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Surface characteristics and bioactivity of an 
anodized titanium surface
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Purpose: The aim of this study was to evaluate the surface properties and biological response of an anodized titanium surface 
by cell proliferation and alkaline phosphatase activity analysis.
Methods: Commercial pure titanium (Ti) disks were prepared. The samples were divided into an untreated machined Ti group 
and anodized Ti group. The anodization of cp-Ti was formed using a constant voltage of 270 V for 60 seconds. The surface 
properties were evaluated using scanning electron microscopy, X-ray photoelectron spectroscopy, and an image analyzing 
microscope. The surface roughness was evaluated by atomic force microscopy and a profilometer. The contact angle and sur-
face energy were analyzed. Cell adhesion, cell proliferation, and alkaline phosphatase activity were evaluated using mouse 
MC3T3-E1 cells.
Results: The anodized Ti group had a more porous and thicker layer on its surface. The surface roughness of the two groups 
measured by the profilometer showed no significant difference (P>0.001). The anodized Ti dioxide (TiO2) surface exhibited 
better corrosion resistance and showed a significantly lower contact angle than the machined Ti surface (P>0.001). Although 
there was no significant difference in the cell viability between the two groups (P>0.001), the anodized TiO2 surface showed 
significantly enhanced alkaline phosphatase activity (P<0.001). 
Conclusions: These results suggest that the surface modification of Ti by anodic oxidation improved the osteogenic response 
of the osteoblast cells.
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INTRODUCTION

Titanium (Ti) alloys are widely used as biomaterials, such as 
in orthopedic and dental implants, because of their excellent 
mechanical strength, chemical stability, biocompatibility, and 
facilitated osseointegration [1]. The biocompatibility of Ti is 
closely related to its surface characteristics such as its chemi-
cal composition, surface roughness, and surface energy [2-5]. 
As a result, many attempts have been made to improve the 
surface properties of Ti implants and consequently to enhance 
initial bone bonding [6-10].

These surface modification techniques include sand blast-

ing, acid etching, and plasma spraying. However, mechanical 
methods may be uncontrollable and imprecise, and form 
contaminant particles on Ti implant surfaces [1]. Similarly, 
acid etching has no ability to produce controllable surface 
topographies, and it also has the potential to form residual 
surface acids detrimental to bone growth [11]. Furthermore, 
the pore size of the implant surface formed through these 
processes is nonuniform at the microscale or macroscale. 
However, Sato and Webster [12] found that osteoblasts may 
be accustomed to a nanoscale rather than a microscale envi-
ronment. Therefore, more desirable methods to modify Ti 
surfaces are needed for promoting bone growth.
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The surface of Ti reacts with oxygen in the air and spontane-
ously forms a dense and stable oxide layer (Ti dioxide, TiO2) 
with a thickness of 1.5–10 nm [13]. This TiO2 layer is responsible 
for the excellent biocompatibility of Ti implants because of its 
low level of electronic conductivity, high corrosion resistance, 
and thermodynamically stable state at physiological pH values 
[14-16]. However, the natural oxide layer can be easily broken 
and is not bioactive enough to form a direct bone-to-bone 
contact. Some studies have indicated that an artificial increase 
in the thickness of the native oxide layer will result in very 
strong reinforcement of the bone response [17]. Sundgren and 
I Lundstrom [18] assessed the implants retrieved from patients 
and demonstrated that successfully osseointegrated implants 
showed an increase in oxide thickness of up to 200 nm. Fur-
thermore, Larsson et al. [6,7] found that there were no signifi-
cant differences in the bone contact and bone formation be-
tween machined Ti implants (3–5 nm oxide thickness) and an-
odized implants (up to 200 nm oxide thickness).

Schreckenbach et al. [19] demonstrated some advantages of 
surface modification by anodic oxidation, such as the ability 
of fabricating porous Ti oxide films by dielectric breakdown, 
the changeability of the crystalline structure, and the chemi-
cal composition of the oxide film, depending on the fabrica-
tion conditions. Anodization can form a rough and homoge-
neous TiO2 layer with numerous nano-scale pores on the Ti 
surface, providing improved corrosion resistance and de-
creased ion release [20,21]. In addition, the pores on the layer 
provide an optimum biological environment for bone tissue 
through the ingrowth of mineralized tissue into the pore space 
and consequently improve osseointegration [22-24]. Further-
more, Bae et al. [25] reported that the nanotubular structure 
of pores can provide storage room for drugs, such as antibi-
otics, anti-inflammatory drugs, and growth factors, which 
might improve sustained drug delivery.

In summary, the anodic oxide film formed on the Ti surface 
is thought to improve the response of osteoblasts for osseo-
integration between the Ti surface and surrounding bone. 
However, the mechanical properties of the anodic oxide film 
formed on the surface of the Ti and the associated biological 
response of osteoblasts have not been completely understood. 
Thus, the purpose of this study was to evaluate the surface 
properties and cellular events occurring on an anodized Ti 
surface.

MATERIALS AND METHODS

Fabrication of anodized Ti surfaces
All specimens were kindly provided by the School of Mate-

rials Science and Engineering, Chonnam National Universi-
ty. Briefly, all commercially pure Ti (grade II, cp-Ti) samples 

were prepared as disks 15 or 25 mm in diameter and 1 mm in 
thickness. The cp-Ti disks were ground with 240 grit silicon 
carbide papers. These disks were ultrasonically degreased in 
acetone and ethanol for 10 minutes with deionized water 
rinsing between applications of each solvent. In the prelimi-
nary experiment in which the oxide film formed by anodic 
oxidation was evaluated for various durations (30–120 sec-
onds), the specimens with 60 seconds of treatment showed 
excellent physical properties and were used as the test group 
in this study. The samples were then divided into 2 groups. 
Group I was a nontreated machined Ti surface. Group II was 
an anodized TiO2 surface using a constant voltage of 270 V 
for 60 seconds. The disks were anodized using pulse power 
(650 Hz). The electrolyte solution contained 0.15 M calcium 
acetate and 0.02 M calcium glycerophosphate.

The surface morphology of anodized Ti disks and their 
cross-sections were also observed by scanning electron mi-
croscopy (SEM; S-4700, Hitachi, Tokyo, Japan). Each group 
was examined with atomic force microscopy (AFM; Nano 
Scope-IIIa, Digital Instrument, Santa Barbara, CA, USA) to 
provide surface morphology information on the test surfac-
es. The surfaces of the anodized Ti disks were examined with 
an X-ray diffractometer (XRD; DMAX/1200, Rigaku, Tokyo, 
Japan). The contact angle of each sample was measured us-
ing an image analyzing microscope (Camscope, Sometech 
Inc., Seoul, Korea). The surface roughness was measured us-
ing a profilometer (Diavite DH-1, Asmeto AG, Richterswil, 
Switzerland). The measured surface roughness was repre-
sented by the roughness average, and five samples per group 
were used.

Evaluation of corrosion resistance
The samples for the corrosion test were embedded in a 

room temperature curing epoxy resin leaving an exposure 
area of 10 mm2 ×1 mm2. The control and test groups were ex-
posed to the electrolyte. The electrolyte used was phosphate-
buffered saline (PBS) at room temperature. A three-electrode 
cell set-up was used with a saturated calomel electrode, a 
platinum wire as reference, and a counter electrode.

A potentiodynamic polarization scan using a frequency re-
sponse analyzer (EIS 300, Gamry Instruments Inc., Warmin-
ster, PA, USA) coupled to a potentiostat PCI4/300 (Gamry In-
struments, Inc.), was acquired following 7 days of immersion 
in PBS.

Sample preparation for evaluation of the biologic response
All disks were placed under aseptic conditions in the bot-

tom of 12- or 6-well culture dishes, then rinsed 3 times in 70% 
ethanol, exposed to ultraviolet light for 1 hour and air dried 
in a laminar flow. 
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Cell culture
Mouse MC3T3-E1 cells (ATCC, Rockville, MD, USA) were 

cultured in T-75 flasks in alpha minimum essential medium 
(α-MEM, Invitrogen, Carlsbad, CA, USA) supplemented with 
10% heat-inactivated fetal bovine serum, 100 mg/mL peni-
cillin, and 100 mg/mL streptomycin (Invitrogen) at 37°C in a 
humidified atmosphere of 5% CO2–95% air.

SEM preparation
Mouse MC3T3-E1 cells were evaluated for cell attachment 

and growth using SEM. Cells were seeded in a 12-well plate 
at a density of 1×104 cells/mL in α-MEM medium contain-
ing 10% FBS. After incubation for 3 days, the dishes were 
washed three times with PBS and fixed with 2.5% glutaralde-
hyde in 100 mM cacodylate buffer. The samples were dehy-
drated in increasing concentrations of ethanol (30%, 60%, 
95%, and 100%), immersed in hexamethyldisilazane (Sigma-
Aldrich Co., St. Louis, MO, USA) for 15 minutes, air-dried, and 
immediately mounted on aluminum stubs and coated with 
platinum. 

Cell viability test
Cells were cultured on machined Ti and three anodized 

TiO2 surfaces in 12-well plates at a density of 1×104 cells/mL 
in α-MEM. The control was cultured on a tissue culture plate. 
After 1 day, the medium was changed and the cells were cul-
tured for an additional 2 days. Following incubation, the cell 
viability was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT) assay (CellTiter 96 Aque-
ous One, Promega Co., Madison, WI, USA). In these experi-
ments, the formazan reduction was measured, which pro-
vides a useful tool for the measurement of individual cell vi-
ability and is directly proportional to the number of viable 
cells. The formazan accumulation was quantified by absor-
bance at 490 nm by an enzyme-linked immunosorbant assay 
plate reader (Microplate Manager, Bio-Rad Laboratories Inc., 
Hercules, CA, USA) and analyzed. All of the experiments were 
carried out in triplicate.

ALP activity
The assay for alkaline phosphatase (ALP) activity was carried 

out, to measure the ALP activity, the fetal rat calvarial cells were 
seeded on machined Ti and three anodized TiO2 surfaces in 
12-well plates at a density of 1×104 cells/mL in BGJb media 
containing 10% FBS. Determination of ALP activity was per-
formed at day 7. Briefly, cells were lysed in Triton 0.1% (Triton 
X-100) in PBS, then frozen at –20°C and thawed. One hun-
dred microliters of cell lysates was mixed with 200 mL of 10 
mM p-nitrophenol phosphate and 100 mL of 1.5 M 2-amino-
2-methyl-1-propanol buffer, and then incubated for 30 min-

utes at 37°C. The ALP activity was measured by an absorbance 
reading at 405 nm with a spectrophotometer (SmartSpec, Bio-
Rad Laboratories Inc.). All of the experiments were carried 
out in triplicate.

Statistical analysis
One-way analysis of variance and Tukey test for repeated 

measurements were performed to examine the data for sur-
face roughness, surface energy, contact angle measurement, 
cell proliferation, and ALP activity with the SPSS ver. 12.0 (SPSS 
Inc., Chicago, IL, USA). The results were considered signifi-
cant where P<0.001.

RESULTS 

Surface characterization
Fig. 1 shows the surface morphology of machined Ti and 

anodized Ti. The anodized TiO2 surface showed relatively 
well-developed columnar structures and a porous oxide layer 
compared with the machined Ti surface. The cross-sectioned 
images showed that the TiO2 layer of the anodized Ti was 
thicker than the machined Ti (control, 17 nm; test, 1,500 nm) 
(Fig. 2). Fig. 3 shows the AFM images of the surface roughness, 
and the measurements revealed a root-mean-square of 0.24± 
0.05 μm and 0.28±0.04 μm, respectively (Table 1). The anod-
ized TiO2 surface was found to be relatively rougher than the 
machined Ti surface, but there was no significance.

Fig. 4 shows an XRD pattern of the test group sample. The 
60-second specimens showed many peaks indicative of ana-
tase and rutile structures. This indicated that the Ti was fur-
ther oxidized in the anodized TiO2 surface and formed oxide 
layers with rutile and anatase structures.

2 μm 2 μm

1 μm 1 μm

A

Aa

B

Bb

Figure 1. Scanning electron microscopy. (A) The machined titanium 
(Ti) surface showed a uniform texture. (B) The anodized Ti surface 
showed relatively well-developed columnar structures and a porous 
oxide layer. 
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Physical characteristics
The contact angles are shown in Fig. 5. The water contact 

angle of the anodized TiO2 surface was significantly lower 
than the machined Ti surface (control, 87.20±3.01; test, 65.74± 
1.12) (P<0.001).

In order to evaluate the corrosion protection by the anod-
ized TiO2 surface, a potentiodynamic polarization test was 
performed. Fig. 6 shows the curves for the two groups. From 
the polarization curves, the anodized TiO2 surface had supe-
rior corrosion resistance compared to the machined Ti sur-
face. The curve of the anodized Ti surface showed nearly 
constant values of passive current density, indicating that its 
corrosion rate was in a steady state and that the passive film 
formed on its surfaces was stable.

Biologic characteristics
The cell morphology was examined by SEM after 24 hours 

of cell seeding. Fig. 7 shows the SEM images of cell spreading. 
Under SEM, the cells adhered and grew well on the surfaces 

of the machined Ti surface and anodized TiO2 surface. The 
cells spread extensively and totally flattened on all of the an-
odized Ti surfaces. They were polygonal in shape and the in-
dividual cells were flat in appearance. On the machined Ti 
surface, the cells also spread polygonally and cell projections 
connecting cells were visible. There was no significant mor-
phological difference between the two groups.

Fig. 8 shows the cell viability assessed by MTT assay. The 
number of cells gradually significantly increased as the cell 
incubation time increased in both groups (P<0.001). Although 
there was no significant difference in the cell viability between 
the two groups, the anodized Ti surface showed a tendency 
toward slightly higher viability than the machined Ti surface 

Figure 3. Atomic force microscopy (AFM) analysis of (A) the ma-
chined titanium (Ti) surface and (B) the anodized Ti dioxide (TiO2) 
surface. Three-dimensional AFM images (10 μm×10 μm) showed 
nanoscale roughness on the anodized TiO2 surface.
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Figure 2. Scanning electron microscope images of the cross-sec-
tioned titanium. (A) The machined titanium (Ti) surface. (B) The an-
odized Ti dioxide (TiO2) surface. The thickness of the TiO2 layer was 
thicker on the anodized titanium than the machined Ti.
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Figure 4. X-ray photoelectron spectroscopy analysis. (A) The ma-
chined titanium (Ti) surface. (B) The anodized Ti dioxide (TiO2) sur-
face. The anodized TiO2 surface showed a stronger anatase peak at 
the same degree than the machined Ti surface.

Table 1. Surface roughness of machined Ti surface and anodized 
TiO2 surface (μm).

Machined Ti surface Anodized TiO2 surface

Ra (mean±SD) 0.24±0.08 0.28±0.04

SD, standard deviation; Ti, titanium; TiO2, titanium dioxide, Ra: roughness average.
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Figure 5. The contact angle of (A) the machined titanium (Ti) sur-
face and (B) the anodized Ti dioxide (TiO2) surface examined by an 
image analyzing microscope. The water contact angle of the anod-
ized TiO2 surface was significantly lower than that of the machined 
Ti surface. *A statistically significant difference as compared with 
machined Ti (P<0.001).
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(P>0.001).
The assay for ALP activity is shown in Fig. 9. At 7 days, the 

ALP activity was significantly higher in the anodized Ti sur-
face than in the machined Ti surface (P<0.001). The cells on 
the anodized Ti surface showed 47% higher ALP levels than 
those on the machined surface.

DISCUSSION

Since the anodization technique was introduced in the ear-
ly 1930’s, it has been widely studied as a method for enhanc-
ing the osseointegration between the implant surface and 
surrounding bone [3]. Some studies have shown that the im-
provement of bone contact and bone formation might be 

Figure 6. Corrosion resistance measured by potentiodynamic polarization curves of (A) the machined titanium (Ti) surface and (B) the anod-
ized Ti dioxide surface. The curve of the anodized Ti surface showed nearly constant values of passive current density.
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Figure 7. Cell adhesion examined by scanning electron microscopy. 
The cells adhered and grew well on the surfaces of (A) the machined 
titanium (Ti) surface and (B) the anodized Ti dioxide surface. 
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Figure 8. Cell viability measured by the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide assay of (A) the machined titanium (Ti) 
surface and (B) the anodized Ti dioxide surface. The number of cells 
gradually significantly increased as the cell incubation time increased 
in both groups. The anodized Ti surface showed a tendency toward 
higher cell proliferation than the machined Ti surface.
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Figure 9. The alkaline phosphatase activity of the machined titani-
um (Ti) and anodized Ti dioxide (TiO2) surface. The ALP activity in 
the anodized TiO2 surface was significantly higher than that of the 
machined Ti surface. *A statistically significant difference as com-
pared with machined Ti (P<0.001). 
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achieved by modification of the oxide thickness and surface 
topography [6,7]. Schreckenbach et al. [19] demonstrated some 
advantages of the anodic oxidation in surface modification, 
such as the ability to fabricate porous TiO2 films through di-
electric breakdown, the changeability of the crystalline struc-
ture and chemical composition of the oxide film depending 
on the fabrication conditions providing improved corrosion 
resistance. Furthermore, Bae et al. [25] reported that the nano-
tubular structure of pores can provide storage room for drugs, 
such as antibiotics, anti-inflammatory drugs, and growth fac-
tors, which might improve sustained drug delivery. In the 
present study, we confirmed the advantages of an anodized 
Ti surface with regard to its surface characteristics and bioac-
tivity. The surface properties were evaluated by SEM, XPS, and 
AFM and the cellular events on the anodized Ti surface were 
analyzed.

Various anodizing conditions have been tested to obtain 
the optimal surface modification of Ti in other studies. The 
anodizing conditions include the voltage, current, duration, 
and kind of electrolyte. Some studies have reported the re-
sults of anodizing used strong acids such as sulfuric acid and 
hydrofluoric acid [13]. These electrolytes are effective due to 
their electrolysis speed. However, they have disadvantages, 
such as harmful byproducts and difficult manipulation. 
Therefore, in this study, we used calcium acetate and glyc-
erophosphate media, which has the properties of a weak acid. 
Furthermore, those electrolytes acted as a supplier of Ca and 
P, which the anodized Ti could contain in its oxide layer, which 
may benefit bone healing. Sixty seconds of anodization was 
used to form the oxide film because the specimens with 60 
seconds of treatment showed good physical properties in 
our preliminary experiment. The formation of the oxide layer 
by anodization was verified by the XRD pattern.

Some aspects of surface characteristics can be modified by 
anodic oxidation of Ti. Anodization can increase the surface 
roughness of Ti and form micro pores and nanotube arrays 
of the porous crystalline oxide layer [11,26]. In this study, a 
rough, thick, and porous crystalline oxide layer formed by 
anodization was demonstrated by SEM imaging and AFM 
assay. The SEM images of the cross-sections of the samples 
showed that the thickness of the oxide layer was 1,500 nm, 
which was thought to be appropriate in the cell responses in 
our report. Several authors investigated the relationship of 
the thickness of the oxide film and the biocompatibility of 
the Ti implants. Lasson et al. [6,7] showed that a thicker sur-
face oxide layer had an enhancing effect on the rate of bone 
formation and thick oxide (180 nm in thickness) showed a 
tendency toward a higher degree of bone contact with the 
implant and bone area within the threads. Furthermore, Sul 
et al. [24] demonstrated that electrochemically reinforced ox-

ide surfaces with an oxide thickness of 600, 900, or 1,000 nm 
enhanced the bone anchorage of such implants in compari-
son with Ti implants with an oxide thickness of less than 200 
nm in terms of the removal torque and resonance frequency 
analysis. In our study, compared to other studies, a thicker 
oxide layer was obtained, and this may have contributed to 
better physical properties. Yao and Webster [11] demonstrated 
that the pore size could be determined by the current densi-
ties, applied potential, and electrolyte concentrations, and 
varied from a few tens of nanometers to a few hundred nano-
meters. In their study, the size of the nano-tubes was about 
70 nm and it promoted the calcium deposition by osteoblasts. 
In this study, the inner diameter of the pore structure was 
between about 90 nm and 200 nm, which was similar to the 
results of Yao and Webster’ study.

In addition, corrosion resistance occurring in vivo plays an 
important role in the life of the implant [20,24]. In this study, 
anodizing increased the oxide thickness and consequently 
improved corrosion protection. In agreement with the pres-
ent study, several studies have suggested that the corrosion 
resistance of implants could be improved by anodization be-
cause the thickness of the protective oxide layer increased, 
and this resulted in less metal ion release in the human body 
[22]. The improvement of corrosion resistance is important 
in view of its biocompatibility. The physiological solution 
(body fluid) is considered extremely corrosive to metallic ma-
terial. The possible release of toxic metallic ions and/or parti-
cles through corrosion or wear processes leads to inflamma-
tory cascades that can reduce biocompatibility and cause tis-
sue loss. In the case of the Ti-6Al-4V alloy, the vanadium ions 
and aluminum ions are dissolved from the implant surface 
and are associated with serious health problems, adverse tis-
sue reactions, and potential neurological disorders [20,24]. 
Therefore, it is important to provide an effective surface 
coating technology for Ti alloys. In this report, thick oxide 
film (1,500 nm) obtained by oxidization may block the emis-
sion of those harmful ions, prevent complications, and con-
tribute to a good biologic response.

As the water contact angle is lower (i.e., high hydrophilic 
property), the wettability is increased, and this is generally fa-
vorable in biocompatibility [27,28]. Eriksson et al. [29] demon-
strated that the increase in wettability promoted the interac-
tion between the implant surface and the biological environ-
ment, and they reported that cell-surface interactions are in-
fluenced by surface energy. Furthermore, cell activation was 
more rapid on hydrophilic surfaces [30]. As shown in other 
studies, the present study showed that the anodized Ti sur-
face had a lower contact angle than the machined Ti surface. 
This lower contact angle may create a hydroxylated and hy-
drophilic surface and promote the adhesion of relevant pro-
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teins. 
The crystal structure of the oxide layer was analyzed by as-

sessing the X-ray diffraction pattern. In this study, the anod-
ized Ti surface had a stronger anatase peak at the same de-
gree than the machined Ti surface. It is well known that TiO2 
has three crystal structures: anatase, rutile, and brookite and 
anatase TiO2 is more reactive than rutile. Oh et al. [31] report-
ed that as the anodic reaction increased, the X-ray peak in-
tensities of anatase gradually increased, and the crystalline 
phase of anodic films was predominantly anatase.

Most recent studies of surface roughness have focused on 
cell attachment and osseointegration and have shown better 
results on rough surfaces [18,20]. However, the present study 
showed that the roughness was similar between the two 
groups (control, 0.24±0.05 μm; test, 0.28±0.04 μm) and this 
suggests that the surface roughness may not be what is influ-
encing the cell response. The SEM images showed that the 
cells were plated well on the anodized Ti surface, and this 
was similar to those on the machined surfaces. We also eval-
uated the cell viability and proliferation level by MTT assay. 
The cells of all of the samples proliferated actively during the 
experimental period. Although there was no statistical differ-
ence between the groups, the anodized Ti surface showed a 
tendency toward higher proliferation of osteoblasts than the 
machined Ti surface. This result suggests that the roughness 
did not affect the cell proliferation, and the procedure for an-
odization showed an absence of cytotoxicity in cell attach-
ment. A possible explanation of this result is the mechanical 
properties of the anodized Ti surface; it had a lower contact 
angle and stronger anatase peak than the machined Ti sur-
face.

Furthermore, ALP activity was assessed to evaluate the cell 
response to the anodized Ti surface. ALP is well known as a 
biomarker specific to the initial differentiation of osteoblasts 
[28,29]. In this study, the cells on the anodized Ti surface 
showed significantly higher ALP activity levels than the cells 
in the control group. This indicated that the anodization pro-
cedure appeared to affect the ALP activity, and the improved 
ALP activity suggested the facilitation of differentiation of 
the fetal rat calvarial cells into osteoblasts. This result was 
similar to other reports in which an anodized surface showed 
higher ALP activity [25,32,33]. Bae et al. [25] showed that the 
ALP activity in an anodized group was 55% higher than that 
of the untreated group. Zhao et al. [32] noted that the reason 
for this result could be that the anodized Ti was more hydro-
philic and contained many Ti-OH groups on its surface layer.

Although it was well conducted, the present study has limi-
tations. We evaluated the biocompatibility of the anodized 
TiO2 surface with osteoblast-like cells, and the cell response 
was improved at the anodized TiO2 surface within 7 days of 

cell culture. However, this effect was not evaluated in vivo for 
a longer period. To confirm the improved osseointegration 
of anodized Ti, an in vivo study should be performed. In 
summary, the anodized TiO2 surface had a higher level of 
cell proliferation and ALP activity than a machined surface. 
These properties could promote the bone response around 
the implant and improve osseointegration. Consequently, 
they should contribute to the long-term success rate of den-
tal implants.
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