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Abstract

TiO,-based coatings containing P (T-P) were prepared on Ti6Al4V by microarc oxidation (MAO) with applied voltages of 200—400 V in an
electrolyte containing (NaPO3)s and NaOH. The surfaces of the T-P coatings became rough and the thickness increased with increasing the applied
voltage. Above 200 V, anatase was found on the surface, and rutile was observed at 400 V. With increasing the coating thickness, the O and P
concentrations increase; while Ti and Al concentrations decrease. Ti, O and P elements display a uniform distribution character around the
micropores on the surface of the T-P coating formed at 300 V. However, the inner of the micropores exhibits a high Ti concentration and low O and
P concentrations due to the graded distributions of Ti, O and P elements in the T-P coating. The apatite-forming ability of the T-P coating formed at
300 V was evaluated by immersing in a simulated body fluid (SBF) for 28 and 56 days. The results indicate that biomimetic apatite was formed on
the surface of the T-P coating after immersion in SBF for 56 days. And the further cell experiment indicates that the T-P coating can provide

surface suitable for the MG63 cell proliferation.
© 2009 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Titanium and its alloys are important biomedical materials
in skeletal repair and dental implants area [1]. They possess
excellent mechanical strength, toughness, biocompatibility and
corrosion resistance, leading to widespread clinical success [1].
However, titanium and its alloys show a bioinert nature. One
approach to overcoming the disadvantage of titanium and its
alloys is to produce bioactive ceramic coatings on their surfaces
[1]. Many surface modifying techniques such as plasma
spraying [2,3], sol-gel method [4], and electrochemical
deposition [5] have been developed to prepare bioactive
ceramic coatings such as calcium phosphate and glass—ceramic
on titanium and its alloys.
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In recent years, TiO,-based coatings containing Ca and P
(T-CaP) have gained much attention for constructing this
bioactive surface [6—17]. These coatings can be easily formed
on titanium and its alloys by a relatively convenient and
effective technique of microarc oxidation (MAO) [6-17].
Normally, in the MAO process the electrolytes were composed
of calcium salts and phosphates such as calcium acetate (CA),
EDTA-Ca chelate complex, calcium glycerophosphate (Ca—
GP) and calcium dihydrogen phosphate, etc. [6—17]. Besides
T-CaP coating, recently, the structure and apatite-forming
ability of the TiO,-based coatings formed in electrolyte
only containing phosphates or calcium salts are noticed by
researchers. Hong and co-workers [18] used the MAO
technique to prepare TiO,-based coating containing Ca (T-
Ca) on titanium in an electrolyte containing CA. However, no
apatite was induced on this coating during the testing process.
Besides T—Ca coating, TiO,-based coating containing P (T—P)
has also been noticed [19]. In recent study [19], an electrolyte
containing (3-glycerol phosphate disodium salt pentahydrate
(B-GP, C3H;Na,0O¢P-5H,0) was used to prepare T-P coating
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by MAO technique. The results also indicated that no apatite
was formed on the surface of this T-P coating during SBF
immersion process. And subsequent hydrothermal treatment
was recommended to treat this coating for improving its
apatite-forming ability. In this work, T-P coatings were
prepared by MAO in an electrolyte containing (NaPO3)s and
NaOH. The current results indicated that this T-P coating has
apatite-forming ability in SBF and shows good property of cell
proliferation.

2. Materials and methods
2.1. Microarc oxidation

In the MAO process, Ti6Al4V plates (10 mm x 10 mm x
1.5 mm) were polished with SiC abrasive papers, ultrasonically
cleaned with acetone and distilled water, and dried at 40 °C.
The Ti6Al4V plates were used as anodes and stainless steel
plates were used as cathodes in an electrolytic bath. The
distance between the anode and cathode was about 15 cm. A
fresh electrolyte prepared by dissolving reagent-grade chemi-
cals of (NaPOj3)g (20 g/1) and NaOH (10 g/l) into deionized
water was used for the MAO process. The applied voltage,
frequency, duty cycle and oxidizing time were 300 V, 600 Hz,
8.0% and 5 min, respectively. The temperature of the
electrolyte was kept at 40 °C by a cooling system.

2.2. Immersion of the samples in a simulated body fluid

The T-P samples were soaked in 15 mL SBF [20] (Table 1),
immersing for different time, and the SBF was refreshed
every other day. The SBF was prepared by dissolving reagent-
grade chemicals of NaCl, NaHCO;, KCIl, K,HPO,-3H,0,
MgCl,-6H,0, CaCl,, and Na,SO, into deionized water and
buffering at pH 7.40 with tris-hydroxymethylaminomethane
((CH,0H);CNH,) and 1.0 mol/L HCI at 37 °C.

2.3. X-ray diffraction

The T-P coatings before and after immersion in the SBF, the
phase composition of the sample surfaces were analyzed by a
grazing-incidence X-ray diffraction (XRD, Philips X’Pert,
Holland) using a Cu Ko radiation. In the XRD experiment, the
angle of the incident beam was fixed at 1° against the sample

Table 1
Ion concentrations of SBF and human blood plasma.
Ton Concentrations (mmol/L)

SBF Blood plasma
Na* 142.0 142.0
K* 5.0 5.0
Mg** 15 15
Ca 2.5 2.5
Cl™ 147.8 103.8
HCO5>~ 42 27
HPO,*~ 1.0 1.0
S0~ 0.5 0.5

surfaces in order to detect the phase composition of the sample
surfaces and the measurements were performed with a

continuous scanning mode at a rate of 2° min~'.

2.4. Scanning electron microscopy and energy dispersive
X-ray spectrometer

The surface morphologies of the samples were observed by a
scanning electron microscopy (SEM, CamScan MX2600,
CamScan Co., England). In addition, the ion concentrations
of the sample surfaces were detected by an energy dispersive X-
ray spectrometer (EDS, Oxford Model 7537, England)
equipped on the SEM system.

2.5. X-ray photoelectron spectroscopy

An X-ray photoelectron spectroscopy (XPS, PHI 5700,
America physical electronics) was used to detect the chemical
compositions of the T-P coating formed at 300 V after SBF
incubation for 56 days. An Al Ka (1486.6 eV) X-ray source
was used to analyze the chemical states of Ca and P with a
hemispherical analyzer in a high-resolution mode. The XPS
take-off angle was set at 45°. A region about 2 mm x 0.8 mm
on each surface was analyzed. The measured binding energies
were calibrated by the Cls (hydrocarbon C-C, C-H) of
285 eV.

2.6. Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FT-IR, Bruker
Vector 22, Germany) was also used to analyze the structure of
the T-P coating formed at 300 V after SBF incubation for 56
days. In the FT-IR experiment, the resolution and scanning
range were 4 and 4000-400 cm ™', respectively.

2.7. Biological properties

The biological properties of the samples were evaluated by
preliminary in vitro cell tests. In the cell tests, the MG63 were
used to characterize the proliferation behavior of the cells. The
pre-incubated cell lines were plated onto specimens with a cell
density of 2 x 10* mL ™!, and then cultured in a humidified
incubator with 5% CO, at 37 °C. Dulbecco’s modified Eagle’s
medium (DMEM) with 10% fetal bovine serum (FBS) was used
as the culturing medium. The proliferation behavior was
determined by counting the number of cells after culturing them
for 5 and 7 days. The cells were detached from the samples with
0.05% trypsin-EDTA and counted using a hemocytometer. To
observe the morphology of the proliferated cells by SEM, the
cultured samples were fixed by 4% paraformaldehyde for
20 min.

2.8. Statistical analysis
The experimental data were represented as means + one

standard deviations (S.D.) for n =35. Statistical analysis was
conducted via a one-way analysis of variance.
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Fig. 1. XRD patterns of the T-P coatings formed at various applied voltages:
(a) 200V, (b) 250V, (c) 300V, (d) 350 V and (e) 400 V.

3. Results and discussion
3.1. Characteristics of the T-P coatings

The XRD patterns of the T-P coatings formed at 200400 V
are shown in Fig. 1. At low applied voltages (200 and 250 V),
diffraction peaks of Ti were detected. Above 250V, the
diffraction peaks of anatase were found and Ti peaks
disappeared. In addition, rutile was observed at 400 V. As
well known, anatase is stable at low temperature and rutile is
stable at high temperature. Thus, rutile was produced due to
high energy provided by MAO equipment when high applied
voltages were used.

The surface morphologies of the T-P coatings formed at
various voltages (200-400 V) are shown in Fig. 2. No evident
micropore character was observed at 200 V. Above 200 V the
T—P coatings exhibit a porous structure. Critical applied voltage

Thickness (wm)

200 250 300 350 400
Applied voltage (V)

Fig. 3. The thickness of the T-P coatings formed at various applied voltages:
(a) 200V, (b) 250V, (c) 300V, (d) 350 V and (e) 400 V.

is necessary for forming the T—P coatings [21]. The micropores
are distributed at regular intervals at 300 and 350 V with
diameters in ~3 pwm. At 400 V the surfaces of the T-P coatings
become rough and irregular. The results indicate that the
applied voltage has a significant effect on the surface
morphology of the T-P coating in the present electrolyte.

The thickness of the T-P coating is measured as a function
of the applied voltage through SEM observation. As expected,
the thickness of the T-P coating increases with increasing the
applied voltage (Fig. 3). SEM micrographs of the cross-sections
of the T-P coatings are shown in Fig. 4. No apparent
discontinuity between the coatings and substrates was observed
at various applied voltages (250-400 V) (Fig. 4(a)-(d)),
suggesting the T-P coatings with good interfacial bonding to
the substrate.

The major surface constituents found for the T-P coatings
are O, Ti, P, Na and C according to the EDS results. Under the
applied voltage, the initial passivating coating on the surface of
titanium alloy was broken yielding microarc discharge, and a
discharge channel was formed [21]. Thus, the electrolyte can
flow into the discharge channel, and the titanium alloy substrate
can contact the electrolyte. During the microarc discharge

Fig. 2. Surface morphologies of the T-P coatings formed at various applied voltages: (a) 200V, (b) 250V, (c) 300V, (d) 350 V and (e) 400 V.
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Fig. 4. SEM micrographs of the cross-section of the T-P coatings formed at various applied voltages: (a) 250 V, (b) 300V, (c) 350 V and (d) 400 V.

process, intensive plasma physical and chemical reactions
occur in the discharge channel, companied with a high pressure
and a high temperature condition. Then, lots of Ti near the
surface of the titanium alloy substrate would participate in the
subsequent reactions and be oxidized to form TiO,. Moreover,
the negatively charged phosphate radical ions move to the
anode easily in the electrolyte under the applied electric field.
Thus, P was introduced into the T-P coatings.

Fig. 5 shows the elemental distributions of the cross-section
of the T-P coating. All the elements show graded distribution
along the coating depth. With increasing the coating thickness,
the O and P concentrations increase; while the Ti and Al
concentrations decrease. Actually, a coating with a graded
structure is usually favored due to its mechanical stability and

good match regarding crystallographic structure and the
thermal expansion coefficients between coating and substrate
[22].

Fig. 6 shows the elemental distributions on the surfaces of
the T-P coating determined by EDS. It can be seen that the Ti,
O and P elements display a uniform distribution character
around the micropores (Fig. 6). However, the inner of the
micropores exhibits a high Ti concentration and low O and P
concentrations. As mentioned above, the concentration of Ti is
high near the titanium substrate in the T-P coating. Thus, it was
not difficult to understand that the concentration of Ti is high in
the micropores since these sites are near the titanium substrate.
Similar results were observed on the surfaces of the TiO,-based
coatings containing Ca and P [8]. According to the above

(a) | (b) |
| |
1004 l
|
|
] 1
Substrate Substrate ! Coating
|
[ Al
4 D_U 1 2 4 5 L] 7
lrﬂamumhal l
1 i
(c) | (@ [
| = :
I 1
I . 1
504 I I
Substrate 1 Coating 1 Substrate : Coating
] 1
‘ [ P
o b ssneessn REage pina ) naRLRRR ] | NASSELEERY |BESARLSED RAZELEARE)
Exygmkm 4 um i} 1 2 :3 F 5 5 -IJJm

Fig. 5. Elemental distribution of the cross-section of the T-P coating formed at 300 V: (a) Ti, (b) Al, (c¢) O and (d) P distribution.
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Fig. 7. Surface morphology and EDS spectrum of the T-P coating formed at 300 V after SBF immersion: (a) 28 days, (b) 56 days, (c) higher magnification of (b) and

(f) EDS result of the (d).

results, it was indicated that the phase and surface structure
changes are closely related to the applied voltage.

3.2. Biomimetic apatite on the T-P coating

The surface morphologies of the T-P coating after soaking
in the SBF for 28 and 56 days are shown in Fig. 7. After 28 days,
the surface of the T-P coating was slightly modified and the
porous structure of the T-P coating can be distinguished yet
(Fig. 7(a)). Further increasing the SBF immersion time to 56
days, the entire surface of the T-P coating was covered a new
coating showing numerous sphere-like precipitates with
diameters ~5 pm (Fig. 7(b)). At a higher magnification, it
was found that the new coating possesses a network structure
mainly composed of nano-scale crystals (Fig. 7(c)). The EDS
results further indicate that the new layer was composed of Ca-
and P-containing (CP) precipitates (Fig. 7(d)). In addition, Na
and Mg elements were detected in the CP phase, which agrees
with the results of Miiller and Miiller [23].

The XRD result further indicates that the CP precipitate on
the surface of the T-P coating was apatite (Fig. 8), indicating
that the T-P coating has apatite-forming ability.

Fig. 9 shows the FT-IR spectrum of the T-P coating after
soaking in the SBF for 56 days. The SBF-treated T—P coating
shows the broad absorption bands of H,O at 3451 and
1650 cm ™. The spectrum clearly illustrate the PO, at 1030,
600 and 561 cm™ ' and double degenerated bending mode of
v, PO, bands at 470 cm ! [23,24]. In the FT-IR spectrum, the
CO5*~ absorption bands also were observed including bending

400

¥ apatite

300

200

Intensity (cps)

100

0 20 30 40 50 60 70 80
200

Fig. 8. XRD pattern of the T-P coating formed at 300 V after SBF immersion
for 56 days.
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Fig. 9. XPS spectra of (a) Ca2p and (b) P2p of the surfaces of the T-P coating formed at 300 V after SBF immersion for 56 days.

mode of the 1,CO5>~ group in A-type carbonated HA (CHA) at
1552 cm ™, characteristic stretching mode of v3CO5%~ group in
CHA at 1502 cm ™!, characteristic stretching mode of v1CO32*
group in A-type CHA at 1566 cm™', stretching mode of
1;CO5>~ group in B-type CHA at 1428 cm™' and bending
mode of (v3 or vy) CO5*~ group in CHA at 871 cm ™' [23,24]. In
addition, the characteristic peaks at 1102, 952 and 871 cm”!
also suggest the presence of HPO4> ™ in the apatite, according to
the reported results [23,24]. The results indicate that the T-P
coating can induce the formation of carbonated apatite, which
is similar to biological apatites.

Fig. 10 shows the XPS spectra of Ca2p and P2p of the T-P
coating after SBF incubation for 56 days. Ca2p spectrum shows
a doublet at 346.6 and 350.21 eV and P2p spectrum reveals
single peak at 132.9 eV. These BE values are agree well with
the previous results of carbonated HA obtained by biomimetic
method [17].

Compared to synthetic HA, biological apatites possess
different physical and chemical properties because of substitu-
tions and hence differences in composition. Thus, investigators
attempted to obtain biological apatites by artificial synthesis
method. In this process, biomimetic technique is an important
method to obtain artificial apatites similar biological apatites. It is
derived from the inspiration of biomineralization, which is a
natural biological apatite formation process [25]. This technique
possesses some advantages such as low working temperature,
accessibility of pore networks on the nanometer scale and
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Fig. 10. FT-IR spectrum of the T-P coating formed at 300 V after soaking in the
SBF for 56 days.

suitability for complex shapes of substrates [26—34]. Moreover,
biomimetic apatite presents some important characteristics such
as carbonated structure and controllable crystallinity [23]. In
addition, this method provides a probability of co-depositing
biological macromolecules such as various proteins.

To obtain biomimetic apatite, layers that are capable of
inducing apatite deposition should be established on substrates.
And then, the modified substrates were immersed in simulated
body fluid (SBF) to induce the apatite formation. Anatase may
is a chemical stimulus for the bonelike apatite formation on
biomaterial surface in SBF. As reported, the iso-electric point of
anatase is 5.9 + 0.2 [35]. Thus, a negatively charged surface
will be formed on the T-P coating in the SBF with a pH 7.4. As
a result, this surface can incorporate calcium ions due to
electrostatic force, and then absorb the phosphate radicals and
carbonic acid ions. Therefore, the suitable iso-electric point of
anatase may acts as the chemical stimulus for bonelike apatite
formation. In fact, the investigation of Wu and Nancollas
indicated that apatite could be absorbed on the surface of TiO,
[36]. The previous result indicated the presence of the P-O
group in the T-P coating [37]. Generally, substrates with
functionalized surfaces such as -OH, PO H,, COOH, SOszH,
and CONH, groups, etc. facilitate the formation of bonelike
apatite in SBF or solutions containing various ions with respect
to apatite [25]. The P-O group of the T-P coating may be the
other factor to induce the apatite formation, which needs a more
through investigation in the future.

5 days
U227 7 days
77

| /

Number of Cell (x 10%cm?)

Ti6Al4V

Control

T-P coating

Fig. 11. Number of MG63 cells after proliferation for 5 and 7 days on the
surfaces of control, Ti6Al4V and T-P coating formed at 300 V.
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Fig. 12. SEM morphology of MG63 cells after culturing for 5 and 7 days on the Ti6Al4V and T-P coatings formed at 300 V: (a) and (b) on Ti6AlI4V culturing for 5

and 7 days and (c) and (d) on T-P coating culturing for 5 and 7 days.

3.3. Cell proliferation

In this work, preliminary investigation of the MG63 cell
proliferation on the surface of the T-P coating was conducted.
After culturing 5 and 7 days, the cells proliferated on the
surfaces of the control samples, titanium alloy and T-P
coatings formed at 300 V were counted, as shown in Fig. 11.
Compared with the control samples, the effects of titanium
alloy and T-P coatings on the cell proliferation were no
significant difference (p > 0.005). This result indicated that
the proliferation of MG63 cells is good on the T-P coatings.
The MG63 cells can proliferate on the titanium alloy surface
probably due to the presence of a hydroxide-oxide which has
formed by exposition of the titanium alloy surface to air and to
culture solution. This fact should be mentioned somewhere in
the text. As shown in Fig. 12, the cells spread out on the
surfaces of the titanium alloy and T-P coating well after
culturing 5 days. After 7 days, on the surfaces of the titanium
alloy and T-P coating the cells shows smooth and flat
morphology and almost contact each other with a small gap
among them.

4. Conclusion

T-P coating was formed in the electrolyte containing
(NaPOs3)¢ and NaOH by MAO. The surface morphology, phase
composition and thickness of the T-P coatings are highly
dependent on the applied voltage. The Ti, Al, O and P elements
show graded distribution along the coating depth. After SBF
immersion, the T-P coating formed at 300 V can induce the
formation of biomimetic apatite. The MG63 cell proliferation
on the surfaces of titanium alloy and the T—P coating formed at
300 V is good.
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