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A B S T R A C T

Enhanced corrosion resistance and accelerated new bone formation are desired to make Mg and its alloys to be
ideal candidate for bone biomaterial. For this purpose, a CDHA/MgF2 bi-layer coating was prepared on high
purity Mg by a combination of fluoride treatment and hydrothermal treatment. The coating exhibited a na-
noscale surface topography. Enhanced adhesion strength and corrosion resistance was obtained for the CDHA/
MgF2 bi-layer coating. In vitro cell experiment showed that the adhesion, proliferation and differentiation of
MG63 cells were significantly improved on Mg with CDHA/MgF2 coating compared to that on Mg with HA
coating and MgF2 coating. In conclusion, this study provides a promising surface modification method for Mg
metal with enhanced corrosion resistance and superior osteogenic bioactivity.

1. Introduction

Magnesium and its alloys have been widely studied as biodegrad-
able medical metallic biomaterials [1]. However, the degradation rate
of most Mg-based metallic materials is far surpasses the bone healing
rate, which tends to produce a gap at the interface between the Mg-
based implants and their surrounding bone tissue [2,3]. Surface mod-
ification techniques, such as micro-arc oxidation (MAO) [4], electro-
deposition [5,6], sol-gel method [7], biomimetic deposition [8], are
reportedly effective to improve the corrosion resistance of Mg-based
metallic materials. Besides suitable protective capability, good bio-
compatibility and osteogenic activity are also desired for the surface
coatings on the Mg-based implants [9].

Among various surface modification techniques, fluoride treatment
has been reported to be an effective candidate to improve the corrosion
resistance of Mg [7]. MgF2 coating exhibited high bonding strength and
good biocompatibility [10]. However, there is no clear evidence in-
dicating that the MgF2 coating can improve osteogenesis. In many
studies, MgF2 coating was used as the interlayer and a bioactive coating
was fabricated on MgF2 coating to obtain a bi-layer or multilayer bi-
layer coatings with enhanced corrosion resistance, good biocompat-
ibility and bio-functionalization [10]. Calcium phosphate (CaP) coat-
ings significantly decreased the degradation rate of the Mg-based

implants, and satisfactory biocompatibility and enhanced biological
properties associated with osteogenesis were also observed for the Mg-
based implants with CaP coatings [11]. Therefore, CaP coatings were
widely studied as the outermost layer of the bi-layer coatings.

Among various CaP coating, Hydroxyapatite (HA,
Ca10(PO4)6(OH)2), the major mineral component of bones, is widely
used as surface coating of orthopedic implants. It has been proven that
HA coating is beneficial to the adhesion, proliferation, differentiation of
primary human osteoblast cells. The HA coating was also found to
promote alkaline phosphatase activity of osteoblast cells [12]. In ad-
dition, degradation rate of HA in vivo was found to be slower than that
of other calcium phosphate phases, so better protection to the Mg
substrate could be obtained from the HA coating [13]. In this study, we
first passivated the surface of Mg with hydrofluoric acid, and MgF2
coating was obtained on the surface of Mg substrate. Then hydro-
thermal treatment was carried out to fabricate a HA/MgF2 bi-layer
coating in order to increase the corrosion resistance and osteogenic
capability of Mg. The physicochemical properties and corrosion re-
sistance of the HA/MgF2 bi-layer coating were characterized. The bio-
logical performance of the HA/MgF2 bi-layer coating was tested by in
vitro cell experiments using human osteoblast-like MG63 cells to ob-
serve cell adhesion, proliferation and osteogenic differentiation poten-
tial.
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2. Results

2.1. Surface physicochemical properties

The XRD patterns of the Mg, HF-Mg, HT-Mg and FH-Mg are shown
in Fig. 1a. The typical peaks of Mg can be observed in all of the XRD
patterns. The peak at 41.1° corresponding to sellaite (MgF2) could be
observed in the HF-Mg, indicating the formation of fluoride layer. In the
pattern of HT-Mg and FH-Mg, significant HA peaks were detected.
Fig. 1b shows the FTIR spectra of Mg, HF-Mg, HT-Mg and FH-Mg. HF-
Mg, HT-Mg and FH-Mg show absorption peaks at 1643 cm−1 and
3375 cm−1, which are attributed to the adsorbed water molecules. The
absorption peaks at 2928 and 2857 cm−1 of HF-Mg and FH-Mg were
due to the presence of the F− ion, indicating the existence of fluoride
layer. Absorbance peak at about 3695 cm−1 was due to the presence of
OH− ion, the characteristic peak of HA. The absorptions at 1145,
1074, 964 and 600 cm−1 can be attributed to the PO4

3− group. As
shown in Fig.1c, XPS analysis was also carried out to characterize the
coatings. The surface of HF-Mg is mainly composed of Mg and F, in-
dicating the formation of the a MgF2 coating. The surface of HT-Mg is
composed of Ca, O, P, Na and Mg. Two major peaks of Ca 2p (347.1 eV
and 351.2 eV) and only one peak of P 2p (132.9 eV) correspond to Ca
and P groups in crystalline HA. The existance of Na1 s (1071.6 eV) and
Mg 1 s (1303.3 eV) indicated that Na and Mg substituted the position of
Ca. As for FH-Mg, element F was also detected besides Ca, O, P, Na and
Mg.

As shown in Fig.1d, the surface of the HT-Mg appears to be rugged
with cracks observed, and clusters with different sizes are visible. At
20,000× magnification Fig. 1e), the clusters showed nanoneedle-like

morphology. The EDS in Fig. 1f showed that the coating contained Ca,
P, Mg, Na and O. The Mg2+ and Na+ ions might substitute the Ca2+

position. The Ca/P ratio was about 1.43, which was lower than the
stoichiometric value in HA (1.67), indicating that the Ca-deficient HA
(CDHA, Ca/P atom ratio between 1.33 and 1.55) was formed on the Mg
substrate after HT treatment. As shown in Fig.1g, the surface of FH-Mg
was much smoother than that of HT-Mg. At 20,000× magnification
Fig. 1h), the surface of FH-Mg was composed of nanorod–like HA
crystals. The EDS in Fig. 1i showed that the coating mainly contained
the elements of Ca, P, Mg, Na, F and O. The fluorine element originated
from the MgF2 formed on the surface of Mg substrate in the process of
fluoride treatment prior to the hydrothermal treatment. The average
Ca/P atom ratio of FH treated specimens was calculated to be ap-
proximately 1.40, indicating the formation of CDHA on Mg substrate
after FH treatment.

As shown in Fig.2(a–b), the CDHA coating obtained by HT and FH
treatment both exhibited a bi-layer structure, the inner compact layer
being approximately 2 μm and the outer coarse layer being approxi-
mately 1∼2 μm. Element mapping images of Ca, P, Mg, and F are also
shown in Fig. 2c-f, there existed a MgF2 layer of approximately 2 μm
beneath the HA layer, and no obvious interface was observed between
the MgF2 layer and the CDHA layer. 3D optical profiler images of the
four groups of specimens were shown in Fig.2 (g–j). The Ra values of
different specimens were 35 nm, 29 nm, 144 nm, and 32 nm, respec-
tively, indicating that HT treatment significantly increased the surface
roughness of the specimens and there were few changes of the Ra value
for the Mg discs after FH treatment. As shown in Fig. 2k, the contact
angle value of the as-polished Mg was 81.2 ± 3.1°. After the different
treatments, the contact angle of the HF-Mg, HT-Mg and FH-Mg

Fig. 1. (a) XRD patterns of Mg, HF-Mg, HT-Mg and FH-Mg; (b) FTIR spectra of Mg, HF-Mg, HT-Mg and FH-Mg; (c) XPS spectra of Mg, HF-Mg, HT-Mg and FH-Mg; the
surface morphologies and element components of HT-Mg (d-f) and FH-Mg (g-i).
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decreased to 14.5 ± 1.9°, 28.5 ± 1.7° and 23.2 ± 1.5°, respectively.
Fig.2l shows the measured bonding strength of different coatings on the
Mg substrate. The bonding strength of the MgF2 coating, CDHA
coating, and CDHA/MgF2 bi-layer coating with Mg substrate were
27.64 ± 1.7MPa, 10.90 ± 0.9MPa, and 14.93 ± 0.6MPa, respec-
tively.

2.2. Corrosion resistance of various coatings

Fig.3a and 3b showed the polarization curves and the Nyquist dia-
grams of different specimens tested in SBF solution at 37℃. The values
of the corrosion potential (Ecorr), the corrosion current density (icorr),

and the plarization resistance (Rp) are summarized in Table 1. The
corrosion potentials for Mg, HF-Mg, HT-Mg and FH-Mg are -1.93 V,
-1.61 V, -1.57 V and -1.45 V, respectively. The current densities of HT-
Mg and FH-Mg are 4.70 μA/cm2 and 2.24 μA/cm2, which are two orders
of magnitude lower than that of Mg, and one order of magnitude lower
than that of HF-Mg (22.0 μA/cm2).

In Fig. 3c, Rs is the resistance of the SBF solution. CPEb and Rb are
the capacitance and charge transfer resistance of electric double layer at
the Mg/solution interface, respectively. CPEc and Rc represent the ca-
pacitance and the resistance of the MgF2, HA, and HA/MgF2 bilayered
coating. Rct refers to the charge transfer resistance, and CPEdl the
electric double layer capacity. Among the four groups, FH-Mg possessed

Fig. 2. SEM micrographs of the cross-section of HT-Mg (a) and FH-Mg (b); (c-f) EDS map scan results of the cross-section of FH-Mg; 3D optical profiler images of Mg
(g), HF-Mg (h), HT-Mg (i), FH-Mg (j); (k) Water contact angles of Mg, HF-Mg, HT-Mg, and FH-Mg; (l)Bonding strength between different coatings and magnesium
substrates, asterisks (*) indicate statistical significance, p < 0.05.
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the highest corrosion resistance.
The pH variations of SBF were recorded at day 1, 4, 7, 10, 14, 18, 21

as shown in Fig. 3d. The pH values of SBF solution immersed with Mg,
HF-Mg, HT-Mg and FH-Mg presented upward trend with different rates
during the immersion experiment. At the first day, a significant pH
increase was observed for the four groups. The pH of the SBF solutions
reached 9.15, 8.01, 7.69 and 7.55 at the end of the immersion experi-
ment for Mg, HF-Mg, HT-Mg and FH-Mg, respectively, which indicated
that the coatings decreased the corrosion rate of the Mg substrate.
Fig. 3e shows the corrosion rate of the four groups calculated by mass

loss after immersion for 7, 14 and 21 days in SBF solution. A trend
consistent with Fig.3d was observed. Among the three coatings, the
CDHA/MgF2 bi-layer coating showed the strongest protection to the Mg
substrate.

Fig. 4A shows the surface morphologies of Mg, HF-Mg, HT-Mg and
FH-Mg after immersion in SBF solution at 37 ℃ for 7, 14 and 21 days.
After immersion for 7 and 14 days, the surface of the Mg presents a
cracked appearance due to the dehydration of the corrosion layer after
drying. At 21 days, the surface of the Mg was completely covered by
corrosion products. As for HF-Mg, only few cracks were observed on the
surface of HF-Mg after immersion in SBF for 7 days, more and more
cracks appeared on the surface of HF-Mg with the immersion time in-
creased. And obvious surface damage was observed for the HF-Mg at 21
days, the surface of HF-Mg was obviously damaged. As for HT-Mg, its
surface morphology did not change after immersion for 7 days. With the
prolonging of immersion time, the HA coating broke into pieces at day
21. As shown in Fig.4A (j–l), no changes occurred on the surface of the
FH-Mg after immersion for 7 days. While some precipitated phase
particles formed on the surface at day14. Finally, the surface was
completely covered by a layer of compact mineralized layer at day 21.
Fig. 4B showed the surface morphologies and Ca/P ratio of HT-Mg and

Fig. 3. Polarization curves (a) and impedance spectrum (b) of Mg, HF-Mg, HT-Mg, and FH-Mg in SBF solution; (c) equivalent circuits used to fit the impedance data of
bare Mg, HF-Mg, HT-Mg, and FH-Mg discs; (d) pH variations of SBF solution immersed with Mg, HF-Mg, HT-Mg and FH-Mg as a function of the immersion time; (e)
average corrosion rate for Mg, HF-Mg, HT-Mg and FH-Mg after immersion test in SBF solution for 7, 14 and 21 days, asterisks (*) indicate statistical significance,
p < 0.05.

Table 1
Electrochemical parameters obtained from potentiodynamic polarization
curves and impedance spectrum.

Specimen Corrosion
potential,
Ecorr (V)

Corrosion current density,
icorr (μA/cm2)

Plarization
resistance,
Rp, (kΩ cm2)

Mg −1.93 331.00 6.9
HF-Mg −1.61 22.00 74.5
HT-Mg −1.57 4.70 417
FH-Mg −1.45 2.24 819
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Fig. 4. A: SEM micrographs of (a-c) Mg and (d-f) HF-Mg, (g-i) HT-Mg, (j-l) FH-Mg after immersion in SBF solution for 7 days, 14 days and 21 days.
B: The changes of surface morphologies and Ca/P ratio of HT-Mg and FH-Mg during immersion experiment in DMEM;
C: The changes of Ca2+ and PO4

3− concentration of the DMEM during immersion test.
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FH-Mg after immersion in DMEM for 7 and 14 days. It was observed
that apatite was deposited on the surfaces of HT-Mg and FH-Mg, and
more and more apatite was deposited with the immersion time. The
EDS results showed that the Ca/P ratio of the specimens surface was
between 1.35 and 1.45 after immersion in DMEM, which was similar to
that of the surface coatings before immersion. Additionally, C element
was observed on the sample surface. On the one hand, element C comes
from the organic components in the medium adsorbed on the specimens
surface, on the other hand, the apatite layer deposited on the sample
surface may be carbonated apatite layer. The concentration of calcium
and phosphorus in the DMEM culture medium was detected by ICP-
OES. As shown in Fig. 4C, the concentration of calcium and phosphorus
in the culture medium decreased significantly at 2, 6, 10 and 14 days,
which was originated from the consumption of the calcium and phos-
phorus from the culture medium during the depositon of the apatite
layer.

2.3. Biological properties

2.3.1. In vitro Cytotoxicity and cell proliferation
CCK8 assay and live/dead staining were carried out to evaluate the

proliferation of MG63 cells on the surfaces of HF-Mg, HT-Mg and FH-
Mg. There were obvious differences between groups in terms of cell
viability and proliferation. From Fig.5a, it can be seen that the pro-
liferation of MG63 cells adhered on various surfaces were in the fol-
lowing order: HF-Mg＜HT-Mg＜FH-Mg. Fig. 5b-j shows the cells sur-
vived on all the specimens, as observed by their staining patterns where
no staining of dead cells (red staining) could be visualized. And it also
can be seen that the cells proliferated rapidly in all groups as the culture
time increased.

As shown in Fig.6A, the initiate attachment state of MG63 cells on
the surfaces of HF-Mg, HT-Mg, and FH-Mg for 1, 4 and 24 h was ob-
served by CLSM. After 1 h, MG63 cells on the HF-Mg exhibited a
roundish morphology, and a relatively spindle-shaped morphology was
observed for the MG63 cells on the surfaces of HT-Mg and FH-Mg. After
4 h, more roundish cells were adhered on the HF-Mg. Cells on FH-Mg
exhibited a more extended morphology compared to those on HT-Mg.
After 24 h, some cells adhered on HF-Mg began to exhibit a spindle-
shaped morphology. There were still few roundish cells on the surface
of HT-Mg, while there existed no roundish cells observed on FH-Mg.
The results indicate that FH-Mg with nanorod-like HA/MgF2 bi-layer
coating provides a more suitable surface for early cell adhesion.

The morphology of MG63 cells attached on the surfaces of HF-Mg,
HT-Mg and FH-Mg for 1, 4 and 7 days were observed by SEM as shown

in Fig.6B. After culturing for 1day, the cells on HF-Mg did not spread
well, while cells on the surface of HT-Mg and FH-Mg presented larger
spreading area than those on the surface of HF-Mg, which is consistent
with the results as observed by CLSM. After 4 days, more cells with
polygonal morphology were observed on the surface of HT-Mg and FH-
Mg. The spreading area of the cells on HT-Mg and FH-Mg was sig-
nificantly larger than that of the cells on HF-Mg. Compared with HT-
Mg, there were more cells grown on FH-Mg. After 7 days, MG63 cells on
FH-Mg reached almost confluence. The results indicate that the Mg63
cells exhibited the best spread and proliferation on Mg with nanorod-
like CDHA/MgF2 bi-layer coating.

2.3.2. Cell differentiation
Fig.7a shows ALP activity of MG63 cells cultured on the surface of

HF-Mg, HT-Mg, and FH-Mg for 7 and 14 days. At each time point, ALP
activity of the cells cultured on the surface of HT-Mg and FH-Mg was
much higher than that on HF-Mg, and there was no significant differ-
ence between HT-Mg and FH-Mg. After culture for 7 days and 14 days,
relative Runx2 and OCN mRNA levels on FH-Mg were significantly
higher than these on HF-Mg and HT-Mg. As for the expression of Col-1
and OPN at day 7, higher expression levels were observed for HT-Mg
and FH-Mg than those for HF-Mg. However, there was no significant
difference between HT-Mg and FH-Mg for the expression of Col-1 and
OPN at day 7. At 14 days, FH-Mg exhibited significantly higher relative
mRNA expression levels of Col-1 and OPN.

3. Discussion

In this study, we fabricated a CDHA/MgF2 bilayer coating with
nanorod-like morphology on Mg by the combination of fluoride treat-
ment and hydrothermal treatment. In comparison with CDHA coating,
the CDHA/MgF2 bi-layer coating presented a smoother surface with
nanorod-like morphology. The surface roughness of CDHA/MgF2 bi-
layer coating is basically consistent with that of the Mg substrate before
treatment, which is much lower than that of the CDHA coating pre-
pared directly by hydrothermal treatment. The different surface topo-
graphy results from different surface states of Mg and HF-Mg before
hydrothermal treatment. Correia et al. reported that Mg2+ ions could
change the morphology of the HA coating by inhibiting the growth rate
of the crystals [14]. When Mg discs without fluoride treatment were
placed in the hydrothermal reaction solution, pit corrosion firstly oc-
curred on the surface of Mg substrate with the following reaction:

Mg+2H2O→Mg2++2OH−+H2↑

Fig. 5. (a) Measurement of MG63 cells proliferation by CCK-8 assay after 1, 4, and 7 days incubation. For each group, n= 3; asterisks (*) indicate statistical
significance, p < 0.05; live-dead staining of MG63 cells cultured on the surface of HF-Mg (b, e, h), HT-Mg (c, f, i), and FH-Mg (d, g, j) at day 1, 4, and 7.
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Fig. 6. A: Actin (red) and cell nucleus (blue) fluorescence images of MG63 cells cultured on the surfaces of HF-Mg (a, d, g), HT-Mg (b, e, h), and FH-Mg (c, f, i) for 1, 4
and 24 h; (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
B: SEM micrographs of the MG63 cells adhered on the surfaces of HF-Mg (a, d, g), HT-Mg (b, e, h) and FH-Mg (c, f, i) after culturing for 1, 4 and 7 days.
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The reaction resulted in the increase of local Mg2+ concentration,
which inhibited the growth of CDHA. Therefore, heterogeneous nu-
cleation and crystal growth took place on the surface of bare Mg discs
during the hydrothermal reaction. Since the location of pit corrosion is
non uniform, the growth of CDHA coating on the surface of magnesium
is also non uniform, thus leading to higher roughness of the CDHA
coating obtained on the surface of Mg substrate. As for the FH-Mg, a
passivated MgF2 layer was firstly obtained on the surface of Mg sub-
strate. The MgF2 layer is stable in the hydrothermal reaction solution,
and homogeneous nucleation and growth of CDHA coating could be
achieved on the surface of the MgF2 layer. So surface roughness of the
CDHA/MgF2 bi-layer coating was not increased by the hydrothermal
treatment. Generally, the surface with roughness less than 100 nm is
considered as nano-topograpgy, and 100 nm∼1 μm as submicron sur-
face topography [15]. In this study, the CDHA/MgF2 bi-layer coating
presented nano-scale surface morphology, while the CDHA coating
presented submicron scale surface topological morphology. Surface
topography has been demonstrated to have significant impact on the
behaviors of osteoblasts [16]. To improve the adhesion, proliferation
and differentiation of osteoblasts on the implant surface by optimizing
the topological structure of the implant surface is an important method
to enhance the biological performance of the implant. Yang et al.
compared the influences of different surface topographies on osteoblast
morphology. It was found that cells spread well and exhibited typical
squamous shape on nano-scale surface, whereas they became more
elongated and polarized on submicron scale and micrometer-scale
surface [17].

Adhesion test results showed that MgF2 interlayer enhanced the
bonding strength between the CDHA coating and the Mg substrate. This
finding is consistent with the result as reported by Ren et al., they used
MgF2 as an interlayer between CaP bioglass coating and the Mg sub-
strate, significantly enhance bonding strength between the bioglass
coating and Mg substrate was observed [18]. The main reason is that
the existence of the MgF2 interlayer weakened the mismatch of the
hardness and thermal expansion coefficient between the HA coating
and the Mg substrate, which leaded to decreased residual stress be-
tween the HA coating and the Mg substrate, thus increasing the bonding
strength. High bonding strength is expected to lower the risk of the
coating falling off in the using process, which is beneficial to avoid the

occurring of rapid local corrosion, thus keeping the mechanical in-
tegrity of Mg-based impalnts.

The specimens after the surface modification have more positive
corrosion potentials, lower corrosion current densities and larger po-
larization resistances. FH-Mg presented the highest corrosion potential
and the lowest current density. In vitro immersion test results showed
that a rapid increase in pH value was observed for the four groups at the
first day of the immersion experiment. FH-Mg presented the minimal
pH value increase of the SBF, which had been below 7.75. It can be
expected that bone absorption caused by local high pH can be to a great
extent inhibited by the CDHA/MgF2 bi-layer coating. The corrosion of
HA coated Mg started from the damaged part of the coating in the
immersion process, and the immersion solution attacked the Mg sub-
strate from the damaged part of the coating, causing the degradation of
Mg. The improvement of the corrosion resistance of FH-Mg comes, on
the one hand, from the higher bonding strength between CDHA coating
and MgF2 coating. That is because the top layer of CDHA coating was
not easy to be damaged during the immersion experiment. On the other
hand, even if the CDHA coating is partially damaged, the presence of
the dense MgF2 intermediate layer further isolated the contact between
SBF and the Mg substrate, thus delaying the degradation of Mg. In
addition, it can be seen that apatite particle deposited on the surface of
the FH-Mg at day 14. At day 21, dense apatite mineralized layer formed
of the surface of CDHA/MgF2 bi-layer coating. The existence of dense
mineralized layer further isolated Mg substrate from the immersion
solution, improved the corrosion resistance of Mg, therefore, the
CDHA/MgF2 bi-layer coating is expected to provide a long term pro-
tection to the Mg substrate.

The biological properties of biomaterials are closely related to the
ionic interactions between the materials and the surrounding media
[19]. In this study, the exchange of calcium ions and phosphate ions
between CDHA coating and DMEM medium was characterized by im-
mersion experiment. The result showed that apatite layer deposited on
the surface of CDHA coating and calcium ions and phosphate ions in the
DMEM decreased with the immersion time. This result is not consistent
with that reported by Gustavsson et al. [20]. They have reported that
HA uptaked calcium ion and release phosphate ions from the medium.
The reason for this phenomenon may be owing to the different
morphologies between the CDHA coating of this study and the CDHA

Fig. 7. (a) The ALP activity of MG63 cells cultured on the surfaces of HF-Mg, HT-Mg and FH-Mg for 7 and 14 days. The value of ALP activity was normalized to the
total protein level of the specimens; relative mRNA levels of main osteogenic differentiation markers on HF-Mg, HT-Mg and FH-Mg: (b) Runx2; (c) Col-I; (d) OCN; (e)
OPN, *p < 0.05 between test group.
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samples as reported in the study of Gustavsson et al. In this research,
CDHA coating is in the shape of nanoneedle or nanorod, while in
Gustavsson et al., the surface of the CDHA sample is in the shape of
plate. Theoretically, the specific surface area of CDHA coating in this
study is larger and the surface energy is higher, so it is more conducive
to the adsorption of protein in the culture medium and the nucleation
and deposition of apatite on the surface of the coating, resulting in the
consumption of calcium and phosphorus elements in the DMEM culture
medium. According to the deposition of apatite layer, during the cell
experiment, the medium near the CDHA coating had high concentration
of calcium ions and phosphate ions, which was supposed to promote the
osteogenic differentiation of MG63 cells.

Significantly enhanced adhesion, proliferation and differentiation of
MG63 cells was observed on FH group with nanorod-like CDHA/MgF2
bi-layer coating, besides the chemical component of the bi-layer
coating, its nano-scale surface morphology also plays an important role.
It was reported that surface roughness smaller than 100 nm appeared to
promote protein adsorption better than features larger than 100 nm
[21]. Webster et al. investigated functions of osteoblasts on nanophase
ceramics and provided confirmed evidence of enhanced osteoblast
proliferation and differentiation on nanophase ceramics than on con-
ventional ceramics [22]. The nanoscale surface structure is similar to
the microstructure of natural extracellular matrix, which is recognized
as an important factor for the osteoblast adhesion, proliferation and
differentiation [23]. The nanoscale surface morphology is beneficial of
the adsorption of vitronectin, which possesses relatively small and
linear molecule (15 nm in length) [24]. There are strong affinity be-
tween vitronectin and osteoblasts. Vitronectin is preferentially re-
cognized by osteoblasts, so it has been proven that the nanoscale sur-
face morphology is especially conducive to the osteoblast adhesion on
its surface [25]. Pang et al. fabricated rod-like and flake-like HA coating
on Mg by electrodeposition method. They found that the rod-like HA
coating is more beneficial to the spreading, proliferation and differ-
entiation of MC3T3-E1 cells [5]. They speculated that ordered assembly
structure of the HA might cause topography-dependent coordination
with biomolecules for enhancing osteoblast-like cell proliferation and
osteogenic differentiation. Therefore, it can be confirmed that CDHA
coating with nanoscaled surface morphology is beneficial to the en-
hanced bioactivity associated with osteogenesis of Mg. From these re-
sults, it can be hypothesized that the nanorod-like CDHA/MgF2 bi-layer
coating would help to improve osseointegration of Mg-based implants
by promoting new bone formation on implant surface, thus shortening
contact time between Mg and the surrounding body fluid and reducing
the degradation rate of Mg-based implants in vivo. Next, we will study
the degradation behavior and osteogenetic bioactivity of Mg-based or-
thopedics implants with CDHA/MgF2 bi-layer coating in vivo.

4. Conclusion

In this study, we fabricated a CDHA/MgF2 bi-layer coating on Mg
using a combination of fluoride treatment and hydrothermal treatment.
The CDHA/MgF2 bi-layer coating possesses nano-scale roughness,
strong adhesion strength with Mg substrate. Immersion test and elec-
trochemical test indicated that the corrosion resistance of Mg was sig-
nificantly improved by the CDHA/MgF2 bi-layer coating, which offered
favorable long-term protection for Mg substrate. In vitro studies de-
monstrated that the HA/MgF2 bi-layer coating enhanced the attach-
ment, proliferation and differentiation of MG63 cells. This work pro-
vides a promising method for the surface modification of Mg-based
bone implants with appropriate degradation rate and bioactivity asso-
ciated with osteogenesis.
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