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Abstract
Aim. The purpose of this study was to investigate proliferation, morphology, mineralization and mRNA expressions of
mineralized tissue associated proteins of PDL cells on smooth (S), sandblasted small-grit (SSG), sandblasted large-grit (SLG)
and sodium titanate (NaTi) coated titanium alloys, in vitro. Methods and materials: PDL cells were cultured with DMEM
media containing 10% FBS on the S, SSG, SLG and NaTi titanium surfaces. PDL cell proliferation, mineralization and
immunohistochemistry experiments for Bone Sialoprotein (BSP) were performed. The morphology of the PDL cells was
examined using confocal and scanning electron microscopy (SEM). Gene expression profiles of cells were evaluated using a
quantitative-polymerase chain reaction (Q-PCR) for type I collagen (COL I), Osteocalcin (OCN), osteopontin (OPN) and
Runt-related transcription factor-2 (Runx2) on days 7 and 14. Results. Proliferation results on days 6 and 10 were similar in
groups, while those of day 13 revealed a decrease in the NaTi group when compared to the S group. NaTi surface induced BSP
mRNA expression which was correlated with mineralization tests and BSP immunostaining results. Increased Runx2 mRNA
expression was also noted in the NaTi surface when compared to other surfaces. Conclusions. This study considers the
NaTi surface as a potential alternative to SSG and SLG surfaces. This surface might provide a promising environment for
PDL ligament-anchored implants.

Key Words: titanium surface, sodium titanate coating, implant, periodontal ligament cells, scanning electron microscopy,
confocal microscopy, proliferation, mineralization, mRNA expressions

Introduction

Surface properties of titanium implants play an impor-
tant role for their long-lasting attachment to peri-
implantal tissues [1]. Surface topography of the
implant may modify cell attachment, orientation,
spreading, proliferation, differentiation and protein
expressions related with mineralized tissues [2]. The
range of micro-roughness maximizes the interlocking
between mineralized bone and implant surfaces [3].
Today, micro-rough implant surfaces are generally
used in the dental implant market [4,5]. Micrometer

level surface topography results in greater growth of
bone at the implant surface is supported by some
clinical evidence [6]. A variety of methods have been
developed in order to create surface roughness to
improve the bone behavior of dental implants. The
methods used to create a certain surface roughness for
titanium dental implants are, for example, titanium
plasma spraying, blasting with ceramic particles, acid
etching and anodization [7]. The coating of the tita-
nium implant surface has been reported to provide a
microporous surface of increased bioactivity resulting
in high rates of osteoconduction and big bonding
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forces at the interface between the implant and the
newly formed bone tissue. In addition, the sodium
titanate (NaTi) coating provides enhanced wetting and
a surface with controlled roughness characteristics.
Research demonstrated that NaOH-treated titanium
exhibited a microporous network and the calcium
phosphate deposits were greater for the NaOH-treated
than for the commercially pure titanium [8–10].
Increase in roughness on the surface of titanium

implants significantly improves cellular attachment
and osseointegration [1,11,12]. The behavior of
cellular population in contact with a metal depends
directly on the microscopic properties of implants,
such as topography, chemicals and surface energy
[4,5]. While the effects of different types of surface
treatments of titanium have been well-defined in oste-
oblastic cells and mesenchymal stem/stromal cells
[13–20], studies focused on periodontal ligament
(PDL) cells–titanium surface interactions are limited
[21–24].
The periodontal ligament is a non-mineralized

connective tissue that is present between two miner-
alized tissues; the alveolar bone and the cementum.
Several studies [25–30] demonstrated that PDL cells
have the capacity to differentiate to osteoblasts and/
or cementoblasts. Characterization studies of PDL
cells in vitro showed that these cells have osteoblast-
like features including synthesis and expression of
alkaline phosphatase (ALP) and osteopontin (OP),
1,25 dihydroxyvitamin D3 -induced bone Gla protein
synthesis, responsiveness to parathyroid hormone
(PTH) and dexamethasone (Dex)-induced PTH-
mediated cAMP synthesis [31]. Moreover, PDL cells
have the capacity to produce mineralized nodules
in vitro [32,33].
A recently proposed approach in dental implanto-

logy is to bioengineer PDL tissues on titanium
implants in order to improve current implant practice
by mimicking the natural teeth [34–36]. The results of
studies [35,36] performed on rats and dogs to create a
periodontal ligament interface between the dental
implant and bone demonstrated that cells derived
from PDL tissue on titanium implants have a capacity
to form cementum-like tissue, PDL tissue with
Sharpey’s fibers and new bone formation.
New implant surfaces undergo in vitro and in vivo

evaluation in the literature to improve cell/surface
harmony [37–42]. The purpose of this study was to
investigate proliferation, morphology, mineralization
and mRNA expression of mineralized tissue associ-
ated proteins mRNA expressions including type I
collagen (COL I), bone sialoprotein (BSP), osteocal-
cin (OCN), osteopontin (OPN) molecules and runt-
related transcription factor-2 (Runx2) of PDL cells on
smooth (S), sandblasted small-grit (SSG; blasted with
100 mm alumina particles), sandblasted large-grit
(SLG; blasted with 300 mm alumina particles) and
NaTi coated titanium alloys in vitro.

Materials and methods

Cell isolation and culture

Human PDL cells were isolated from healthy peri-
odontal ligaments of premolar extracted for ortho-
dontic reasons [25,31–33]. Patients were informed of
the study and a written consent was obtained. After
extraction, the teeth were placed into biopsy media
(Dulbecco’s Modified Eagles Media [DMEM] (Bio-
logical Industries, Israel) with 10% fetal bovine serum
[FBS] (Biological Industries), 250 mg/ml gentamicin
sulfate, 5 mg/ml amphotericin B, 100 units/ml peni-
cillin (Biological Industries), 100 mg/ml streptomycin
(Biological Industries)). The periodontal ligament
attached to the middle third of the root was removed
with a scaler to avoid contamination with gingival and
apical tissues. The PDL tissue was cut into small
pieces, rinsed with biopsy media and placed into
tissue culture dishes. PDL tissues were incubated
in biopsy medium in a humidified chamber at an
atmosphere of 95% air and 5% CO2 at 37�C over-
night. The following day, the biopsy medium was
replaced with culture medium (DMEM with 10%
FBS, 100 units/ml penicillin, 100 mg/ml strepto-
mycin). After reaching confluency, cells were
passaged with 0.25% trypsin and 0.1% ethylene dia-
minotetraacetic acid (EDTA). PDL cells of the 4th
and the 7th passage were used in the experiments.

Preparation of the titanium discs

Commercially-available titanium alloy Ti6Al4V (ISO
5832-3, ASTM F67; Acnis International, Villeur-
banne, France) was cut into 1 mm thick discs of
10 mm diameter. These discs were divided into
four experimental groups as follows;

(1) Electro-polished smooth (S) surface group;
(2) Sandblasted small-grit (SSG), using 100 mm size

alumina (Al2O3) particles;
(3) Sandblasted large-grit (SLG) using 300 mm size

alumina (Al2O3) particles; and
(4) Sodiumtitanate coated (NaTi) group.For sodium

titanate coating, the Ti6Al4V alloy discs were
immersed in 5N NaOH solution for 48 h at
60�C and after drying in an oven at 105�C, treated
thermally at 600�C for 2 h. The NaTi coating was
crystalline and consisted predominantly of the
Na2O.6TiO2 phase as ascertained from the XRD
patterns. All discs were mechanically cleaned
and gamma sterilized prior to tests [15].

Surface characterization

Implants were evaluated with a JSM-6400 electron
microscope (JEOL) equipped with the NORAN
6 X-ray Microanalysis System and Semafore Digitizer
(Figure 1). Surface properties were recorded and EDS
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analysis was conducted. The roughness of the surfaces
was measured using the Surftest SJ-301 Portable Sur-
face Roughness Tester (Mitutoyo America Corpora-
tion) (Table I). A Rigaku D/MAX2200/PC x-ray
diffractometer was available for studying the crystalline
nature of the NaTi coatings.

Proliferation and mineralization tests

Proliferation assay. Discs were placed into 24 well
plates and cells at the density of 50,000 cells/well
were transferred onto the titanium surfaces and cul-
tured. PDL cells were allowed to adhere to the discs
for 3 days. The cell culture medium was changed at
every other day after cell adhesion. Three samples
were investigated for each time point and the average
number of cells was recorded. Cells were counted
with the Neauber hemocytometer using the trypan
blue dye on days 2, 6 10 and 13.

Mineralization experiments. Cells were plated at a
density of 5 � 104 cells per well in 24-well plates
in DMEM containing 10% FBS. After the attach-
ment to the surfaces, the cells were nourished with
DMEM containing 5% FBS+ Mineralization Media
[ascorbic acid (AA, 50 mg/ml) and b-glycerophos-
phate (10 mM)]. Mineralization of extracellular
matrix was determined on day 24 by von Kossa
staining [43]. The mineralization experiments were
repeated twice in triplicate for each surface.

Morphologic analyses

Confocal microscopy (CM). PDL cell behavior on the
surfaces was assessed by CM at 5, 21 and 48 h and on

day 20. Six slices for each group were prepared. The
samples were placed into Petri dishes and covered
completely by fluorescent-labeled PDL cell suspen-
sion. PDL cells were fluorescent labeled as described
previously [15,44] and kept in a humidified chamber
at 37�C and 5% CO2. Cells were incubated for 2 h at
37�C with dialkylcarbocyanine probe DiL (Invitrogen
10 mg/ml in serum-free culture medium). They were
than re-suspended in control medium and plated into
the Petri dishes over the slices. Dialkylcarbocyanine
probes are amphilic molecules containing a charge
fluorophore that localizes the probe at membrane’s
surface and lipophilic aliphatic tails that insert into the
membrane and thus anchor the probe to the mem-
brane. The dye dominantly labels the cell membrane.
Depending on the division rate, membranous orga-
nelles were labeled by time in addition to the cell
membrane. At the end of the incubation time slices
were washed a couple of times in 0.01 M PBS and
fixed for 15 min in 2.5% gluteraldehyde (in PBS).
Then, they were washed with PBS, transferred onto
glass bottom flasks and examined under a confocal
laser-scanning microscope (LSM Pascal, Zeiss,
Germany) for fluorescent imaging. A 543 nm laser-
line was used for excitation and a 560 nm barrier filter
was used for collecting the emitted fluorescence.
A stack of focal image sections were acquired and
3D projection images were constructed subsequently
for measurements. The length and the width of the
cells were measured and the mean values of length/
width ratio were presented to evaluate the develop-
ment of typical spindle shape of the PDL cells.

Immunohistochemical characterization of extracellular
matrix synthesis: BSP labeling. Immunohistological
procedure used in this study was described in detail
previously [45]. In brief, on day 20 of culture, PDL
cells incubated on different surfaces were fixed by
immersion with 0.02% paraformaldehyde solution in
PBS (pH 7.0) at room temperature for 20 min. Sam-
ples were washed 3-times with 0.01 M PBS (pH 7.04)
for 5 min. The cells were permeabilized with 0.2%
triton X dissolved in 0.01 M PBS at 4�C for 20 min
afterwards. After washing in PBS for 5 min, primary
antibody incubation was carried out at an optimal
concentration rabbit anti-human and rat polyclonal
BSP [Bone sialoprotein; IgG Abcam ABD cat#

Figure 1. Scanning electron microscope images of different titanium surfaces. S: Smooth, SSG: sandblasted small-grit, SLG: sandblasted
large-grit, NaTi: sodium titanate surfaces. This figure was modified from Korkusuz et al.’s [15] study.

Table I. Surface roughness parameters of smooth (S), sandblasted
small-grit (SSG), sandblasted large-grit (SLG) and sodium titanate
(NaTi) coated samples.

Surfaces
Average roughness
Ra (mm) ± SD

Maximum roughness
Depth Ry (mm) ± SD

S 0.06 ± 0.01 0.42 ± 0.03

SSG 0.30 ± 0.04 1.91 ± 0.14

SLG 1.50 ± 0.16 6.21 ± 0.35

NaTi 0.40 ± 0.04 4.23 ± 0.32
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ab-52128,1/100] in glass bottom culture dishes
suitable for CM examination [Mattek USA cat#
MTP24G, Ashland MA] overnight at 4�C. After
washing with 0.01 M PBS at pH 7.4, cell-
metal composites were incubated with fluorescent
labeled goat anti rabbit Ig G (Alexa Fluor 488 and
543 Molecular Probes USA, cat# A11008, 1/100) or
goat anti mouse Ig G (Alexa Fluor 488 and
543 Molecular Probes, cat# A11001, 1/100) for
30 min at room temperature. All antibodies were
diluted in a background reducing buffer solution in
0.05 M Tris-HCl containing 0.1% tween (#S3022,
Dako, USA). Negative control staining was per-
formed by omitting the initial primary antibody
staining step and using a control mouse Ig G. Positive
control staining was performed by using cultured
PDL cells only.
Accordingly each sample was graded for cellular

immune reaction on a scale of 0 to +++ with Alexa
fluor [45]. 0 was given to no immune reactivity, + to
weak but continuous reactivity, ++ for moderate but
continuous reactivity and +++ to intense but contin-
uous immunostaining. The number of immune posi-
tive cells was expressed as a percentage of positive
cells over total cells at 200 � magnification. In every
specimen the average of three non over-lapping fields
was analyzed and reported.

Scanning electron microscopy (SEM). In order to assess
the PDL cell attachment and behavior on different
surfaces at the ultrastructural level, the discs were
fixed for 15 min with 2.5% glutaraldehyde. After
removal from the petri dishes, the samples were dried
and sputter-coated with gold. The SEM study was
conducted with a JSM-6400 Electron Microscope
(JEOL), equipped with the NORAN 6 X-ray Micro-
analysis System and Semafore Digitizer. The PDL
cell-discs surface interaction was examined at 6,
24 and 48 h and on day 20.

Gene analyses

RNA Isolation. For each surface group, three titanium
discs were placed in 60 mm cell culture dishes and
PDL cells were plated at 2.5 � 104 cells/cm2 and

incubated for 3 days without moving. Total RNAs
from different titanium surface groups were isolated at
passage 4–7 on days 7 and 14, using a monophasic
solution of phenol and guanidine isothiocyanate
(Invitrogen, CA, USA) [26]. Total RNA was quan-
tified at 260 nm by spectrophotometer. RNA samples
were stored at �70�C.

cDNA synthesis and quantitative RT- PCR analysis. For
real time RT-PCR analysis, cDNA was synthesized
from 1.0 mg of total RNA with a cDNA synthesis kit
(High Capacity RNA-to-cDNA kit; Applied Biosys-
tems, Foster City) for RT-PCR. From the resulting
cDNA product, 1.0 ml was used per 25 ml final reaction
volume in the thermal cycler (Stratagene, TX). PCR
reactions were carried out with the Brilliant SYBR
Green QPCR Master Mix kit (Stratagene), in a total
volume of 25 ml. Primers were designed using DNA-
Star software and sequences are listed in Table II.
A BLAST search of GenBank was performed on the
primer sequences to ensure specificity. Glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) served
as a housekeeping/reference gene for normalization.
Amplification profiles for PCR were optimized for
primer sets. Amplification was completed with a final
extension step of 8 min at 72�C. The amplification
profile for Osteocalcin (OCN), Runt-related transcrip-
tion factor 2 (RunX2), collagen type I (COL I) and
GAPDH used on the Stratagene MX3000P was 94�C
for 3 min followed by 35 cycles of 94�C/45 s, 54�C/45 s
and 72�C/1 min. Amplification was completed with a
final extention step of 10 min at 72�C. The amplifi-
cation profile for Bone Sialoprotein (BSP), Osteo-
pontin (OPN) and GAPDH used on the Stratagene
MX3000P was 94�C for 3 min followed by 40 cycles of
94�C/45 s, 52�C/45 s and 72�C/1 min. Amplification
was completed with a final extention step of 10 min at
72�C. Quantitative RT-PCR experiments were
repeated twice.

Statistical analysis

One-way analysis of variance (ANOVA) and Tukey
HSDmultiple comparison tests were used to compare
groups.

Table II. Synthetic oligonucleotide primers for RT-PCR. All sequences are from human and listed 5’–3’.

Primer Forward Reverse

COL I TTTGTGGACCTCCGGCTC AAGCAGAGCACTCGCCCT

BSP GCCTGTGCTTTCTCAATG TTCCTTCCTCTTCCTCCTC

OCN CATGAGAGCCCTCACA AGAGCGACACCCTAGAC

OPN CCCACAGACCCTTCCAAGTA ATTCAACTCCTCGCTTTCCA

Runx2 CTTCATTCGCCTCACAAAC GTCACTGCGCTGAAGA

GAPDH ACCACAGTCCATGCCATCAC TCCACCACCCTGTTGCTGTA
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Results

Proliferation and mineralization analyses

On day 2, a significant increase in cell proliferation of
PDL cells was noted in SSG and SLG surfaces when
compared to the S surface. Proliferation experiments
did not reveal any statistical difference between
groups on days 6 and 10. On day 13, a decreased
proliferation rate was observed in the SSG, SLG
(p < 0.05) and NaTi group when compared to the
S group (Figure 2). This decrease was more evident in
the NaTi surface (p < 0.01).
However quantitative evaluation was not per-

formed and von Kossa staining macroscopically
revealed slight increase in mineralized nodules on
the NaTi group when compared to the other groups
(Figure 3).

Morphologic analyses

Confocal microscopy analysis. The DiL labeled PDL
cells scattered as different sized clusters on titanium
surfaces from the 5th hour. Length/width ratios of
SSG and SLG surfaces were higher when compared
to S and NaTi surfaces at 5 h. At 21 h, while a higher
ratio was observed in the S surface, a decreased ratio
was observed in the SSG and SLG surfaces (p < 0.05)
and a more pronounced reduction in length/width
ratio was noted in the NaTi surface (p < 0.01). The
shape of the PDL cells was more cuboidal on the
NaTi surface. At 48 h, there was no apparent differ-
ence among the groups (Figures 4A and B). The
attached cell population, interconnected with their
cytoplasmic processes, increased in time and formed
a multilayer with a high amount of extracellular
matrix on the discs on day 20 (Figure 4C). The
PDL cells formed a stronger network on the NaTi
surface compared to the other groups on day
20 (Figure 4C). Both the SSG and the NaTi groups
surfaces were covered by a thicker multilayered

connective tissue compared to that of the S group
(Figure 4C).

Immunohistochemistry: BSP labeling. The BSP, which
is a marker for a potentially mineralizing matrix,
exhibited a wide and moderate-to-strong cytoplasmic
expression pattern in the PDL cells attached to the
titanium surfaces on day 20. The PDL cells cultured
on the sand-blasted (SSG and SLG) and the NaTi
surfaces exhibited higher BSP immunoreactivity
when compared to that of the polished surface
(Figure 5, Table III).

SEM analysis. The spindle-shaped PDL cells attached
to the titanium discs at ~ 6 h after seeding. The PDL
cells anastomosed with each other by their cyto-
plasmic extensions and migrated into the grooves of
the smooth sand-blasted, rough sand-blasted and
sodium titanate coated surfaces of the discs at
24 and 48 h (Figure 6A). The interconnected cells
composed multiple layers by secreting their extracel-
luar matrix on the surfaces on day 20 (Figure 6B).
The attached cell population lying with their cyto-
plasmic extensions was more intense on the polished
surface at the 6th hour than that of the sodium titanate
modified surface displaying cell groups with more
round morphology (Figure 6A). The cellular cyto-
plasmic extensions and extracellular matrix produc-
tion was higher than that of the polished surface on the
sand-blasted surfaces with no significant difference in
between the smooth and rough sand-blasted groups.
On day 20, Na titanate coated surface provided
the best environment for PDL cell alignment and
extracellular matrix production exhibiting the thicker
cellular layer when compared to that of the control
and sandblasted groups.
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Figure 2. Number of proliferated cells on the different titanium
surfaces on days 2, 6, 10 and 13. The data are represented as
mean ± standard deviation. * Represents a statistically significant
difference (p < 0.05) compared with the S surface. ** Represents a
statistically significant difference (p < 0.01) compared with the S
surface.

Figure 3. Mineral nodule formation on 30 days, as determined by
von Kossa staining. DMEM containing 5%FBS, b-glycerophoshate
(b-GP, 10 mM) and ascorbic acid (AA, 50 mg/ml) was used as
mineralization media. More mineral-like nodules were observed in
NaTi surfaces.
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Figure 4. (A) Confocal microscope images of PDL cells on the different titanium surfaces at 5, 21 and 48 h with 10� and 20�magnifications.
(B) Length/width ratio of PDL cells on the root slices (bar: mean ± SD). At 5 h, the ratios of S and NaTi surfaces were similar and lower
than that of SSG and SLG surfaces which were also similar. At 21 h, a higher ratio was observed in the S surface, a decreased ratio was
observed in the SSG and SLG surfaces (p < 0.05) and a more pronounced reduction in length/width ratio was noted in the NaTi surface
(p < 0.01). The shape of the PDL cells was more cuboidal on the NaTi surface. At 48 h, no obvious difference was noted among the
titanium surfaces. * Represents a statistically significant difference (p < 0.05), ** represents a statistically significant difference (p < 0.01).
(C) DiL staining of PDL cells on day 20.
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mRNA expressions on days 7 and 14 (Figure 7)

. Bone sialoprotein (BSP): There was a tendency to
increase in rough surfaces when compared to the S
surface and this increase was more evident in NaTi
surfaces (p < 0.05), especially on day 7. BSP
mRNA expressions in both SSG and SLG surfaces
look similar. On day 14 there was no significant
difference among the groups;

. Type I collagen (COL I): While COL I mRNA
expression decreased in SSG surfaces in both

time points, there was no significant difference
between the surfaces;

. Osteoblastic transcription factor (Runx2): Increased
Runx2 mRNA expression was observed in
the NaTi group when compared to S, SSG and
SLG surfaces on days 7 and 14. This increase was
statistically significant (p < 0.001) on day 14;

. Osteocalcin (OCN): OCN mRNA expressions look
similar in the groups when compared to control
and S surfaces. Only on day 14 was a significant
decrease in OCN mRNA expression observed in
the NaTi group.

. Osteopontin (OPN): While there was a statistically
significant increase in SSG and SLG surfaces
(p < 0.001), when compared to the S surface,
decreased OPN transcripts in the NaTi group
was observed. The expression levels of the NaTi
surface were similar to the S group.

Discussion

Nowadays, osseointegration is considered as a critical
biological process for implant success and stability;
however, to attach PDL cells and subsequently to
form organized PDL tissue on titanium implants
would be superior to current implant therapies.
Therefore, the idea was whether PDL cells can be
used to constitute PDL tissues on titanium implants
to mimic naturally-formed teeth [34–36]. If this idea
can be an alternative approach to osseointegrated
implants, to learn an optimal surface for PDL cells
is critical to develop novel clinical methods.
Different surface modifications including SSG,

SLG and NaTi were evaluated in this study for
PDL cells and we found that PDL cells were biocom-
patible with all surfaces and a slight increase was
noted in mineralized nodules in the NaTi group
when compared to other groups. In our previous
study, we investigated the interaction of the same
surfaces with MC3T3-E1 cells [15] and we observed
that sand-blasting and sodium titanate coating pro-
vided by NaOH favors the attachment, mineralization
and early differentiation of osteoblasts on titanium
alloys. Moreover, based on the results of our studies,
we claim that PDL cells have also osteoblast-
like characteristics regarding the response to different
titanium surfaces.
Surface roughness not only influences cell attach-

ment, adhesion, proliferation, differentiation and
matrix synthesis, but also affects cell orientation
and migration [46]. The exact role of surface

Figure 5. BSP immune-staining on day 20. Note the increased BSP
staining in SSG, SLG and NaTi surfaces. A more evident increase
was examined in NaTi surfaces. This BSP staining confirmed
mRNA expressions of BSP using QPCR on days 7 and 14.

Table III. The immunohistological scores related to BSP labeling
are presented.

Polished SSG SLG NaTi

BSP labeling ++ ++/+++ ++/+++ +++

C

Figure 4. (Continued).
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roughness, however, is controversial since some stud-
ies reported that smoother surfaces increase cell proli-
feration, while others concluded with opposite results.
Osteoblasts did not spread completely on rough

surfaces and acquired a polygonal morphology with
diminished cell proliferation rate [16,17,47]. Hence,
the cells may differentiate and synthesize a more
mineralized matrix on rough surfaces when compared

NaTi

SLG

SSG

S

A B

6 hrs 24 hrs 48 hrs

Figure 6. (A) Scanning electron microscope images of PDL cells on the different titanium surfaces at 6, 24 and 48 h with � 2000
(Scale bar = 10 mm). (B) Scanning electron microscope images of PDL cells on the different titanium surfaces on day 20 with � 2000
(Scale bar = 10 mm).

Figure 7. Mineralized tissue-associated proteins mRNA expressions (bone sialoprotein [BSP], type I collagen [COLI], osteocalcin [OCN],
osteopontin [OPN]) and osteoblastic transcription factor (Runx2) of PDL cells using Q-PCR on days 7 and 14. Each bar represents the
mean ± standard deviation. * Represents a statistically significant difference (p < 0.05) compared with the S surface. *** Represents a statistically
significant difference (p < 0.001) compared with the S surface.
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to smooth surfaces. In contrast, Deligianni et al. [48]
reported that more bone marrow cells adhered on to
the rough titanium surface than on the smoother
one. Decreased proliferation rates were observed
in the SSG, the SLG and the NaTi groups on days
10 and 13 when compared to the S group (p < 0.05),
while on days 2 and 6 there were no apparent differ-
ences among the groups in our study. This reduction
in cell proliferation was more pronounced in the
NaTi group when compared to the S (p < 0.01),
SSG and SLG groups. Variances in the results of
the studies may be observed due to the cell type
utilized, the origin of the cells and the time points
examined.
Type I collagen, bone sialoprotein and ostepontin

play important roles during osteogenesis and
osseointegration processes [49]. The expression of
BSP is highly specific for mineralized tissues. High-
est BSP expression is found in the newly synthesized
and regenerated bone matrix. Regarding BSP
mRNA expressions, there was a tendency of increase
in NaTi surfaces, especially on day 7. BSP mRNA
expressions in both SSG and SLG surfaces were
similar. Only on day 14 was a significant decrease
in OCN mRNA expression observed in the NaTi
group. While there was a statistically significant
increase in SSG and SLG surfaces when compared
to S surfaces, decreased OPN transcripts in the
NaTi group was observed. The expression levels
of the NaTi surface were similar to the S group.
Increased Runx2 mRNA expressions were observed
in the NaTi group when compared to other surfaces
on day 7. A strong increase (p < 0.001) in
Runx2 mRNA expression on day 14 was noted.
Correlating proliferation and mineralization results
with mRNA expression for mineralized tissue-
associated markers, NaTi surface induced BSP
mRNA expression and protein level when compared
to other surfaces.
Isa et al. [50] investigated human embryonic palatal

mesenchymal cells on the surfaces including grit-
blasted with titanium dioxide (TiO2-blasted) and
fluoride-modified titanium surfaces for cell prolifera-
tion, alkaline phosphatase (ALP)-specific activity and
mRNA steady-state expression for bone-related genes
(ALP, type I collagen, osteocalcin, bone sialoprotein
[BSP] II, Cbfa1 and osterix) by Q-PCR. Their results
demonstrated that, while the different surfaces did not
alter the mRNA expression for ALP, type I collagen,
osterix, osteocalcin or BSP II, Cbfa1 (a key regulator
for osteogenesis, Runx2), expression on the fluoride-
modified titanium surface was significantly higher
(p < 0.001) at 1 week. The number of cells on this
surface was 20% lower than the number of cells on the
surface TiO2-blasted. In our study, BSP transcript at
1 week and Runx2 transcript at 2 weeks were signi-
ficantly higher in the NaTi surface when compared
to other surfaces. Furthermore, the number of cells on

the NaTi surface was significantly lower when com-
pared to the other groups.
In another newly-established titanium surface study

undertaken by Park et al. [37], titanium surfaces
incorporated with strontium ions (Sr) and/or phos-
phate ions (P) produced by hydrothermal treatment
were evaluated. These researchers investigated
MC3T3-E1 pre-osteoblast cell attachment, morpho-
logy of spread cells, viability and quantitative analysis
of osteoblastic gene expression on grit-blasted micro-
rough (RBM), P-incorporated (P) and P- and Sr-
incorporated (SrP) Ti surfaces. Sr incorporation sig-
nificantly increased cellular attachment and viability
compared with other surfaces (p < 0.05). Q-
PCR results demonstrated markedly higher mRNA
expressions of the osteoblast transcription factor gene
(Runx2) and the osteoblast phenotype genes (alkaline
phosphatase, osteopontin, bone sialoprotein and
osteocalcin) in cells grown on the P and SrP surfaces
compared with those on the RBM surface. However,
we evaluated different titanium surfaces in our study,
we observed reduced cell proliferation in the NaTi
surface and increased BSP and Runx2 (Cbfa1)
mRNA expressions in this surface when compared
to sand-blasted and smooth surfaces.
Since the PDL ligament-anchored implants might

mimic the natural insertion of tooth roots in alveolar
bone [34,51,52], we believe that the investigation of
PDL cell behavior and interaction between different
titanium implant surfaces provided valuable informa-
tion. In the present study, we observed increased BSP
and Runx2 mRNA expressions related with increased
bio-mineralization in the NaTi group. Our results
demonstrated that NaTi surface might provide a
promising environment for PDL ligament-anchored
implants in the future by regulating the proliferation
rate, morphology and differentiation of PDL cells.
Cell culture studies are valuable to investigate the
biological interaction of new titanium surfaces/cells
and provide to gain an initial insight regarding cell
morphology, adhesion, migration, proliferation and
differentiation on implant surfaces [7,53]. However,
cell culture studies can not simulate the dynamic
environment of bone/implant surface and in vivo
performance of modified/novel implant surfaces
should be confirmed in animal models and subse-
quent clinical trials.
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Demircin M. Correlation of tissue selectin expression and
hemodynamic parameters in rheumatic mitral valve disease.
J Heart Valve Dis 2006;15:1–7.

[46] Takamori ER, Cruz R, Gonçalvez F, Zanetti RV, Zanetti A,
Granjeiro JM. Effect of roughness of zirconia and titanium on
fibroblast adhesion. Artif Organs 2008;32:305–9.

[47] Sader MS, Balduino A, Soares G de A, Borojevic R. Effect of
three distinct treatments of titanium surface on osteoblast
attachment, proliferation, and differentiation. Clin Oral
Implants Res 2005;16:667–75.

[48] Deligianni DD, Katsala N, Ladas S, Sotiropoulou D,
Amedee J, Missirlis YF. Effect of surface roughness of the
titanium alloy Ti-6Al-4V on human bone marrow cell
response and on protein adsorption. Biomaterials 2001;22:
1241–51.

[49] Zhang T, Xia H, Wang Y, Peng C, Li Y, Pan X. Gene
expression of four adhesive proteins in the early healing of
bone defect and bone-implant interface. Conf Proc IEEE Eng
Med Biol Soc 2006;1:2087–90.

[50] Isa ZM, Schneider GB, Zaharias R, Seabold D, Stanford CM.
Effects of fluoride- modified titanium surfaces on osteoblast
proliferation and gene expression. Int J Oral Maxillofac
Implants 2006;21:203–11.

[51] Choi BH. Periodontal ligament formation around tita-
nium implants using cultured periodontal ligament cells:
a pilot study. Int J Oral Maxillofac Implants 2000;15:
193–6.

[52] Kim SH, Kim KH, Seo BM, Koo KT, Kim TI, Seol YJ, et al.
Alveolar bone regeneration by transplantation of periodontal
ligament stem cells and bone marrow stem cells in a canine
peri-implant defect model: a pilot study. J Periodontol 2009;
80:1815–23.

[53] Palaiologou A, Stoute D, Fan Y, Lallier TE. Altered cell
motility and attachment with titanium surface modifications.
J Periodontol 2012;83:90–100.

916 S. S. Hakki et al.


