)
P 30.58 ± 4.87

∗ 91.17∗∗

TiN 29.50 ± 3.33
† 89.42††

C 36.37 ± 4.47
‡ 89.38††

SC 25.66 ± 5.22
§ 82.77‡‡

TPS 37.50 ± 5.06
|| 86.57

CG 42.41 ± 7.10
¶ 91.08∗∗

KW: 33.88 KW: 17.34
𝑃 < 0.0001 𝑃 < 0.004

∗Significant difference compared with Groups C, SC, and TPS (significant
at 95%) and Group CG (significant at 99.9%).
†Significant difference compared with Groups C, TPS (significant at 95%)
and Group CG (significant at 99.9%).
‡Significant difference compared with Groups P, TiN, and CG (significant at
99.9%) and Group SC (significant at 95%).
§Significant difference compared with Groups C, TPS, and CG (significant
at 99.9%) and Group P (significant at 95%).
||Significant difference comparedwithGroups P, TiN (significant at 95%) and
Group SC (significant at 99.9%).
¶Significant difference compared with Groups P, TiN, and SC (significant at
99.9%) and Group C (significant at 95.0%).
∗∗Significant difference compared with Groups SC (significant at 99.9%).
††Significant difference compared with Groups SC (significant at 95.0%).
‡‡Significant difference compared with Groups TiN, C (significant at 95.0%)
and Groups P and CG, (significant at 99.9%).

4. Discussion

PVD is one of the coating processes widely applied for TiO
2

and TiN coatings at the biomedical field [12]. TiO
2
coatings

were produced by sol-gel [37], sputtering [31], chemical vapor
deposition [38, 39], atomic layer deposition [40], plasma
immersion ion implantation [41], and cathodic arc deposition
techniques [42, 43]. If the vaporization is primarily from
the cathode surface by arc erosion, this system is called a
cathodic arc source [34]. In our study, bothTiN andTiO

2
thin

coatings are produced by cathodic arc deposition technique.
This process allows film growth by the reaction between
a substrate surface and an adjacent vapor. It supplies the
coating material in the form of atoms, molecules, or ions
that are generated from a target and transports them to the
substrate surface, on which condensation and reaction with
atoms of the surface lattice take place [44]. PVD has the
advantage over other existing coating methods of being a
reproducible process for depositing thin, stable, durable, and
uniform coatings effectively masking the underlying surface
chemistry without altering the surface topography [45].

Cell adhesion to the implant surfaces represents the initial
interaction, and it is influenced by the surface chemical and
topographical characteristics. In vitro studies conducted with
various cell lines had stated TiN coated surfaces as biocom-
patible. MG63 human osteoblast-like cell lines were found to
attach with high affinity to the sample surfaces in the order
of hydroxyfluoride coated, TiN coated, smooth Ti, diamond-
like carbon coated, SLA (sandblasted large grit and acid
etched) treated, and hydroxyapatite thin coated surfaces [46].
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Figure 3: SEM images showing the morphology of CRL-11372 cells cultured for 24 h on (a) Group P: confluent monolayer of CRL-11372
cells (original magnification ×500, bar = 50𝜇m), (b) Group TiN: confluent monolayer of CRL-11372 cells (original magnification ×350, bar =
50𝜇m), (c) Group C: confluent monolayer of CRL-11372 cells (original magnification ×200, bar = 100 𝜇m), and (d) Group SC: merely attached
CRL-11372 cells.These cells bridged the valleys of the surface topography (originalmagnification×350, bar = 50 𝜇m); (e) GroupTPS: confluent
monolayer of CRL-11372 cells (original magnification ×350, bar = 50𝜇m), (f) CG cells displaying fusiform shapes of interphase (I) (arrow)
stages of their cell cycles (original magnification ×500, bar = 50 𝜇m).

An in vitro study with mouse fibroblasts had revealed that
MTT activities and total protein contents were significantly
increased on TiN coated polished Ti surfaces compared to
the thermally oxidized and laser radiation structured surfaces
[47]. In another study, glass sheets coated with Ti and TiN
presented the highest number of focal adhesion contacts
(FACs) of human gingival fibroblasts as a proof of good

adhesion [48]. Clem et al. [49] applied TiN coating onto
Ti alloys by Microwave Plasma Chemical Vapor Deposition
and investigated the biocompatibility of these newly formed
TiN surfaces using different cell lines. According to the
results ofManso-Silvan et al. [50], TiN coatings had displayed
improved surface properties with respect to the traditional
TiAlV alloys, acting as functional diffusion barriers avoiding
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negative effects of Al and V ions, and higher numbers of
hMSCs were observed to have adhered onto these surfaces.

In our study, coatings at the Groups TiN and C
were composed of different crystalline structures as Ti

2
N

and TiO
2
(anatase and rutile), respectively (Figure 2). They

both presented droplets 0.5–3𝜇m in diameter yielding in
similar surface profiles in terms of their 𝑅

𝑎
and 𝑅

𝑧
values

(Table 1, Figures 1(b) and 1(c)). They had statistically similar
percentage of cell viabilities comparedwith the CG approving
their biocompatibility for CRL 11372 cells (Table 2). Mean
total cell counts for theTiO

2
coatingswere found significantly

higher from Ti
2
N coatings at the end of 24 h (Table 2). TiO

2

coated surfaces displayed significantly higher mean total 𝑅
𝑎

and 𝑅
𝑧
values and mean total cell counts compared to the

polished surfaces at the end of 24 hours whereas TiN coated
surfaces showed similar values with the polished surfaces. At
these three groups, CRL 11372 cells adhered with high affinity
to the underlying surfaces exhibiting confluent monolayers
of cells (Figures 3(a), 3(b), and 3(c)). By comparing the
surface of the titanium nitride coated substrates with that
of the TiO

2
coatings, biocompatibility is more pronounced

in the latter case. Unlike, in the study of Ballo et al.
[33], TiO

2
coated implants did not alter the topographic

values of the original machined implants. Scarano et al. [8]
showed in their in vivo study that TiN coating had not
changed the original texture of the machined, sandblasted,
and TPS coated surfaces. Their results suggested that TiN
might be a good coating for dental implants, independent
of the type of the underlying surface topography used. In
agreement to these findings Annunziata et al. [12] showed
that TiN coating at the sandblasted surfaces showed compa-
rable surface roughness values with respect to the uncoated
sandblasted surfaces without modifying the topographical
characteristics of these two surfaces. In our study, Ti

2
N

and TiO
2
coatings changed the crystalline structures of

the surfaces presenting similar surface roughness values.
Sugita et al. [9] have applied TiO

2
coatings using a slow-

rate sputter deposition of molten TiO
2
nanoparticles to

increase the surface oxygen components without altering the
existing microtopography.These surfaces have been found to
increase attachment, spreading behavior, proliferation, and
differentiation of osteoblasts.

Group TPS had the roughest surface amongst all the
groups in terms of their 𝑅

𝑧
and 𝑅

𝑎
values (Table 1). Group

TPS and Group C surfaces had significantly different 𝑅
𝑎
and

𝑅
𝑧
values (Table 1). Group TPS had a structure of layering

of splats on its surface and these were observed qualitatively
different from the smaller sized surface droplets of the Group
C (Figures 1(c) and 1(e)). Group TPS’s surface crystalline
structure was found to be composed of TiN and Ti

3
O. These

surfaces showed similar mean total cell counts to the TiO
2

coated surfaces at the end of 24 h (Table 2). CRL-11372 cells
formed a confluent monolayer on the TiO

2
coated surfaces as

well as on the TPS coated surfaces (Figures 3(c) and 3(e)).
Controversially, TiN coated surfaces showed significantly
lower mean total cell counts (Table 2) than the TPS coated
surfaces. TiO

2
and Ti

3
O oxides may have the possibility of

giving rise to the biocompatibility of these surfaces rather
than the Ti

2
N and TiN content of their crystalline structures.

Group SC had TiO
2
, and Group TPS had TiN as well as

Ti
3
O as their surface crystalline structures according to their

XRD patterns (Figure 2). Group SC had the lowest mean total
cell counts and cell viability amongst all groups at the end
of 24 h, although this group had the second rough surface
coming after the Group TPS which contrarily showed the
highest mean total cell counts and cell viability (Tables 1
and 2). Rough surface of the Group SC did not improve
the mean total cell counts and viability as expected. These
findings are also supported by the SEM images of sparsely
grown CRL-11372 cells on these surfaces (Figures 3(d), 3(e),
and 3(f)). So roughness had no effect on the mean total cell
counts and viabilities of the cells. This can be associated to
the Group SC’s surface coating’s crystalline structure and its
effect on CRL-11372 cells. TiO coated Al

2
O
3
particles that

were impacted to the surface of the Group SC did not have
a negative effect at the adhesion of the CRL 11372 cells.
So, rather than the different surface roughness values, TiO
content of the crystalline structure of this surface might have
affected the biocompatibility of the surfaces in Group SC in a
negative direction.

5. Conclusions

Based on our results we suggest that, under controlled con-
ditions of PVD coating process, titanium oxide and titanium
nitride coatings can be produced with or without altering the
roughness features of the polished surfaces. It is noteworthy
that, for every surface treatment, crystalline structures ulti-
mately lead to different cellular adhesion responses among
the groups regardless of the surface roughness values.

In the opinion of the authors, to correctly interpret
these findings, further studies are needed including the
determination of cellular molecules during the cell culture
experiments with time intervals more than 24 h in order to
drawmore detailed conclusions for longer terms of osteoblast
cells’ responses.
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[29] A. Wennerberg, V. Fröjd, M. Olsson et al., “Nanoporous TiO
2

thin film on titanium oral implants for enhanced human soft
tissue adhesion: a light and electron microscopy study,” Clinical
Implant Dentistry and Related Research, vol. 13, no. 3, pp. 184–
196, 2011.
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[48] B. Größner-Schreiber, M. Herzog, J. Hedderich, A. Dück, M.
Hannig, and M. Griepentrog, “Focal adhesion contact forma-
tion by fibroblasts cultured on surface-modified dental imp-
lants: an in vitro study,” Clinical Oral Implants Research, vol. 17,
no. 6, pp. 736–745, 2006.

[49] W. C. Clem, V. V. Konovalov, S. Chowdhury, Y. K. Vohra, S. A.
Catledge, and S. L. Bellis, “Mesenchymal stem cell adhesion and
spreading on microwave plasma-nitrided titanium alloy,” Jour-
nal of Biomedical Materials Research A, vol. 76, no. 2, pp. 279–
287, 2006.

[50] M. Manso-Silvan, J. M. Mart́ınez-Duart, S. Ogueta, P. Garćıa-
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