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a b s t r a c t

A calcium silicate and calcium phosphate (CaSiO3/CaHPO4·2H2O) composite coating was applied by a
chemical reaction to Mg–Zn–Mn–Ca alloy to improve its biocompatiblity. The surface microstructure
was observed by scanning electronic microscopy (SEM) and the surface bioactivity was assessed by a cell
interaction experiment. SEM observation showed that a microporous layer was formed on the surface of
vailable online 9 November 2010
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Mg–Zn–Mn–Ca alloy. It was shown by XRD that the reaction layer was mainly composed of CaHPO4·2H2O
and a small amount of CaSiO3. In vitro cell experiments indicated that osteoblasts showed good adhesion,
high growth rates and proliferation characteristics on the coated Mg–Zn–Mn–Ca alloy, indicating that the
surface cytocompatibility of Mg–Zn–Mn–Ca alloy was significantly improved by the calcium phosphate
coating.
ioactivity

roliferation
g–Zn–Mn–Ca alloy

. Introduction

Mg alloys have shown potential application as bone substitute
aterials due to their good biocompatibility [1] and biodegrad-

bility [2–5]. The Mg ion is the fourth most prevalent constituent
f human serum [6]. The mechanical properties of Mg alloys are
ore similar to those of human bone among the commonly used

rtificial implant materials [7]. However, the rapid corrosion of Mg
nd its alloys in human body fluid or blood plasma limits their clin-
cal applications [8]. Therefore, improving the corrosion resistance
f Mg alloys for biomedical application is very necessary. Surface
reatment techniques have been successfully applied to improve
heir anti-corrosion properties [9]. However, for biomedical appli-
ation, the surface coating should have good biocompatibility, as
ell as good anti-corrosion properties against surrounding bioen-

ironment. Calcium phosphate (Ca–P) coatings have been widely
sed on bone implant materials due to their favorable biocom-

atibility and osteoconductive properties [9–11]. The brushite
CaHPO4·2H2O) coating is reported to improve significantly the bio-
orrosion resistance and osseous integration of the Mg alloy [12].
owever, Ca–P ceramics show slow bone formation in vivo [13].

∗ Corresponding author. Tel.: +86 451 86418740; fax: +86 451 86418740.
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Previous research suggested that silicon, an essential element in
animal nutrition, is localized in the active areas of young bone and
an important role in bone metabolism [14,15]. Furthermore, CaSiO3
ceramic exhibited good osteoconductivity [16], bioactivity, degrad-
ability, and biocompatibility [17,18]. Some studies have shown that
CaSiO3 ceramic promotes the proliferation and differentiation of
osteoblast-like cells compared with Ca–P ceramics [19]. Moreover,
CaSiO3 can accelerate the formation of hydroxyapatite (HA) in a
simulated body fluid [20]. However, CaSiO3 rapidly degrades in vitro
and in vivo [20], which limits its application as a bone substitute.
Therefore, to improve the anti-corrosion property and cell com-
patibility, a CaSiO3 and CaHPO4 composite (CaSiO3/CaHPO4·2H2O)
coating is proposed for use in biomedical applications.

In this study, calcium silicate and calcium phosphate composites
(CaSiO3/CaHPO4·2H2O) were chemical coated onto Mg–Zn–Mn–Ca
alloys. Moreover, the osteoblasts adhesion and proliferation on the
CaSiO3/CaHPO4·2H2O composite-coated Mg–Zn–Mn–Ca alloys are
preliminarily assessed quantitatively to evaluate its bioactivity.

2. Experimental
2.1. Preparation of the CaSiO3/CaHPO4·2H2O composite coating

Samples measuring 10 mm × 10 mm × 2 mm were cut from an
extruded Mg–Zn–Mn–Ca alloy bar prepared in our laboratory. The

dx.doi.org/10.1016/j.colsurfb.2010.11.003
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
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Table 1
Chemical composition of the reaction bath.
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Composition Concentration, g/l

NaSiO3 30
Ca(NO3)2 30

amples were ground and polished with SiC abrasive paper up to
000 grits. The samples were initially immersed in an alkaline solu-
ion at 63 ◦C for 15 min for degreasing, then in 85% H3PO4 solution
t room temperature for 20 s, and then in an activation solution
NH4F) for 5 min. Then, the samples were treated in a reaction bath
t 45 ◦C for 50 min. The ingredients of the reaction bath are listed
n Table 1. The pH of the bath was adjusted with H3PO4 or H2SO4
o around 4.6–5.0.

.2. Surface characterization

The surface microstructure and the morphology were observed
sing a Hitachi S-4700 scanning electronic microscope (SEM) cou-
led with energy dispersive spectroscope (EDS). The acceleration
oltage used for the SEM was 15.0 kV. To identify the surface phase,
he surface was examined under X-ray diffraction (XRD, D/MAX-RB,
igaku). The 2� range was 20–90, and the scan step size was 0.04

n XRD.

.3. Electrochemical measurement

The electrochemical polarization tests were carried out in
ank’s solution by a PARSTAT 2273 automatic laboratory corrosion
easurement system. A three-electrode cell was used. The counter

lectrode was made of platinum and the reference electrode was
aturated calomel electrode. All the measurements were carried
ut at a scanning rate of 0.5 mV/s at 37 ◦C.

.4. Cytocompatibility test

.4.1. Cell culture
Osteoblasts were isolated from the calvaria of neonatal (less

han 24-h old) Sprague–Dawley rats (obtained from the China
edical University) through an enzymatic digestion. The rat cal-

aria were washed three times in phosphate-buffered saline
PBS, pH = 7.4) and then minced into 1 mm diameter fragments.
fter washing the bone fragments thrice with PBS, the cal-
aria chips were digested for 20 min, at 37 ◦C with 0.25% (w/v)
rypsin–EDTA solution (Gibco) to diminish fibroblastic contami-
ation. Then, the samples were treated with 0.125% I-collagenase
Sigma) at 37 ◦C for 90 min to release osteoblast from the calvaria.
he supernates were centrifugated at 1000 rpm for 10 min, and
hen suspended in Dulbecco’s modified Eagle’s essential medium
DMEM) (Gibco, USA) containing 10% (v/v) heat-inactivated fetal
alf serum with 50 �g/mL l-ascorbic acid, 1% glutamine, 50 U/mL
enicillin/streptomycin, and incubated in a 75 cm2 flask at 37 ◦C
nder a humidified 5% CO2 atmosphere consisting. The culture
edia was refreshed every 2 days. The cells used in our study were

etween their third and fourth passages.

.5. MTT test

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
romide) colorimetric assays were used to determine toxicity

gainst osteoblasts. MTT tests were carried out by indirect contact.
n extraction medium was prepared according to ISO 10993-5 [21].
he bare Mg–Zn–Mn–Ca samples and the CaSiO3/CaHPO4·2H2O
omposite-coated Mg–Zn–Mn–Ca samples were immersed in
MEM medium with serum at 37 ± 1 ◦C for 24 h to gain the
iointerfaces 83 (2011) 96–102 97

extraction. The control groups involve the use of DMEM medium
as negative control. The ratio of the surface area of the sample
to the volume of the medium was 0.5 cm2/mL. The MTT solution
was prepared in PBS at a final concentration of 5 mg/mL. The
osteoblasts were seeded in 96-well culture plates at a density
of 1 × 104 cells/100 �L in each well and incubated at 37 ◦C in
humidified a 5% CO2 atmosphere for 24 h to allow attachment.
Then, the DMEM medium was replaced by 100 �L of extracts. The
plates were incubated at 37 ◦C for 12, 24, 48, and 96 h. At the end of
each incubation time, the media were discarded and replaced with
20 �L MTT solution, and incubated for 6 h. Afterwards, the medium
was discarded, and replaced with 150 �L dimethylsulfoxide. After
gently shaking for 10 min, the optical density (OD) was determined
with an ELISA reader at 500 nm. The cell viabilities were expressed
as Relative Growth Rates (RGR) as determined by RGR (%) = (OD
sample/OD negative control) × 100%. The values of the MTT were
calculated based on means ± standard deviations from five wells
(SD, n = 5). One-way ANOVA followed by a Mann–Whitney test was
carried out using SPSS software. The differences between groups
were considered statistically significant at p < 0.05. Meanwhile, the
pH of the extraction medium was monitored by PHS-3C pH meter
(Lei-ci, Shanghai).

2.6. Cell adhesion

The osteoblasts were seeded onto the bare Mg–Zn–Mn–Ca sam-
ples and the CaSiO3/CaHPO4·2H2O-coated Mg–Zn–Mn–Ca samples
at a cell density of 1 × 105 cell/mL. Cultures were incubated
in 24 well plates (Corning, NY, USA) at 37 ◦C in a humidified
incubator with 5% CO2 in air for 6, 12, and 24 h, respectively.
Then, the samples were washed thrice with PBS to remove non-
adherent cells, and then fixed for 24 h in 2.5% (w/v) glutaraldehyde,
gradually dehydrated in 50–100 vol% alcohol. The samples were
sputter-coated with gold and examined under a Hitachi S-4700
SEM. Three parallel samples were used for each experimental
condition.

2.7. Determination of cell cycle stage

The distribution of cells at specific cell cycle stages was eval-
uated by flow cytometry. Osteoblasts were dispensed into 6-well
culture plates at 1 × 106 cells per well and incubated in composite-
coated DMEM and normal DMEM, respectively, for 12, 24, 48, and
72 h. The cells were trypsinized after washing with PBS and fixed
overnight in 70% ethanol at −20 ◦C. After centrifugation at 800 rpm
for 7 min, the cells were resuspended in 500 �L PI (0.05‰ PI, 0.02%
RNase, 0.01M Triton X-100) and incubated in the dark for 30 min
at room temperature. Cell cycle staging and distribution were ana-
lyzed by flow cytometry (BD FACS Calibur, USA) and the data were
analyzed by Mann–Whitney test, which was carried out by SPSS
software. All data were calculated based on the average of triplicate
(SD, n = 3).

3. Result

3.1. Phase identification and Microstructure

SEM micrographs show that the Mg–Zn–Mn–Ca samples were
completely covered by a gray film after 50 min conversion treat-
ment. Under low magnification, as shown in Fig. 1a, large numbers
of cracks are found on the surface due to dehydration shrinkage.

Under high magnification, as shown in Fig. 1b, a porous struc-
ture is clearly observed. EDS analysis conducted on the coating,
as shown in Fig. 1c, indicates that the surface is mainly com-
posed of O, P, Si, Ca, and Mg, and the Si content is 4.22 wt.%. XRD
was conducted on the coating to identify its phase constitution,



98 H. Du et al. / Colloids and Surfaces B: Biointerfaces 83 (2011) 96–102

F
t
t

a
m
C

3

c
i
n
a
d
f

The pH changes in DMEM with the different samples after
immersion for 24 h are listed in Table 3. After 24 h immersion,
the pH of the DMEM with the bare alloy rapidly increased to
8.00, whereas that of the composite-coated alloy slightly increased,

Fig. 3. The electrochemical polarization curves of the bare Mg–Zn–Mn–Ca alloy and
the coated Mg–Zn–Mn–Ca alloy in Hank’s solution.

Table 2
Electrochemical parameters of the two samples.

Samples Ecorr (mV) Rp (�/cm2) Icorr (�A/cm2)

Bare Mg–Zn–Mn–Ca alloy −1517 844 38.29
Coated Mg–Zn–Mn–Ca alloy −1432 3787 6.14

Table 3
The pH values of the control DMEM, bare Mg–Zn–Mn–Ca alloy-DMEM and the coated
Mg–Zn–Mn–Ca alloy-DMEM after 24 h immersion.
ig. 1. Surface morphologies of the Mg–Zn–Mn–Ca alloy samples after conversion
reatment for 50 min: (a) low magnification, (b) high magnification and (c) EDS of
he coating.

s shown in Fig. 2. The XRD result concludes that the coating is
ainly composed of brushite (CaHPO4·2H2O) and small amounts of

aSiO3.

.2. Electrochemical test

The electrochemical polarization curves of the bare alloy and
omposite coated alloy are shown in Fig. 3. The correspond-
ng electrochemical data are summarized in Table 2. The most

egative corrosion potential (Ecorr) is obtained for the bare Mg
lloy. A significant increase in corrosion resistance (Rp) and a
ecrease in the corrosion current density (Icorr) were observed
or the composite coated samples compared with the bare sam-
Fig. 2. XRD analysis on the surfaces of Mg alloys after conversion treatment for
50 min.

ple. For example, the corrosion current density decreased by
one order of magnitude when it changed from 38.29 �A/cm2 to
6.1 �A/cm2, and the corrosion resistance increased from 844 to
3787 �/cm2.

3.3. Cytocompatibility tests
Samples pH values

Control DMEM 7.40
Bare Mg–Zn–Mn–Ca alloy-DMEM 8.00
Coated Mg–Zn–Mn–Ca alloy-DMEM 7.61
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hich indicates that the composite coating restrains the corrosion
f the alloy.

Cell toxicity test is carried out by evaluating the RGR values
f the osteoblasts incubated for 12, 24, 48, and 96 h. Fig. 4 illus-
rates the RGR values of the osteoblasts on the composite-coated
nd the bare alloys. A significant increase (p < 0.05) in the RGR val-
es is observed in the coated sample extraction medium than that
f the bare alloy extraction medium during the whole incubation
ime, indicating the improved cytocompatibility of the composite
oating. According to reference [22] RGR values higher than 75%
re considered non-cytotoxic. Therefore, the bare Mg alloy is non-
ytotoxic.

The morphologies of the cell adhesions on the bare and
omposite-coated alloys for different times are presented in Fig. 5.
vident differences were observed in the cells in response to the
ifferent surfaces. On the bare alloys, only a few cells are observed
n the surface after 6 h incubation, as shown in Fig. 5a. After 12
nd 24 h incubation, respectively, limited difference can be found
n the cell morphologies and the amount of cells on the bare
lloys, as shown in Figs. 5b and c. On the composite-coated sam-
les, some cells with polygonal shape and extended filopodia were
bserved after 6 h (Fig. 5d). After 12 h incubation, more cells were
ound on the surface, which were interconnected. After 24 h incu-
ation, the whole surface is covered with a continuous cell layer,
s shown in Fig. 5f. By comparison, more cells were observed on
he composite-coated alloy than those on the surface of the bare
lloy during the whole incubation period, indicating a better cell
esponse to the composite coating. Distinct differences in cell mor-
hology were found on the samples after 24 h incubation under
high magnification, as shown in Fig. 6. The cells on the bare

lloy maintained a round morphology (Fig. 6a), whereas the cells
onnected with each other through thin cytoplasmic digitations
nd elongation of the cytosols are seen on the composite-coated
lloy (Fig. 6b), indicating a good cell response to the composite
oating.

Fig. 7 illustrates the cell cycle stage distribution of osteoblasts
ultured in the composite-coated DMEM, bare alloy DMEM, and
ormal DMEM for different periods. The results indicate that
he cells in the G0/G1 phase did not change significantly at 12 h
Fig. 7a). However, the G0/G1 phase in the composite-coated DMEM
ecreased significantly after 12 h. In addition, a greater percent-
ge of cells in the S phase (Fig. 7b) and the G2/M phase (Fig. 7c)

as observed in the composite-coated DMEM group than those in

he normal DMEM and the bare alloy DMEM. These results suggest
hat the osteoblasts in the composite-coatedalloy DMEM may go

ig. 4. The relative growth rates of the osteoblast assessed using MTT-based meth-
ds at different time points of incubation on the different substrates (*shows
ignification at p < 0.05).
iointerfaces 83 (2011) 96–102 99

through the cell cycle faster than the control group with a shortened
S-G2 phase.

4. Discussion

Recently, increasing studies have demonstrated that the bioac-
tivity of Ca–P ceramic can be enhanced by incorporating small
amounts of physiological ions, such as carbonate [23], Mg [24], and
silicate [25]. However, some synthesis methods involving high tem-
perature sintering cannot be used to deposit such a coating on Mg
alloy because of its low melting point [26].

In this study, CaSiO3/CaHPO4·2H2O composites were coated
onto Mg alloys through chemical deposition. H3PO4 is hydrolyzed
to form H+ and H2PO4

− ions. The H2PO4
− reacts with Ca2+ to

form Ca(H2PO4)2. When the Mg alloy is immersed in the reaction
bath, the Mg–Zn–Mn–Ca alloy reacts with water to release OH−.
The presence of OH− facilitates the transformation of Ca(H2PO4)2
into CaHPO4·2H2O [27]. Meanwhile, the Ca2+ also reacted with
SiO3

2− to form CaSiO3. Eventually, the CaSiO3/CaHPO4·2H2O
composite coatings are formed on the surface of the
Mg–Zn–Mn–Ca alloy. The XRD and EDS results confirmed this as
well.

From the electrochemical measurement results, the corrosion
rate of the Mg alloy is decreased by the composite coating. In a cor-
rosive environment, the main electrochemical reactions proceed
on the exposed surface of the alloy, such that the Mg matrix is dis-
solved in the anodic areas (Mg → Mg2+ + 2e−) and the reaction with
hydrogen occurs on the cathodic sites (2H2O + 2e → 2OH− + H2↑).
In this study, the CaSiO3/CaHPO4·2H2O composites are deposited
effectively onto the whole surface of the Mg–Zn–Mn–Ca alloy,
impeding the galvanic reaction between the anode and cathode.
According to reference [28], the cathodic hydrogen evolution reac-
tion was reduced after an AZ91D substrate was coated with HA;
the corrosion potential (Ecorr) of the HA coating was less than that
of the bare AZ91D alloy. In this study, the more negative corro-
sion potential (Ecorr) and lower corrosion current density (Icorr) are
obtained from the composite coating compared with those of the
uncoated alloy. Xu et al. [29] suggested that the conversion coating
is beneficial for mitigating the corrosion of the Mg alloy substrate.
Therefore, the formation of the continuous coating on the whole
surface of the alloy can act as a barrier between the alloy and cor-
rosive environment.

The MTT results show that the osteoblast proliferates and
survives more quickly in the extraction medium of the composite-
coated alloys than those in the extraction medium of the bare
alloys after 96-h incubation, indicating that the composite coating
has better cytocompatibility. Given that cells are very sensi-
tive to environmental fluctuations, especially changes in pH [30],
the fast degradation of the bare Mg alloy results in the high
pH in the extraction medium, which has some effects on cell
growth. The electrochemical measurements demonstrate that
the corrosion rate of the bare alloy is faster than that of the
composite-coated alloy. The composite coating controls the degra-
dation rate of the Mg–Zn–Mn–Ca alloy, and prevents sharp pH
changes. These provide a suitable bioenvironment for osteoblast
proliferation.

The cell adhesion in vitro results in this study indicate good
cell attachment and proliferation on the composite-coated alloys.
Moreover, the composite coating shows greater cell growth com-
pared with the bare alloy. Cell adhesion is sensitive to the

morphology of the substrate [31]. The cells show significantly
higher levels of attachment on the rough and sandblasted sur-
faces with irregular morphologies than that on the smooth surfaces
[32]. SEM microstructures show that the CaSiO3/CaHPO4·2H2O
composite has a micro-porous surface structure. In a previ-
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ig. 5. Cell morphologies at low magnification after the incubation for different tim
d, e and f) CaSiO3/CaHPO4·2H2O composite coated Mg alloys for 6, 12 and 24 h, res

us paper, the bone regeneration rate on the porous HA and
patite wollastonite glass ceramic is dependent on porosity
33]. The microporous surface structure supposedly enhances
ell attachment. Therefore, the surface topographical properties
f CaSiO3/CaHPO4·2H2O composite coatings promote osteoblast
ttachment.

The cellular responses to a material, such as attachment, pro-
iferation, and differentiation, depend not only on the physical
roperties of the materials, but also on chemical compositions [19].

he composite coating is mainly composed of brushite and CaSiO3.
ccording to a previous study, bone growth on an implant sur-

ace requires the presence of sufficient amounts of calcium and
hosphate ions [34]. Therefore, CaHPO4·2H2O enhances cellular
esponse. Meanwhile, Si plays a key factor in the coordination
the samples: (a, b and c) bare Mg–Zn–Mn–Ca alloys for 6, 12 and 24 h, respectively;
ely.

control of metabolism and growth in animal cells. Sun et al. [35]
has indicated that the ionic dissolution products of dicalcium
silicate promote the early proliferation of cells. In vitro stud-
ies on silicon-substituted hydroxyapatite (Si-HA) by Gibson [36]
and the in vivo study on Si-HA by Patel [37] suggest that the
acceleration of bone apposition for silicon-substituted hydrox-
yapatite might partly result from an upregulation in osteoblast
metabolism. Zhang et al. [38] showed that Si-HA coatings on
pure titanium exhibited a higher cell proliferation rate com-

pared with HA coating. In this study, combining the physical
characteristics with the chemical composition of the composite
coating, we can conclude that the composite coating promotes
cell adhesion, which is also confirmed by the cell morphology
results.
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Fig. 6. Cell morphologies at a high magnification after 24 h incubation on different
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CaSiO3/CaHPO4·2H2O composite coatings improved the anti-
amples: (a) bare Mg–Zn–Mn–Ca alloy; (b) CaSiO3/CaHPO4·2H2O composite coated
g alloy.

The cell cycle stage in vitro results demonstrate that osteoblast
roliferation and cell cycle are accelerated by the composite-coated
lloys. Theoretically [39], the cell cycle goes from a resting (G0)
tage, through the DNA synthetic prophase (G1 phase), a DNA
ynthetic (S phase), DNA synthetic anaphase (G2 phase), and to
he final mitosis (M) stage. Sun [40] has suggested that in some
iological systems, the transition from G1 into the S phase is
he important stage in the control of cell proliferation. From the
esults of the cell cycle staging, the composite coating not only
ncreases the transition of the osteoblast from G1 into S phase,
ut also accelerates that of the osteoblast from S into the G2/M
hase. Hence, the composite coating promotes osteoblast pro-

iferation. This is due to the dissolution of the coating surface,
hich leads to the release of Ca, Si, and P ions. Sun [41] consid-

red the Si ion is a major factor in accelerating the cell cycle and
romoting osteoblast proliferation. Keeting [42] proposed that Si
timulates TGF-�1 production in human osteoblasts. Moreover,
he existence of Si ion-induced BMP-2 production is believed to
timulate osteoblast differentiation and bone healing [35]. Hat-
ar [43] also suggested that the ion products, especially Si and
a in this process, might be responsible for the increased cel-

ular expression by Bioglass. Furthermore, CaHPO4·2H2O-coated
mplants reportedly provide high BMP-2 expression and TGF-�1
xpression [12]. Therefore, the ionic products of the composite

oating dissolution shortens the osteoblast grow cycle and stimu-
ates osteoblast proliferation. As a surface coating layer, the CaSiO3
nd CaHPO4·2H2O composite coating can improve the surface bio-
ompatibility of Mg–Zn–Mn–Ca alloy because the release of the
Fig. 7. Cell cycle stage distribution in osteoblast cultured in composite coating-
DMEM and normal DMEM: (a) G0/G1 phase percentage; (b) S phase percentage; (c)
G2/M phase percentage (*shows signification at p < 0.05).

ions from the composite coating plays an active role in osteoblast
proliferation.

5. Conclusions

CaSiO3/CaHPO4·2H2O composites were coated onto
Mg–Zn–Mn–Ca alloy through a chemical reaction. The
corrosion resistance of Mg–Zn–Mn–Ca alloy and provided a
suitable environment for cell culture. In vitro cell tests demon-
strated that the composite coatings exhibited a good cellular
response due to the presence of CaSiO3 and CaHPO4·2H2O.
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