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Abstract: Biodegradable magnesium (Mg)-based biomaterials have draw extensively attention, due to the high
strength-to-weight ratio, low elastic modulus and good biocompatibility. However, the high corrosion rate is still a major
obstacle for the potential clinical applications. Therefore, the highly biocompatible hydroxyapatite (HA) coatings are usually
introduced to restrain the interactions between Mg-based substrate and the body fluid environment. In the present paper, HA and
strontium (Sr)-doped HA coatings were prepared on Mg-4Zn substrates by electrochemical deposition. The surface properties of
the samples were characterized by scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), transmission
electron microscopy (TEM), three-dimensional laser scanning microscopy (3D LSM) and a contact angle video system. The
dynamic ion release, protein adsorption, cell adhesion, proliferation and differentiation behavior of the samples were also
evaluated. The results reveal that the incorporation of Sr in the HA coatings leads to lattice distortion and decreased crystallinity.
The smaller amount of Mg ion release of the Sr-doped HA coated samples suggests a better corrosion resistance. The improved
protein adsorption and initial adhesion of mesenchymal stem cells (MSCs) of the Sr-doped samples should be due to their higher
surface roughness and wettability. The introduction of Sr leads to comparable cell proliferation behavior, but significantly
improved osteogenic differentiation. It is concluded that the Sr-doped HA coatings are promising candidates for the protective

biocompatible coating on Mg-based implants.
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Compared to the traditional metallic biomaterials, such as
stainless steel, cobalt-chromium (CoCr) alloys and titanium
(Ti) alloys, the density and Young's modulus of magnesium
(Mg) alloys are more close to those of bones'’. More impor-
tantly, the biodegradable property of Mg alloys is highly de-
sired for bone repairing because they can degrade in vivo and
thus avoid chronic inflammation reaction and secondary injury
during implant removal”!
of Mg alloys are still challenged with the rapid corrosion rate,
which usually leads to local increase of alkalinity near the im-

plant site and thus retards the healing process”.

. However, the clinical applications

In order to improve the corrosion resistance and biocom-
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patibility of Mg alloys, two approaches are generally em-
ployed. On the one hand, the alloying of Mg by adding se-
lected non-toxic or low-toxic elements, such as yttrium (Y),
zirconium (Zr) and neodymium (Nd), can lead to lower cor-
rosion rate!”. Zhu et al.”"! stated that zinc (Zn) is an essential
trace element in the human body, and plays an important role
in bone growth and the maintenance of various cellular func-
tions. Besides, the addition of Zn into Mg leads to signifi-
cantly decreased mass loss and lower volume of released
hydrogen in minimum essential medium (MEM) and simu-
lated body fluid (SBF) than commercially pure Mg (CP-Mg)™.
On the other hand, the surface treatment or deposition of a
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biocompatible coatings are usually applied to build a barrier
between the Mg-based substrates and the biological envi-
ronment'”!. The hydroxyapatite (HA) layers are of special
interest, because of their high chemical and structural simi-
larities to the mineral component of bones and teeth™. Wen
et al.”’ reported that the HA coating on AZ31 alloy substrate
significantly increases the corrosion potential. Besides, the
HA coatings are ideal delivery platform for many trace ele-
ments, such as Zn and silver (Ag), by substituting Ca ions in
the HA lattice!'”’. Strontium (Sr) is a trace metal in human
bones, and can induce opposite effects on bone resorption
and formation, i.e., it stimulates the differentiation of os-
teoblastic cells, but inhibits the activity and differentiation of

[

osteoclasts'” . So Sr is also doped into HA coatings to im-

prove bone healing and strength!'”. Xue et al.!'”

prepared the
Sr-containing HA coatings on Ti-6Al-4V alloy, and the
presence of Sr significantly enhances the osteogenic differ-
entiation and mineralization.

In the present investigation, Sr-doped HA coatings were
deposited on Mg-4Zn alloy, and the HA coated Mg-4Zn and
bare Mg-4Zn alloy were also prepared as references. The aim
is to evaluate the influence of the Sr-incorporation in the HA
coatings on the surface composition, structure, phase constitu-
tion, dynamic corrosion behavior and cell responses of the
samples.

1 Experiment

1.1 Materials preparation

The Mg-4Zn raw material sheets were obtained from Col-
lege of Materials Science and Engineering, Hunan University,
and details of the processing are shown in Ref.[14]. The
as-received materials were wire-electrode cut into plates
with the dimension of 10 mmx10 mmX2 mm, and then
ground with 600#, 1000# and 2000# grit SiC paper. The
ground plates were ultrasonically cleaned in ethanol, im-
mersed into 100 g/L NaOH solution at 90 °C for 10 min, and
then washed by 180 g/L CrOs solution for 5 min to remove
oil and surface oxide. Afterwards, the Mg-4Zn samples were
ultrasonically cleaned in deionized water for 10 min and
dried at 60 °C.

A series of Sr-doped HA coatings with Sr/(Ca+Sr) atomic
ratios of 0%, 5%nd 10% (named as OSrHA, 5SrHA and
10SrHA) were deposited on the Mg-4Zn by electrochemical
deposition. Briefly, analytical grade (AR) CaCl,, SrCl,-6H,0O
and NH,H,PO, were dissolved into deionized water with
magnetic stirring at 85 °C. The coated plates with Sr/(Ca+Sr)
atomic ratios of 0%, 5% and 10% are referred to as
0StHA@Mg-4Zn, 5StHA@Mg-4Zn and 10StHA@Mg-4Zn,
respectively.

All samples were sterilized by autoclaving prior to bio-
medical tests.

1.2 Surface characterization
Scanning electron microscopy (SEM, JSM-6700F, JEOL,

Japan), energy dispersive spectroscopy (EDS, Inca, OXFORD,
UK) in the SEM, transmission electron microscopy (TEM,
JSM-2100F, JEOL, Japan) and three-dimensional Laser Scan-
ning Microscope (3D SLM, VK-X260K, Keyence, Japan)
were applied for the surface morphology, composition, phase
characterization and topographical analyses, respectivey .

The wettability studies were performed by a contact angle
video system DSA 100, Kriiss, Germany. An equal volume of
distilled water (5 pL) was placed on the surface of the samples
using a microsyringe. The static water contact angle was
measured for 10 s after the water droplet was deposited on the
membrane surface, and the measurements were done at least
three times.

1.3 Ion release

The samples were placed into 10 mL SBF (Jisskang, China)
solution (pH=7.4) at 37 °C for one week. At specific time points,
5 mL solution was taken and stored in centrifuge tubes prior to
analysis by Inductively Coupled Plasma Atomic Emission
Spectrometer (ICP-AES, PS-6, Baird, USA). 5 mL of fresh SBF
solution was added to keep a constant volume of solution.

1.4 Protein adsorption

In this study, bovine serum albumin (BSA), fraction V
(Sigma, purity of 99.8%) was used as the model protein, and
phosphate buffer solution (PBS, K,HPO,/KH,PO,, 100 mmol/L,
pH=7.4) was used for the protein solution preparation. The
specimens were incubated into 1 mg/mL protein solution and
maintained in a sterile humidified incubator at 37 °C for 2 h.
Afterwards, PBS was used to remove the unbound proteins by
washing the samples for 3 times. The proteins adsorbed on the
samples were eluted after 1 h incubation at 37 °C (n=3) by 2%
sodium dodecyl sulfate (SDS) and determined by a protein
assay kit (Pierce, BCA Protein Assay Kit, Rockford, Illinois,
USA).

1.5 Cell isolation and culture

Rat bone mesenchymal stem cells (MSCs) were isolated
from the bone shaft of the femora of 4 week-old rats, and pri-
marily cultured using the method described by Maegawa et
al". The cells were obtained from at least two rats and
pooled, and then seeded in a 25 cm? tissue culture flask with
the Dulbecco's Modified Eagle Medium (DMEM) containing
10% fetal bovine serum (FBS) and antibiotics (100 U/mL
penicillin G, 100 mg/mL streptomycin sulphate and 0.25
mg/mL amphotericin B) and maintained in a humidified at-
mosphere containing 95% air and 5% CO, at 37 °C. The me-
dium in primary cultures was renewed every 2 d. At 80% con-
fluence, the rat MSCs were harvested with trypsin/EDTA, and
used for the following experiments.

1.6 Initial cell adhesion

The initial cell adhesion was evaluated by fluorescence mi-
croscopy (Nikon SMZ 1000, Japan). The MSCs were seeded
onto the samples in 24-well plates at a density of 1x10*
cells/sample. After incubation for 2 h and 8 h, non-adhered cells
were removed by rinsing with PBS. Thereafter, the attached
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cells on the samples were stained with calcein, followed by im-
aging. Cell number was obtained from five random fields.
1.7 Cell proliferation

Extraction mediums were prepared by incubating the four
configurations in DMEM supplemented with 10% FBS at 37
°C for 72 h, according to ISO 10993:5 and 10993:12. The
mass to volume ratio of the samples to medium was 0.1 g/mL.
The extraction mediums were sterile filtered with a 0.22 um
syringe filter for cellular experiments.

The MSCs were planted into 96-well plate at 1 x 10* cells
per 100 pL of a DMEM containing 10% FBS and 1% PS in
each well. The medium in each well was replaced with the
100 pL of extraction medium and again cultured for 24 h
and 72 h. The cell viability was assessed by Methyl thia-
zolyl tetrazolium (MTT) assay, which was taken up by ac-
tive cells and reduced in the mitochondria to insoluble pur-
ple formazan granules. Then the 25 pL of MTT solution was
added into each well and incubated for 4 h. Next, the me-
dium was discarded and 100 pL dimethyl sulfoxide (DMSO)
was taken into each well, shaken for 10 min. Optical density
(OD) of solution with cells was measured using a mi-
croplate spectrophotometer (EnSpire 2300) at a wavelength
of 490 nm. Each test was repeated five times (#=5). The
MSCs incubated in regular cell culture medium were used
as control groups.

1.8 Osteogenic differentiation

Alkaline phosphatase (ALP) and Alizarin red S (ARS)
staining were applied for osteogenic differentiation assay.
MSCs at a density of 5x10* cells/well were seeded into the
48-well plates filled with extraction mediums. Following in-
cubation for 7 d, MSCs were rinsed three times with PBS,

Needle-like struétu_

48 SR
‘\ =4 NS

fixed in 4% PFA for 30 min and stained using an ALP kit.
ARS was performed after 14 d of incubation. MSCs were
rinsed three times with PBS, fixed in 4% PFA for 30 min and
stained using an ARS solution.
1.9 Statistical analysis

SigmaStat package (Systat software GmbH, Erkrath, Ger-
many) was used for statistics analysis. Standard analysis
comparing more than two treatments was done by the one-way
ANOVA (analysis of variance). Depending on the data distri-
bution either a one-way ANOVA or an ANOVA on ranks was
performed. Post-hoc tests were Holm-Sidak or Dunn’s versus
the control group. Statistical values were indicated in the
relevant experiments. A p<0.05 was considered statistically
significant.

2 Results

2.1 Surface characterization

Fig.1 presents the surface morphologies of Mg-4Zn,
O0StHA@Mg-4Zn, 5StHA@Mg-4Zn and 10StHA@Mg-4Zn.
Only some scratches are observed on the bare Mg-4Zn alloy,
showing typical ground surface. The coated samples show the
morphologies like chrysanthemum flowers aggregated on the
surface of substrates. The structure  on
O0SrHA@Mg-4Zn samples mainly consists of loosely packed
large crystal flakes and fine needle-like structures dispersed
among them as shown in Fig.lb. Different from the
OStHA@Mg-4Zn samples, the crystal flakes on the
S5StHA@Mg-4Zn and 10StHA@Mg-4Zn samples are much
smaller in size, leading to more dense-packed surfaces. Be-

flower-like

sides, more needle-like structures are observed on the latter
two samples.

Fig.1 SEM micrographs of the surfaces: (a) as-prepared bare Mg-4Zn, (b) 0STHA@Mg-4Zn, (c) SStTHA@Mg-4Zn, and (d) 10StHA@Mg-4Zn
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EDS results of the surfaces of three coated groups are pre-
sented in Table 1. It is revealed that the coatings on the three
samples consist of Ca-P-rich or Ca-Sr-P-rich compounds, and
trace amounts of Mg and Zn should be attributed to the Mg-4Zn
substrates. The SSTHA@Mg-4Zn and 10StHA@Mg-4Zn sam-
ples show Sr/(Ca+Sr) ratios of 4.2 at% and 9.1 at%, respectively,
which are slightly lower than the designed compositions. The
(CatSr)/P ratios of the coatings on OSrHA@Mg-4Zn,
5StHA@Mg-4Zn and 10StHA@Mg-4Zn samples are 1.34,
1.32 and 1.29, respectively.

In order to better understand the structure and phase con-
stitutions of the three coatings, the different coatings were
removed from the samples and then characterized by TEM
bright field imaging and selected area electron diffraction
(SAED) in the TEM as displayed in Fig.2. Generally speak-
ing, the bright field images as presented in Fig.2a, 2b and 2c
reveal that the OSrHA, 5SrHA and 10SrHA coatings are all
composed of crystal flakes with the size of 20~100 nm, and
no significant differences in size distribution are observed.
Besides, the crystal morphology does not show considerable
change after the addition of Sr into the coating. The SAED
patterns of the three coatings show typical spotty ring pat-
terns as presented in Fig.2d. The presence of bright (002)
and (211) planes as well as the dark (102) plan in the three
configurations confirms the structure as close-packed hex-

agonal, indicating that the coatings are mainly composed of
HA phase. The interplanar distance dy,, of O0SrHA is 0.340
nm, while those of 5SrHA and 10SrHA are 0.343 and 0.345
nm, respectively. It is important to note that with increasing
Sr content in the HA coatings, the diffraction rings become
dim, indicating the decrease of crystallinity in the
Sr-incorporated HA coatings.

In order to obtain more information about the material sur-
faces, the 3D LSM images were used for the topographical
surface examination and roughness measurements as shown in
Fig.3 and Table 2, respectively. The Mg-4Zn alloy shows dif-
ferent surface structures compared with the other three sam-
ples. As shown in Fig.3a and Table 2, the bare Mg-4Zn pre-
sents a relatively smooth surface with the lowest average sur-
face roughness (R,) and average maximum height of the pro-
file (R,). The 10StHA@Mg-4Zn exhibits more peaks than
other samples, and its R, and R, are also the highest. Although
the maximum peak height of the SSTHA@Mg-4Zn (19.7 pm)
is lower than that of the 0StTHA@Mg-4Zn (45.4 pm), the two
groups show comparable surface roughness.

The apparent contact angles measurements were performed
in Fig.4. All the samples show hydrophilic surfaces, since all
contact angles are lower than 90°. The bare Mg-4Zn alloy
exhibits a significantly higher contact angle than the others.
With increasing Sr content in the coating, the surface tends to

Table 1 EDS results of the surfaces of 0STHA@Mg-4Zn, SSTHA@Mg-4Zn and 10SrtHA@Mg-4Zn samples (at%)

Samples Ca Sr P Mg Zn (6] C
0SrHA@Mg-4Zn 17.07 - 12.74 291 0.11 55.71 11.46
5SrtHA@Mg-4Zn 14.51 0.64 11.48 1.79 0.21 53.53 17.84
10StHA@Mg-4Zn 12.53 1.25 10.68 2.99 0.30 51.84 20.42

100 nm 2
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Fig.2 TEM images of the 0SrHA (a), SSrHA (b) and 10SrHA (c) coatings, and the corresponding SAED patterns (d)
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Fig.3 Surface topographic 3D views of an area of 710 umx530 pm: (a) Mg-4Zn, (b) 0STHA@Mg-4Zn, (c) SSTHA@Mg-4Zn, and
(d) 10StHA@Mg-4Zn (the color scale of each profile represents the height of peaks on the surface)

Table 2 Roughness parameters on studied surfaces (um)
Mg-4Zn 0SrHA@Mg-4Zn SSrHA@Mg-4Zn 10StHA@Mg-4Zn
R, 0.077 1.636 1.593 3.486
R, 2.636 10.091 9.864 16.722

58.2£2.8°

13.9£2.7° 8.2+3.1°

Fig.4 Initial static water contact angles and droplet images of: (a) Mg-4Zn, (b) 0StHA@Mg-4Zn, (c) 5StHA@Mg-4Zn, and
(d) 10StHA@Mg-4Zn

be more wettable. The contact angle of 10StHA@Mg-4Zn of time. The Mg-4Zn samples show the highest amount of Mg**

samples is around 10°, indicating that the surface is almost release and the 10STHA@Mg-4Zn samples show the lowest (see
superhydrophilic. Fig.5a). Besides, it can be observed that the concentration of
2.2 Ion release property Mg”" tends to increase with the immersion time in the first 3 d

Fig.5 presents the cumulative Mg”*, Ca>", Sr*" and PO, ion and then gradually acheive stable values for all the three coatings.

release from Mg-4Zn, 0StTHA@Mg-4Zn, 5SSTHA@Mg-4Zn and The three coated configurations present similar Ca”" as well as
10STHA@Mg-4Zn samples into the SBF solution as a function PO,” evolution behavior without significant difference among
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Fig.5 Ions release of Mg™" (a), Ca®* (b), Sr** (c) and PO, (d) from Mg-4Zn, 0StTHA@Mg-4Zn, 5STHA@Mg-4Zn and

10StHA@Mg-4Zn samples in SBF

the groups, and the concentration of Sr*" released from the
10SrtHA@Mg-47Zn samples is about twice as much as that of the
SSrHA@Mg-4Zn specimens as shown in Fig. 5b, 5c and 5d.
2.3 Protein adsorption

The amount of BSA adsorption on the various samples is
presented in Fig.6. In general, the protein adsorption on the bare
Mg-4Zn alloy is significantly lower than that of the coated sam-
ples, and the 10STHA@Mg-4Zn exhitibts the highest amount of
BSA adsoption among the coated ones. While, the adsorption on
the 0StTHA@Mg-4Zn and 5StHA@Mg-4Zn samples does not
show a considerable difference.
2.4 Initial cell adhesion

The cell number of MSCs adhered on the samples for 2 h
and 8 h was evaluated by fluorescence microscopy as shown
in Fig.7a, and the statistical analyses are presented in Fig.7b.
With increasing adhesion time, more cells adhered on the same
sample configuration are observed. For the same adhesion time,
the bare Mg-4Zn alloy shows significantly lower adhered cell
numbers than the coated ones. After incubation for 2 h, the
number of cells adhered on the three coated samples does not
exhibit great disparities, but a significantly enhanced adhesion
of MSCs can be observed on the samples with higher
Sr-incorporated coating after cell adhesion for 8 h.
2.5 Cell proliferation

Fig.8 presents the proliferation of MSCs incubated in the

Mg-4Zn, 0STHA@Mg-4Zn, 5SStTHA@Mg-4Zn and
10StHA@Mg-4Zn extraction mediums and the regular cell
culture medium (control groups) for 24 h and 72 h, and the
average cell viability of the control group for 24 h was set as
100%. Fig.8b shows the statistical analyses between every
two configurations. The cell proliferation significantly in-
creases with increasing incubation time in all extracts. As for
the same incubation time, the extracts of the three coated

0.8 -
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g I_i_l
e 0.6 ‘ Tl
g
= T 1
L
5 04} % %
[=®}
el
2 -
502l
el
<
0.0
Mg-4Zn  OSrHA 5SrtHA 10SrHA
@Mg-4Zn @Mg-4Zn @Mg-4Zn

Fig.6 Protein adsorption on the various samples after incubation for
2 h in PBS containing 1 mg/mL BSA (statistically significant
difference, *P < 0.05)
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Fig. 7 Cell counting using calcein staining after adhesion on differ-
ent samples for 2 h and 8 h (a); cell adhesion statistical anal-
yses (b) (statistically significant difference between two
groups, *P < 0.05)

groups exhibit significantly improved cell proliferation com-
pared to the control group, while, that of the Mg-4Zn group
shows much lower cell viability than the control group. Be-
sides, there are no significant differences among the cell pro-
liferation in the OStHA@Mg-4Zn, 5StHA@Mg-4Zn and
10StHA@Mg-4Zn extraction mediums after incubation for 24
hor72h.
2.6 Cell differentiation

Fig.9 shows the ALP and ARS staining of MSCs after incu-
bation in the cell culture medium as control and the different
extraction mediums for 7 and 14 d. Generally, positive results of
ALP staining and ARS staining are observed in the Mg-4Zn,
0SrHA@Mg-4Zn, 5StHA@Mg-4Zn and 10StHA@Mg-4Zn
groups. Besides, the group with higher Sr content exhibits more
Ca nodulus and higher intensity of ALP staining.

3 Discussion

In the present study, Sr-doped HA coatings with different Sr
contents were electrochemically deposited on Mg-4Zn sub-
strates. From the SEM, EDS, TEM and SAED results pre-
sented in Fig.1, Table 1 and Fig.2, it is clear that the introduc-
tion of Sr into the HA coatings leads to significant change in
the crystal distribution, lattice parameter and crystallinity.
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Fig. 8 MSCs proliferation in the extracts of different samples after
24 h and 72 h of culture, and the average cell viability in regular
cell culture medium incubated for 24 h is set as 100% (a); cell
proliferation statistical analyses (b) (statistically significant

difference between two groups, *P < 0.05)

Sr ion shows an ionic radius of 0.113 nm, while, the radius

of Ca ion is only 0.099 nm!'®

, so the Sr incorporation inevi-
tably results in the larger dyp, of the HA phase (see Fig. 2d),
indicating larger lattice parameters. Furthermore, there are
two inequivalent cation sites, i.e., Site I and Site II, in HA
phase, and Sr induces more lattice distortion at Site II than
Site 1", So the occupancy style of the substitutional ions
can considerably affect the crystal formation. As stated by
Terra et al."®), when the atomic ratio of St/(Sr+Ca) is below
1%, a preference of Sr ion substitution is observed in Site I,
while, Site II is progressively preferred at Sr concentration
higher than 5 at%. In this work, the Sr/(Sr+Ca) in the two
Sr-doped coatings are designed as 5 at% and 10 at% (in fact,
4.2 at% and 9.1 at%, respectively, see Table 1). The higher
Sr content indicates more substitution at Site II, which leads
to enhanced destabilization of crystal structure. Conse-
quently, the SAED patterns show obvious decrease of crys-
tallinity induced by Sr substitution (see Fig.2d). Besides, the
smaller but more dense-packed crystal flakes on the
Sr-doped coatings as shown in Fig.1 should be attributed to
the restrained crystal growth, which also results from the
severe lattice distortion.
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Fig. 9 ALP and ARS staining of the control regular medium group and the extraction mediums of the Mg-4Zn, 0StHA@Mg-4Zn,
SSrHA@Mg-4Zn and 10StHA@Mg-4Zn samples
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From the biological point of view, the performances of
implanted metallic biomaterials rely on the interaction
mechanisms between the materials and surrounding tissues,
so it is widely accepted that the surface physical properties,
especially the topographical structure and hydrophilicity, are
of prime importance in determining the cell responses''”.. As
presented in Fig.3 and Table 2, the HA and Sr-doped HA
coatings significantly increase the surface roughness com-
pared to the bare Mg-4Zn alloy, and it seems that the incor-
poration of Sr leads to more peaks on the surfaces, which

may result from the different HA crystal growth mechanisms.

The wettability is an important parameter reflecting the sur-
face energy of the biomaterials, and a hydrophilic surface is
usually preferred for metallic biomaterials™. In this work,
all the four samples show contact angles lower than 90°, but
it is obvious that the HA coatings, especially the Sr-doped
HA coatings, show much higher wettability as presented in
Fig.4. Such a result is in agreement with the report”!! that
when R,> 0.1 um the wettability is more mainly determined
by the microscopic relief than by interfacial energetics.

The cytocompatibility of metallic biomaterials is not only
determined by the physical properties, but also influenced by
the surface chemistry™ *!. In this work, the surfaces of the
as-prepared samples are Mg-4Zn, HA coating and Sr-doped
coatings. The different composition leads to different ion re-
lease behaviors as presented in Fig.5. The Mg®" release re-
flects the degradation of the Mg-based substrates, and the
lower Mg”" release amount of the coated samples demon-
strates the corrosion resistant effects of the HA and Sr-doped
HA coatings. The
Sr-incorporated groups may be due to the more dense-packed

lowered corrosion rate of the
HA crystals. The release of Ca’" and PO,” corresponds to the
degradation of HA phase. It is important to note that the
Sr-incorporated HA coatings show similar Ca** and PO,”
evolution behavior, which does not agree with the release
behavior on Ti substrates™. One possible explanation is that
the degradation of Mg-based substrates results in alkaline
environment around the surfaces, and thus influences the HA
dissolution behavior.

Protein adsorption on the surface of biomaterials has been
widely considered to be the first step after implantation, and
the adsorbed proteins usually act as mediators between the
materials and cells™. So it is necessary to evaluate the protein
adsorption before performing cell viability assessments. The
higher amount of protein adsorption on the 10SrHA coating
(see Fig. 6) might be attributed to the smaller size of the HA
crystal flakes, which can act as sites for preferential adsorp-
tion of BSA'",

MSCs were selected for cytocompatibility tests in this
work, because they are capable of self-replication and of
differentiating into mesenchymal tissues, such as bone and
cartilage®®. The initial cell adhesion is critical to determine
the final cell fate, and can be significantly influenced by

protein adsorption, so the significantly improved cell adhe-
sion on the Sr-doped HA coatings presented in Fig.7 is not
unexpected. Similar to the cell adhesion results, the bare
Mg-4Zn group shows the lowest cell viability, probably due
to the strongest alkaline environment around the material
surface. According to the ion release results after immersion
for 72 h (see Fig.5), the main difference among the extract
mediums of OSrHA@Mg-4Zn, 5SrHA@Mg-4Zn and
10StTHA@Mg-4Zn is the Sr*" concentrations. Since Sr in-
corporation in HA usually does not enhance cell prolifera-
271 it is reasonable that the Sr-doped HA coated groups
do not show a considerable difference when comparing with
the HA coated groups as shown in Fig. 8. ALP is a marker

tion

for early osteogenic differentiation, and the calcium nodule
formation is another marker reflecting the osteogenic differ-
entiation in the late stage™ **\. The significantly increased
ALP activity and more calcium nodule formation as shown
in Fig.9 confirm the enhanced osteogenic differentiation in-
duced by Sr, which is in accordance with the previous inves-

tigations®" ',

4 Conclusions

1) The substitution of Sr for Ca can increase the lattice pa-
rameters and decrease the crystallinity of the HA coatings.

2) The densely-packed crystal flakes on the Sr-doped
samples act as barriers between the Mg-4Zn substrates
and the SBF solution, leading to a better corrosion resis-
tance with increasing Sr content. The presence of Sr in the
coatings also results in a rougher surface and higher hy-
drophilicity, and therefore, the higher amount of protein
adsorption and improved initial cell adhesion are not un-
expected.

3) The introduction of Sr does not significantly change the
cell proliferation on the HA coatings, but the ALP and ARS
staining reveal that the osteogenic differentiation is induced by
Sr.

4) These findings suggest that the incorporation of Sr can
remarkably improve the corrosion resistance and osteointegra-
tion of the HA coated Mg-based biomaterials.
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