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Abstract

The biocompatibility of calcium ion (Ca)-incorporated Ti6Al4V alloy implants, produced by hydrothermal treatment using a Ca-

containing solution, was investigated. The surface characteristics were evaluated by scanning electron microscopy, thin-film X-ray

diffractometry, Auger electron spectroscopy, and stylus profilometry. The viability of MC3T3-E1 cells on Ca-incorporated machined

Ti6Al4V surfaces with different oxide thicknesses was compared with that on untreated machined Ti6Al4V surfaces with MTT assay.

The osteoconductivity of the Ca-incorporated Ti6Al4V implants was evaluated by removal torque testing and histomorphometric

analysis after 6 weeks of implantation in rabbit tibiae. Our results show that hydrothermal treatment with a Ca-containing solution

produced a crystalline CaTiO3 layer on Ti6Al4V surfaces, and calcium ions were gradually incorporated throughout the oxide layer.

After immersion in Hank’s balanced salt solution, a considerable apatite deposition was observed on all surfaces of the Ca-incorporated

samples. Significant increases in cell viability (po0.001), removal torque forces, and bone-to-implant contact values (po0.05) were

observed for Ca-incorporated Ti6Al4V implants compared with those for untreated Ti6Al4V implants.

r 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Titanium (Ti) and Ti6Al4V (Ti64) alloy have been used
as endosseous implant materials in dentistry and orthope-
dics because of their good mechanical properties and
biocompatibility. However, because of their bioinertness,
various surface treatments have been used to enhance bone
healing around Ti implants. Numerous in vitro and in vivo

studies have indicated the significant advantages of
microrough-surfaced Ti implants in enhancing osseointe-
gration. Implants with rough surfaces showed greater
percentages of bone–implant contact and removal torque
values than do those with relatively smooth, machined
surfaces [1–3]. Osteoblastic cells cultured on roughened
surfaces exhibit increases in osteoblast gene expression
and mineralization compared with those on machined
surfaces [4–6].
e front matter r 2007 Elsevier Ltd. All rights reserved.
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However, some concern has been raised about metal ion
release from the surfaces of metallic implants, especially in
those made of Ti6Al4V alloy. Aluminum and vanadium
ions released from Ti6Al4V surfaces could impair normal
bone healing processes, which would negatively affect
osteoblast cell behavior [7–10]. Several in vitro studies
have reported impaired cell adhesion, proliferation, and
differentiation on rough Ti6Al4V alloy surfaces [11–13].
To increase the corrosion resistance and biocompatibility
of Ti6Al4V alloy, many studies have focused on methods
to control the crystallinity and thickness of the Ti oxide
layer. It has been reported that a thick Ti oxide layer
produced by thermal oxidation or anodic oxidation
reduced metal ion release, which in turn improved the
in vitro biocompatibility and bone formation of Ti6Al4V
alloy implants [14–17].
Recently reported in vitro and in vivo studies have

demonstrated the potential effectiveness of a calcium
ion (Ca)-incorporated Ti oxide layer in enhancing osseoin-
tegration, Ca-incorporation enhanced attachment and
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proliferation of osteoblastic cells and bone formation of Ti
implants [18–20]. Recently, we reported that a Ti oxide
layer with Ca-incorporation, produced by hydrothermal
treatment, significantly increased the bone–implant contact
and the removal torque force of commercially pure Ti
implants with blasted surface in rabbit tibiae [21]. We
found that a Ca-incorporated Ti oxide layer (CaTiO3),
produced by hydrothermal treatment using a mixed
solution of sodium hydroxide (NaOH) and calcium oxide
(CaO), preserved the original microtopographies of grit-
blasted Ti surfaces. It is expected that a thick oxide layer
with a biologically active composition (calcium chemistry)
may improve the biocompatibility of Ti6Al4V alloy
implants by enhancing osteoblast response and bone
response.

Therefore, we evaluated the biocompatibility of Ca-
incorporated Ti6Al4V alloy implants produced by hydro-
thermal treatment for future biomedical use. For this
purpose, the surface characteristics and cell viability of Ca-
incorporated Ti6Al4V alloy were investigated and its
osteoconductivity was evaluated by removal torque testing
and histomorphometric analysis after 6 weeks of implanta-
tion in rabbit tibiae.

2. Materials and methods

2.1. Sample preparation

Two different sample shapes, made from commercial Ti6Al4V (Ti64)

plate with a thickness of 1mm, were used to characterize the surface and

evaluate cell viability. Square Ti64 samples (10� 10� 1mm) were used for

surface characterization. For the cell experiments, 6mm diameter Ti64

disks were used. The samples were abraded under wet conditions to 1200

grit SiC abrasive paper and successively cleaned in acetone, alcohol, and

deionized water (Ti64�0). They were then further treated to produce

calcium titanate (CaTiO3) layers of different thicknesses with a hydro-

thermal treatment, as in author’s previous studies [21,22]. Briefly, Ti64

samples were treated in a Ca-containing solution (mixed solution of CaO

and NaOH dissolved in deionized water) as follows: (1) treated in a mixed

solution of 0.1M NaOH and 2mM CaO at 180 1C for 24 h (Ti64–0.1); (2)

treated in a mixed solution of 0.2M NaOH and 2mM CaO at 180 1C for

24 h (Ti64–0.2); and (3) treated in a mixed solution of 0.5M NaOH and

2mM CaO at 180 1C for 24 h (Ti64–0.5). After treatment, the samples were

ultrasonically cleaned in deionized water and air dried. All samples were

sterilized by g-irradiation before the cell culture experiment.

For the animal study, screw-type implants (n ¼ 48) with an external

diameter of 2.4mm and a length of 8mm, made of commercial Ti64 alloy,

with machined surfaces (machined implants) were purchased (JEIL

Medical Co., Seoul, Korea). The Ca-incorporated implants were prepared

under a hydrothermal condition as used to produce the Ti64–0.2 samples

(Ca implants). This condition has been shown in a previous study to

enhance bone healing around commercially pure Ti implants in rabbit

tibiae [21]. All implants were cleaned and sterilized in the manner

described above.

2.2. Surface characterization

The surface morphology of the Ti64 plates and implants was observed

by scanning electron microscopy (SEM; S-4300, Hitachi, Tokyo, Japan).

The crystalline structure and chemical composition of the TiO2 layer were

evaluated by thin-film X-ray diffractometry (XRD; X’Pert-APD, Philips,

Netherlands) and Auger electron spectroscopy (AES; PHI 680 Auger
Nanoprobe, Physical Electronics, USA) using Ti64 plates. Surface

roughness measurements of the Ti64 plates were made with stylus

profilometry (Form Talysurf Series 2, Taylor Hobson, London, UK); five

samples from each group were measured, and two measurements were

performed on each sample to evaluate the average surface roughness (Ra)

values. The Ra value of the screw implants was measured by optical

profilometry (WYKO NT 2000, Veeco Instruments Inc., Woodbury, NY,

USA); two implants from each group were measured and three

measurements were performed on the thread valley. The thickness of the

Ca-incorporated Ti oxide layer was determined from the depth of the

window formed after sputtering, leaving a step in the surface. This step

was measured with a profilometer.

2.3. Evaluation of the in vitro bioactivity of the treated samples

To evaluate the apatite-forming ability of the treated samples, Ti64

plates were immersed vertically in 20mL of Hank’s balanced salt solution

(HBSS; Cambrex Bioscience Inc., Walkersville, MD, USA, Ref. 10-527F)

in a Teflon-sealed bottle at pH 7.4 and 37 1C. The solution was changed

every 3 days. After immersion, the Ti plates were washed in distilled water

and then air dried.

2.4. Cell culture and cell viability

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 units/mL penicillin (Keunhwa

Pharmaceutical Co., Seoul, Korea), and 500units/mL streptomycin

(Donga Pharmaceutical Co., Seoul, Korea). The cells were cultured in

an atmosphere of 100% humidity, 5% CO2, and 37 1C. The medium was

changed every other day until the cells reached confluence. When the cells

reached confluence, they were passaged using 0.05% trypsin/0.02%

EDTA.

Cell viability was measured with a 3-(4,5-dimethylthiazol-2yl)-2,5-

diphenyl tetrazolium bromide (MTT) assay on four groups of Ti64 disks

(6mm diameter) with different surfaces. MTT is transformed by

mitochondrial dehydrogenases into formazan, allowing cell viability and

proliferation to be assessed [23]. The cells were seeded on Ti64 disks in 96-

well cell culture plates at a density of 2000 cells/well and cultured for 1 and

4 days. Then, 50mL of MTT solution prewarmed to 37 1C was added to

each well and culture continued for 3 h under the same condition. The

reaction was stopped by the addition of 200mL of dimethylsulfoxide and

50mL of glycine buffer to each well. The solutions were then transferred to

new wells and the absorbance was measured at a wavelength of 570 nm

using an ELISA plate reader (Precision Microplate Reader; Molecular

Devices, Sunnyvale, CA, USA).

2.5. Animals and surgical procedure

Seven adult male New Zealand White rabbits weighing 3.5–4.0 kg were

used in this study. This experiment was approved by the Institutional

Animal Care and Use Committee of Kyungpook National University

Hospital, Daegu, Korea. General anesthesia was induced by intramus-

cular injection of a combination of 1.3mL of ketamine (100mg/mL;

Ketara, Yuhan, Seoul, Korea) and 0.2mL of xylazine (7mg/kg body

weight; Rompun, Bayer Korea, Seoul, Korea). The medial surfaces of the

proximal tibiae were used as the surgical sites. The surgical areas were

shaved and the skin was washed with a mixture of iodine and 70% ethanol

before surgical draping. Local anesthesia was induced with 1.0mL of 2%

lidocaine (1:100,000 epinephrine; Yuhan, Seoul, Korea) 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 sterile surgical techniques.

The implant site osteotomies were prepared in the usual manner. A

final drill diameter of 2mm was used. All drilling procedures were carried
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out under profuse sterile saline irrigation. Six screw-shaped implants were

placed in one animal; a set of three control implants and a set of three

experimental implants were randomly placed in the right and left rabbit

tibiae. Machined control implants (n ¼ 21) and Ca-incorporated experi-

mental implants (n ¼ 21) were inserted with self-tapping until the implants

were in their final positions, in which the top surface of the implant was in

a position 1.5mm above the cortical bone surface. All implants penetrated

the first bone cortex only.

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. The animals

were killed by intravenous injections of air under general anesthesia

6 weeks after surgery. Tissues were taken for removal torque tests and

histomorphometric evaluation.

2.6. Removal torque tests

Removal torque tests were performed to evaluate implant stability in

the bone bed. The removal torque value in Newton centimeters (Ncm)

reflects the interfacial shear strength [24]. Two of the distal implants from

each leg were subjected to removal torque testing (seven rabbits; Ca

implants, n ¼ 14; machined implants, n ¼ 14). The proximal tibiae

containing the implants were removed en bloc. They were firmly stabilized

with a locking vise and the peak removal torque force was measured using

a digital torque meter (MG series, Mark-10 Corporation, New York, NY,

USA) with a measuring range of 0–14Ncm. A single blinded examiner

recorded all measurements of the peak torque to initiate reverse rotation.

2.7. Specimen preparation and histomorphometric evaluation

The most proximal implant in each leg was selected for histomorpho-

metric evaluation. The proximal tibiae containing the implants were

removed en bloc, fixed in 4% neutral buffered formaldehyde, dehydrated

using an ascending series of alcohols, and embedded in methyl

methacrylate for undecalcified sectioning. Undecalcified cut-and-ground
Fig. 1. Scanning electron microscope images of Ca-incorporated Ti6Al4V

Ti6Al4V–0.5 at magnifications of � 1000 (a) and � 30,000 (b–d). SEM image s

scale morphology with typical anisotropic abrasive marks caused by machining

the surfaces of Ca-incorporated Ti6Al4V surfaces at a higher magnification (b
sections, which were prepared in a plane parallel to the long axis of each

implant and containing the central part of the implants, were produced at

a final thickness of 20mm using a Macro cutting and grinding system

(Exakt 310 CP series, Exakt Apparatebau, Norderstedt, Germany). The

sections were stained with Villanueva stain, and histomorphometric

analysis was carried out using a light microscope (BX51, Olympus, Tokyo,

Japan) with an image analysis system (i-Solution, iMTechnology Inc.,

Daejeon, Korea) under � 100 magnification. The images were captured

using a digital camera (CC-12, Soft Imaging System GmbH, Munster,

Germany) attached to the microscope and displayed on a computer

monitor. The percentage of bone-to-implant contact (BIC%) over the

total length of the implant was measured (seven rabbits; Ca implants,

n ¼ 7; machined implants, n ¼ 7). BIC% was measured as the percentage

of the length of mineralized bone in direct contact with the implant

surface.

2.8. Statistical analysis

Statistical analysis was performed using the SAS statistical system (SAS

Institute, Cary, NC, USA). The means and standard deviations of cell

viability, removal torque values and BIC% were calculated. One-way

analysis of variance with Tukey’s multiple comparisons test was

performed to evaluate differences in cell viability between all groups.

The paired Student t-test was performed to compare the values of removal

torque force and BIC% between implants from left and right tibiae.

Values of p less than 0.05 were considered statistically significant.

3. Results

3.1. Surface characteristics

SEM observation at a magnification of � 1000 showed
Ca-incorporated Ti64 surfaces had the original surface
morphologies and typical anisotropic abrasive marks
produced by abrasion after hydrothermal treatment (Fig. 1),
samples. (a) Ti6Al4V–0.2, (b) Ti6Al4V–0.1, (c) Ti6Al4V–0.2, and (d)

hows that Ca-incorporated Ti6Al4V surface preserves the original micron-

at a magnification of � 1000 (a). Nanostructure formation can be seen on

–d).
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but the Ti64–0.5 samples exhibited accentuated grain
structures because of the strong etching and accelerated
crystalline CaTiO3 growth resulting from the high con-
centration of NaOH (not shown). At a higher magnifica-
tion (� 30,000), the surface nanostructure was observed on
the surfaces of Ca-incorporated Ti64 substrates and screw
implants (Figs. 1 and 2). Surface roughness measurements
showed similar Ra values in all groups of Ti64 plates
(Table 1). The control and experimental screw implants
had similar Ra values (0.37 mm for machined implants and
0.35 mm for Ca implants). XRD analysis showed the
formation of a crystalline CaTiO3 (JCPDS #22-0153)
surface layer in the hydrothermally treated Ti64 samples.
The crystallinity and thickness of the CaTiO3 layer
increased with an increasing concentration of NaOH
(Figs. 3 and 4). The AES depth profile showed a graded
surface structure of the Ca-incorporated Ti oxide layer
(Fig. 4). The thickness of the Ca-incorporated Ti oxide
layers of Ti64�0.1, Ti64�0.2, and Ti64�0.5 were approxi-
mately 250, 500, and 1200 nm, respectively, as determined
by profilometry.
3.2. Apatite precipitation on Ca-incorporated Ti samples

After the Ti64 samples had been soaked in HBSS,
considerable apatite was formed on all the surfaces of the
Ca-incorporated samples (Fig. 5).
Fig. 2. Scanning electron microscope image of Ca-incorporated Ti6Al4V

screw implant at a magnification of � 30,000.

Table 1

Average surface roughness values (Ra) of Ti6Al4V surfaces (mean7SD; n ¼ 1

Group

Ti6Al4V�0

Ti6Al4V�0.1

Ti6Al4V�0.2

Ti6Al4V�0.5
3.3. Cell viability

MTT-based assay was used to investigate the mitochon-
drial functions of cultured osteoblasts on the different Ti64
surfaces. Fig. 6 shows the results of the MTT assay. The
average absorbance values were expressed as a percentage
of the control, Ti64�0 (absorbance value at day 1).
Osteoblasts cultured on Ca-incorporated Ti64 surfaces
showed significantly higher absorbance compared with that
of cells on the untreated Ti64 surface (Ti64�0) at 4 days of
culture (po0.001).

3.4. Removal torque testing

The Ca implants showed mean removal torque value
significantly higher than that of the machined implants
(3.271.2 vs. 2.270.9Ncm, respectively; po0.05).

3.5. Histological evaluation and bone-to-implant contact

percentages (BIC%)

Six weeks after implantation, all implants in the control
and experimental groups were histologically in direct
contact with the surrounding cortical bone along their
0)

Ra (mm)

0.2970.04

0.2770.02

0.3170.05

0.4270.07

Fig. 3. X-ray diffraction patterns of Ti6Al4V–0.1 (a), Ti6Al4V–0.2 (b),

and Ti6Al4V–0.5 (c) samples.
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Fig. 5. Scanning electron microscope images of Ti6Al4V samples soaked in HBSS for 4 weeks. (a) Ti6Al4V–0 and (b and c) Ti6Al4V–0.2 samples at

magnifications of � 1000 (a and b) and � 30,000 (c). Ti6Al4V–0.2 samples show the formation of a thick apatite layer on their surfaces (b and c).

Fig. 4. Auger electron spectroscopy depth profiles of Ti6Al4V–0 (a), Ti6Al4V–0.1 (b), Ti6Al4V–0.2 (c), and Ti6Al4V–0.5 (d) samples.

J.-W. Park et al. / Biomaterials 28 (2007) 3306–33133310
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Fig. 6. Cell viability expressed as a percentage of the viability of cells on

untreated Ti6Al4V after 1 and 4 days of culture on Ca-incorporated

Ti6Al4V samples. Data are reported as means7SD (n ¼ 5 per group).

*po0.001 compared to untreated Ti6Al4V surfaces.

Fig. 7. Histological sections of machined (left) and Ca-incorporated

(right) implants 6 weeks after implantation in rabbit tibiae. The Ca

implant shows a higher degree of bone–implant contact in the medullary

canal, which is devoid of surrounding bone, compared with that of the

machined implant (stained with Villanueva stain).

J.-W. Park et al. / Biomaterials 28 (2007) 3306–3313 3311
upper threads (Fig. 7). The Ca implants showed more
active bone formation in the medullary canal compared
with that of the machined implants. The mean BIC% over
the total implant length was 20.2713.0% for the machined
implants, and 36.779.2% for the Ca implants, and the
difference between the two groups was statistically
different (po0.05).
4. Discussion

The results of this study demonstrate that the biocom-
patibility of Ti6Al4V alloy can be improved by a Ca-
incorporated oxide layer. Ca-incorporated Ti64 surfaces
showed considerable apatite formation after they were
soaked in HBSS. It has been suggested that the in vitro

apatite-forming ability of Ti surfaces in simulated body
fluid is consistent with the in vivo bone-bonding behavior of
implants and that apatite formation is the decisive factor in
osseointegration [25–27]. Calcium ions in the CaTiO3 layer
may play a role in apatite formation because a greater
number of phosphate ions can be adsorbed to the Ca-
incorporated surface, resulting in the acceleration of
calcium phosphate formation, as suggested by Hanawa
et al. [28,29]. In this study, the presence of relatively large
amounts of calcium ions (approximately 40% at the outer
surface) on the Ti64 surface may have contributed to the
acceleration of apatite formation. Moreover, it seems that
the surface nanostructure of hydrothermally treated Ti64
provides more nucleation sites for apatite formation.
Osteoblasts grown on Ca-incorporated Ti64 surfaces

with various thicknesses of Ti oxide exhibited cell viability
significantly greater than that of cells on unmodified Ti64
surfaces. It can be assumed that the abundant calcium ions
incorporated into the relatively thick Ti oxide layer
(250–1200 nm in thickness) produced by the hydrothermal
treatment contributed to the increased cell viability by
stimulating integrin-mediated osteoblast response through
enhanced ligand binding of the integrin receptor
[18,19,30,31]. The increased cell viability on Ca-incorpo-
rated Ti6Al4V surfaces is somewhat in accordance with
recently reported studies showing enhanced osteoblast
adhesion, spreading, and growth on Ca-incorporated Ti
surfaces [18,19,32]. It has been reported that, at physiolo-
gical pH, the Ca component increases protein adsorption,
extracellular matrix (ECM) proteins containing RGD
sequence that promotes cell attachment, onto the Ti
surfaces by ionic bonding, which may subsequently affect
cell responses [33–35]. Feng et al. [35] reported enhanced
adsorption of fibronectin and vitronectin, important cell
adhesive proteins containing RGD sequence, onto Ca sites
on material surfaces. Studies have indicated the enhanced
osteoblast adhesion and spreading mediated by RGD
domain of fibronectin and vitronectin as a possible reason
for the osteoconductivity of materials [36,37]. Nayab et al.
[19] reported that Ca-implantation into Ti dose-depen-
dently enhanced the quality of attachment and spreading of
MG-63 cells. They found significant increases in a5b1
integrin expression in cells grown on Ti surfaces with high
levels of Ca after 24 h of culture. Therefore, it may be
assumed that acceleration in the early osteoblast response
contributed to an improvement in subsequent cell viability.
For these reasons, it can be inferred that an abundant Ca
component in the outer oxide layer enhanced cell attach-
ment and proliferation, which in turn resulted in enhanced
bone healing in this study. In addition, the surface
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nanostructure may be another possible reason for en-
hanced osteoconductivity of Ca-incorporated Ti64 im-
plants, which might increase the reactivity of Ca-
incorporated surface by increasing its surface area exposed
to the biological environment. However, further detailed
in vitro studies are required to clarify osteoblast behaviors
on Ca-incorporated Ti6Al4V surfaces produced by hydro-
thermal treatment.

In this study, the effect of Ca incorporation on the
osteoconductive properties of Ti64 alloy implants was
investigated by comparing the bone�implant contact and
removal torque force of a Ca-incorporated Ti64 surface
with those of unmodified machined Ti64 surface. Statisti-
cally significant differences in BIC% and removal torque
values were found between the machined and the Ca
implants, despite similar values for average surface
roughness (Ra) in the two groups. The surface of the Ca
implant exhibited higher bone-to-implant contact, suggest-
ing that the calcium chemistry, provided by CaTiO3,
enhances bone formation around Ti64 implants. The
higher BIC% for the Ca implant originated from the
greater degree of bone contact with the implant surfaces in
the medullary canal of rabbit tibia, which is characterized
by an absence of cancellous bone, indicating the improved
osteoconductive properties of Ca-incorporated implant.
These results are consistent with those of other in vivo

studies in which Ca-deposited Ti implants, prepared by ion
implantation or anodic oxidation, achieved fast and strong
osseointegration [20,38,39]. These results also confirm our
previous in vivo study, which reported that a CaTiO3 layer
produced by hydrothermal treatment enhanced the osteo-
conductivity of commercially pure Ti implants with
microrough surfaces [21]. We have shown that, in contrast
to calcium phosphate coatings such as plasma-sprayed
hydroxyapatite coating, this Ca-incorporated Ti oxide
layer (CaTiO3) produced by hydrothermal treatment has
good mechanical properties and provides Ti implants with
bioactivity [21].

This Ca-incorporated surface offers a cytocompatible
surface for osteoblasts and enhances the osteoconductivity
of machined Ti6Al4V implants in rabbit tibiae. The
mechanism of effect is likely to be via enhanced adsorption
of RGD containing ECM proteins and acceleration of
integrin-mediated osteoblast responses on Ca-incorporated
Ti64 implants with a greater surface area provided by their
surface nanostructures.
5. Conclusions

Our results show that the Ca-incorporated Ti oxide layer
(CaTiO3), produced by hydrothermal treatment using a
mixed solution of NaOH and CaO, may be an effective tool
for the improvement of the biocompatibility of Ti6Al4V
implants. However, further detailed studies are needed to
better understand the effects of this type of Ca-incorpo-
rated surface on osteoblast responses and bone responses.
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