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This study investigated the surface characteristics and biocompatibility of phosphate ion (P)-incorpo-
rated titanium (Ti) surfaces hydrothermally treated with various concentrations of phosphoric acid
(H3PO4). The surface characteristics were evaluated by scanning electron microscopy, thin-film X-ray dif-
fractometry, X-ray photoelectron spectroscopy, optical profilometry, contact angle and surface energy
measurement and inductively coupled plasma mass spectroscopy (ICP-MS). MC3T3-E1 cell attachment,
spreading, proliferation and osteoblastic gene expression on different surfaces were evaluated. The
degree of bony integration was biomechanically evaluated by removal torque testing after 4 weeks of
healing in rabbit tibiae. The H3PO4 treatment produced micro-rough Ti surfaces with crystalline P-incor-
porated Ti oxide layers. High concentration H3PO4 treatment (1% and 2%) produced significantly higher
hydrophilic surfaces compared with low H3PO4 treatment (0.5%) and untreated surfaces (P < 0.01).
ICP-MS analysis showed P ions were released from P-incorporated surfaces. Significant increased cell
attachment (P < 0.05) and notably higher mRNA expressions of Runx2, alkaline phosphatase, osteopontin
and osteocalcin were observed in cells grown on P-incorporated surfaces compared with cells on
untreated machined surfaces. P-incorporated surfaces showed significantly higher removal torque forces
compared with untreated machined implants (P < 0.05). Ti surfaces treated with 2% H3PO4 showed
increasing tendencies in osteoblastic gene expression and removal torque forces compared with those
treated with lower H3PO4 concentrations or untreated surfaces. These results demonstrate that H3PO4

treatment may improve the biocompatibility of Ti implants by enhancing osteoblast attachment, differ-
entiation and biomechanical anchorage.

� 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Numerous studies have demonstrated that a titanium (Ti) oxide
layer modified by various methods improves bone healing around
Ti implants. A micro-porous crystalline Ti oxide layer or one incor-
porated with potentially bioactive ions accelerates implant bone
healing by promoting osteoblast cell differentiation in vitro, and
by increasing bone–implant contact and biomechanical anchorage
in vivo [1–6].

Several studies have performed anodic oxidation treatment
using phosphoric acid in order to produce biocompatible Ti sur-
faces for biomedical applications [5,7,8]. These, however, did
not produce crystalline phosphate ion (P)-incorporated oxide lay-
ia Inc. Published by Elsevier Ltd. A
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ers. Recently, we have shown that hydrothermal treatment using
phosphoric acid produces a crystalline P-incorporated oxide sur-
face, which exhibited highly wettable and micro-rough surface
features [9]. P-incorporated Ti surfaces significantly increased
bone–implant contact percentages and removal torque forces in
rabbittibiae compared with various commercial microstructured
surfaces.

Surface properties, including micro-topography, chemistry and
wettability, are important factors affecting the quality of bone
healing by influencing the biological responses of bone-interfacing
implants [1–6,9–14]. Thus, Ti implants with surface properties that
combine optimal micro-roughness, superior wettability and poten-
tially bioactive chemistry may be effective for achieving favorable
implant bone healing. Micro-rough P-incorporated surfaces
showed improved osseointegration in vivo [9], but it might be ex-
pected that P-incorporated oxide layers produced by various
hydrothermal treatment conditions would have different surface
properties, which may affect their osteoconductivity.
ll rights reserved.
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Table 1
Primer sequences for polymerase chain reaction.

Target Primer sequences

Runx2 Forward primer 50–30: CCAGAATGATGGTGTTGACG
Reverse primer 50–30: GGTTGCAAGATCATGACTAGGG

ALP Forward primer 50–30: CTTGACTGTGGTTACTGCTG
Reverse primer 50–30: GAGCGTAATCTACCATGGAG

Osteopontin Forward primer 50–30: TCAAGTCAGCTGGATGAACC
Reverse primer 50–30: CTTGTCCTTGTGGCTGTGAA

Osteocalcin Forward primer 50–30: TGCTTGTGACGAGGTATCAG
Reverse primer 50–30: GTGACATCCATACTTGCAGG

GAPDH Forward primer 50–30: GGCATTGCTCTCAATGACAA
Reverse primer 50–30: TGTGAGGGAGATGCTCAGTG

GAPDH: glyceraldehydes-3-phosphate dehydrogenase.

Fig. 1. Scanning electron microscope images of different samples. (a1 and a2) machined,
of 1000� (a1–d1) and 3000� (a2–d2). SEM images show different surface morphologie
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Therefore, the aim of this study was to investigate the surface
characteristics of Ti surfaces produced by varying the phosphoric
acid concentrations for use in future biomedical applications. The
surface in vitro osteoconductivity was evaluated by observing cell
attachment, spreading, proliferation and osteoblastic gene expres-
sion using MC3T3-E1 pre-osteoblast cells, and in vivo implant inte-
gration was biomechanically evaluated by comparing removal
torque forces in rabbit tibiae.
2. Materials and methods

2.1. Sample preparation

Disks made from commercially pure Ti (ASTM grade 3) rods,
14 mm in diameter and 2 mm thick, were used to characterize
(b1 and b2) TiP-1, (c1 and c2) TiP-2 and (d1 and d2) TiP-3 surfaces at magnifications
s of investigated samples. Scale bars = 30 lm (a1–d1) and 10 lm (a2–d2).
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the surface properties and for cell culture experiments. To pre-
pare the Ti disks with a surface structure similar to that of com-
mercial machine-turned implants, they were wet-abraded to
1200 grit SiC abrasive paper and successively cleaned in acetone,
alcohol and deionized water (machined surface). To produce var-
ious P-incorporated Ti oxide surfaces, the machine-surfaced
Ti disks were treated hydrothermally using 0.5% (TiP-1), 1%
(TiP-2) and 2% (TiP-3) (w/w) H3PO4 solutions at 180 �C for 2 h
in a Teflon-lined reactor, followed by heat treatment according
to methods described previously [9,15] Four different Ti surfaces
were used: (1) machined surface, (2) TiP-1 surface, (3) TiP-2 sur-
face and (4) TiP-3 surface. For the animal study, screw-type
implants (n = 28), with an external diameter of 3.3 mm and a
length of 5.3 mm, were prepared from commercially pure
Ti (ASTM grade 3) rods. The screw implants were turned and
then further treated with the same methods used to produce
the P-incorporated Ti disks. All samples were sterilized by c-irra-
diation before the cell culture and animal experiments.
Fig. 2. X-ray diffraction patterns of machined (a), TiP-1 (b), TiP-2 (c) and TiP-3 (d)
2.2. Surface characterization

The surface morphologies of the samples were observed by
scanning electron microscopy (SEM; S-4300, Hitachi, Tokyo, Ja-
pan). The crystalline structure and chemical composition of the
oxide layer were investigated by thin-film X-ray diffractometry
(XRD; X’Pert-APD, Philips, Almelo, The Netherlands) and X-ray
photoelectron spectroscopy (XPS; Quantera SXM, ULVAC-PHI, To-
kyo, Japan). After acquiring XPS data, samples were cleaned with
argon sputtering for 30 s in order to remove surface contaminants,
and then chemical composition, binding energies and peak areas
were further measured. Surface roughness measurements of the
disks were taken with optical profilometry (WYKO NT 2000, Veeco
Instruments Inc., Woodbury, NY, USA) over a 320 � 240 lm area.
Three disks from each group were measured and two measure-
ments were performed on each disk. The thickness of the P-incor-
porated Ti oxide layer was evaluated by SEM measurements using
cross-sectioned samples. Surface wettabilities of the different sur-
faces were determined by measuring the contact angles with one
drop (5 ll) of deionized water using an automatic contact angle
meter (Phoenix 300; Surface Electro Optics, Seoul, Korea). Three
samples from each group were measured and two measurements
were performed on each sample to evaluate the average contact
angle at 10 s.

For ionic release measurement, three disks of each group
were immersed in 20 ml of physiological saline solution (0.9%
NaCl) in a sealed bottle at 37 �C for 1, 3 and 7 days with gentle
shaking. After immersion, the concentration of phosphorus ions
released from the samples into the solution was measured by
inductively coupled plasma mass spectroscopy (ICP-MS; ELAN
DRC-e, Perkin-Elmer, Norwalk, CT, USA) at a detection limit of
0.1 ppb. Measurements were repeated three times for each
immersion time point.
Table 2
Surface roughness parameters of machined, TiP-1, TiP-2 and TiP-3 samples (n = 6).

Group Ra (lm) Rq (lm) Rt (lm) Sdr

Machined 0.31 ± 0.02 0.39 ± 0.02 3.46 ± 0.52 1.08 ± 0.01
TiP-1 0.32 ± 0.03 0.40 ± 0.04 3.83 ± 0.57 1.15 ± 0.02
TiP-2 0.98 ± 0.03 1.22 ± 0.03 11.92 ± 1.15 1.65 ± 0.03
TiP-3 1.17 ± 0.08 1.56 ± 0.10 14.87 ± 1.50 2.57 ± 0.17

Ra = The arithmetic average of the absolute height values of the profile; Rq = the root
mean square of the values of the profile; Rt = the maximum peak-to-valley height of
the entire measurement area; Sdr = the developed surface area ratio (the ratio of the
measured surface area over the sampling area).
2.3. Cell culture

MC3T3-E1 cells, a mouse calvaria-derived osteoblast-like cell
line, were plated in Dulbecco’s modified Eagle’s medium (Gibco–
BRL Life Technologies, Grand Island, NY, USA) containing 10% fetal
bovine serum (Gibco–BRL Life Technologies), 500 U ml�1 penicillin
(Keunhwa Pharmaceutical, Seoul, Korea), and 500 U ml�1 strepto-
mycin (Donga Pharmaceutical, Seoul, Korea). The cells were cul-
tured under 100% humidity and 5% CO2, at 37 �C. The medium
was changed every other day prior to confluence and cells were
passaged using 0.05% trypsin/0.02% EDTA.

2.4. Morphological evaluation of early cell spreading using SEM

The cells were seeded on disks in 24-well culture plates at a den-
sity of 4� 104 cells well�1. After 1 h of culture, cells attached to the
disks were sequentially fixed with 2% glutaraldehyde and 1% osmium
tetroxide and dehydrated using an ascending series of alcohols. After
critical point drying and gold–palladium coating, the morphologies of
the cells on the various Ti surfaces were observed using SEM.

2.5. Initial cell attachment and cell proliferation

For the evaluation of initial cell attachment and proliferation,
cells were cultured on Ti disks in 24-well culture plates at an initial
seeding density of 4 � 104 cells well�1. Initial cell attachment was
evaluated after 1 h of culture. For cellular proliferation assay, cells
were cultured for 1 and 3 days. Cell attachment and proliferation
were assessed by a colorimetric assay based on the conversion of
a (2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulf-
ophenyl)-2H-tetrazolium, monosodium salt (WST-8)) into the
highly water-soluble formazan, enabling assessment of the num-
ber of viable cells [16], which were evaluated by using a cell count-
ing kit (CCK-8; Dojindo Molecular Technologies, Tokyo, Japan) in
samples.

Table 3
Chemical composition of investigated surfaces by X-ray photoelectron spectroscopy
(at.%).

Group Ti O P C N Ar Ti/P ratio

Machined 18.8 56.5 24.1 0.6
Machineda 42.6 54.8 <0.1 0.4 2.1
TiP-1a 28.4 66.5 3.0 <0.1 0.2 1.8 9.46
TiP-2a 18.3 66.9 13.1 <0.1 0.2 1.4 1.40
TiP-3a 15.3 68.6 14.5 <0.1 0.3 1.2 1.05

a Ti surface after argon sputter cleaning.
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accordance with the manufacturer’s instructions. After the indi-
cated incubation times, disks were washed with phosphate buf-
fered saline and transferred to new 24-well plates. A CCK-8
mixture solution prewarmed to 37 �C was added to each well con-
taining a disk and incubated for 3 h. Then, 150 ll of solution was
transferred to new 96-well plates and the absorbance was mea-
sured at a wavelength of 450 nm using an ELISA microplate reader.
The resulting absorbance for each of the wells was averaged and
corresponded to the cell numbers with a standard calibration curve
prepared using the data obtained from the wells that contain
known numbers of viable cells.
2.6. Real-time polymerase chain reaction (PCR)

The cells were seeded on disks in 24-well culture plates at an
initial seeding density of 4 � 104 cells well�1, and cultured for 7
and 14 days. Total RNA was extracted from the cultured cells using
Trizol reagent (Gibco–BRL Life Technologies) and quantified. To
create first-strand cDNAs, reverse transcription was performed as
described previously [4]. To determine the Runx2, alkaline phos-
Fig. 3. X-ray photoelectron survey spectra (a–c) and high-resolution P2p spectra (a1–c1)
cleaning.
phatase (ALP), osteopontin, osteocalcin and glyceraldehyde-3-
phosphate dehydrogenase mRNA levels, real-time PCR reactions
were performed as described previously using the primers shown
in Table 1 [4]. The results were expressed as fold differences of
gene expression relative to the results of the machined surface at
7 days of culture. All measurements were run in triplicate.
2.7. Animals and surgical procedure

Seven adult male New Zealand White rabbits weighing 3.5–4 kg
were used in this study. This experiment was approved by the Insti-
tutional Animal Care and Use Committee of Kyungpook National
University Hospital, Daegu, Korea. Korean national regulations
(equivalent to NIH guidelines; NIH Publication No. 85-23 Rev.
1985) for the care and use of laboratory animals were observed.
General anesthesia was induced by intramuscular injection of a
combination of 1.3 ml of ketamine (100 mg ml�1; Ketara, Yuhan,
Seoul, Korea) and 0.2 ml of xylazine (7 mg kg�1 body weight; Rom-
pun, Bayer Korea, Seoul, Korea). The medial surfaces of the proximal
tibiae were used as the surgical sites. The surgical areas were
of TiP-1 (a and a1), TiP-2 (b and b1) and TiP-3 (c and c1) surfaces after argon sputter



Fig. 4. Scanning electron microscope images of cross-sectioned surfaces showing the thickness of oxide layer of TiP-1 (a), TiP-2 (b) and TiP-3 (c) samples. Scale bar = 5 lm.

Table 4
Contact angle of machined, TiP-1, TiP-2 and TiP-3 samples (mean ± SD; n = 6).

Group Contact angle (�)

Machined 54.3 ± 2.7A

TiP-1 42.9 ± 4.4B

TiP-2 11.7 ± 2.6C

TiP-3 8.9 ± 3.1C

P-value* <0.01

A–C The same letters indicate that the values are not significantly different by
Tukey’s multiple comparison at a = 0.05.
* P-values are computed by one-way ANOVA.

Table 5
Release of P ions from TiP-1, TiP-2 and TiP-3 samples (mean ± SD; n = 3).

Group Immersion time (days) P (ppb)a

TiP-1 1 6.3 ± 0.3
3 38.9 ± 1.5
7 70.8 ± 1.1

TiP-2 1 61.6 ± 2.9
3 98.0 ± 0.5
7 115.6 ± 0.6

TiP-3 1 75.2 ± 3.1
3 98.8 ± 2.6
7 197.8 ± 0.6

a Concentration of total three disks per group.
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shaved and the skin was washed with a mixture of iodine and 70%
ethanol before surgical draping. Local anesthesia was induced with
1 ml of 2% lidocaine (1:100,000 epinephrine; Yuhan) to control
bleeding and to provide additional local anesthesia. The surgical
sites were exposed with an incision through the skin, fascia and
periosteum at the medial surface of the proximal tibiae using a ster-
ile surgical technique.

The implant site osteotomies were prepared in the usual man-
ner. A final drill diameter of 2.85 mm was used. All drilling proce-
dures were carried out under profuse sterile saline irrigation. Four
different screw-shaped implants were placed in each animal and
randomly placed in the right and left tibiae. One tibia received
two implants. Screw implants (n = 7 per each group) were inserted
with self-tapping and all implants penetrated the first bone cortex
only. All implants were placed in their final position with similar
insertion torques (20–25 N cm). After surgery, the surgical sites
were closed in layers and sutured using Vicryl (Ethicon, Somerville,
NJ, USA). Antibiotics (Baytril, Bayer Korea) and analgesics (Nobin,
Bayer Korea) were injected intramuscularly for 3 days to prevent
postsurgical infection and to control pain. After 4 weeks, the ani-
mals were killed by intravenous injections of air under general
anesthesia. Tissues were taken for removal torque tests.

2.8. Removal torque tests

Removal torque tests were performed to evaluate implant sta-
bility in the bone bed. The removal torque value in Newton centi-
meters (N cm) reflects the interfacial shear strength [17]. The
degree of biomechanical anchorage evaluated by removal torque
testing represents the strength of implant integration in bone tis-
sue [18–20]. The tibiae containing the implants were removed en
bloc. They were firmly stabilized with a locking vice and the peak
removal torque force was measured using a digital torque meter
(MG series, Mark-10 Corporation, New York, NY, USA) with a mea-
suring range of 0–135 N cm (7 rabbits; 7 implants per group). A
single blinded examiner recorded all measurements of the peak
torque to initiate reverse rotation.

2.9. Statistical analysis

Statistical analysis was performed using the SPSS 14 statistical
system (SPSS Inc., Chicago, IL, USA). The means and standard devi-
ations of data were calculated. One-way analysis of variance with
Tukey’s multiple comparisons test was performed to evaluate dif-
ferences between groups. Values of P less than 0.05 were consid-
ered statistically significant.

3. Results

3.1. Surface characteristics

The surface morphologies of the investigated samples are
shown in Fig. 1. The machined surface showed typical aniso-
tropic abrasive marks caused by wet abrasion, and H3PO4 treat-
ment produced micro-rough surface structures. Low
concentrations of H3PO4 treatment (0.5% (w/w)) produced a
nonhomogenous surface morphology; some micro-rough surface
structures were observed sporadically throughout the wet-
abraded surface. Micro-rough surface morphologies were more
accentuated in the samples treated using high concentrations
of H3PO4 (2% (w/w)).

Table 2 shows surface roughness parameters of investigated
samples. The TiP-3 surface showed the highest Ra values
(1.17 lm) followed by TiP-2 (0.98 lm). The TiP-1 (0.32 lm) and
machined (0.31 lm) surfaces had almost identical Ra values. 2%
(w/w) H3PO4 treatment developed the largest surface area. Among
the investigated groups, the TiP-3 had the highest surface area
ratio (Sdr) value (2.57), and the machined surface (1.08) had the
lowest.

Fig. 2 shows XRD patterns of investigated samples. The ma-
chined surface was composed of Ti peaks. H3PO4 treatment and
post-heat treatment produced crystalline titanium oxide phos-
phate hydrate ((Ti2O(PO4)2(H2O)2, Joint Committee on Powder Dif-
fraction Standards #88-0041) surface layers. More
Ti2O(PO4)2(H2O)2 peaks were observed in the samples with an in-
creased concentration of H3PO4.

Table 3 shows the chemical compositions of the investigated
samples determined by XPS analysis. The surfaces of the ma-
chined sample primary consisted of Ti and oxygen (O); carbon
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(C) and nitrogen (N) were detected as surface contaminants. The
surfaces of treated samples consisted of Ti, O and phosphorus
(P). After argon sputter cleaning, the atomic percentages of P
for TiP-1, TiP-2 and TiP-3 samples were 3.0, 13.1 and 14.5,
respectively. Argon was detected as a surface contaminant on
sputter-cleaned samples. Fig. 3 shows the XPS survey spectra
and high-resolution P2p spectra of the TiP-1, TiP-2 and TiP-3
samples after argon sputter cleaning. Using the charge shift of
C1s main peak, the P2p peaks at 133.4 eV for the TiP-1, TiP-2
and TiP-3 samples corresponded to the binding energy of P in
PO3�

4 [21].
Fig. 4 shows the cross-sectional SEM images of the P-incorpo-

rated surfaces. The thickest portion of the area showing plate-like
surface structures in the TiP-1 sample (which did not show homo-
Fig. 5. Scanning electron microscope images showing the morphology of spread cells on
surfaces after 1 h of incubation at magnifications of 600� (a1–d1), 2000� (b2–d2) and
geneous surface coating) was approximately 1.5 lm. The thick-
nesses of the P-incorporated oxide layers of the TiP-2 and TiP-3
surfaces were approximately 3 and 5 lm, respectively.

The P-incorporated surfaces (TiP-1, TiP-2 and TiP-3) showed sig-
nificantly lower water contact angles and significantly greater sur-
face energy than the machined surfaces (P < 0.01; Table 4). The TiP-
2 and TiP-3 surfaces were more hydrophilic than the TiP-1 surface
(P < 0.01), but there were no significant differences in contact an-
gles or surface energies between the TiP-2 and TiP-3 surfaces.

ICP-MS analysis revealed that P ions were released from the
P-incorporated samples into the physiological saline solution
(Table 5). The concentrations of the released P ions increased
with increasing incubation time. The TiP-2 and TiP-3 samples
showed more P ions than the TiP-1 samples.
machined (a1 and a2), TiP-1 (b1 and b2), TiP-2 (c1 and c2) and TiP-3 (d1 and d2)
2500� (a2). Scale bars = 50 lm (a1–d1), 15 lm (b2–d2) and 12 lm (a2).



Fig. 7. Number of proliferated cells on the different Ti surfaces after 1 and 3 days of
culture. Data are presented as the mean ± SD (n = 5 per group). *Statistically
significant difference compared to TiP-1, TiP-2 and TiP-3 surfaces (P < 0.05).
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3.2. Morphological evaluation of spread cells

Fig. 5 shows SEM images of spread cells on different Ti sam-
ples at 1 h of incubation. Fully spread cells on machined and
TiP-1 surfaces were in very close contact with the underlying sur-
faces with numerous filopodial attachments, which seems to be
attributed to relatively smooth surface features. In contrast,
spread cells on micro-rough surfaces (TiP-2 and TiP-3) were
attached to the surfaces with gaps between the ventral surfaces
of cells and lower surface structures; cells were anchored to pro-
truding surface microstructures by cytoplasmic processes and
filopodial attachments. The P-incorporated micro-rough surfaces
showed a better spread appearance of cells compared with rela-
tively smooth surfaces.

3.3. Cell attachment and proliferation

After 1 h of culture, there were significantly more attached cells
on the P-incorporated surfaces than on the machined surface
(P < 0.05; Fig. 6). The numbers of proliferated cells on the P-incor-
porated surfaces showed tendencies to increase compared with the
machined surfaces (Fig. 7). At 1 day of culture, the P-incorporated
surfaces showed significantly higher cell numbers than the ma-
chined surfaces (P < 0.05). At 3 days, there were no differences in
cell numbers among the investigated groups.

3.4. Osteoblast gene expression

Fig. 8 shows the levels of osteoblastic gene expression. At
7 days, the mRNA levels of Runx2 on TiP-3 (3.0-fold), TiP-2
(2.5-fold) and TiP-1 (1.9-fold) surfaces were markedly higher
than on the machined surfaces. At 14 days, the Runx2 expres-
sions were slightly increased or showed similar levels when
compared with those at 7 days; Runxs2 expressions were higher
on the P-incorporated surfaces than on the machined surfaces.
The mRNA expressions of ALP, osteopontin and osteocalcin genes
paralleled a similar induction to the Runx2 at 7 and 14 days.
Increased Runx2 expressions on the P-incorporated surfaces at
7 days resulted in concomitant increases in osteopontin and
osteocalcin expressions on those surfaces at 7 days. Increased
Runx2 expressions on the P-incorporated surfaces at 14 days
resulted in concomitant increases in ALP and osteocalcin expres-
sions on those surfaces at 14 days. ALP mRNA expression levels
were similar between groups at 7 days and increased with incu-
bation time for all groups. At 14 days, the ALP expressions on the
Fig. 6. Number of attached cells on different Ti surfaces at 1 h of culture. Data are
presented as the mean ± SD (n = 7 per group). A,BThe same letters are not significant
by Tukey’s multiple comparison at a = 0.05.
P-incorporated surfaces were higher than on the machined sur-
faces. The mRNA levels of osteopontin were notably higher on
the P-incorporated surfaces than on the machined surfaces at
7 days (2.0- to 5.3-fold). At 14 days, the osteopontin mRNA levels
then decreased or maintained a level similar to that at 7 days. In
all groups, the osteocalcin mRNA expressions at 14 days were
greater than at 7 days. The mRNA levels of osteocalcin on the
P-incorporated surfaces were higher than on the machined sur-
faces at 7 days (1.7- to 2.8-fold). At 14 days, the osteocalcin
expressions in cells grown on the P-incorporated surfaces were
slightly higher than on the machined surfaces. The TiP-3 surface
showed higher expressions of Runx2, ALP, osteopontin and oste-
ocalcin compared with the other surfaces. The results of re-
peated experiments showed similar gene expression patterns.
3.5. Removal torque testing

All the P-incorporated implants showed mean removal torque
values (RTV) higher than the machine-turned implants (Fig. 9).
The mean RTV of TiP-1 was higher than the machined surface;
the difference was marginally significant (P = 0.053). The mean
RTVs of the TiP-2 and TiP-3 implants were significantly higher than
the machine-turned implants (P < 0.05). The TiP-3 implants
showed the highest mean RTV among investigated groups, signifi-
cantly higher than the TiP-1 implants (P < 0.05). The mean RTV of
the TiP-3 implants was higher than the TiP-2 implants, but was
not statistically different (P = 0.107).
4. Discussion

In this study, we investigated the surface characteristics, osteo-
blastic cell response and biomechanical anchorage of P-incorpo-
rated Ti oxide surfaces produced by hydrothermal treatment
using various concentrations of H3PO4. High concentrations of
H3PO4 treatment produced more homogenous crystalline P-incor-
porated oxide layers with micro-rough surface topographies
(TiP-2 and TiP-3), whose surfaces had superior wettabilities than
untreated machined or Ti surfaces treated with lower H3PO4 con-
centrations (TiP-1). The chemical composition and Ti/P molar ratio
(1.05) of the TiP-3 surface were quite close to that expected for
Ti2O(PO4)2(H2O)2.

The P-incorporated surfaces showed better osteoblast re-
sponses, and significantly increased strength of the bony integra-
tion of implants, which was evaluated by removal torque forces,
compared with untreated machine-turned implants. These results
coincide with a previous in vivo study showing improved osseoin-



Fig. 8. Quantitative real-time PCR analysis of the levels of mRNA for Runx2, alkaline phosphatase (ALP), osteopontin (OP) and osteocalcin (OC) of MC3T3-E1 cells on different
surfaces at 7 and 14 days of culture. Values are the mean ± SD of three independent measurements.

Fig. 9. Removal torque values (RTVs; N cm) of screw implants 4 weeks after
implantation in rabbit tibiae. The RTVs for machined, TiP-1, TiP-2 and TiP-3
implants were 12.4 ± 7.1, 20.2 ± 6.5, 22.0 ± 8.7 and 29.9 ± 8.3 N cm, respectively.
Data are reported as the mean ± SD (n = 7 per group). A–CValues indicated by the
same letters are not significantly different by Tukey’s multiple comparison at
a = 0.05.
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tegration with P-incorporated Ti oxide surfaces compared with
various commercial microstructured surfaces in rabbit tibiae [9].

Enhanced initial cell attachment and spreading on P-incorpo-
rated micro-rough surfaces are in agreement with the results of
other studies reporting better adhesion and spreading of osteoblas-
tic cells on grit-blasted or grit-blasted/etched micro-rough surfaces
compared with relatively smooth machined surfaces [22–25].
However, in this study, Ti surfaces, which had almost identical Ra

values (machined and TiP-1), showed different osteoblastic cell
behaviors and removal torque forces. Thus, these results may not
be fully explained by the roughness-dependent effects of the Ra va-
lue itself. Enhanced osteoblast attachment on TiP-1 surfaces com-
pared with machined surfaces seemed to be attributed to better
surface wettability. Numerous studies have suggested that more
hydrophilic surfaces enhance osteoblast adhesion in vitro [26,27],
which show more rapid bone apposition than hydrophobic sur-
faces in vivo [9–11]. Studies have indicated the increased adsorp-
tion of cell-adhesion-promoting extracellular matrix proteins on
such wettable surfaces as a possible reason for the enhanced bio-
compatibility of those surfaces [26,27]. In this study, the surface
hydrophilicity of Ti surface was increased by increasing the P con-
tent. Among the P-incorporated Ti surfaces, the TiP-2 and TiP-3
surfaces, which had higher P contents, showed significantly in-
creased surface hydrophilicity compared with the TiP-1 surfaces
with lower P contents. It appears that a homogenous Ti oxide layer
with phosphate hydrate chemistry covering the surfaces may con-
tribute to better wettability.

MC3T3-E1 cells grown on the P-incorporated surfaces showed
notably higher expressions of key osteoblast genes – a major tran-
scription factor regulating the osteoblast differentiation (Runx2
[28,29]), the early markers (ALP [30], osteopontin [31]) and the la-
ter marker (osteocalcin [32,33]) for osteoblast differentiation –
than those grown on the machined surfaces. The expression of
the osteoblastic phenotype genes paralleled a similar induction
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to Runx2, with the exception of ALP expression at 7 days, and the
levels of osteopontin expression at 7 days paralleled the amounts
of P content in the surfaces and the released P ions from the P-
incorporated surfaces. Recent studies demonstrated the role of
phosphate during osteoblast differentiation; the active phos-
phate-transporting ability of cells was suggested as a requirement
for the bone mineralization process [34–37]. Elevated free phos-
phate levels in the culture medium upregulated osteopontin gene
expression and mineralization in MC3T3-E1 cells [34–37]. The re-
sults of notably increased expressions of osteopontin mRNA on
P-incorporated surfaces at 7 days are in agreement with those
studies reporting phosphate as a specific signal for the induction
of the osteopontin gene expression. ICP-MS analysis showed more
P ions released from Ti surfaces with higher P contents. The in-
crease in P released from TiP-3 surfaces seems to be attributed to
an increased surface area compared with TiP-2 surfaces with sim-
ilar Ra values.

The degree of biomechanical anchorage of P-incorporated im-
plants with bone tissue, which was evaluated by removal torque
testing, showed tendencies to increase compared with untreated
machine-turned implants. P-incorporated implants showed a 1.6-
to 2.4-fold increase in mean removal torque values (RTVs) com-
pared with machine-turned implants, indicating strong bone
attachment behavior of P-incorporated surfaces. Ti implants trea-
ted using 2% (w/w) phosphoric acid showed higher mean RTV than
those treated using lower concentrations of phosphoric acid (0.5%
or 1%) and machine-turned implants. Removal torque testing has
been used as a valuable biomechanical method to evaluate the
strength of implant integration in bone tissue [17–20]. Higher RTVs
may indicate an increased implant stability to withstand functional
loads in the bone tissue. Micro-rough surface properties, including
roughness, were correlated with enhanced implant stability by
achieving micromechanical interlocking with bone tissue [18,20].
The machined and TiP-1 implants had almost identical minimally
rough Ra values, but the TiP-1 implants showed a higher mean
RTV than the machined implants. We suppose that P chemistry
and superior wettability contributed to this result, which may indi-
cate strong bone integration ability caused by possible biochemical
bone bonding behavior of P-incorporated surfaces [5,6,9].

Between the Ti surfaces having similar moderately micro-rough
Ra values and wettability (TiP-2 and TiP-3 surfaces), the TiP-3 sur-
faces showed increased tendencies in the expression of osteoblas-
tic genes and RTV compared with the TiP-2 surfaces. It seems that
these results are attributed to a larger surface area developed by
the TiP-3 surfaces (by 157%) than that of the TiP-2 surfaces (by
65%). We suppose that larger surface area of the TiP-3 surfaces fur-
ther contributed to higher RTV by achieving stronger microme-
chanical interlocking with bone tissue compared with the TiP-1
and TiP-2 surfaces.

Ti surfaces with a more homogenously covered P-incorporated
oxide layer (TiP-2) showed significantly increased wettability com-
pared with those with a nonhomogenous P-incorporated oxide
layer (TiP-1), but no difference was found in RTVs between the
two groups, despite different wettabilities and Ra values, although
the surfaces showed some differences in the levels of osteoblastic
gene expression. We need further detailed studies on this, includ-
ing histomorphometric studies, to investigate if there are differ-
ences in the degree of bone apposition between these surfaces.

In this study, P-incorporated Ti oxide surfaces significantly en-
hanced cell attachment, osteoblastic gene expression and removal
torque forces compared with machined surfaces. The primary
mechanisms of action of enhanced osteoblastic cell behaviors
and biomechanical anchorages are likely to be by surface wettabil-
ity and P chemistry. Superior wettability might promote integrin-
mediated cell attachment by increasing the adsorption of cell
attachment-promoting proteins, and P might play an important
role as a specific signal for inducing osteoblast cell differentiation.
In addition, moderately micro-rough surface features and an in-
creased surface area may be beneficial to further enhance osteo-
blast differentiation and biomechanical anchorages of P-
incorporated surfaces [9,12,18,20]. Thus, we suggest that more mi-
cro-rough surface features, an increased surface area and abundant
P contents might be more suitable for achieving more favorable
bone healing of this type of P-incorporated Ti implant.
5. Conclusions

In this study, hydrothermal treatment using various concentra-
tions of H3PO4 produced Ti surfaces with different surface charac-
teristics. The P-incorporated Ti surfaces showed enhanced
osteoblast attachment, osteoblast gene expression and removal
torque forces compared with untreated machined surfaces. High
concentrations of H3PO4 treatment produced more micro-rough
and better wettable surfaces, and these surfaces also showed better
osteoblastic cell responses and increased biomechanical anchor-
age. The results indicate that the various P-incorporated Ti oxide
surfaces produced by hydrothermal treatment with H3PO4 may
be an effective approach for enhancing implant osseointegration
by stimulating osteoblastic cell attachment and differentiation on
their surfaces and by achieving stronger bone–implant fixation.
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