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Abstract

Biomimetic apatite was formed on a microarc oxidized (MAO) anatase-based coating containing Ca and P in a simulated body fluid (SBF). At
the process of the SBF immersion (0-96 h), the Ca and P of the MAO coating dissolve into the SBF, increasing the supersaturation degree near the
surface of the MAO coating, which could promote the formation and growth of apatite. After SBF immersion for 7 days, the surface of the MAO
coating was modified slightly. The entire surface immersed for 14 days was covered by an apatite coating. The apatite possesses carbonated
structure, controllable crystallinity and pore networks. The results indicate that the MAO coating formed in an electrolyte containing phosphate and

EDTA-Ca chelate complex possesses good apatite-forming ability.
© 2007 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Hydroxyapatite and bioactive glass—ceramic both exhibit
good bioactivity [1-3]. Unfortunately, these bioactive ceramic
materials are not suitable for load-bearing conditions on
account of their poor mechanical properties [4]. Titanium and
its alloys have been used widely as load-bearing implants (e.g.,
skeletal repair and dental implants) due to their excellent
mechanical toughness, strength, biocompatibility and corrosion
resistance [5]. However, they exhibit poor osteoinductive
properties because of their bioinert character [5]. To improve
their bioactivity, many surface modifying techniques, such as
plasma spraying [6-8], sol-gel method [9,10] and electro-
phoresis and electrochemical deposition [11,12], have been
developed to prepare bioactive ceramic coatings on titanium
and its alloys. Among these techniques, plasma spraying is
currently used to fabricate HA coating. However, the
decomposition of HA occurs unavoidably because of a high
temperature during deposition process [7]. Moreover, the
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interfacial bonding between HA coating and substrate is not
very strong [8]. Additionally, this technique is not suitable to
prepare uniform coatings on biomedical implants with complex
geometries.

Plasma electrochemical method, microarc oxidation
(MAO), is a relatively convenient and effective technique
to deposit ceramic coatings on the surfaces of Ti, Al, Mg and
their alloys [13]. This technique can produce various
functional coatings with a porous structure and various
desired constituents can be introduced into TiO, coating [14—
16]. Moreover, it is very suitable to modify various substrates
with complex shapes. Additionally, MAO ceramic coatings
usually exhibit good interface bonding with substrates. In
recent years, using MAO technique to deposit bioactive
ceramic coatings on titanium and its alloys has received
considerable attention [14—19]. To prepare bioactive coatings
on titanium and its alloys, introductions of Ca and P elements
into MAO coatings are taken into account. In the previous
studies, various calcium salts such as calcium acetate,
calcium glycerophosphate and calcium dihydrogen phos-
phate were used in MAO process [14-19]. In this work,
apatite-forming ability of the MAO coating formed in an
electrolyte containing phosphate, Ca—EDTA chelate com-
plex, etc., was reported.
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2. Experimental
2.1. Samples preparation

Ti6Al4V plates (10 mm x 10 mm x 1.5 mm) were used as
anodes, and stainless steel plates were used as cathodes in an
electrolytic bath. The plates were ground with abrasive papers,
ultrasonically washed with acetone and deionized water, and
dried at 40 °C. An fresh electrolyte was prepared by dissolving
reagent-grade chemicals of Ca(CH;COO),-H,O (6.3 g/l),
Ca(H,POy),-H,O (13.2 g/1), EDTA-2Na (15 g/l) and NaOH
(15 g/1) into deionized water. In 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. SBF immersion of the samples

The MAO samples were soaked in 15 ml SBF with ionic
concentrations nearly equal to those of human blood plasma
([20], Table 1), and the SBF was refreshed every other day. The
SBF was prepared by dissolving reagent-grade chemicals of
NaCl, NaHCO3, KC], K2HPO4'3H20, MgC126H20, CaClz,
and Na,SO, into deionized water and buffering at pH 7.40 with
tris-hydroxymethyl-aminomethane ((CH,OH);CNH,) and
1.0 mol/1 HCI at 37 °C.

2.3. Analyses of the structure and phase composition

The phase composition of the surfaces of the MAO samples
before and after soaking in the SBF were analyzed by Glance-
angle X-ray diffraction (GA-XRD, Philips X Pert, Holland)
using a Cu Ka radiation. In the GA-XRD experiment, the angle
of the incident beam was fixed at 1° against the surface of the
sample and the measurements were performed with a
continuous scanning mode at a rate of 2°/min.

An X-ray photoelectron spectroscopy (XPS, PHI 5700,
America physical electronics) was used to determine the
chemical composition of the surface of the MAO coating. In the
XPS experiment, an Al Ka (1486.6 eV) X-ray source was used
with an anode powder of 250 W (12.5 kV, 20 mA) for the XPS
work. The XPS take-off angle was set at 45°, detecting the
depth range of 5-10 nm. The region of 2 mm X 0.8 mm on the
surface of the sample was analyzed with a hemispherical

Table 1
Ton concentrations of the SBF and human blood plasma
Ton Concentration (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
SO 0.5 0.5

analyzer. The measured binding energies were calibrated by the
C 1s (hydrocarbon C-C, C-H) of 285 eV.

A scanning electron microscopy (SEM, CamScan MX2600,
CamScan Co., England) was used to observe the surface
morphologies of the MAO coatings after SBF immersion.

Fourier transform infrared spectroscopy (FI-IR, Bruker
Vector 22, Germany) was used to analyze the phase and
structure of the MAO coating after SBF immersion. In the FT-
IR experiment, the scanning range and resolution were 4000—
400 and 4 cm™', respectively. Approximately 1 mg of the
coating on the SBF-treated MAO sample was removed from the
substrate, mixed with about 500 mg of dry KBr powder and
ground using an agate mortar and pestle. The mixed and ground
powder was pressed into transparent disks with a diameter of
13 mm for the FT-IR work.

Ca and P concentrations of the SBF with immersion of the
MAO coating for 0, 24, 48, 72 and 96 h were measured by an
inductively coupled plasma optical emission spectroscopy
(ICP-OES, Optima 5300DV, Perkin-Elmer, America). In the
ICP-OES measurement, the ion concentrations of 10 ml SBF
after immersion of one sample with surface area of
10 mm x 10 mm were measured, and two independent
analyses were carried out for each solution.

3. Results
3.1. Structure of the MAO coating

The XRD pattern of the surface of the MAO coating is
shown in Fig. 1. A weak diffraction peak at 26 =25.3° and
diffraction at 26 = 22.5-40° were observed on the surface of the
MAO coating, suggesting the presences of anatase with low
crystallinity and amorphous phase.

The XPS results of the MAO coating show that the surface of
the MAO coating mainly contains Ti, Ca, P, C and O (Fig. 2a).
No N and V were detected on the surface of the MAO coating.
The Ca and P concentrations are about 11.1 and 6.1 at.% with
Ca/P about 1.8. The values of the binding energies (BE) of Ti
2ps» and Ti 2py, are 458.3 and 464.4 eV corresponding to a

3 Anatase

Intensity

10 20 30 40 S0 60 70 80
20 ()

Fig. 1. XRD pattern of the MAO coating.
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Fig. 2. XPS spectra of the MAO coating: (a) XPS survey, (b) Ti 2p, (c) Ca 2p and (d) P 2p.

chemical state of Ti** (Fig. 2b), which are typical BE for TiO,
according to the reported results [14]. The Ca 2p spectrum of
the MAO coating reveals a doublet with Ca 2pz, (BE of
347.4 eV) and Ca 2p,,, (BE of 351.0 eV) (Fig. 2c¢), correspond-
ing to the presence of Ca®* [16]. The P 2p spectrum of the MAO
coating reveals a single peak at BE position of 133.3 eV (P 2p3,
,) (Fig. 2d), indicating the presence of P> according to
published data [14,16].

The surface morphology of the surface of the MAO coating
is shown in Fig. 3. The MAO coating exhibits a porous
structure, which is beneficial to cell attachment, propagation
and bone growth [15]. As can be seen, the micropores with
diameters ~5 pwm are distributed at regular intervals.

3.2. Biomimetic apatite on the MAO coating

The surface morphologies of the MAO coating after soaking
in the SBF for 7 and 14 days are shown in Fig. 4. After 7 days,

—_—

Fig. 3. SEM micrograph of the surface of the MAO coating.

the surface of the MAO coating was modified slightly and the
porous structure of the initial MAO coating can be
distinguished (Fig. 4a). Further increasing the SBF immersion
time to 14 days, the entire surface of the MAO coating was
covered a new coating (Fig. 4b). Moreover, numerous sphere-
like precipitates with diameters ~5 pm were observed. At a
higher magnification, it was found that the new coating
possesses a network structure mainly composed of nano-scale
crystals with sizes of ~100 nm (Fig. 4c).

The XRD patterns of the MAO coating after soaking in the
SBF for 7, 14 and 28 days are shown in Fig. 5. After 7 days, no
obvious diffraction peaks of the precipitates were observed on
the surface of the SBF-treated MAO coating (Fig. 5a). After
SBF immersion for 14 days, the diffraction peaks of apatite
with poor crystallinity were observed (Fig. 5b). Further
increasing the SBF immersion time to 28 days, the diffraction
peaks of apatite increase (Fig. 5c). It is suggested that the
crystallinity of biomimetic apatite can be controlled by
immersion time in the SBF.

The FT-IR spectrum of the MAO coating after soaking in the
SBF for 28 days is shown in Fig. 6. A broad absorption band at
3456 cm ™' and a bending mode at 1650 cm ™' are attributed to
H,0 in the SBF-treated MAO coating. The spectrum clearly
illustrate the triply degenerated asymmetric stretching modes of
3P0, bands at 1032 cm ™, triply degenerated bending mode of
v4PO, bands at 604 and 565 cm ' and double degenerated
bending mode of v,PO,4 bands at 472 cm ! [21,22]. In the FT-
IR spectrum, the CO5>~ absorption bands also were observed
including bending mode of the 1,CO5*~ group in A-type
carbonated HA (CHA) at 1550 cm ™!, characteristic stretching
mode of v;CO5”>~ group in CHA at 1508 cm ™', characteristic
stretching mode of v,COs>~ group in A-type CHA at
1562 cm™', stretching mode of v,CO5”>~ group in B-type
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Fig. 4. SEM micrographs of the surfaces of the MAO coatings after soaking in the SBF: (a) 7 days, (b) 14 days and (c) higher magnification of (b).

CHA at 1426 cm™' and bending mode of (v3 or vy) CO;*~
group in CHA at 873 cm”! [21,22]. In addition, the
characteristic peaks at 1104, 956 and 873 cm ™' also suggest
the presence of HPO,>~ in the apatite, according to the reported
results [21,22]. Additionally, OH™ stretch band in the FT-IR
spectrum at 3560 cm ™' is not pronounced probably due to that
the partial OH ™~ groups are substituted by the CO5>~ groups (A-
type substitution) during the apatite formation process. The
results indicate that the MAO coating can induce the formation
of carbonated apatite.

The XPS spectra of Ca 2p and P 2p of the MAO coating after
SBF incubation for 14 days are shown in Fig. 7. The Ca 2p
spectrum shows a doublet at 346.7 and 350.3 eV and P 2p
spectrum reveals a single peak at 133.0 eV. These BE values are
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Fig. 5. XRD patterns of the MAO coatings after soaking in the SBF: (a) 7 days,
(b) 14 days and (c) 28 days.

agree well with the previous results of carbonated HA obtained
by biomimetic method [16].

Ca and P concentrations of the SBF with immersion of the
MAQO coating for 0-96 h are shown in Fig. 8. It can be seen that
the Ca and P concentrations of the SBF increase continuously
during the testing process (0-96 h). The results indicate that the
Ca and P of the MAO coating can dissolve into the SBF.

4. Discussion

In this study, anatase-based coating containing Ca and P was
formed on titanium alloy by MAO process in an electrolyte
containing phosphate and EDTA-Ca. During the process of the
electrolyte preparation, a chemical reaction between Ca** and
H,Y?™ ions occurs, showing in the following equation [14]:

Ca’t + H,Y?™ < [CaY? ] +2H*

(1)
(Y = [2(OOCCH,)NCH,CH,N(CH,C00),]*")

60 S

50
S
8 40 \\/
g
E
E30t
g
= 20k 4 CO;Z'

f ros* HPO,*
A?OOO 35|‘00 2’[’]'60 ]5IOU 10:00 5(‘JO

Wavenumber (cm-!)

Fig. 6. FT-IR spectrum of the MAO coating after soaking in the SBF for 28
days.
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Fig. 7. XPS spectra of (a) Ca 2p and (b) P 2p of the surface of the MAO coating after SBF immersion for 14 days.

The negatively charged CaY>~ ions move to the anode easily
in the electrolyte under the applied electrical field. The
presence of the CaY>~ chelate complex is dependent on the
stable chelate action of -N < Ca <> OOCR-. If the -
N < Ca < OOCR- structure exists in the MAO coating, the
N could be detected by XPS. However, no N was found on the
surface of the MAO coating. It is therefore reasonable to
assume that the chemical band of N < Ca was broken due to a
high temperature condition on the anode surface during the
MAO process [13]. Eventually, the N-containing organic
compound was expelled from the MAO coating and the Ca
would be released from the —N < Ca <~ OOCR- due to the
thermal impact.

Biomimetic apatite was formed on the MAO coating
containing Ca and P. The FT-IR, SEM and XRD results indicate
that the apatite induced by the MAO coating possesses some
important characters such as carbonated structure, controllable
crystallinity and pore networks on the nanometer scale. In this
study, the anatase-based coating containing Ca and P formed in
the electrolyte containing phosphate and EDTA—Ca chelate
complex exhibits good apatite-forming ability. The important
aspect promoting the apatite formation may be associated with
the dissolutions of Ca and P in this work. The ICP-OES results
indicate the Ca and P of the MAO coating can be released into
the SBF. By increasing immersion time, the supersaturation
degree of the SBF with respect to apatite near the surface of the
MAO coating occurs, which triggers the apatite nucleation.
Once the apatite nuclei were formed, they could grow

spontaneously by assembling the remaining calcium, phosphate
and carbonic acid ions around apatite nuclei in the SBF.

5. Conclusions

Anatase-based coating containing Ca and P on Ti6Al4V was
prepared by microarc oxidation (MAO) in an electrolyte
containing phosphate and EDTA—Ca. After SBF immersion for
14 days, the entire surface of the MAO coating was covered by a
biomimetic apatite coating. The induced biomimetic apatite
possesses some important characters such as carbonated
structure, controllable crystallinity and pore networks on the
nanometer scale. At the early stage of the SBF immersion (0-
96 h), Ca and P of the MAO coating are released into the SBF,
increasing the supersaturation degree near the surface of the
MAQO coating and further promoting the formation and growth
of apatite.
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