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Effect of Chemically Modified Titanium Surfaces 
on Protein Adsorption and Osteoblast 

Precursor Cell Behavior
Ji ří Protivínský1/Mark Appleford, PhD2/Jakob Strnad, PhD3/Aleš Helebrant, PhD4/Joo L. Ong, PhD5 

Purpose: To investigate the effects of different chemically modified titanium surfaces on protein
adsorption and the osteoblastic differentiation of human embryonic palatal mesenchymal (HEPM)
cells. Materials and Methods: Three different surfaces were evaluated. The first, a machined surface
(Ti-M), was considered a control. The second surface was acid etched (Ti-AE). The third surface was
prepared by exposing the Ti-AE samples to sodium hydroxide (NaOH) solution (Ti-AAE). The surface
characteristics of chemically modified titanium were investigated by means of scanning electron
microscopy (SEM), Fourier transform infrared spectroscopy (FTIR), and profilometry. To evaluate the
production of biomarkers, commercial kits were utilized. Results: Surface composition and morphol-
ogy affected the kinetics of protein adsorption. Ti-AE surfaces manifested a greater affinity for
fibronectin adsorption compared to Ti-M or Ti-AAE surfaces. It was observed that Ti-AE and Ti-AAE sur-
faces promoted significantly greater cell attachment compared to Ti-M surfaces. Statistically signifi-
cant differences were also observed in the expression of alkaline phosphatase (ALP) activity, osteocal-
cin, and osteopontin on all 3 titanium surfaces. ALP activity and osteocalcin production up to day 12
suggested that differentiation of the cells into osteoblasts had occurred and that cells were expressing
a bone-forming phenotype. Conclusions: It was thus concluded from this study that surface morphol-
ogy and composition play a critical role in enhancing HEPM cell proliferation and differentiation into
osteoblast cells. (More than 50 references) INT J ORAL MAXILLOFAC IMPLANTS 2007;22:542–550
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The morphology of an implant surface, including
roughness, has been shown to influence implant

fixation in bone and subsequent osteoconduction.1

Histologic analyses have suggested that bone forms
easily on implant surfaces roughened by sand blast-
ing or plasma spraying, whereas fibrous connective

tissues have been more frequently observed on
smooth machined implant surfaces.2

It has been well established that surface rough-
ness, among other surface characteristics, affects cell
response. In particular, osteoblastlike cells have been
observed to exhibit roughness-dependent pheno-
typic characteristics, and these cells tend to attach
more readily to surfaces with rougher microtopogra-
phy.3–8 Moreover, more differentiation of osteoblast-
like cells to mature osteoblasts has been reported on
roughened implant surfaces compared to smooth
implant surfaces.9

It has also been reported that a variety of cells ori-
ent themselves in the grooves of micromachined
surfaces.10 At the cellular level, biological responses,
such as the orientation and migration of cells and
cellular production of organized cytoskeletal
arrangements, have been reported to be directly
influenced by the surface topography.11 Although it
is known that sur face roughness is critical to
enhance osteoblast responses, the optimal rough-

1PhD Candidate, Department of Glass and Ceramics, Institute of
Chemical Technology, Prague, Czech Republic; Visiting Research
Fellow, Department of Biomedical Engineering, University of
Texas at San Antonio, San Antonio, Texas.

2Assistant Professor, Department of Biomedical Engineering, Uni-
versity of Texas at San Antonio, San Antonio, Texas.

3Chief Scientific Officer, Lasak, Prague, Czech Republic.
4Dean and Professor, Department of Glass and Ceramics, Insti-
tute of Chemical Technology, Prague, Czech Republic.

5Chair and Professor, Department of Biomedical Engineering,
University of Texas at San Antonio, San Antonio, Texas.

Correspondence to: Dr J. L. Ong, Biomedical Engineering, Univer-
sity of Texas at San Antonio, One UTSA Circle, San Antonio, TX
78249. E-mail: anson.ong@utsa.edu

Protivinsky.qxd  7/25/07  10:24 AM  Page 542



The International Journal of Oral & Maxillofacial Implants 543

Protivínský et al

ness for the induction of maximum osteoblast
response has yet to be determined. To this end, the
role of implant surface morphology in organizing
cells on an implant surface needs to be investigated.

Numerous implant surface modification tech-
niques have been utilized to influence osteoblast cell
responses in vitro and osseointegration in vivo.12–18

In the field of dental science, sandblasting, acid and
alkali treatments, and anodization are surface modifi-
cation techniques used on commercially available
titanium implant surfaces. Although titanium is a
biocompatible metal and has been used in medical
implants for more than 30 years, the mechanisms
and factors governing cell behavior in its presence
and in turn its performance in the human body are
not yet fully understood. The precise cellular mecha-
nisms underlying the resorption of old bone by
osteoclasts and new bone formation by osteoblasts
also remain obscure.19

It is well known that the processes by which cells
become established upon a surface involve initial
attachment followed by cellular spreading. Mole-
cules involved in cell adhesion include extracellular
matrix (ECM) molecules, transmembrane receptors
such as integrins, and intracellular cytoskeletal com-
ponents.20 Among the many ECM proteins, such as
vitronectin and thrombospondin, fibronectin (FN) is
an important protein that may provide some insight
on osteoblast cell differentiation, cell-cell interac-
tions, and cell-matrix interactions.21 The binding of
proteins with implant surfaces has been reported to
be dependent on the physico-chemical nature of the
metallic implant surface.22 It is also known that the
interaction of proteins at the implant surface induces
newly formed tissue in vivo.23 Therefore, the purpose
of this study was to evaluate in vitro osteoblast
responses to surface morphology produced by 2 dif-
ferent wet chemical treatments and to assess their
influence on FN adsorption.

MATERIALS AND METHODS

Titanium Preparation and Characterization
Disk Preparation. Titanium disks 15 mm in diameter
and 2 mm thick were fabricated from a bar of com-
mercially pure grade 4 titanium (Lasak, Prague, Czech
Republic). Three surfaces were studied: machined (Ti-
M), acid-etched (Ti-AE), and acid-alkali etched (Ti-
AAE). Ti-M surfaces were prepared by machining the
surface with a CNC lathe at a velocity of 600 rpm and
shift of 0.03 mm/turn. After machining, the Ti-M sam-
ples were ultrasonically degreased in isopropanol,
rinsed twice in distilled water for 10 minutes, and air
dried at 110°C. Ti-AE surfaces were prepared by sand-

blasting cleaned Ti-M samples with 250-µm-diame-
ter Al2O3 particles for 6 seconds at a pressure of 0.8
MPa. The sand-blasted surfaces were degreased in
isopropanol and acid-etched in a solution of
hydrochloric acid at 40°C. The acid-etched surfaces
were then rinsed twice with deionized water, fol-
lowed by a final cleaning in ethanol using an ultra-
sonic cleaner for 15 minutes. To prepare the Ti-AAE
surfaces, the Ti-AE surfaces were etched with sodium
hydroxide (NaOH) solution at 60°C, rinsed twice with
deonized water, washed ultrasonically in ethanol for
15 minutes, and air dried at 110°C. All surfaces were
autoclaved prior to cell culture experiments. Surface
topography is shown in Fig 1.

Characterization of the Titanium Surface. Repre-
sentative disks from each group were subjected to
surface analysis. The surface topography of the disks
was evaluated using scanning electron microscopy
(SEM-EDS, Jeol XA-733-superprobe, Jeol, Tokyo,
Japan), whereas molecular composition of the differ-
ent titanium surfaces was measured using Fourier
transformed infrared (FTIR) spectroscopy (Nicolet
740; Nicolet, Middleton, WI). Surface roughness was
measured by profilometry (Taylor Hobson, Leicester,
England) with a diamond-tracking stylus. Average
surface roughness (Ra) measurements were made at
10 different locations on each sample to obtain an
accurate assessment. For the chemically modified
samples, measurements were conducted in all direc-
tions, whereas on the machined surfaces, measure-
ments were made perpendicular to the machine
markings.

Protein Adsorption Kinetics
Adsorption of a model protein, FN, was measured to
gain insight into the influence of surface morphol-
ogy. Human plasma FN (Millipore/Chemicon, Biller-
ica, MA) was obtained in buffered saline at a concen-
tration of 1 mg/mL, sterile filtered and without
preservatives. Three hundred microliters of each pro-
tein solution (0.5 mg/mL) was loaded onto titanium
surfaces in 24 well plates. The study was conducted
in a sterile humidified incubator at 37°C over time.
Nonadherent proteins were removed, and samples
were carefully rinsed twice with saline solution. The
removed solution was saved and recorded as total
volume.24 Protein concentration was analyzed using
a micro BCA protein assay (Pierce Chemical, Rock-
ford, IL) and measured using a Bio-Rad Benchmark
microplate reader (Bio-Rad, Hercules, CA) at 595 nm.
Each protein concentration was calibrated using a
standard curve. Degree of adsorption was deter-
mined by subtracting the residual protein from the
initial added protein. Measurements were performed
on 5 replicates at each time point.
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Cell Seeding and Culture
The osteoblast cell attachment, proliferation, and dif-
ferentiation assays were performed using ATCC CRL
1486 human embryonic palatal mesenchymal
(HEPM) cells, an osteoblast precursor cell line at 37°C
in a humidified incubator containing 95% air and 5%
CO2. Dulbecco’s modified Eagle’s media (DMEM), sup-
plemented with 10% fetal bovine serum, 1% PSA
(penicillin 100 units/mL, 100µg/mL streptomycin,
and 0.25 µg/mL amphotericin), 10–9 mol/L 1.25 (OH)2

vitamin D3, 10 mmol/L B-Glycerophosphate, and 50
µg/mL L-ascorbic acid was used for the cell culture.
The culture medium was changed every 3 days with
complete DMEM. After 1 week of incubation, the cells
were harvested prior to confluence by means of a
sterile trypsin-EDTA solution (0.5 g/L trypsin, 0.2 g/L
EDTA in normal phosphate buffer saline [PBS], pH
7.4), resuspended in the cell culture medium, and
diluted to the desired concentration for each assay.

Cell Attachment. For the cell attachment assay, 300
µL of the osteoblast cell suspension (cell density of
140,556 cells/mL) was seeded on the different tita-
nium surfaces. At selected time intervals (30 minutes,
1 hour, 2 hours, 4 hours, 6 hours), 4 samples from each
group were used to determine the number of cells
attached. Briefly, samples were removed from the
wells and rinsed twice with PBS. The total volume of
PBS used for each step was 200 µL.The removed solu-
tion was saved, and the total volume was recorded.
Cell adhesion was subsequently determined using a
Beckman Z2 Coulter Counter (Beckman Coulter,
Fullerton, CA). The degree of cell attachment was
determined by subtracting the residual cell concen-
tration from the initial cell concentration seeded.

Cell Proliferation. For the cell proliferation assay,
the cells were seeded at a cell density of 20,000
cells/cm2 on different titanium surfaces. At various
times after cell seeding (1, 6, 12, 18, and 24 days) pro-

liferation was evaluated via quantification of total
DNA in each culture. DNA concentration was mea-
sured using a PicoGreen assay kit (Molecular Probes,
Eugene, OR). Briefly, the cells were washed twice with
PBS, lysed using in a 0.2% Triton-X-100 solution, and
stored at –20°C until assayed. On the day of the assay,
the solution gained from 3 freeze-thaw cycles was
brought to room temperature and mixed vigorously
for 10 seconds for homogenization. Standards and
samples were then added to each well at a volume of
50 µL/well. PicoGreen dye solution was added to
each well (150 µL/well) and allowed to incubate for
10 minutes in the dark at room temperature. Fluores-
cence at 480 nm excitation and 520 nm emission was
read on a plate reader to determine DNA concentra-
tion per sample. Samples were compared against
Lambda DNA standards.

Cell Differentiation. To evaluate cell differentia-
tion, an osteoblast cell density of 20,000 cells/cm2

was seeded on different titanium surfaces. At various
times after cell seeding (1, 6, 12, 18, and 24 days) cell
differentiation was evaluated by measuring alkaline
phosphatase (ALP) -specific activity, osteocalcin pro-
duction, and osteopontin production.

To quantitatively analyze ALP activity, the cells
were rinsed twice with PBS and subsequently
exposed to a 0.2% Triton-X-100 solution to permeate
the cell membranes. Cells were then subjected to 3
freeze-thaw cycles, 15 minutes of ultrasonic homoge-
nization, and centrifugation to remove large cellular
debris. The resultant supernatant was assayed for the
release of p-nitrophenol from p-nitrophenyl phos-
phate (pH = 10.2), and its specific activity was calcu-
lated. Concisely, 50 µL of each sample and standard
were pipetted into a 96-well plate, and 50 µL of p-
nitrophenyl phosphate substrate was added. The
samples were allowed to incubate at room tempera-
ture for 1 hour in the dark. The reaction was stopped

a b c

Fig 1 Representative surface topography of (a) original machined titanium (Ti-M), (b) acid-etched titanium (Ti-AE), and (c) alkali-etched
titanium (Ti-AAE) surfaces (SEM, original magnification �4,000).
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with 50 µL of 1 mol/L NaOH, and the absorbance was
read at 405 nm using a microplate reader. ALP activ-
ity of cells from each surface was calculated from
prepared standards (Sigma, St Louis, MO). Results
were calculated as nmol p-nitrophenol per hour and
normalized to DNA as measured by the PicoGreen
assay kit. Data were plotted as the normalized ALP
activity at 1, 6, 12, 18, and 24 days.

Production of osteocalcin in this study was mea-
sured using a commercially available Mid-Tac Human
Osteocalcin EIA Kit (Stougton, MA). On the day of the
assay, the samples were thawed at room tempera-
ture. The samples (25 µL) or human osteocalcin stan-
dard (25 µL) were then added to the microtiter plate
provided with the kit. This was followed by the addi-
tion of osteocalcin antiserum (100 µL). Incubation
was carried out at 37°C for 2.5 hours. The solution
was then aspirated, and the plate was washed 3
times with 0.3 mL of PBS. After washing, 100 µL of
streptavidin-horseradish peroxidase reagent was
added to all wells. After gentle mixing, the solutions
were allowed to incubate at room temperature for 30
minutes. The medium was again gently aspirated,
and the plate was washed 3 times with 0.3 mL of
PBS. One hundred microliters of 3,3’, 5,5’ tetramethyl-
benzidine and hydrogen peroxide solution (1:1 mix-
ture) was then added to all wells and incubated in
the dark for 15 minutes. A sulfuric acid solution (100
µL) was added to all wells to stop the reaction.
Absorbance was then immediately read at 450 nm
using a microplate reader. Osteocalcin concentra-
tions were determined from a standard curve using
standards supplied with the kit.

The amount of osteopontin released into the
media during culture was measured using an ELISA
kit (Assay Designs, Ann Arbor, MI) to determine mid-
to late-stage mineralization. Media samples were col-
lected over the culture period and frozen at –20°C
until assayed. At the time of assay, the samples were
thawed and mixed for 10 seconds. The assay was per-
formed according to the manufacturer’s instructions,
and absorbance was read at 450 nm, with correction
at 550 nm. Samples were compared against human
osteopontin standards.

Following the proliferation and differentiation
experiment, cells were washed 3 times with PBS solu-
tion, then fixed with 2% glutaraldehyde in 0.1 mol/L
phosphate buffer. After initial fixation, the specimens
were rinsed several times with PBS for 15 minutes,
then fixed with 1% osmium tetroxide in 0.1 mol/L
phosphate buffer for 1 hour. Samples were then
rinsed with PBS for 15 minutes and dehydrated using
a series of graded ethyl alcohols (70% for 15 minutes,
95% for 15 minutes, and 3 changes of 100% for 10
minutes each). After dehydration, the specimens

were allowed to air-dry overnight. Subsequently, the
samples were mounted on aluminum stubs with
adhesive tabs and sputter-coated with a thin layer of
60% gold and 40% palladium using a Technics Hum-
mer V sputter coater (Technics, San Jose, CA). Speci-
mens were observed by means of a Philips XL30
environmental scanning electron microscope (FEIC,
Peabody, MA).

Statistical Analysis
Statistical analyses were performed using analysis of
variance (ANOVA) with Tukey pairwise comparisons,
and P < .05 was considered necessary for statistical
significance. Results are expressed as means ± stan-
dard deviations.

RESULTS

SEM Surface Topography and Roughness
Results of the SEM analysis of the Ti-AE, Ti-AAE, and
Ti-M surfaces are shown in Fig 1. Relatively smooth
surface features, with parallel and longitudinal both
sharp and serrated grooves created by lathe machin-
ing were observed for the Ti-M surfaces, whereas
round-sharp pits and ridges were observed on acid-
etched titanium surfaces. SEM observations revealed
hierarchal roughness, with large pits containing small
pits, resulting in microporous topography. In contrast
to Ti-AE, a porous network structure was formed by
the NaOH treatment for the Ti-AAE surfaces. Using
profilometry (n = 10), the Ra values for Ti-M, Ti-AE,
and Ti-AAE were observed to be 0.81 ± 0.08 µm, 3.14
± 0.13 µm, and 3.5 ± 0.29 µm, respectively. There was
no significant difference in the roughness values of
Ti-AE and Ti-AAE surfaces.

FTIR Analysis
Representative FTIR spectrums for Ti-M, Ti-AE, and Ti-
AAE surfaces are shown in Fig 2. Analyses of the Ti-
AAE surfaces indicated a peak intensity of 1.36
Kubelka-Munk units for the hydroxyl (OH) group at
3384.50 cm–1. A negligible OH peak was observed for
the Ti-M and Ti-AE surfaces.

Fibronectin Adsorption Kinetics
The amount of adsorbed FN on different titanium
surfaces is seen in Fig 3. A significantly (P < .05)
greater concentration of FN was adsorbed on Ti-AE
and Ti-AAE surfaces over time compared to Ti-M sur-
faces. FN concentrations on Ti-M surfaces did not sig-
nificantly change throughout the course of the
experiment. Contrary to Ti-M, FN concentrations on
Ti-AE and Ti-AAE were observed to be time-depen-
dent. The amount of FN adsorbed on Ti-AAE surfaces
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was observed to continually increase, and by 60 min-
utes, a steady state was achieved. The Ti-AE surfaces
exhibited a similar adsorption profile, except that
there were early and late observed plateaus. A tem-
porary level was observed for the Ti-AE surfaces for
the initial FN adsorption for the first 60 minutes, and
a second plateau was observed at 120 minutes.

Cell Morphology
Figure 4 shows that the attached cells were highly
dissimilar in morphology depending on the surface
treatment after 6 hours of incubation. Cells cultured
on Ti-M surfaces were observed to possess spindle-
shaped features, whereas cells cultured on Ti-AE and
Ti-AAE surfaces were observed to spread out, dis-
playing numerous filopodia projecting from the cell
body to the titanium surface.

Cell Attachment
As shown in Fig 5, surface morphologies can signifi-
cantly affect cell attachment at the early stage of
cell-material interaction. Cell adhesion to Ti-AAE and
Ti-AE demonstrated an initial log-phase adhesion
over the first 2 hours incubation, followed by a state

of equilibrium in the second hour. This behavior was
maintained over the remaining time points. Equilib-
rium was defined as the time at which no significant
change in percentage of adhesion was observed.
Additionally, cells plated on Ti-M surfaces exhibited
significantly lower adhesion compared to Ti-AAE and
Ti-AE over time.

Cellular Proliferation
During the 24-day experiment, the total cell number,
as measured by DNA content, increased by 1 order of
magnitude and was observed to follow an exponential
growth pattern (Fig 6). Cell proliferation was observed
to be similar on all surfaces after 1 day of culture. On
day 6, cell proliferation was significantly higher on Ti-
AE surfaces compared to Ti-M or Ti-AAE surfaces (P <
.05). At day 12, no difference in cellular proliferation
was observed between the 3 different surfaces. After
12 days of incubation, the number of cells increased
sharply. However, no difference in cell proliferation was
observed between Ti-M and Ti-AE surfaces after 12
days of incubation. A statistically significant difference
in cell proliferation was not observed between any of
the substrates after 24 days of culture.
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Fig 4 SEM images of osteoblast precursor cells plated on (a) Ti-M, (b) Ti-AE, and (c) Ti-AAE surfaces after 6 hours of cell culture.
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Cell Differentiation
Cell differentiation was measured by evaluating the
expression of protein markers such as ALP, osteocal-
cin, and osteopontin. As shown in Fig 7, ALP activity
of HEPM cells was significantly higher for Ti-AE and
Ti-AAE surfaces compared to Ti-M surfaces at days 1,
6, and 12. However, there was no significant differ-
ence in ALP activity between Ti-AE and Ti-AAE sur-
faces at day 1, 6, and 12. On days 18 and 24, signifi-
cant differences in ALP activity were observed
among all groups. Fig 8 shows an increase in osteo-
calcin production on all surfaces at days 1, 6, and 12.
However, no significant difference in osteocalcin pro-
duction was observed between the 3 substrates at
day 6, and a reduction in osteocalcin production on
all  sur faces was observed after day 12. I t  was
observed that Ti-AAE surfaces exhibited significantly
higher osteocalcin production at days 12 and 24

compared to Ti-M and Ti-AE surfaces. No significant
difference in osteocalcin production at days 12 or 24
was observed between the Ti-AE and Ti-M surfaces.
As expected, serum levels of osteopontin production
on all surfaces demonstrated a low expression level
during the early incubation period (Fig 9). Osteopon-
tin production on Ti-M and Ti-AE surfaces was
observed to increase linearly until day 18, followed
by a decrease in production on these surfaces by day
24. In contrast, osteopontin production on Ti-AAE
surfaces continued to increase through all time
points tested. Significant differences in osteopontin
production were observed between Ti-AAE surfaces
and other surfaces on days 1, 6, and 18; however, no
differences were observed between the Ti-AE and Ti-
M surfaces at these time points. On days 12 and 24,
significant differences in osteopontin production
were observed for all substrates.
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* denotes a statistically significant difference (P < .05).
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Fig 8 Osteocalcin production after 1, 6, 12, 18, and 24 days of
culture on Ti-M, Ti-AE, and Ti-AAE. Values represent means ±
standard deviation; each bar represents 5 disks. * denotes a sta-
tistically significant difference (P < .05).
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DISCUSSION

The aim of this study was to gain a better understand-
ing of the influence of chemically-treated titanium
surfaces on cell response and FN adsorption. Develop-
ment of bone-implant interfaces depends mainly on
the interactions of bone matrix and cell behavior with
the biomaterial surfaces. It has been shown that cells
are greatly affected by surface properties that involve
surface texture, roughness, hydrophilicity, composi-
tion, and morphology.25–27 Previous in vitro studies
have shown that the combination of roughening
treatments (sand blasting, acid etching, and/or alkali
etching) could give rise to an implant surface with
enhanced ability for rapid osseointegration.28,29

Ti-AAE surfaces, which are subjected to sandblast-
ing, acid etching, and subsequent alkali etching, are
observed to possess desirable surfaces resulting in
reproducible apatite formation in vitro.30,31 This 3-step
surface treatment has also been used with promising
results in vivo; a dense hydroxyapatite layer, which is
considered a favorable substrate for the attachment
and proliferation of human osteoblast cells, was
formed on titanium with this surface.32 It was shown
that during the process of peri-implant healing, a cal-
cium phosphate cement line containing noncollage-
nous proteins formed on the implant’s surface before
the formation of collagenous matrix.33,34 In the pre-
sent study, the responses of preosteoblast cells to dif-
ferent titanium surfaces prepared by chemical wet
treatments were investigated.

Zhu et al showed that cell attachment, spreading,
and subsequent proliferation are not only substan-
tially related to surface roughness and morphology
but are also greatly influenced by chemical composi-
tion.35 Findings from this study were in agreement

with the literature, which revealed that cell attach-
ment and spreading improved remarkably on Ti-AE or
Ti-AAE surfaces compared to Ti-M surfaces.36,37 With
Ti-AE (highly hydrophobic) and Ti-AAE (highly
hydrophilic) samples having similar surface rough-
ness, a significantly higher cell attachment on Ti-AAE
surfaces as compared to Ti-AE surfaces suggests that
surface wettability may play a substantial role in cell
attachment. Other studies have also indicated favor-
able cell attachment being closely related to high
material surface hydrophilicity.38 It has previously
been shown that surface wettability may have a direct
or indirect effect on cell attachment.35,39 The direct
cell attachment mechanism involves physicochemical
linkages between cells and surfaces, whereas the indi-
rect approach involves the attraction of proteins such
as FN or vitronectin (VN), which are believed to play
an important role in governing the interactions of
implant surfaces with their adjacent matrix.

It is also believed that interactions between the
ECM and cells are crucial for the regulation of cell
shape and cellular functions such as migration, prolif-
eration, differentiation, and ultimately survival,40 and
that FN and VN are major components of cell adhe-
sive proteins within the ECM.41 Since early events dur-
ing implant placement involve protein adsorption at
the host-biomaterial interface,42 and FN was reported
to be one of the earliest cell-binding proteins pro-
duced by odontoblasts and osteoblasts,43 FN was
selected as a model protein in the present study. In
this study, it was observed that FN was preferentially
adsorbed on Ti-AAE and Ti-AE surfaces. Findings from
this study are consistent with the results of other
researchers.22,44 Deligianni et al reported that rough
substrates bind a greater amount of total protein in
comparison to smooth surfaces.3

Despite previous studies on in vitro relationships
between proliferation and surface roughness, no sig-
nificant difference in cell proliferation was observed
in this study, suggesting that a significant amount of
cell growth and division was occurring on all sam-
ples investigated.45,46 In addition, the absence of sta-
tistical significance with respect to cell proliferation
indicates that all samples evaluated in this study pro-
vided a biologically favorable environment.

In contrast, ALP activity in this study was observed
to be surface-dependent. ALP activity is regarded as an
early marker of bone cell differentiation.47 Generally,
surface roughness is believed to affect cell prolifera-
tion and differentiation.48 In cells cultured on Ti-M sur-
faces, ALP activity was decreased compared to Ti-AE
and Ti-AAE surfaces. It has been shown that titanium
roughness generated by acid etching reduces prolifer-
ation of bone marrow cells but initially increases the
expression of specific cell markers except for ALP.14
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Other studies have reported the occurrence of ele-
vated ALP activity on NaOH-treated surfaces.49 Consid-
ering the differences in ALP activity of the 2 test mate-
rials (Ti-AE and Ti-AAE) and their similar roughnesses,
the results cannot simply be attributed to difference in
surface roughness. The effects of microtopography
and surface chemistry must also be considered.

Osteopontin, another significant glycoprotein
characteristic of cell differentiation, was detected on
all surfaces at days 1, 6, and 12.50 Similarly, it was
observed that Ti-AAE surfaces had significant effects
on differentiation, was of HEPM cells, including
enhancement of the expression of osteocalcin.
Osteopontin as well as osteocalcin are expressed
later during the third period of extracellular-matrix
mineralization.51,52 Osteopontin is expressed early in
bone cell differentiation, as well as after mineraliza-
tion commences,53 while osteocalcin is generally
considered to be an intermediate-late marker of
osteoblast differentiation.54,55 In the present study,
HEPM cells cultured on Ti-AAE surfaces demon-
strated enhanced expression of osteopontin com-
pared to the other substrata at all time points tested.
Osteocalcin and osteopontin have been shown to be
closely associated with osteoid production and
matrix mineralization, which suggests that Ti-AAE
surfaces may hold a greater ability to encourage
HEPM cell differentiation into osteoblasts compared
to other surfaces tested.

CONCLUSIONS

It was demonstrated in this study that preosteoblast
cells vary in their responses to titanium surfaces of dif-
ferent microtopographies and surface compositions. In
addition, the study has shown that cell responses vary
depending on the amount of OH on titanium surfaces. It
can be concluded from this study that Ti-AAE surfaces
exhibited greater efficiency in promoting the expres-
sion of osteoblastic differentiation markers as compared
to Ti-AE and Ti-M surfaces. Consequently, it can be con-
cluded that the Ti-AAE surface may serve as a suitable
substratum for enhancing cell differentiation and, in
turn,may speed up the process of osseointegration.
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