
P
c

H
a

b

a

A
R
R
A
A

K
T
C
N
B
P

1

c
r
t
c
w
p
t
g
b
i
s
H
i
t
fi
p

t
c
t

0
d

Journal of Alloys and Compounds 498 (2010) 172–178

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

journa l homepage: www.e lsev ier .com/ locate / ja l l com

reparation and in vitro evaluation of nanostructured TiO2/TCP composite
oating by plasma electrolytic oxidation

ongjie Hua,b, Xuanyong Liua,∗, Chuanxian Dinga

Key Laboratory of Inorganic Coating Materials, Shanghai Institute of Ceramics, Chinese Academy of Sciences, 1295 Dingxi Road, Shanghai 200050, China
Graduate School of Chinese Academy of Sciences, Beijing 100049, China

r t i c l e i n f o

rticle history:
eceived 11 October 2009
eceived in revised form 16 March 2010
ccepted 17 March 2010
vailable online 23 March 2010

a b s t r a c t

Porous and nanostructured TiO2/tricalcium phosphate (TCP) composite coating on titanium substrate
was prepared by plasma electrolytic oxidation (PEO). The microstructure and phase composition of the
coating were characterized using scanning electron microscopy and X-ray diffraction. Its bioactivity was
evaluated by simulated body fluid (SBF) immersion tests. MG63 cells were cultured on the surface of the
eywords:
iO2/TCP
oating
anostructured
ioactivity

coating to investigate its cytocompatibility. Potentiodynamic polarization tests were applied to measure
its corrosion resistance. The results revealed that rough and hydrophilic TiO2/TCP composite coating
with pores of several micrometers and grains of 50–200 nm was prepared by one-step PEO treatment.
The TiO2/TCP composite coating showed good apatite-forming ability in SBF, and the TCP phase in the
coating played an important role in inducing apatite formation. MG63 cells could adhere and proliferate
on the surface of the coating, indicating its good cytocompatibility. The composite coating also exhibited

in 0.
lasma electrolytic oxidation good corrosion resistance

. Introduction

Titanium dioxide (TiO2) has been widely investigated as bio-
eramics due to its excellent biocompatibility and corrosion
esistance [1]. However, TiO2 is bio-inert and cannot directly bond
o bone immediately after implantation, which limits its appli-
ations [2]. Moreover, TiO2 can generate reactive oxygen species
hich could pose a serious problem to viability of cells [3–5]. Com-
ositing with bioactive materials is an effective way to overcome
hese drawbacks [6,7]. Tricalcium phosphate (TCP) has similar inor-
anic constituents with hard skeletal tissues and shows superior
ioactivity and osteoinduction [8,9]. The TiO2/TCP composite coat-

ngs once were prepared using electron beam evaporation [10],
putter deposition [11] and aerosol-deposition [12], respectively.
owever, most of these methods are hybrid, and the formed coat-

ngs exhibit relatively low bond strength. Moreover, they are hardly
o produce porous and nanostructured surface which are bene-
cial to bone tissue in-growth and osteoblast cells adhesion and
roliferation [13–16].
Plasma electrolytic oxidation (PEO), so called micro-arc oxida-
ion (MAO), is a relatively convenient technique to deposit ceramic
oatings on titanium substrate, and PEO has drawn widely atten-
ions due to the porous, nanostructured and firmly adhered coating

∗ Corresponding author. Tel.: +86 21 52412409; fax: +86 21 52412409.
E-mail address: xyliu@mail.sic.ac.cn (X. Liu).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.03.147
9% NaCl solution.
© 2010 Elsevier B.V. All rights reserved.

characteristics [17–20]. It is an effective and simple way to pre-
pare various functional composite coatings using PEO technology
by tailoring the electrolyte compositions and controlling process
parameters, and several kinds of composite coatings (such as
TiO2/HA, TiO2/Al2O3 and MgO/ZrO2) have been prepared in recent
few years [21–23]. The PEO coatings reported in literatures usually
showed poor apatite-forming ability in simulated body fluid (SBF),
and post treatments had to be applied to active the coatings [2,24].
In past, it was rarely explored to prepare the bioactive TiO2/TCP
composite coating by one-step PEO. In this work, bioactive TiO2/TCP
composite coating with porous and nanostructured surface was
prepared in a Ca and P-containing electrolyte by PEO treatment. The
microstructure and phase composition of the coating were charac-
terized, its bioactivity, cytocompatibility and corrosion resistance
were also investigated.

2. Experimental

2.1. Sample preparation

Commercially available pure titanium (purity > 99.85%, Grade 1, Baoji
Shi Shenghua Non-ferrous Metal Materials Co., Ltd, China) plates of
10 mm × 10 mm × 2 mm in size were used as substrates, which were ground
with 400 # and 1000 # abrasive paper and then ultrasonically washed with acetone,

ethyl alcohol and distilled water in an ultrasonic bath prior to PEO treatment. The
specimens were fabricated by PEO equipment (MAO30, Pulsetech, China) in two
kinds of electrolytes, respectively. One contained 0.05 mol/L glycerophosphate dis-
odium salt pentahydrate (GPNa2, C3H7Na2O6P·5H2O, chemical pure reagent, Kelong
Chemical Reagent Plant in Chengdu, China) and 0.1 mol/L calcium acetate mono-
hydrate (CA, C4H6O4Ca·H2O, analytical reagent, Sinopharm Chemical Reagent Co.,

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:xyliu@mail.sic.ac.cn
dx.doi.org/10.1016/j.jallcom.2010.03.147
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Fig. 1. Surface morphologies of the PEO (a and b) a

td, Shanghai, China), and the other contained the same components and 0.1 mol/L
thylene-diamine tetraacetic acid disodium salt (EDTA-2Na, C10H14N2Na2O8·2H2O,
nalytical reagent, Sinopharm Chemical Reagent Co., Ltd, Shanghai, China). The
pplied current density, frequency, duty cycle and duration time were 33 A/dm2,
00 Hz, ±10% and 4 min, respectively. Ti plate was used as an anode, and a spiral
teel pipe was used as a cathode while it was also used as a dwelling water pipe
o sustain the temperature of the electrolyte less than 30 ◦C in the electrolytic
ell. A magnetic stirrer was used to keep the uniform of the components and
emperature of the electrolytes. After PEO treatment, the samples were washed
ith deionized water and dried in air. The samples prepared in the electrolyte
ithout EDTA-2Na were labeled as “PEO coating” while the other samples prepared

n EDTA-2Na-containing electrolyte were labeled as “C-PEO coating”.
The granules in the electrolyte without EDTA-2Na were collected and heat-

reated in a furnace at 400 ◦C for 4 h. The PEO coating was soaked in 300 mL deionized
ater for 8 days and ultrasonically cleaned for 20 min every other day. The water
as refreshed every 2 days, too. The ultrasonically cleaned PEO coating was labeled

s “US-PEO coating”.

.2. Bioactivity evaluation

The samples were immersed in simulated body fluid (SBF) for 14 and 28 days
o evaluate their bioactivity. The SBF was prepared by dissolving reagent-grade
hemicals of NaCl, NaHCO3, KCl, K2HPO4·3H2O, MgCl2·6H2O, CaCl2, and Na2SO4 in
eionized water and buffered at pH 7.4 with tris-hydroxymethyl-aminomethane
Tris) and HCl at 36.5 ◦C [25]. A couple of samples immersed in a plastic vial contain-
ng 50 mL of SBF were kept under static conditions inside a biological thermostat at
6.5 ◦C. The SBF was refreshed every other week so that the lack of ions would not

nhibit the apatite formation. After immersed for designed days, the samples were
emoved from the SBF, gently washed with deionized water and dried at 40 ◦C. The
mmersion tests were conducted in triplicate using different samples to ensure the
alidity of the results.

.3. Cell culture

Osteoblast-like cell line MG63 (Cells Resource Center of Shanghai Institutes

or Biological Science, China) was used to evaluate the cytocompatibility of the
EO and C-PEO coatings. Samples sterilized by �-irradiation were put into 24-
ell culture plates (Costar, USA). Then l.0 mL cell suspension with cell density of
× 105 cell/mL was added into each well. Culture plate was transformed gently to
n incubator of 37 ◦C. After cultured for 1, 3 and 7 days, the samples were taken
ut, rinsed with a phosphate buffered saline solution (pH 7.2, PBS) twice to remove
PEO (c and d) coatings in different magnifications.

unattached cells, and than fixed with 2.5% glutaraldehyde solution in a sodium
cacodylate buffer (pH 7.4, Gibco, Invitrogen) for 30 min. The samples were then
dehydrated in a grade ethanol series (30, 50, 75, 90, 95 and 100%, v/v) for 10 min,
respectively, with final dehydration conducted in absolute ethanol twice followed
by drying in the hexamethyldisilizane ethanol solution series. After gold sputter-
ing, the cell morphology was observed by scanning electron microscopy (SEM)
[26].

2.4. Corrosion resistance evaluation

The corrosion resistance of the PEO and C-PEO coatings as well as commer-
cially pure titanium plates (CP-Ti) were evaluated by potentiodynamic polarization
tests through CHI760C electrochemical analyzer (Chenhua, China) in physiological
saline (0.9% NaCl solution). The measurement was conducted using a conventional
three electrodes electrochemical cell with a saturated calomel electrode as the ref-
erence electrode, a graphite rod as the counter electrode, and the sample with the
area of 0.3 cm2 as the working electrode. All electrochemical tests were conducted
at room temperature with a scanning rate of 20 mV/min. Four samples of each
group were tested, respectively, and the average values of four measured data were
presented.

2.5. Characterization

The phase composition of the samples was analyzed by X-ray diffraction (XRD,
D/MAX-2550, Rigaku, Japan) at 40 kV and 100 mA. Their surface morphologies were
determined by field-emission scanning electron microscopy (FE-SEM, JSM-6700F,
JEOL, Japan). The elemental composition of the samples was measured by energy-
dispersive X-ray spectrometry (EDS) attached to electron probe X-ray microanalysis
system (EPMA, JAX-8100, Japan). The surface roughness of the samples was quan-
tified using a surface profiler (HOMMEL TESTER T8000, Wave, Germany) with a
scan distance of 4.8 mm and scan rate of 0.5 mm/s. Contact angles were measured
using a contact angle instrument (SL200B, Solon, China). A few micrograms of the
newly formed layer on PEO coating immersed in SBF for 28 days were scraped off,
mixed with KBr and pressed for structural analysis by Fourier transfer infrared spec-
troscopy (FT-IR, Nicolet Nexus, USA). The PEO and C-PEO coatings were immersed

in Tris–HCl buffer solution (buffered at pH 7.4 with Tris and HCl at 36.5 ◦C) for 1, 3,
5, 7 and 9 days, respectively, and the Ca and P concentrations of the buffer solution
were measured by an inductively coupled plasma/optical emission spectroscopy
(ICP-OES, Vista AX, Varian, USA). The EDS, surface roughness and contact angle tests
were conducted three times at different places on each sample to ensure the validity
of the data.
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Fig. 2. XRD patterns of the PEO (a) and C-PEO (b) coatings.

. Results and discussion

.1. Microstructure and phase composition of coatings

Fig. 1 shows the surface morphologies of the PEO and C-PEO
oatings. It is clear that both coatings are porous with pore size of
everal micrometers. These pores are well separated and homo-
eneously distributed over the coatings. High magnification views
how that the grains on PEO coating surface are about 50–200 nm,
hile the grains on C-PEO coating surface are about 20–100 nm in
iameter. The surface roughness (Ra) of the PEO and C-PEO coatings
re 3.3 ± 0.2 and 2.0 ± 0.2 �m, respectively. The water contact angle
alue of the PEO coating is nearly 0◦, while it is 25.03 ± 3.32◦ for C-
EO coating, implying that both PEO and C-PEO coatings are rough
nd hydrophilic. The higher surface roughness and lower contact
ngle of the PEO coating may be ascribed to the looser coating
urface, as shown in Fig. 1.

The elemental composition of the PEO and C-PEO coatings
etected by EDS are summarized in Table 1. Both coatings mainly
ontain Ti, Ca, P and O elements. More Ca and P, but less Ti is
etected in PEO coating than in C-PEO coating, indicating that PEO
oating is Ca–P rich. The XRD patterns of the PEO and C-PEO coat-
ngs are shown in Fig. 2. Both PEO and C-PEO coatings mainly
ontain anatase (JCPDS # 21-1272) and rutile (JCPDS # 21-1276)
hases. The feature peaks of Ca3(PO4)2 (TCP, JCPDS # 09-0169) are
bserved in the XRD pattern of PEO coating (Fig. 2a), while it is not
ound in the XRD pattern of C-PEO coating (Fig. 2b).

For explaining the phase composition difference of the PEO and
-PEO coatings, the characteristics of the two electrolytes were
upposed to be referred. There were some milky granules in the
lectrolyte without EDTA-2Na. The XRD patterns of the granules are
hown in Fig. 3. The as-collected powders are mainly amorphous

nd only contain a little amount of CaC2O4·H2O. After heat-treated
t 400 ◦C for 4 h, feature peaks of TCP, HA, CaCO3 and Ca2P2O7 are
etected, suggesting that the granules mainly are Ca–P compound.
he formation of the granules may be ascribed to the hydrolysis of

able 1
lemental composition of the PEO, C-PEO and US-PEO coatings detected by EDS.

Sample Elemental composition (wt.%)

Ca P Ti O

PEO coating 21.64 ± 0.39 15.08 ± 0.38 21.08 ± 0.41 42.20 ± 0.50
C-PEO coating 13.63 ± 0.30 12.47 ± 0.31 31.71 ± 0.45 42.18 ± 0.47
US-PEO coating 9.48 ± 0.33 5.79 ± 0.27 49.11 ± 1.12 35.63 ± 1.41
Fig. 3. XRD patterns of the as-collected granules in the electrolyte without EDTA-
2Na (a) and those heat-treated at 400 ◦C for 4 h (b).

GPNa2 [27] and dissolution of CO2 in air:

Ca(CH3COO)2 → Ca2+ + 2(CH3COO)− (1)

Na2C3H5(OH)2PO4 + H2O → C3H5(OH)3 + PO4
3− + H+ + 2Na2+ (2)

CO2 + H2O → CO3
2− + 2H+ (3)

3Ca2+ + 2PO4
2− → Ca3(PO4)2↓ (4)

Ca2+ + CO3
2− → CaCO3↓ (5)

It was inferred that the stirring and electro-migration during
the PEO process brought the granules in electrolyte onto the sur-
face of the anode, where dielectric breakdown process occurred
incessantly, and deposited on the coating surface. This process is
similar to PEO coupled with electrophoretic deposition process
[28]. The plasma arc produced locally high temperature surround-
ing the anode sintered the coating, accelerated its crystallization
and resulted in the formation of the TiO2/TCP composite coating.

On the other hand, no precipitate was observed in the electrolyte
with EDTA-2Na, which may be ascribed to the chelation of EDTA-
2Na [29]:

Ca2+ + H2Y2− → [CaY2−]

+ 2H+ (Y = [2(OOC)NCH2CH2N(COO)2]4−) (6)

The Ca2+ ions were depleted by the chelation reaction because
the concentrations of CA and EDTA-2Na in the electrolyte both were
0.1 mol/L, which prevented the production of TCP and CaCO3. The
negatively charged CaY2− and PO4

3− ions in the electrolyte moved
to the anode under the applied electrical field and the Ca and P
elements were incorporated into the C-PEO coating. The different
formation mechanisms resulted in the different phase composi-
tions of the PEO and C-PEO coatings.

3.2. Bioactivity and solubility of coatings

The surface morphologies of the PEO coating immersed in SBF
for 14 and 28 days are shown in Fig. 4a and b, respectively. It is
clear that the surface of the PEO coating was partially covered by a
newly formed layer after incubated in SBF for 14 days (Fig. 4a).
Higher magnification image shows that the newly formed layer

with worm-like grains of ∼100 nm in diameter is observed. After
immersed in SBF for 28 days, the coating was fully covered by a
dense precipitate layer. The higher magnification image shows that
the layer is a network structure which consisted of numerous flakes
of ∼20 nm in thickness (Fig. 4b). The XRD pattern of the PEO coating
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ig. 4. SEM micrographs of the PEO coating after immersed in SBF for 14 (a) and
8 (b) days; (c) SEM morphology of the C-PEO coating after immersed in SBF for 28
ays.

oaked in SBF for 28 days are shown in Fig. 5a. The feature peaks of

A are clearly detected. FT-IR spectrum (Fig. 5b) shows the feature
bsorption bands of PO4

3−, OH− and CO3
2−. EDS analysis reveals

hat the Ca/P ratio of the newly formed layer is 1.41 ± 0.23, indi-
ating that the newly formed layer is Ca-deficient carbonated HA
Fig. 5. XRD pattern (a) and FT-IR spectrum (b) of the newly formed layer on PEO
coating after immersed in SBF for 28 days.

(bone-like apatite). The surface morphology of the C-PEO coating
immersed in SBF for 28 days is shown in Fig. 4c. It still appears
porous without any precipitate, suggesting the poor bioactivity of
the C-PEO coating.

It is well known that TCP usually shows high bioactivity and
solubility [8,9,30]. The TCP phase in PEO coating may significantly
contribute to its bioactivity and solubility. For comparison, the PEO
coating was ultrasonically cleaned to remove the TCP phase and the
US-PEO coating was obtained. The XRD pattern and surface mor-
phologies of US-PEO coating before and after immersed in SBF are
shown in Fig. 6. The US-PEO coating also consists of anatase and
rutile phases, but no TCP phase is detected, indicating that the TCP
phase is removed from the coating by ultrasonically cleaning. The
Ca and P contents of the US-PEO coating are also evidently lower
than the PEO coating (Table 1). No precipitation formed on the sur-
face of the US-PEO coating soaked in SBF for 28 days, suggesting
its poor bioactivity. The results reveal that the TCP phase in PEO
coating plays an important role in inducing apatite formation in
SBF.

The Ca and P concentrations of the Tris-HCl buffer solution after
immersion of the PEO, C-PEO and US-PEO coatings for different
periods are shown in Fig. 7. It is suggested that once the samples
are immersed in the solution, Ca and P begin to release from the
coating, and the concentrations became higher and higher with
duration of the immersion time. The Ca and P concentrations of
the buffer solution after immersion of the PEO coating are signifi-

cantly higher than the other two solutions after immersion of the
C-PEO and US-PEO coatings, which is thought to be related to the
TCP phase in PEO coating due to its high solubility [30]. The higher
solubility of the PEO coating results in higher Ca, P concentration at
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Once biomaterials are implanted into the body, electrochem-
ical corrosion inevitably occurs in the physiological environment
ig. 6. Surface morphologies of the (a) US-PEO coating (insert indicating its XRD
attern); (b) higher magnification of (a); (c) after immersed in SBF for 28 days.

he early stage of the incubation in SBF, which would increase the
egree of super saturation of SBF. Once the Ca and P concentrations
each the critical nucleation concentration of apatite, it triggers
he apatite nucleation and grow spontaneously by assembling
he remaining calcium, phosphate and hydrogen carbonate ions
round apatite nuclei in SBF [31]. The SBF with immersion of the
-PEO and US-PEO coatings are hard to reach the critical nucleation

oncentration of apatite because of their low Ca, P content and sol-
bility, and result in the poor bioactivity of the C-PEO and US-PEO
oatings.
Fig. 7. Ca (a) and P (b) concentrations of the Tris–HCl buffer solution with immersion
of the PEO, C-PEO and US-PEO coatings for various days.

3.3. Cytocompatibility

The morphologies of MG63 cells cultured on PEO and C-PEO
coatings for 1, 3 and 7 days are shown in Fig. 8. After 1 day of culture,
the MG63 cells on PEO and C-PEO coatings exhibited good adhesion
and spread out uniformly over the coatings, and displayed numer-
ous filopodia extensions. After 3 days of culture, the cells spread
to the whole surface and grew layer by layer. Extending the cul-
ture time to 7 days, all MG63 cells spread with numerous filopodia
and fused to form a complete layer on the coatings, indicating that
both PEO and C-PEO coatings are favorable for the adhesion and
proliferation of MG63 cells and show good cytocompatibility.

It is generally accepted that high surface roughness of a mate-
rial leads to enhanced cell adhesion and proliferation [32]. A low
contact angle also leads to high surface energy, which is another
factor that contributes to better cell attachment [33]. It also has
been reported that a porous structure of an implant is beneficial to
bone tissue in-growth and osteoblast cells invasion, adhesion and
proliferation [13,14]. Nanophase ceramics have also been reported
can enhance proteins interaction (such as adsorption, configura-
tion, bioactivity, etc.) and subsequent osteoblast adhesion [15,16].
Both PEO and C-PEO coatings are not only rough and hydrophilic
but also porous and nanostructured, which are thought to be the
reasons for their good cytocompatibility and no cytotoxicity.

3.4. Corrosion resistance
and greatly influences the biocompatibility and service life of the
implants. In order to evaluate the corrosion resistance of the PEO
and C-PEO coatings, corrosion immersion tests were carried out.
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Fig. 8. Morphologies of MG63 cells cultured on the

he potentiodynamic polarization curves of the PEO and C-PEO
oatings in 0.9% NaCl solution are shown in Fig. 9. For comparison,
P–Ti plates were also applied. The potentiodynamic polarization
urves of the PEO and C-PEO coatings are rather near, indicating that
heir corrosion resistance are comparable, and the small amount
f TCP in PEO coating does not depress its corrosion resistance.
omparing with CP-Ti, the corrosion resistance of the PEO and C-
EO coatings both are apparently higher, which can be observed
y a shift of polarization curves toward the region of higher poten-
ial. The corrosion potential values of the PEO and C-PEO coatings
re about −0.262 ± 0.034 and −0.267 ± 0.026 V, respectively, which
re higher than −0.302 ± 0.051 V for CP-Ti. The good corrosion

esistance of the PEO and C-PEO coatings may be ascribed to the
iO2-based ceramic coatings on titanium which usually show supe-
ior corrosion resistance [34]. The good corrosion resistance of the
EO coatings may improve the long term stability and service life
f the implants in biological environment.

Fig. 9. Potentiodynamic polarization curves of the PEO and C-PEO coatings as well
as CP-Ti in 0.9% NaCl solution.
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. Conclusions

TiO2-based ceramic coatings with porous and nanostructured
urfaces were prepared by plasma electrolyte oxidation in elec-
rolytes without and with EDTA-2Na (PEO and C-PEO), respectively.
he PEO coating mainly contained anatase, rutile and TCP phases
ith grains of about 50–200 nm in diameter, while no TCP phase
as detected in the C-PEO coating. The PEO coating could intro-
uce apatite to precipitate on its surface in SBF, indicating its good
ioactivity, while the C-PEO coating was bio-inert. The TCP phase in
EO coating played an important role in inducing apatite formation.
G63 cells could adhere and proliferate on the surface of the PEO

nd C-PEO coatings, indicating their good cytocompatibility. Both
EO and C-PEO coatings exhibited good corrosion resistance in 0.9%
aCl solution. Such porous and nanostructured TiO2/TCP composite
oating is expected to be used as orthopedic and implant materials.
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