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biocompatibility of a series of
strontium substituted hydroxyapatite coatings on
magnesium alloys

Xuenan Gu, *ab Wenting Lin,a Dan Li,a Hongmei Guo,a Ping Li ab and Yubo Fan*abc

There has been a surge in the research on magnesium (Mg) alloys as a promising selection for biomaterials

application. However, as a foremost drawback, the fast degradation of Mg alloys limits its clinical use. In this

study, a series of Sr-HA coatings with the Sr content ranging between 10–100%were prepared onMg alloys,

in order to control the degradation and enhance the osteoblast response. Microstructure analysis indicated

the formation of Ca10�xSrx(PO4)6(OH)2 coatings with the thickness ranging between 28–35 mm. The

degradation results suggested that an increase in the Sr content in the coatings led to the decreasing

degradation rate of the Sr-HA coated Mg. 100% Sr-HA coatings provided the best corrosion protective

effect with nearly no hydrogen evolution during 10 days' immersion in Hank's solution. The in vitro cell

biocompatibility was evaluated with MC3T3-E1 osteoblasts using the extract assay. In each case the

released Sr affected the osteoblast proliferation and the expression of osteogenesis markers including,

ALP, Col-I and RUNX2, in a Sr concentration-dependent manner. These results suggest that Sr-HA

coating is a promising combination for controlling the degradation and enhancing the cytocompatibility

of Mg alloys. The degradation and osteoblast response could be simply controlled through the

adjustment of Sr content in the coatings.
1. Introduction

Magnesium (Mg) and its alloys show excellent compatibility
with human bones in density, elastic modulus and compressive
strength.1–3 Mg is essential for human metabolism and is
naturally present in bone tissue. In addition, Mg can be grad-
ually degraded in the human body, which makes it a promising
candidate for orthopedic implants.1,4,5 In spite of these unique
benets, Mg based implants are of limited use in clinical
applications. The main disadvantage is the fast degradation in
the physiological environment and the associated side effects,
including gas bubbles, local alkalization, fast decay of
strength.6–8

Applying biocompatible and protective coatings, such as
hydroxyapatite (HA), which is the main inorganic component of
bones and has been used for decades inmedicine and dentistry,
onto magnesium alloys is a practical option to control the
biodegradation process.8–11 HA coatings could reduce the
degradation of magnesium alloys with certain amounts of
success.8,12–15
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Strontium (Sr) is believed to play an important role in the
treatment of osteoporosis and enhancement of bone reminer-
alization as it is associated with a reduction of bone resorption
and an increase in the formation of new bone.7,16,17 It is well
documented that the presence of Sr2+ ions has the dual benet
of promoting pre-osteoblastic cell replication and inhibiting the
activity of osteoclasts.18–21 Strontium ranelate (Protelos®, Serv-
ier) is currently used in the treatment of post-menopausal
osteoporosis, although its prescription has been recently
restricted to the acute medical cases because of cardiovascular
side effects.22 Additionally, Sr can replace the lattice sites of Ca
in HA to form a continuous solid-solution (Sr,x-HA, x is fraction
of substitution) up to full substitution (Sr-apatite) with
improved mechanical properties and biological perfor-
mance.17,23–25 There have been intensive studies to incorporate
Sr into HA cements16,26–28 or coatings24,29–32 for better bone
response. Furthermore, the degradation and resulted osteoblast
response of Sr,x-HA exhibit a dose dependent behaviour.16,17 Sr
incorporating destabilizes the structure of HA and increased the
solubility and degradation of Sr,x-HA with x.17 With variations
in degradation rate of Sr,x-HA, the micro-environment are
thereby affected. Particularly Sr availability through degrada-
tion inevitably changes, which in turn inuence the metabolic
activity of osteoblasts.

The Sr doses would affect the properties of Sr-HA coatings
such as microstructure, solubility, degradation and cell inter-
action with materials. Therefore, the main aim of the present
RSC Adv., 2019, 9, 15013–15021 | 15013

http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra02210d&domain=pdf&date_stamp=2019-05-14
http://orcid.org/0000-0003-4516-9777
http://orcid.org/0000-0001-8868-8054
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra02210d
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009026


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
M

ay
 2

01
9.

 D
ow

nl
oa

de
d 

on
 7

/2
/2

02
4 

7:
22

:3
7 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
study was to highlight the inuence of Sr doses of Sr-HA coated
Mg alloys on their morphology, in vitro degradation, osteoblast
proliferation and differentiation.

2. Materials and methods
2.1 Materials preparation

AZ31B magnesium alloys were cut into 20 � 10� 2 mm3 pieces,
mechanically polished with SiC paper up to 2000 grit and
cleaned ultrasonically with acetone, ethanol and deionized
water for 5 min each. Prior to the electrodeposition, the samples
were pre-treated with 40% HF solution for activation, and then
rinsed in distilled water and dried at room temperature.

2.2 Electrodeposition

The electrolyte for deposition was prepared by mixing a solution
of Ca(NO3)2$4H2O, Sr(NO3)2, NH4H2PO4, NaNO3 and H2O2. The
concentrations of NH4H2PO4, NaNO3 and H2O2 were
0.025 mol L�1, 0.1 mol L�1 and 10 mL L�1. The Ca(NO3)2$4H2O,
Sr(NO3)2 concentrations were adjusted so that the Sr/(Sr + Ca)
ratios of the electrolytes were 0%, 10%, 20%, 50%, and 100%,
respectively. The temperature was maintained at 60 �C using
water bath.

The electrodeposition was conducted in a standard elec-
trolysis cell with three electrodes in which the AZ31B alloy, the
graphite plate and a saturated calomel electrode (SCE) acting as
working electrode, counter electrode and reference electrode,
respectively. Deposition was performed at �2.5 V/SCE for
70 min through an electrochemical workstation (CHI660E).
Aer deposition, the samples were further treated in 1 mol L�1

NaOH solution at 80 �C for 2 h.

2.3 Characterization

The phase of Sr-HA coatings was analyzed using a Bruker D8
multipurpose X-ray diffractometer (XRD) with a scanning range
(2q) of 20–70�, and a scanning speed of 4� min�1. An environ-
mental scanning electron microscopy (ESEM, FEI Quanta
250FEG) equipped with an energy dispersive spectrometry (EDS)
was then used to examine the surface and cross-sectional
morphology of the samples as well as the elemental composi-
tions of the coatings.

2.4 Immersion tests

Immersion tests were 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) according to the
ASTM-G31-72. The Mg samples were coated with Sr-HA coatings
on all sides. The uncoated and Sr-HA coated samples were
completely immersed in Hank's solution. The pH value was
adjusted to 7.40 � 0.5 and the temperature was maintained at
37 � 0.5 �C. The hydrogen evolution behaviour was measured
during the immersion. Aer 10 days immersion, the samples
were removed from the solution, gently rinsed with distilled
water, followed by drying at room temperature. Surface
morphologies of the samples were analysed by ESEM and EDS.
The ion concentrations were determined by inductively coupled
15014 | RSC Adv., 2019, 9, 15013–15021
plasma optical emission spectrometry (ICP-OES; Leeman,
Prole).
2.5 Electrochemical tests

The electrochemical corrosion was carried out in Hank's solu-
tion using a CHI660E electrochemistry workstation. A three-
electrode cell was used for electrochemical measurements.
The counter electrode was a platinum plate and the reference
electrode was a saturated calomel electrode. The sample was
pre-incubated in Hank's solution for 30 min to obtain a rela-
tively steady open circuit potential (OCP). Aerwards, the
potentiodynamic polarization test was conducted with a scan
rate of 1.0 mV s�1 with the initial potential at about 300 mV
below the OCP.
2.6 Osteoblast proliferation

The proliferation of osteoblast-like cells (MC3T3-E1, ATCC CRL-
2593) was evaluated using Cell Counting Kit-8 (CCK-8, Dojindo)
assay according to standard ISO 10993-5. Prior to the cell
experiments, samples were sterilized using ultraviolet radiation
for at least 2 h. Extracts were prepared with a surface area to
Dulbecco's modied Eagle's medium (DMEM, low glucose,
Gibco) ratio of 1 mL cm�2 in a humidied atmosphere with 5%
CO2 at 37 �C for 72 h incubation. The extract was centrifuged
twice, and then the supernatant solution was withdrawn and
ltered with milipore lters (0.22 mm). The pH values and
osmolality of the extracts were measured. Ion concentrations
were determined by ICP-OES. The extract was diluted to 50%.

MC3T3-E1 were cultured in DMEM, 10% fetal bovine serum
(FBS, Gibco), 100 U mL�1 penicillin and 100 mg mL�1 strepto-
mycin at 37 �C in a humidied atmosphere of 5% CO2. Cells
were seeded in 96-well cell culture plates at 3 � 104 cells per mL
and incubated for 24 h to allow attachment. The medium was
then replaced with different extracts. Aer 1, 3 and 5 days, the
extracts were replaced with DMEM, to which was then added
10% CCK-8 solution. Aer incubation for a further 3 h, the
absorbance was read at 450 nm by a microplate reader (Vari-
oskan LUX, Thermo), and expressed as the optical density (OD).
Cell morphologies were observed by uorescence staining. Cells
were xed with 4% polyoxymethylene and permeabilized with
0.1% Triton X-100. Cellular actin and nuclei were stained with
FITC phalloidin and DAPI simultaneously before observing by
a uorescence microscope (Olympus).
2.7 ALP activity

MC3T3-E1 cells were seeded at a density of 3 � 104 cells per mL
and incubated for 24 h, at which time the medium was replace
with the extracts. Aer 5 days, the cells were lysed in 0.2 mL of
0.1% Triton X-100, shaken and conducted two standard freeze–
thaw cycles. The alkaline phosphatase (ALP) activities were
determined by a colorimetric assay using an ALP assay kit
(Beyotime) and the absorbance was measured at 405 nm. The
intracellular total protein levels were determined using the
bicinchoninic acid (BCA) protein assay kit (Beyotime) simulta-
neously. The ALP activity was nally normalized to the total
This journal is © The Royal Society of Chemistry 2019
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protein content correspondingly and was expressed as
mmol min�1 mg�1 protein.
Fig. 1 XRD patterns of the Sr-HA coatings obtained from the elec-
2.8 Real-time PCR assay (QPCR)

MC3T3-E1s were cultured in 6-well plates at 5 � 105 cells per
well and incubated for 24 h. The medium was then replaced
with 2 mL extracts and incubated for 5 days. Total RNA was
extracted by using Trizol reagent (Gibco) and used as template
(2 mg) for reverse-transcribed into cDNA according to the
manufacturer's instructions (Takara). To detect gene expres-
sion, quantitative real-time polymerase chain reaction (QPCR)
was performed using the SYBR Premix Ex Taq kit (Takara, Shiga,
Japan) according to the manufacturer's instructions and an iQ5
quantitative real-time PCR System (Bio-Rad Laboratories, Ber-
keley, CA). Forward and reverse primer sequences of alkaline
phosphatase (ALP), collagen type I (COL-1) and runt-related
transcription factor 2 (RUNX2) are shown in Table 1. All reac-
tions were pre-denatured at 95 �C for 3 min, followed by 40
cycles at 95 �C for 10 s and 55 �C for 30 s. Aer the PCR reaction,
a melting curve was generated to conrm the PCR product's
specicity and identity. Triplicate reactions were performed,
and the relative fold-change of gene expression was determined
by normalizing to GAPDH and calculating the 2�DDCT.
trolytes with Sr/(Sr + Ca) ratios ranging 10–100%. (a) Full diffraction
spectra (20–70�) and (b) detailed spectra (24–35�) of XRD patterns.
2.9 Statistical analysis

All data were expressed as means � standard deviation. Statis-
tical analysis was conducted by one-way analysis of variance
(ANOVA). A p value of less than 0.05 was considered to be
signicant.
3. Results and discussion
3.1 Coating characterization

Fig. 1 depicts the XRD spectra of the Sr-HA coatings on Mg
alloys. XRD results demonstrate the formation of Ca10�xSrx(-
PO4)6(OH)2 phase in all coatings, with the peaks corresponding
closely to those of hydroxyapatite (JCPDS no: 72-1243) and pure
strontium hydroxyapatite (JCPDS no: 70-1511). The diffraction
peaks shi to lower 2q values with increasing amount of Sr
addition in the Sr-HA coatings, which is attributed to the larger
ionic radius of Sr.17,22 The crystallinity of Sr-HA phase deterio-
rates with increasing Sr up to 50%, as judged by the broaden
diffraction peaks. When the Ca is completely substituted by Sr,
Sr5(PO4)3(OH) is formed and the crystallinity increases again
evidenced by the sharp XRD peaks.

The Sr-HA coatings show similar FTIR spectra (Fig. 2). The
characteristic peaks due to PO4

3� are clearly seen at 1025 cm�1,
Table 1 Primer sequence for quantitative real-time PCR

Gene Forward primer sequence 50–

ALP AACGTGGCCAAGAACATCATC
COL-1 GCCTCCCAGAACATCACCTA
RUNX2 CCATAACGGTCTTCACAAATC
GAPDH GGCACAGTCAAGGCTGAGAAT

This journal is © The Royal Society of Chemistry 2019
600 cm�1 and 569 cm�1.22 The differentiation between various
coatings locates in the carbonate adsorption band at around
1351–1540 cm�1,33 the intensity of which increases with
increasing Sr content up to 50%. For 100% Sr substitution, the
intensity of the carbonate band is signicantly reduced. In
addition, the bands located at 3442 cm�1 and 1643 cm�1 are
attributed to the stretching and bending mode of adsorbed
water (H2O) molecules.22 The absorbed water molecules are
bonded with the surface phosphate groups and form an amor-
phous hydrated layer.34 The increasing peak intensity is also
observed with increasing Sr up to 50% and is reduced for 100%
Sr-HA coating.

The surface morphologies of the coatings with different Sr
contents are shown in Fig. 3. When the Sr content varies in the
range of 10–50%, the coatings are constituted by small size
spheroids and exhibit some apparent porosity (Fig. 3a1–c1). The
coating with 50% Sr exhibits more compact, uniform surface
morphology. For 100% Sr-HA coating, it is composed of well
packed ower-like crystals (see Fig. 3d1). The atomic strontium
proportion is quantied by EDS for each coating to determine
the substitution percentage by calculating the Sr/(Ca + Sr) ratio
30 Reverse primer sequence 50–30

A TGTCCATCTCCAGCCGTGTC
GCAGGGACTTCTTGAGGTTG

CT TCTGTCTGTGCCTTCTTGGTTC
C ATGGGTGGTGAAGACGCCAGTA

RSC Adv., 2019, 9, 15013–15021 | 15015
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Fig. 2 FTIR spectra of the Sr-HA coatings obtained from the elec-
trolytes with Sr/(Sr + Ca) ratios ranging 10–100%.
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(Fig. 3e) and (Ca + Sr)/P ratio (Fig. 3f). The obtained coating
contains a lower strontium content than the designated Sr/(Sr +
Ca) ratio in the electrolyte. They have the (Ca + Sr)/P ratios of
ranging from 1.73 to 1.82 for 10–50% Sr substituted Sr-HA
coating. The higher (Ca + Sr)/P ratio can possibly be explained
by the carbonate substitution in the apatite lattice (Fig. 2),
which has been observed previously for carbonated HA.17,35

Fig. 4a and b shows the typical cross-section morphology and
elements proles of the coating. The coating thickness ranges
from 28–35 mm. No apparent interface gap between the coating
and magnesium substrate is observed, indicating the coating
adhere well on the substrate.
3.2 In vitro degradation

The primary concern of these Sr-HA coatings is their protection
efficacy of magnesium degradation. Thus the in vitro
Fig. 3 Surface observations of the Sr-HA coatings with various Sr/(Sr + C
morphologies of the coatings after immersion in Hank's solution for 10 d
coatings before and after immersion tests.

15016 | RSC Adv., 2019, 9, 15013–15021
degradation of the experimental samples was characterized as
a function of immersion time in Hank's, as shown in Fig. 5. The
hydrogen evolution volume and the amount of Mg ions released
decrease with increasing Sr content (Fig. 5a and c). The incre-
ment of pH values is signicantly slowed down with Sr-HA
coating. The pH increases to 10.0 aer 5 d immersion for 10–
50% Sr-HA coated samples. While for 100% Sr-HA coated
samples, the pH only increases 9.0 aer 10 d immersion in
Hank's solution (Fig. 5b). The potentiodynamic polarization
curves and the corresponding electrochemical parameters are
shown in Fig. 6. It is evident that anodic kinetics of all the Sr-HA
coated samples had been reduced, with the anodic polarization
current approximately one order of magnitude lower than the
uncoated Mg. The restrictive effect on anodic kinetics leads to
more noble corrosion potential for the coated samples
compared with the uncoated control, indicating the coatings
provide protection from corrosion. The calculated corrosion
current density values are a function of the Sr/(Sr + Ca) ratio in
the coatings. The 100% Sr-HA coating reduced the corrosion
current density to 17.55 mA cm�2, a �53% reduction as
compared to the 10% Sr-HA coated sample and a �93%
reduction as compared to the uncoated sample. As such, the Sr
content has a critical inuence on the corrosion protectiveness,
in which the 100% Sr-HA coating demonstrates the best
inhibiting ability from corrosion (Fig. 5d).

Aer 10 d immersion in Hank's solution, the SEM observa-
tions indicate fewer small-sized spheroids for 10% Sr-HA coat-
ings aer immersion than the as-prepared coatings. Massive
laminar precipitation is deposited and show denser coating
morphology, while some micro cracks are still visible (Fig. 3a2).
The EDS reveals that the Sr proportions in the coatings slightly
increase to 7.4 at% (Fig. 3e). 50% Sr-HA coatings exhibit much
a) ratios of (a1) 10%, (b1) 20%, (c1) 50%, (d1) 100%. (a2–d2) The surface
. (e) The obtained Sr/(Sr + Ca) ratio and (f) the (Ca + Sr)/P ratio of the

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 The cross-sectional observations of the Sr-HA coatings with 50% Sr (a) before and (c) after immersion in Hank's solution for 10 d. The EDS
line-scan of the 50% Sr-HA coating (b) before and (d) after corrosion.

Fig. 5 (a) Hydrogen evolution, (b) pH change and (c) Mg releasement
of the Sr-HA coated Mg alloys immersed in Hank's solution. (d) The
corrosion rates calculated from the electrochemical and immersion
tests.

Fig. 6 Potentiodynamic polarization curves of the Sr-HA coated Mg
alloys in Hank's solution.

This journal is © The Royal Society of Chemistry 2019

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
M

ay
 2

01
9.

 D
ow

nl
oa

de
d 

on
 7

/2
/2

02
4 

7:
22

:3
7 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
more compact surface morphology with the decreasing values
of Sr content in the coating. The ower-like crystals are still seen
on the surface of 100% Sr-HA coating with some loose cotton
like precipitation in the surrounding area (Fig. 3d2). The Sr
content is signicantly reduced to 66.7 at%. It is also found that
the (Ca + Sr)/P ratio is reduced for 10–50% Sr-HA coating aer
immersion test, while it increases from 1.43 to 1.59 for 100% Sr-
HA sample (Fig. 3f). From the cross-sectional images of the
samples, some micro-pores appear in the coatings and
a reduction of Sr content is observed in the outer layer in the
coatings (Fig. 4c and d), indicating the dissolution of Sr-HA
coating. The XRD analysis reveals no difference in the coat-
ings before and aer immersion tests (Fig. 7). We observe
a reduction of the diffraction peaks from Mg substrate, indi-
cating the coatings become more compact. This speculation is
in line with the SEM observation in Fig. 3a2–d2. An interesting
point to be noted is that there is no Mg(OH)2 peaks in the XRD
diffraction spectra. It suggests that the Sr-HA coating could
maintain its corrosion resistance and keep the Mg substrate
nearly unattacked during the 10 days immersion test.

The Ca, Sr and P releasement for different immersion
intervals is revealed in Fig. 8. With increasing designed Sr
proportions up to 50%, the increasing concentrations of Sr and
P is observed with higher Sr substitution coatings. On day 5,
50% Sr-HA coating shows the disproportionate amount of Sr
releasing relative to the Sr content in coatings. The ion releasing
results also demonstrate the dissolution of coating. The coat-
ings become more soluble with the elevation of the Sr content
and the results are consistent with previous observations for Sr-
HA powders and SrCaP coatings.16,36 Ca and P concentrations
decrease with longer immersion time.

For 100% Sr-HA coatings, Pan et al.17 reported the highest
solubility of fully substituted Sr-HA powders, while our study
RSC Adv., 2019, 9, 15013–15021 | 15017
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Fig. 7 (a) XRD patterns of the Sr-HA coated Mg alloys after 10
d immersion in Hank's solution. (b) The comparison of the XRD
patterns for 50% Sr-HA coated Mg alloys before and after immersion
test.

Fig. 8 The Ca, Sr and P concentrations of the Hank's solution incu-
bating with Sr-HA coated Mg alloys for different time intervals.

Table 2 The calculated unit cell parameters for Sr-HA coatings

Sample a (nm) c (nm) V (nm3)

10% Sr 0.9553 0.6882 0.5439
20% Sr 0.9594 0.6933 0.5526
50% Sr 0.9645 0.7056 0.5685

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

4 
M

ay
 2

01
9.

 D
ow

nl
oa

de
d 

on
 7

/2
/2

02
4 

7:
22

:3
7 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
indicated an opposite behavior. 100% Sr-HA coatings exhibit
the least Sr releasing during the immersion tests even with
higher Sr content, which demonstrate its slowest dissolution
rate. On the one hand, this could be interpreted by the less
contamination of carbonate in 100% Sr-HA coatings (Fig. 2),
which results in lower solubility.35,37 On the other hand, the
high crystallinity also contributes to the highest corrosion
resistance of 100% Sr-HA coatings.
15018 | RSC Adv., 2019, 9, 15013–15021
3.3 Degradation mechanism of Sr-HA coated Mg alloy

The degradation of the Sr-HA coatings accelerates with
increasing Sr content in the coatings up to 50%. This is largely
due to the larger ionic radius of Sr, which typically results in an
increase in the lattice parameters (Table 2) with higher levels of
Sr substitution for Ca. Surprisingly, the more soluble 50% Sr-HA
coatings show much better corrosion resistance than the coat-
ings with lower degrees of Sr substitution. It can be explained by
the dissolution and reprecipitation type mechanism of Sr-HA
coatings.38,39 The schematic diagram is shown in Fig. 9. It
begins with the surface dissolution of the Sr-HA coating when in
contact with the corrosive media. Ca2+, Sr2+ and PO4

3� are
released into the interface between coating and solution.
Simultaneously, the corrosion of Mg cannot be completely
restricted, which is largely due to the penetration of the corro-
sive media through the micro- and nano-pores in the coatings
(see Fig. 4a) to the coating-Mg interface. This results in the
instant dissolution of underlying Mg substrate with the gener-
ation of hydrogen gas (Fig. 5a) and OH�. This locally alkaline
environment favors the apatite continuously precipitate back to
the sample surface.23 As a consequence, the concentrations of
Ca and P in Hank's solution decrease with longer immersion
period (Fig. 8c and d) with the formation of a more compact
coating morphology (Fig. 3). During this process, some micro-
pores could be le in the original coatings or newly formed
precipitation layer due to the hydrogen evolution from Mg
substrate (Fig. 4c). This suggests that rapid coating dissolution
may induce increased local release of Ca2+, Sr2+ and PO4

3�,
which readily leads to increased apatite formation7,40 to repair
the dissolved coating, evidenced by the reduced concentration
of Ca and P with longer immersion period (Fig. 8). The corro-
sion of Sr-HA coated Mg alloys is therefore suppressed. In the
case of 100% Sr-HA coatings, the local release of multiple ions is
less though, good apatite formation ability is observed. It is
conrmed by the more rapid reduction of Ca and P concen-
trations in Hank's solution during the immersion period
(Fig. 8), as compared to the 10–50% Sr-HA coatings. In addition,
the newly formed cotton like precipitation (Fig. 3d2) with close
Ca/P ratio (1.59) to HA (Fig. 3f) also demonstrates the good
mineralization ability. Fredholm et al.40 also indicated
enhanced apatite formation for 100% Sr substituted bioactive
glass.40 The slowest degradation of 100% Sr-HA coated sample
maybe attributed to both the slowly dissolution of the coating
and the newly formed apatite. The degradation behavior of Sr-
HA coating is a consequence of a number of different factors,
while the level of Sr substitution is seen as highly signicant
considering its effect on the organization of HA lattice.
100% Sr 0.9747 0.7261 0.5974

This journal is © The Royal Society of Chemistry 2019
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Fig. 9 Schematic diagram reveals the dissolution-precipitation of the
Sr-HA coating.
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According to the obtained results in this study, it is obvious that
the degradation of magnesium substrate can be regulated by
controlling the degree of Sr incorporation in the Sr-HA coatings.
Fig. 11 Response of MC3T3-E1 osteoblasts to the extracts for Sr-HA
coated Mg alloys, (a) CCK8 assay and (b) ALP activity. *p < 0.05 vs.
uncoated, #p < 0.05 vs. 10% Sr-HA. (c) Fluorescent images of MC3T3-
E1 osteoblasts cultured in the sample extracts.
3.4 Cell biocompatibility of Sr-HA coated Mg alloy

The effects of Sr-HA coatings on the cell proliferation were
investigated by exposure of the cells to 50% diluted extracts of
the experimental samples. Fig. 10 reveals the osmolality, pH
value and ion concentrations of the extracts. The extracts of Sr-
HA coated samples exhibit signicantly lower osmolality, pH
value and Mg concentration than that of the uncoated samples.
It shows no signicantly difference in the three values of
different Sr-HA coated samples. While the Sr concentration in
the extracts increases with increasing Sr content in the coatings
up to 50%. The Ca and P levels for all the samples are signi-
cantly lower than the DMEM control. Fig. 11 shows the meta-
bolic activity tested by CCK-8 assay and the ALP activity in
different extracts. The cells show increased proliferation in the
Sr-HA extracts. It reveals that cells cultured in four Sr-HA
coating extracts exhibit relatively similar OD value until day 3.
The difference between the four groups become distinct at day 5
(p < 0.05) and OD value of the 50% Sr-HA coating extracts is
signicantly higher than the other three groups. The images of
osteoblasts cultured in the extracts are shown in Fig. 11c to be
consistent with the CCK-8 results. The cell ALP activity
normalized to total protein show no signicantly difference
between four Sr-HA groups at day 3 and 5. Both the OD value
and ALP activity of Sr-HA groups are higher than those of the
uncoated one.

Osteogenic gene expression was also studied on Sr-HA
coated samples to further analyse the capability of the coat-
ings for enhanced differentiation (Fig. 12). The gene expression
is normalized to that of cells cultured in the extracts of uncoated
sample. Three osteogenesis markers, ALP (an early marker for
osteogenic differentiation), RUNX2 (a key transcript factor for
bone formation) and Col-1 (main content of bone ECM), were
Fig. 10 (a) The osmolality, pH value and (b) ion concentrations of the
extracts for the Sr-HA coated Mg alloys.

This journal is © The Royal Society of Chemistry 2019
tested. Higher ALP and Col-1 expression was observed for 20%
Sr-HA coatings. A comparable RUNX2 expression was measured
for 10–50% Sr-HA coatings. In addition, a distinct lower
expression of Col-1, Runx2 and ALP was observed for 100% Sr-
HA coatings (p < 0.05).

The positive results of the Sr-HA coated samples can be
explained by the following reasons. First, it is attributed to the
slower corrosion and the resulted lower concentration of Mg in
the extracts (Fig. 10). Wang et al.41 reported the combined
effects of the loss of LTRPC7 function and the decrease of Ca
involved binding sites/reactions in high Mg level, which may
inuence the cell viability.42 10–15 mM of Mg ion concentration
is reported to be the critical dose without inhibiting cell
viability. Aer 50% dilution, the concentration of Mg is
approximately 15 mM for Sr-HA coating extracts which is in the
range of the biosafety level recommended in the previous
study,41 while 26 mM of Mg is observed for the uncoated
samples. Second, the inuence of Sr released from Sr-HA coat-
ings cannot be excluded. The present study indicates that the
osteoblast proliferation increases when treated with extracts
containing higher Sr concentration and aer longer incubation
period. These results suggest a specic correlation between the
Sr concentration in the extracts (Fig. 10b) and osteoblasts
replication as well as osteogenic differentiation (Fig. 11a and
Fig. 12 Relative expression of Col-1, ALP and RUNX2 by MC3T3-E1
osteoblasts cultured in the extracts for Sr-HA coated Mg alloys for 5 d.
*p < 0.05 vs. 10% Sr-HA.
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12). It is in line with the previously report that Sr is benecial to
osteoblast proliferation and osteogenesis in a dose dependent
manner.22,40,43 Chen et al.23 also found that SrP coated Mg
exhibited better hMSC proliferation when extracts contained
a higher concentration of Sr ions were used. From the prelim-
inary data, it can be concluded that Sr content is an important
parameter to adjust the solubility of Sr-HA coating and conse-
quently regulate the degradation and biocompatibility of the Sr-
HA coated Mg alloys. Future work will aim to assess the
biocompatible mechanism of the Sr-HA coatedMg alloy using in
vivo animal models.
4. Conclusions

In the current study, we have developed a series of Sr-HA coat-
ings with various Sr contents on the surface of Mg alloy
substrates. The results demonstrated that the degradation
performance of the Sr-HA coated Mg alloys was signicantly
affected by the Sr content in the coatings. The degradation was
reduced with increasing degree of Sr substitution in the Sr-HA
coatings. 100% Sr-HA coated Mg alloys exhibited the slowest
degradation performance as compared to the other samples.
The MC3T3-E1 osteoblasts cultured in the extracts of Sr-HA
coated Mg alloys were evaluated for their proliferation and
differentiation responses. It revealed that improved cell prolif-
eration and differentiation responses were observed due to the
delayed Mg dissolution and Sr release from Sr-HA coated Mg
alloys. The present study suggests that Sr,x-HA coating is
a promising and effective option to control the degradation of
Mg substrates, and the variation of Sr availability through
dissolution inuence the cell responses.
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