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β-titanium (β-Ti) alloys are known for their excellent physical properties and biocompatibility, and are
therefore considered as next-generation metals for orthopedics and dental implants. To improve the osseous
integration between β-Ti alloys and bone, this study develops a titanium dioxide (TiO2) coating on the
surface of β-Ti alloys by using micro-arc oxidation (MAO) technique. The anatase (A) rich and rutile (R) rich
TiO2 layer, were formed on β-Ti, respectively. In vitro tests were carried out using pre-osteoblast cell
(MC3T3-E1) to determine biocompatibility and bone formation performance. Biocompatibility includes cell
adhesion, cell proliferation, and alkaline phosphatase (ALP) activity, while the bone formation performance
contains osteopontin (OPN), osteocalcin (OCN) and calcium content. Cell morphology was also observed. In
addition, raw β-Ti, A rich TiO2 and R rich TiO2 were implanted into the distal femora of Japanese white
rabbits for 4, 8, and 12 weeks to evaluate its in vivo performance.
Experimental results show that TiO2 coating can be grown on and well-adhered to β-Ti. The anatase phase
formed under a low applied voltage (350 V), while the rutile phase formed under a high applied voltage
(450 V), indicating that crystal structure is strongly influenced by applied voltage. A porous morphology was
obtained in the TiO2 coating regardless of the crystal structure and exhibited superior bone formation
performance than β-Ti. In vivo analysis and in vitro test show similar trends. It is also noticeable that the R
rich TiO2 coating achieved better biocompatibility, osteogenesis performance. Therefore, a MAO-treated R
rich TiO2 coating can serve as a novel surface modification technique for β-Ti alloy implants.
ll rights reserved.
© 2010 Elsevier B.V. All rights reserved.
1. Introduction

The choice of scaffold materials plays an important role in tissue
engineering [1]. Commonly-used scaffold materials for various
diseases or trauma situation include collagen, gelatin, biodegradable
polyglycolide (PLA), polylactides (PGA) [1–5], 316 L stainless steel,
Co–Cr–Mo alloy and titanium alloys, etc. Of these materials, β-
titanium alloys (β-Ti) benefit from their excellent physical properties
and biocompatibility, and are well known as one of the major
materials in orthopedics and dental implants. In addition, the surface
characteristics [6,7] of these materials are an important factor in
determining in vitro cell behavior and bone formation performance.

Micro-arc oxidation (MAO), which produces a TiO2 coating with
the characteristics of high electrolyte variation [8], alternative crystal
phase, and a porous structure, can provide strong adhesion force
between TiO2 coating and substrate [8–10]. Our previous study shows
that excellent in vitro biocompatibility can be achieved by applying an
MAO–TiO2 layer [11] and the osteoblast cell compatibility presented
by the treated specimens is increased but less sensitive to the process
parameters, even though the associated difference in morphology and
crystalline form of the MAO–TiO2 layers are found to be tremendous.
A review of the literature shows that most studies focus on in vitro cell
biocompatibility [12,13] instead of in vivo animal tests. In addition,
very little has been addressed on how the types of crystal structure of
the MAO–TiO2 layer really affect bone cell growth in the in vivo and in
vitro conditions. Therefore, this study discusses in vivo animal tests in
addition to in vitro tests to evaluate the feasibility of bone cell growth
on the MAO–TiO2 layers. To determine the compatibility of the living
bone cells with implant materials, this study uses MAO to fabricate
anatase rich (A rich) and rutile rich (R rich) phase TiO2 layers on a β-Ti
thin plate in both in vitro and in vivo tests. The pre-osteoblast cell
(MC3T3-E1 cell) was cultured in vitro on MAO–TiO2 coatings to
observe the cell morphology, biocompatibility, and osteogenesis
performance indexes including cell adhesion, cell proliferation, ALP
activity, osteopontin (OPN), osteoclacin (OCN) and calcium content.
On the other hand, the histological reaction between different
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materials (raw β-Ti, A rich and R rich TiO2 implants) and bone are
investigated in the in vivo animal test.

2. Experimental

2.1. Specimen preparation

A new β-Ti alloy, Ti–13Cr–3Al–1Fe (Trade name: CA–Ti), was
purchased from Japan Daido Steel and used as a substrate. The
substrates were cut into dimension of 20.0 mm×20.0 mm×1.0 mm
for microstructure characterization of TiO2 coatings and dimension of
10.0 mm×10.0 mm×1.0 mm for in vitro and in vivo tests. Table 1
shows the MAO treatment parameters used in this study, where the
crystal structure and microstructure of the TiO2 layer can be well-
controlled by adjusting the applied voltage. A Bruker-D8 X-ray
diffractometer (XRD), using Cu Kα (λ=1.5405 nm) radiation was
employed to identify the crystal structure of the MAO-treated TiO2

layer. The cross-sectional morphology and film thickness were
established using a Hitachi S-4800 cold field emission scanning
electron microscope (FESEM), whereas the surface elemental com-
position of β-Ti alloy before and after MAO treatment were identified
by energy dispersive spectrometer (EDS). In addition to the A rich and
R rich TiO2 specimens, the raw α-Ti and β-Ti alloy were used as
control groups in the following biocompatibility tests.

2.2. In vitro osteoblast biocompatibility and osteogenesis performance
assay

In vitro tests included the evaluation of cell adhesion, cell
proliferation, ALP activity, osteogenesis performance, and cell mor-
phology. A murine pre-osteoblast cell line MC3T3-E1 was obtained
from Riken Cell Bank (Tsukuba, Japan). In the cell adhesion assay, the
labeled pre-osteoblasts cells were plated in test specimens and
incubated for 2 h at 37 °C to allow adhesion. After being washed twice
with phosphate buffered saline (PBS), the non-adherent cells were
removed by aspiration and the plates were read with CytoFluor 2300
fluorescence plate reader (Millipore) to determine the fluorescence
intensity as an indication of cell adhesion. To determine cell
proliferation, the cell viability was measured using MTT (3-[4,5-
dimethylthiahiazo-2-yl]-2,5-diphenytetrazolium bromide) assay pro-
tocol. The MC3T3-E1 cells were cultured for 48 h on various coated
specimens at a density of 104 cells/cm2. Finally, absorbance at 550 nm
was used as an indication for cell proliferation determined using a
microplate reader (Bio-Tek,Winooski, VT). ALP activity wasmeasured
using an ALP assay kit (Sigma, CA). MC3T3-E1 cells were cultured onto
test specimens (104 cells/cm2) for 2 days. Finally, the absorbance
levels of the supernatant aliquots subjected to protein assay using the
Pierce Coomassie Plus assay reagent (Pierce, Rockford, USA) were
read at 405 nm (Bio-Tek, Winooski, VT) to determine the ALP activity
as an indication for cell differentiation.

Osteogenesis performance was determined by measuring OPN,
OCN and calcium content. MC3T3-E1 cells were cultured in test
specimens and incubated for 48 h at 37 °C. The OPN and OCN content
Table 1
Micro-arc oxidation treatment parameters used in this study.

Parameters Data

Chemical composition Ti–13Cr–3Al–1Fe
Electrolyte NaH2 PO4 (0.05 M)
Bath pH 9.2
Applied voltage (V) 350, 450
Oxidizing time (min) 20
Substrate (as anode) CA–Ti (2×2 cm2, 1×1 cm2)
Cathode material Stainless steel (4×9 cm2)
Bath stirring Magnetic stirrer
Bath temp. (°C) 25 °C
were assayed using OPN and OCN enzyme immunoassay kits,
following the procedure described by the manufacturer (Biocompare;
San Jose, CA, USA). The calcium content was evaluated by measuring
mineralized nodule formation. The pre-osteoblasts were cultured in
α-MEM containing 50 μg/ml vitamin C and 10 mM β-glyceropho-
sphate. Bone nodule formation was determined on the 10th day using
alizarin red-S staining and finally the alizarin red-S content in samples
was quantified by measuring absorbance at 550 nm and calculated
according to a standard curve.

The cells on the test specimens were washed twice, serial
dehydrated and critical point dried followed by sputtered-Au coating
for cell morphological observation by using a Hitachi S-3000N
scanning electron microscope operating in a secondary electron
(SE) mode.

2.3. In vivo bone growth test by rabbit transcortical model

All animal experiments were approved by the China Medical
University's Institutional Animal Care and Use Committee. A total of
fifteen Japanese White male rabbits (weighted 3.6 kg in average)
were randomly divided into three groups for embedding three
different implants (β-Ti, MAO-treated A rich and R rich TiO2 on β-
Ti) into distal femora. Thus, three possible in vitro osteoblast-favored
materials; raw β-Ti, A rich, and R rich MAO-treated β-Ti, were to
determine their in vivo behavior. Each implant was embedded into the
distal femur of each rabbit along a 10.0×1.0 mm drilled-slot,
following the canine transcortical model used by Bobyn et al. [14],
after the rabbits were anaesthetized. Fig. 1 shows the implantation
procedure, where Fig. 1(a) and (b) point out the drilled-slot on a distal
femur and implant insertion, respectively.

At 4, 8 and 12 weeks after implantation, each rabbit was
euthanized and its femur with implant were excised from the
Fig. 1. Implant embedded in distal femora of rabbit (a) created a 10.0×1.0 mm drilled-
slot, (b) implant embedded in distal femora.
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surrounding soft tissue. The excised femora samples were placed into
formaldehyde (4%) after being photographed and measured followed
by cold-mounted in EpoFix and coagulated at room temperature.
Implant-containing bone sections 1 mm thick were obtained using an
Accutom-50 machine (Struers A/S, Denmark). They were then
progressively ground and polished to 100 μm thick. Each section
was stained with hematoxylin and eosin stain (HE stain) and then
investigated histomorphology using an optical microscope.

3. Results and discussion

3.1. Crystal structure and microstructure of MAO-treated TiO2 layer

Fig. 2 shows the XRD pattern and SEM cross-sectional image of
MAO-treated (a) A rich and (b) R rich TiO2 layer structures under
different applied voltage. As can be seen, the MAO treatment
parameters control the TiO2 crystal structure to grow A rich phase
at low applied voltage (350 V), while R rich phase at high applied
voltage (450 V). This is due to the activation energy difference
between anatase and rutile. A higher applied voltage facilitated a
favorable condition for rutile growth, and vice versa. It had been
described in our early paper [11]. At low applied voltage (350 V), the
TiO2 layer exhibited abundant pores with small diameter (shown in
the surface morphology). Both the pore size and coating thickness
(shown in the cross-sectional morphology) increased as the applied
voltage was increased. Therefore, the desired phase structure and
microstructure of the TiO2 layer could be achieved by appropriately
adjusting MAO parameters.
Fig. 2. XRD pattern, cross-sectional and surface morphology of MAO-treated (a) A rich
TiO2 and (b) R rich TiO2 specimens. XRD peaks of raw β-Ti are marked with red bars in
the bottom of this figure.
A similar tendency in coating morphology variations appeared in
MAO-treated α-Ti alloy [15,16] and α+β Ti alloy systems [17,18].
After comparing with our previous study and literatures, it is believed
that the MAO-treated β-Ti alloy followed the same dielectric
breakdown behavior to produce the oxidized TiO2 layer [11,19,20].
Thus, the obtained crystal structure of MAO-treated β-Ti is predictable
and also is able to fabricate on any kinds of titanium alloys due to their
similar oxide formation mechanism among different titanium alloys.

Fig. 3 shows the elemental composition of raw β-Ti and the MAO-
treated β-Ti alloy. The number of Cr, Al and Fe elements dropped
significantly after micro-arc oxidation. This implies that the crystal
structure of TiO2 restricted solubility of these elements into the
oxidized layer. The phosphorous content in the MAO-treated
specimen, on the contrary, substantially increased gives an implica-
tion of a greater bone formation capability and renders the materials
more bioactive as well [21]. Moreover, oxygen significantly increased
due to the intensive oxidation by the micro-arc.
3.2. In vitro biocompatibility, osteogenesis performance, and cell
morphology of osteoblasts on TiO2 layer

After 2 h cell growth on the specimens, the pre-osteoblasts were
conformably attached to all the specimens and the pseudopodia
spread out uniformly, as shown in Fig. 4(a), where at the same time,
the cells adhered to the A rich and R rich TiO2 specimens were not
much different. However, the cells seemed to adhere more tenaci-
ously and conform to a larger extent on the A rich and R rich TiO2

specimens in contrast to the raw β-Ti. In addition, the adhered cell
number on both A rich and R rich TiO2 specimens was visually seen in
Fig. 4(a) to be greater than that on raw β-Ti. However again, that the
proliferation of the cells grown on both A rich and R rich TiO2

specimens are much better than that on the raw β-Ti in terms of the
cell number (proliferation) as well as the manner of cell accommo-
dation. Moreover, the cells accommodate most conformably onto the
R rich TiO2 specimen. This can be ascribed to the fact that the MAO-
treated TiO2 layer accelerates the cell adhesion in the very beginning
of cell culture and induced cell proliferation, especially on R rich TiO2.
The in vitro bioactivity has been proposed to be associatedwith the Ti–
OH group or negatively charged surface of the anatase structure in
our previous study [11]. However, the R rich TiO2 specimen
Fig. 3. Surface elemental composition of the raw β-Ti and MAO-treated β-Ti.
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Fig. 4. SEM morphology of MC3T3-E1 cells adhered to (a) raw β-Ti, A rich and R rich TiO2 specimens for 2 h, and proliferated on (b) raw β-Ti, A rich and R rich TiO2 specimens for
48 h.

Fig. 5. In vitro test result of MC3T3-E1 for (a) cell adhesion, (b) cell proliferation, (c) ALP
activity, (d) OPN, (e) OCN, and (f) calcium content on α-Ti, β-Ti, A rich and R rich TiO2

specimens.
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demonstrating even better cell adhesion and proliferation than A rich
TiO2 in this study is similar to the result of Sul et al.who revealed that
the Mg-containing R rich TiO2 exhibited significantly better integra-
tion in bone compared to A rich TiO2 [22]. These results are consistent
with in vitro experiments, which concluded that cells adhere more
strongly and proliferate more on MAO-treated implants than
untreated titanium implants [23].

Fig. 5 reveals the quantitative in vitro test results of (a) cell
adhesion, (b) cell proliferation, (c) ALP activity, (d) OPN, (e) OCN, and
(f) calcium content for culturing MC3T3-E1 cells on α-Ti, β-Ti, A rich,
and R rich TiO2 specimens, respectively. In Fig. 5(a), it shows that the
raw β-Ti alloy exhibited better cell adhesion performance than β-Ti.
This could be ascribed to the chemical nature difference of the
naturally grown surface oxide on bothmetals that contribute different
degree of chemical interaction to assist cell adhesion. Meanwhile,
both MAO-treated β-Ti showed a substantial increase in cell adhesion
(Fig. 5(a)), cell proliferation (Fig. 5(b)) and ALP activity (Fig. 5(c))
than raw titanium specimens. In addition, the R rich TiO2 specimens
demonstrated much higher cell adhesion, cell proliferation, and ALP
activity than the other three specimens (α-Ti, β-Ti and A rich TiO2

layer). This indicates that better osteoblast compatibility occurred in
the early cell growth stages to the MAO-treated TiO2 layer favoring
later osteogenesis performance. Therefore, the OPN and OCN values,
the important osteoblast markers at bone late-stage differentiation,

image of Fig.�4
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Fig. 6. Macroscopic observation of implant-containing rabbit femora retrieved on the
4th, 8th and 12th weeks after implantation.
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and calcium content were examined. In Fig. 5(d), (e), and (f), the OPN,
OCN levels and calcium content showed a significant increase when
the osteoblast was cultured onMAO-treated β-Ti alloy. This confirmed
the positive effect of MAO-treated β-Ti alloy on osteoblast differen-
tiation. In other words, MC3T3-E1 cells differentiated more quickly on
the MAO-treated β-Ti alloy than on the raw β-Ti alloy. These results
indicate that osteogenesis is prone to happen on both MAO-treated A
rich and R rich TiO2 structures [15,24,25]. Again, in comparison of A
rich and R rich TiO2, which both possessed similar surface morphol-
ogy, these two phases, however, showed their differences in all in vitro
cell tests where R rich TiO2 exhibited superior behaviors than A rich
TiO2. It is speculated that the R rich TiO2, exhibits much higher
chemical stability on the surface as opposed to the A rich TiO2 where
the surface may undergoes free radical or superion formation
constantly. Additional study shall be carried out to reveal the
difference in cell response to these two phases. In conclusion, MAO-
treated TiO2 layer, especially the R rich TiO2, showed the best
biocompatibility and osteogenesis performance among all materials
evaluated in these in vitro tests.

3.3. Effect of MAO-treated β-Ti on in vivo bone growth

For all the experimental rabbits, clinical observations of the
surgical wound showed primary wound healing without signs of
infection at 4, 8 and 12 weeks. No implant was dislodged or appeared
to be loose at the time of retrieval. The experimental rabbits tolerated
the implants well. Fig. 6 shows macroscopic images of rabbit femora
embedded with different implants (raw β-Ti implants and MAO-
treated implants) retrieved at 4, 8, and 12 weeks. Fig. 6(a) reveals
different proportional woven bone and soft tissue contacted with the
raw β-Ti implants at 4, 8, 12 weeks, and all the implants remained
stable. In Fig. 6(b) and (c), mostly irregular bone with a small amount
of soft tissue appositional to the MAO-treated β-Ti implants was
found in the femora obtained at 4 weeks. Meanwhile, the femora
obtained at 8 and 12 weeks shown in Fig. 6(b) and (c) revealed that
MAO-treated β-Ti implants closely integrated surrounding compact
bone, and the implants were difficult to be removed. An overall
comparison of Fig. 6(a), (b) and (c) shows that bone ongrowth
occurred more prominently in MAO-treated β-Ti implants, with
observable difference betweenMAO-treated β-Ti implants and raw β-
Ti implants.

Histological characteristics were quite obviously different for
MAO-treated β-Ti implants and raw β-Ti implant after 8 weeks
embedded in rabbit femora in Fig. 7(a), (b), and (c). In each time
period during implantation, MAO-treated β-Ti implants showed
better bone growth than raw β-Ti implants in terms of ongrowth
bone quantity and maturity. At 8 weeks, a small amount of
appositional trabeculae new bone appeared at the area close to the
interface of implant (Fig. 7(a)). This indicates that the osteogenesis
was active, but little bone was formed, and was still immature. Fig. 7
(b) and (c) shows that the area between the bone-implant interface
and distal femora is composed of laminated compact bone. Some
trabeculae bones have been converted into irregular compact bone.
Additionally, some new bones extend from the interface and forms
irregular ingrowth, are likely due to growth into the pores on the
implant surface. Other than overall design, the implant characteristics
that influence the effectiveness of dental implants include surface
composition, surface activity, and surface roughness [16]. The MAO-
treated TiO2 layer on β-Ti has a rough, porous surface and forms
embedded physical connection with bone tissue after implantation,
which facilitates new bone growth into the pores. The results of this
study are consistent with in vivo experiments, which concluded that
surface modification by MAO technique promotes more rapid
formation of new bone and increases the bone-implant shear strength
compared to untreated titanium implants [26]. It is indistinguishable
for in vivo bone growth behavior on MAO-treated A rich TiO2 and R
TiO2 layer, although the R rich TiO2, showed the best biocompatibility
and osteogenesis performance among all in vitro tests and materials.
Probably, the anatase and rutile crystal structure, respectively in each
corresponding MAO-treated specimen are not high enough in content
to make a significant difference on in vivo bone growth. Thus, future in
vivo study would be focused on purifying the crystal structure of
MAO-treated β-Ti alloy in order to evaluate the difference of in vivo
bone growth behavior between A rich TiO2 and R TiO2 layer on β-Ti
alloy

4. Conclusions

MAO-treated porous anatase and rutile rich TiO2 coating can be
successfully fabricated on the β-Ti alloy surface and concluded as
following:

(a) The crystal structure is prone to form an A rich TiO2 coating at a
relatively low applied voltage of 350 V; and an R rich TiO2

coating formed at a relatively high applied voltage of 450 V.
Both phase structures formed a rough porous layer with firm
growth into the substrate.
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Fig. 7. Histological observations of implant-containing sections at 8 weeks after
embedded in rabbit femora (hematoxylin and eosin stain, original magnification 40×).
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(b) In vitro tests showed that the TiO2 layer improves osteoblast
biocompatibility and calcium deposition performance. Further-
more, R rich TiO2 layer generally gives better biocompatibility
and osteogenesis performance than A rich layer.
(c) The in vivo rabbit transcortical model shows that the MAO-
treated β-Ti implant can achieve better bone formation and
ongrowth in each time period than the raw β-Ti implant.
Therefore, the MAO-treated TiO2 coating may serve as a novel
surface modification technique for β-Ti alloy implants for
orthopedics and dental implant application.
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