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a b s t r a c t

The Mg–Ca alloy system has been proposed as a potential new kind of degradable biomaterial with pos-
sible application within bone. Here microarc oxidation (MAO) coatings were fabricated on top of a Mg–Ca
alloy using different applied voltages and the effect of applied voltage on the surface morphology and
phase constitution, hydrogen evolution, pH variation in the immersion solution and in vitro biocompat-
ibility of the MAO coating on the Mg–Ca alloy were extensively studied. It was found that the thickness
and pore size of the MAO coating increased with the increasing applied voltage, whereas some micro-
pores could be seen inside the 400 V treated MAO coating. The 360 V treated MAO coating gave the best
long-term corrosion resistance during a 50 days immersion test. All the MAO coatings could promote
MG63 cell adhesion, proliferation and differentiation in comparison with the uncoated Mg–Ca alloy sam-
ple, due to significantly reduced Mg ion release and pH value variations in the culture medium. After
5 days culture well-spread and elongated MG63 cells could be seen on the surface of the 360 V and
400 V MAO coatings, in contrast to no cells on the uncoated Mg–Ca alloy sample. In summary, MAO
showed beneficial effects on the corrosion resistance of, and thus improved cell adhesion to, the Mg–
Ca alloy, and should be a good surface modification method for other biomedical magnesium alloys.

� 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Various studies [1–6] have shown that magnesium alloys may
have a promising future as potential degradable implant materials.
However, the main obstacle to the clinical use of magnesium alloys
is their rapid corrosion rate. In studies of bare Mg–Zn [5] and Mg–
Ca [6] alloys, the rapid corrosion rate induced a mismatch with the
bone healing rate and a gap formed between the implant and the
surrounding tissue. Among previously investigated bare magne-
sium alloys, including AZ31 [2], AZ91 [2], WE43 [2], LAE442 [2],
Mg–Y–Zn [4], Mg–Zn [5] and Mg–Ca [6], the appearance of subcu-
taneous gas cavities was visible in all cases due to the fast corro-
sion rate. Therefore, in order to make the use of magnesium
alloys as implants feasible, the corrosion rate must be slowed. To
this end, many surface modification techniques, such as alkaline
heat treatment [7,8], fluoride treatment [9], electrodeposition

[10], polymer coating [11,12], phosphating treatment [13] and
microarc oxidation [14,15], have been studied and increases in cor-
rosion resistance to different degrees have been reported [7–15].

Recently, microarc oxidation (MAO) treatment, a common tech-
nique for corrosion protection of magnesium alloys in the indus-
trial sector, has been used for the surface modification of
magnesium and its alloys for biomedical applications [14,15].
Zhang et al. [14] reported an improvement in the corrosion and
wear resistance of AZ91D alloy in Hank’s solution after MAO treat-
ment. Yao et al. [15] introduced Ca and P into a ceramic coating on
MAO-treated AZ91D alloy and found that the coating reduced the
corrosion current density by two orders of magnitude. However,
there has been little researche investigating the biological response
of MAO coatings of magnesium alloys to date. On the other hand,
the porous microstructure of ceramic MAO coatings, due to contin-
ual and intense sparking discharges and gas bubble on the sample
surface [16,17], is unavoidable. Although this kind of porous micro-
structure may be beneficial for the rapid adhesion and growth of
cells, resulting in a significantly stronger bond to the parent tissue
[18], it will also result in a decrease in corrosion resistance of the
MAO coatings [19]. Therefore, the MAO treatment condition should
be screened so as to combine good enough corrosion resistance
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with good biocompatibility of the same Mg alloy, especially during
the initial implantation period. After fulfilling its task of bone
restoration, a fast corrosion rate is required for total degradation
of the MAO-treated Mg alloy implant so as to avoid future inflam-
matory effects.

In a previous study, a Mg–Ca alloy with 1 wt.% Ca content
showed good mechanical properties, corrosion properties and bio-
compatibility in vitro and in vivo [6]. However, the in vivo corro-
sion rate was still too high to prevent local gas accumulation and
match the bone healing process. Therefore, in this study MAO
treatment was used for the surface modification of a Mg–Ca alloy.
The treatment condition was selected to provide an adequate cor-
rosion rate and excellent biological performance of the MAO coat-
ing. To this end, MAO treatments at various applied voltages were
used and the microstructure and corrosion properties of MAO-trea-
ted Mg–Ca alloy were assessed with respect to the applied voltage.
The biocompatibility of the MAO coatings was evaluated by indi-
rect and direct cell assays, in terms of the adhesion, proliferation
and differentiation of MG63 cells.

2. Materials and methods

The Mg–Ca (1 wt.%) alloy ingot was cast from commercial pure
Mg (99.98%) and Ca (99.95%) in a crucible under a mixed gas atmo-
sphere of SF6 and CO2 and was then extruded into a rod at 210 �C at
a reduction ratio of 17. The experimental Mg–Ca alloy samples,
12 mm in diameter and 2 mm thick, were machined from the ex-
truded rod, mechanically polished up to 2000 grit and ultrasoni-
cally cleaned in acetone, absolute ethanol and distilled water.

2.1. Microarc oxidation

The microarc oxidation process was conducted in a 10 kW
microarc oxidation set-up consisting of a high power plasma
source, with a frequency of 700 Hz and a duty cycle of 30%, and a
stirring and cooling system. The Mg–Ca alloy sample was used as
the working electrode and stainless steel as the counter electrode.
Aqueous electrolytes were prepared from solutions of 10 g l�1 so-
dium silicate with 3.5 g l�1 sodium hydroxide. To obtain oxide
coatings with optimum microstructure, anti-corrosion properties
and biological performance, MAO was conducted at a fixed applied
voltage in the range 300–400 V for 10 min.

2.2. Immersion test

The immersion test was carried out in Hank’s solution (8.00 g
NaCl, 0.40 g KCl, 0.14 g CaCl2, 0.35 g NaHCO3, 0.20 g MgSO4�7H2O,
0.12 g Na2HPO4�12H2O, 0.06 g KH2PO4) at 37 ± 0.5 �C according to
ASTM-G31-72 [20]. After 50 days immersion the samples were re-
moved from the solution, rinsed with distilled water and dried in
air. The pH value of the solution and the hydrogen evolution rate
were monitored during the immersion test.

2.3. Cell experiments

Human osteosarcoma cell line MG63 (Cell Resource Center of
the Chinese Academy of Medical Sciences and Peking Union Med-
ical College) were cultured in minimum essential medium (MEM),
10% fetal bovine serum (FBS), 100 U ml�1 penicillin and
100 lg ml�1 streptomycin at 37 �C in a humidified atmosphere of
5% CO2. Until about 80% confluency the cells were passaged at a
1:4 split ratio and cells between the third and seventh passages
were used for all experiments. Prior to the cell experiment the un-
treated and MAO-treated samples were sterilized using ultraviolet
radiation for at least 2 h.

2.3.1. Indirect assay
The cytotoxicity was evaluated by an indirect contact assay. Ex-

tracts were prepared using serum-free MEM with one sample per
millilitre (approximately 3 cm2 ml�1) in a humidified atmosphere
of 5% CO2 at 37 �C for 72 h. The supernatant fluid was withdrawn,
centrifuged and serially diluted to 50% and 10% concentrations. The
pH and the Mg, Ca and Si concentrations of the extracts were mea-
sured. MG63 cells were seeded at a density of 3 � 103cells 100 ll�1

in each well in 96-well flat-bottomed plates and incubated for 24 h
to allow cell attachment, then the medium was replaced with
100 ll of extract. After 1, 3 and 5 days culture 10 ll of MTT was
added to each well, followed by incubation for 4 h, and then
100 ll of formazan solubilization solution was added and left over-
night. The spectrophotometric absorbance of the samples was
measured using a microplate reader (Bio-Rad 680) at 570 nm, with
a reference wavelength of 630 nm. The background of extracts
with MTT was subtracted.

2.3.2. Direct assay
Cell suspension (1 ml) was seeded onto the MAO-treated

Mg–Ca alloy samples as well as an untreated Mg–Ca alloy sample
(control) at a cell density of 5 � 104 cells ml�1. After 1, 3 and 5 days
culture in a humidified atmosphere with 5% CO2 at 37 �C in 24-well
plates, the cells were detached with trypsin–EDTA and counted
using a haemacytometer. The differentiation behaviour of MG63
cells was estimated by measuring alkaline phosphatase (ALP)
activity after 5 days culture. The cells were rinsed with phos-
phate-buffered saline (PBS), pH 7.4, three times and detached using
trypsin–EDTA. The cells were resuspended in 0.1% Triton X-100
and lysed by freezing and thawing for two cycles. The ALP activity
was measured using p-nitrophenyl phosphate (pNpp) as the sub-
strate (Sigma, St Louis, MO). The reaction lasted for 60 min at
37 �C and was then stopped using 1 M NaOH solution. The quantity
of pNpp produced was measured at 410 nm using a microplate
reader. The pH and the concentrations of Mg, Ca and Si ions in
the culture medium at different time points were also measured.

2.4. Characterization

X-ray diffraction (XRD) (Rigaku DMAX 2400) was performed
using CuKa radiation (k = 0.154 nm) to characterize the changes
in crystal structure of untreated and MAO-treated Mg–Ca alloy be-
fore and after the corrosion tests. The diffraction patterns were
measured between 2h values of 10 and 80� at steps 0.02� with a
scanning speed of 2� min�1. The surface morphologies of the
experimental samples were observed using environmental scan-
ning electron microscopy (ESEM) (Quanta 200FEG), equipped with
an energy dispersive spectrometer (EDS) attachment, at an acceler-
ating voltage of 20 keV, gas pressure of 0.83 Torr and working dis-
tance of 12 mm in low vacuum mode.

To observe the cell morphology of the experimental samples
after 5 days culture the samples were rinsed three times with
PBS, fixed in 2.5% glutaraldehyde solution for 2 h at room temper-
ature, dehydrated in a gradient of ethanol/distilled water mixtures
(50%, 60%, 70%, 80%, 90% and 100% ethanol) for 10 min each and
dried in hexamethyldisilazane solution. The cell morphology was
observed by ESEM, at an accelerating voltage of 12.5 keV, gas pres-
sure of 0.83 Torr and working distance of around 8 mm in low vac-
uum mode.

The concentrations of Mg, Ca and Si in the medium were mea-
sured by inductively coupled plasma atomic emission spectrome-
try (ICP-AES) (Leeman Profile). Five hundred microliters of
culture medium was denatured by adding concentrated nitric acid
and the mixture was further diluted with deionized water before
ICP-AES measurement. Calibration between 0 and 50 lg ml�1
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was performed according to the determined element concentration
in the medium.

2.5. Statistical analysis

Three replicate experiments were performed, which yielded
comparable results. Every data point represents the means ± SEM
calculated from 10 individual examples. Statistical analysis was
conducted by analysis of variance (ANOVA). All pairwise compari-
sons were performed by the post hoc test of Turkey. The statistical
significance was defined as 0.05, as indicated by an asterisk in the
figures.

3. Results

3.1. Microstructure

The top view surface and cross-sectional morphologies of the
Mg–Ca alloy samples after different MAO treatment conditions,
as well as the EDS results, are shown in Fig. 1. With increasing ap-
plied voltage the pore size and the thickness of MAO layer increase.
When 300 V is applied (Fig. 1a) a porous oxide coating is formed on
the Mg–Ca alloy sample surface, with an average coating thickness
of 4.5 lm and a pore diameter of 0.4 lm. As the applied voltage is
increased to 360 V (Fig. 1b) the thickness and pore size of the coat-
ing increase to approximately 6 and 1.2 lm, respectively. On fur-
ther increasing the voltage to 400 V the resulting coating
becomes thicker (average 13.5 lm thick) while the pore size in-
creases slightly to 1.5 lm in diameter. However, some micro-pores
beneath the MAO coating (marked by an arrow in Fig. 1c) obtained
at 400 V are visible in the cross-sectional morphology.

The microstructural evolution with applied voltage can be
attributed to dielectric breakdown of the MAO layers [21]. While
the applied voltage is 300 V very fine sparking is observed uni-
formly distributed on the substrate surface, resulting in fine mi-
cro-pores. With increasing applied voltage the discharge
intensity of single sparks is enhanced. Therefore, increased melted
product erupts from and rapidly deposits around the discharge
channels [22]. As a result of this series of reactions, the pore size
and the thickness of the layer increases with higher applied volt-
age. At the same time the trapping of gas bubbles in the growing
oxide layer may be responsible for the micro-pores beneath the
MAO layer [23], especially at the higher applied voltage of 400 V,
as indicated by an arrow in Fig. 1c. The EDS results indicate that
the composition of the MAO coatings is mainly C, O, Mg and Si
(insets in Fig. 1).

Fig. 2 shows the XRD patterns of the MAO coatings obtained at
different voltages, with the untreated Mg–Ca alloy as control. It can
be seen that MgO and Mg2SiO4 phases are formed beside the a-Mg
phase. There are no significant differences among the constituent
phases of the different MAO coatings.

3.2. Immersion corrosion

Fig. 3 presents the variations in pH and hydrogen evolution vol-
ume as a function of immersion time. Hydrogen evolves much
more slowly from the MAO-treated Mg–Ca alloy sample than from
the untreated sample (1.694 ml cm�2 day�1). Among the three
MAO samples treated at different applied voltages, that treated
at 360 V exhibits the slowest hydrogen evolution rate
(0.007 ml cm�2 day�1), whereas that treated at 300 V shows the
highest evolution rate (0.108 ml cm�2 day�1), followed by the

Fig. 1. The surface and cross-sectional morphologies of (a) 300 V, (b) 360 V and (c) 400 V MAO-treated Mg–Ca alloy samples. (Insets) EDS results.
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400 V MAO-treated sample (0.045 ml cm�2 day�1). The change in
pH value of the Hank’s solution indicates a tendency similar to that
of the hydrogen evolution results.

The variation in the corrosion rates of the MAO-treated samples
is attributed to changes in the physical microstructure of the sam-
ples obtained at different applied voltages. On the one hand, the
varying corrosion resistance of the MAO coatings depends on the
thickness. The 300 V treated MAO coating shows the poorest corro-
sion resistance, due to its thinness (4.5 lm thick). It has been re-
ported that the protection afforded by a coating is proportional
to the coating thickness [24] and a previous study also indicated
that a NaHCO3 heated coating exhibited the slowest corrosion rate
due to its greater thickness in comparison with Na2CO3 and
Na2HPO4 heated coatings [8]. On the other hand, the integrity of
the MAO coating also influences the corrosion resistance. The
400 V treated MAO coating exhibits worse corrosion resistance than
the 360 V MAO treated one, even with a thicker coating on the sur-
face. This might be due to micro-pores inside the coating, permitting
more corrosive medium to be absorbed into the MAO coating,
reducing its corrosion resistance. Sharma [25] also found that
enhanced corrosion occurred when the anodic coating had defects.

Fig. 4 shows the surface morphology of the untreated and MAO-
treated Mg–Ca alloy samples after 50 days immersion in Hank’s
solution. It can be seen that the untreated Mg–Ca alloy sample
undergoes severe corrosion, with some deep pits visible. Some cor-
rosion pits are also observed for the MAO samples obtained at
300 V and 400 V, while only a few cracks can be seen on the surface
of the MAO sample obtained at 360 V (marked by an arrow in the
inset to Fig. 4c). The EDS analysis reveals that the elements on the
MAO sample surface are C, O, Mg, Si, P and Ca, with a high Cl con-
tent at the position of corrosion pits (inset in Fig. 4d, indicating the
EDS results for the site indicated by an arrow).

The XRD patterns of the untreated and MAO-treated Mg–Ca al-
loy samples after 50 days immersion in Hank’s solution are shown
in Fig. 5. The resulting corrosion products for the untreated Mg–Ca
alloy sample after 50 days immersion are mainly Mg(OH)2 and
Ca2P2O7, the signal due to a-Mg having disappeared. In contrast,
only small amounts of Mg(OH)2 corrosion product can be found
on the surface of the 300 V MAO-treated Mg–Ca alloy samples.

3.3. Cell experiments

Both indirect and direct assays have been performed to evaluate
the MG63 cell response to MAO-treated Mg–Ca alloy samples. In
the extract assay the untreated Mg–Ca alloy sample extract shows
the highest Mg concentration, followed by the 300 V treated sam-
ple, while the 360 V and 400 V treated samples show similar Mg
concentrations (P > 0.05) (Fig. 6). A significant reduction in Ca con-
centration is apparent for the untreated Mg–Ca alloy sample, which
may be because Mg(OH)2 precipitation on the surface provides
favourable sites for apatite nucleation and promotes fast deposition
of calcium phosphate apatite [6,26]. However, the Si concentration
is too low to be detectable. In addition, the pH of the untreated Mg–
Ca alloy extract is significant higher than those of the MAO-treated
extracts (P < 0.05), as shown in Fig. 8c. Fig. 7 shows cytotoxicity re-
sults for the untreated and MAO-treated Mg–Ca alloy samples. For
the 100% extracts significantly increased (P < 0.05) cell viability can
be seen after MAO treatment at different voltages, indicating Grade
I cytotoxicity. In addition, the untreated Mg–Ca extract suggests
significantly increased cell viability (P < 0.05) at different dilutions,
while the MAO-treated Mg–Ca extracts show similar (P > 0.05) cell
viabilities at 50% and 10% dilutions.

Fig. 8 indicates the change in Mg and Ca concentration and pH
of the culture medium after incubation with the untreated and
MAO-treated Mg–Ca alloys samples for different periods using a
direct assay. It can be seen that the Mg concentration for the un-
treated and MAO-treated Mg–Ca alloy samples increases with
increasing culture time. After MAO treatment a significant
decrease in Mg concentration (P < 0.05) can be seen for the

Fig. 2. XRD patterns of untreated and 300 V, 360 V and 400 V MAO-treated Mg–Ca
alloy samples.

Fig. 3. (a) The hydrogen evolution volume and (b) change in pH value of Hank’s
solution containing untreated and MAO-treated Mg–Ca alloy samples as a function
of immersion time.
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Fig. 4. The surface morphologies of (a) untreated and (b) 300 V, (c) 360 V and (d) 400 V MAO-treated Mg–Ca alloy samples after 50 days immersion. (Inset) Typical EDS result
of corrosion pitting area.

Fig. 5. The XRD patterns of untreated and 300 V, 360 V and 400 V MAO-treated
Mg–Ca alloy samples after 50 days immersion in Hank’s solution.

Fig. 6. Mg and Ca concentrations of untreated and MAO-treated Mg–Ca alloy
sample extracts.
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Fig. 7. Cell viability after culture with untreated and MAO-treated Mg–Ca alloy sample extracts for 1, 3 and 5 days.

Fig. 8. (a) Mg and (b) Ca concentrations in MEM after incubation with untreated and MAO-treated Mg–Ca alloy samples. (c) pH values of extracts and MEM after incubation
with untreated and MAO-treated Mg–Ca alloy samples for different culture periods.
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Mg–Ca alloy samples for different incubation periods. Meanwhile,
the 360 V and 400 V MAO-treated Mg–Ca alloy samples show obvi-
ously lower Mg concentrations (P < 0.05) for different incubation
periods, compared with the 300 V MAO-treated Mg–Ca alloy sam-
ple. In contrast, a decreased Ca concentration in the culture med-
ium can be seen for all the experimental samples with increasing
culture time. Unfortunately, the amount of Si was too low to be de-
tected by ICP-AES after 1 and 3 days culture. Only 0.27 ± 0.05 mM
Si species for the 300 V MAO-treated Mg–Ca alloy sample,
0.07 ± 0.01 mM for 360 V MAO-treated Mg–Ca alloy sample and
0.18 ± 0.05 mM for 400 V MAO-treated Mg–Ca alloy sample can
be detected after 5 days culture. Additionally, the pH of the med-
ium after incubation with untreated and MAO-treated Mg–Ca alloy
samples gradually increases with increasing culture time, with the
MAO-treated samples exhibiting a significantly decreased pH
(P < 0.05) compared with the untreated one (Fig. 8c).

The morphologies of MG63 cells cultured on the untreated and
MAO-treated Mg–Ca alloy samples for 5 days are shown in Fig. 9.
Differences in the response of the cells to untreated and MAO-trea-
ted Mg–Ca alloy samples is obvious. The untreated Mg–Ca alloy
sample suffers severe corrosion and no MG63 cells can be seen
on the surface. On the 360 V and 400 V MAO-treated Mg–Ca alloy
samples, the MG63 cells exhibit similar shapes with an extended
morphology and several pseudopodia contacting the substrate, as

shown in the insets of Fig. 9c–d. However, the MG63 cells grown
on the 300 V MAO-treated Mg–Ca alloy sample show an unhealthy
morphology, with a rounded shape.

The cell number on the untreated Mg–Ca alloy sample and
MAO-treated Mg–Ca alloy samples were counted after 1, 3 and
5 days culture, and the result is shown in Fig. 10. The cell number
on the untreated Mg–Ca alloy sample decreases with increasing
culture time (P < 0.05), whereas significantly improved cell adhe-
sion and proliferation are seen for MAO-treated Mg–Ca alloy sam-
ples. Moreover, a decreased cell number on the MAO-treated Mg–
Ca alloy samples is seen with increasing applied voltage. For the
300 V MAO-treated Mg–Ca alloy sample there is a significant in-
crease in cell number (P < 0.05) between day 1 and 3, but a signif-
icant reduction in cell number (P < 0.05) on day 5, which may be
attributed to the fast corrosion rate, resulting in a rapid pH change
and high ion concentration. In the case of the 360 V and 400 V
MAO-treated Mg–Ca alloy samples the cell number increases be-
tween day 1 and 3, but there is no significant difference (P >
0.05) between day 3 and 5.

The differentiation behaviour of cells grown on the untreated
Mg–Ca alloy sample and MAO-treated Mg–Ca alloy samples was
evaluated by ALP activity assay. The ALP activity of MG63 cells cul-
tured for 5 days on different Mg–Ca alloy samples are presented in
Fig. 11. ALP activity is significantly improved (P < 0.05) after MAO

Fig. 9. MG63 cell morphology after 5 days culture on (a) untreated, (b) 300 V, (c) 360 V and (d) 400 V MAO-treated Mg–Ca alloy samples. (Insets) Magnified cell morphology.
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treatment and increased ALP activity is observed for MAO-treated
Mg–Ca alloy samples with increasing applied voltage.

4. Discussion

Previous research on magnesium alloys as biodegradable mate-
rials showed promising results [1–6], however, a high evolved
hydrogen gas concentration, locally high osmolarity and rapid deg-
radation of mechanical properties, caused by the high corrosion
rate appeared for almost all previously investigated pure magne-
sium alloys, were critical challenges to their clinical application.
Surface modification is an effective way to not only improve the
corrosion resistance of magnesium alloys but also contribute to
their surface bioactivity. In this study the effectiveness, lifespan
and bioactivity of MAO coatings are discussed in comparison with
other surface coatings.

4.1. Comparison of the corrosion resistance of various surface coatings
on magnesium alloys

The primary concern of surface coating of magnesium alloys is
their effectiveness in corrosion resistance. Fig. 12 summarizes the

percentage reduction in corrosion rates of magnesium alloys with
different coatings reported in the literatures compared with un-
coated samples. (The corrosion rate was calculated from the
immersion corrosion tests.) It can be seen that polymer coatings
(chitosan coatings [12], polycaprolactone and dichloromethane
coatings [11]), electrodeposition coatings (dicyclopentadiene
(DCPD), hydroxyapatite (HA) and fluoridated hydroxyapatite
(FHA) coatings [27]), alkaline heat treatment [8] and fluoride treat-
ment [28] can reduce the corrosion rate of the magnesium alloy
substrate by approximately 50–80%. In comparison, an more than
90% reduction in corrosion rate can be obtained for the present
MAO coatings. With their higher effectiveness, gas cavities should
not be a problem for MAO-coated magnesium alloy implants, since
no hydrogen gas cavities were found in the tissues surrounding
MgF2-coated LAE442 [29] and PCL + DCM-coated AZ91 alloys [11].

The lifespan of the surface coating is also significant in guaran-
teeing good corrosion resistance and the mechanical integrity of
magnesium alloy implants. A sign of the failure of a surface coating
is the appearance of pits, as well as the formation of a loose
Mg(OH)2 phase on the surface of the coating. For the same Mg–
Ca alloy substrate the in vitro lifespan of the 300 V treated MAO
coating is over 50 days, which is significantly greater than that of
an alkaline heated and chitosan-coated Mg–Ca alloy sample, which
showed �10 days validity [8,12]. It was reported that the failure
periods of DCPD, HA and FHA coatings were about 1 week,
2–3 weeks and 4–6 weeks [27], respectively, whereas a MgF2

coating was degraded within 4 weeks after implantation [29].
Normally, implants should maintain their mechanical integrity be-
fore the reparative phase for strong healing union of fractured
bone, varying for different tissues, e.g. 6–12 weeks for upper limbs,
12–24 weeks for lower limbs [30,31]. Clinical implants usually fail
at cyclical loads well below the threshold, resulting in failure after
a single load, i.e. fatigue failure. For magnesium alloys the condi-
tion is even worse, due to the rapid formation of corrosion pits,
which are associated with fatigue crack initiation, as in the as-cast
AZ91D and as-extruded WE43 alloys [32]. Therefore, a long coating
lifespan will be beneficial in maintaining the mechanical integrity
of magnesium alloy implants by retarding corrosion pit formation.

The present work indicates that MAO coating of Mg–Ca alloys
shows better corrosion resistance than other surface treatment
methods, and the corrosion resistance of MAO coatings can be eas-
ily adjusted by changing the applied voltage. Moreover, the MAO
technique is very effective in the preparation of coatings for other
biomedical magnesium alloys, e.g. AZ91 [33] and AZ91D [14,15],
exhibiting a 2–3 order reduction in current density.

Fig. 10. The MG63 cells number on untreated and MAO-treated Mg–Ca alloy
samples after 1, 3 and 5 days culture.

Fig. 11. ALP activity of MG63 cells cultured on untreated and MAO-treated Mg–Ca
alloy samples for 5 days.

Fig. 12. The reduction in corrosion rate for magnesium alloys with different
coatings deduced from the literature [8,11,12,27,28].
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4.2. Comparison of the biocompatibility of various surface coatings on
magnesium alloys

Cell adhesion, proliferation and differentiation behavior are sig-
nificantly improved for the MAO-treated Mg–Ca alloy compared
with untreated Mg–Ca, indicating that the MAO-treated samples
offer a biologically favourable environment. The MAO coating,
mainly composed of MgO, formed on the surface the Mg–Ca alloy,
which should mean that it is biocompatible, not introducing any
toxic element. In addition, MgO particles would not lower cell sur-
vival below 50%, even at high concentrations [34]. The improved
biological response to the MAO-treated Mg–Ca alloy is believed
to be closely related to their corrosion resistance, since normally
the cytotoxicity of magnesium alloys is due to the high corrosion
rate, resulting in gas pockets next to the implant and high cell
osmolarity [35,36]. The reduction in extracellular Ca due to depo-
sition of calcium phosphate on the sample surface will also be ad-
verse to any cell response.

There is a variation in biocompatibility between the MAO-trea-
ted Mg–Ca alloy samples at different applied voltages. The 300 V
MAO-treated Mg–Ca alloy sample showed a higher adherent cell
number and proliferation rate between days 1 and 3, which may
be attributed to the initial higher Mg ion concentration (Fig. 8),
due to the integrin-binding enhancement effect of Mg ions [37].
It has been reported that Mg ion dissolution products from bioac-
tive glasses stimulate cell proliferation [38]. Banai et al. [39] indi-
cated that endothelial cell proliferation was stimulated by
increasing extracellular magnesium concentrations (0–4 mM).
Unfortunately, an extremely high Mg concentration (13.8 mM)
was found for 300 V MAO-treated Mg–Ca alloy samples after
5 days culture, which exceeds the IC50 of magnesium ions for
MG63 cells [40] and, hence, results in a rapid reduction in cell
number on the substrate (Fig. 10). Since ALP activity increases with
the maturation of osteoblasts, ALP activity is regarded as a marker
of the early stages of cell differentiation. As shown in Fig. 11, ALP
activity increases with increasing applied voltage, attributed to
the higher Mg concentration, which has been reported to promote
cell differentiation [38,41]. Li et al. [42] reported improved cell via-
bility and differentiation on a FHA-coated magnesium alloy com-
pared with an uncoated one. Meanwhile, higher concentrations
of Si species in the culture medium of the 400 V MAO-treated
Mg–Ca alloy sample may also contribute to the ALP activity. It
was reported that osteogenic differentiation and cell maturation
of the cells were improved on apatite incorporating Si [43]. Si
species are also shown to improve bone formation and simulate
osteogenic cells through gene activation [44]. In vivo corrosion of
MAO-treated Mg–Ca alloys will be further investigated and the re-
sults reported later.

5. Conclusions

MAO treatment of Mg–Ca alloys, through modification of the
physical microstructure of the surface, had a beneficial effect on
the corrosion resistance and, thus, cell responses to the material.
Increasing the applied voltage increased the thickness and pore
size of the MAO layer on the Mg–Ca alloy, while a few micro-pores
were visible beneath the MAO layer in the case of the 400 V MAO-
treated Mg–Ca alloy. As a result, the corrosion resistance of the
MAO-treated Mg–Ca alloy followed the order 300 V MAO < 400 V
MAO < 360 V MAO. The cell experiments suggested significantly
increased cell numbers on MAO-treated Mg–Ca alloys compared
with the untreated one. After 5 days culture there were more elon-
gated MG63 cells on the 360 V MAO-treated Mg–Ca alloy sample
than on the 400 V MAO-treated Mg–Ca alloy sample, while the
ALP activity showed the opposite trend. In summary, the 360 V

and 400 V MAO treatments might be promising for the surface
treatment of Mg–Ca alloys which exhibit good corrosion resistance
and surface biocompatibility.
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Appendix A. Figures with essential colour discrimination

Certain figures in this article, particularly Figures 2, 3, and 5, are
difficult to interpret in black and white. The full colour images can
be found in the on-line version, at doi:10.1016/j.actbio.2010.11.034.
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