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Magnesium (Mg) and its alloys have been widely investigated as the most promising biodegradable met-
als to replace conventional non-degradable metals for temporary medical implant applications. New Mg
alloys have been developed for medical applications in recent years; and the concept of alloying Mg with
less-toxic elements have aroused tremendous interests due to the promise to address the problems asso-
ciated with rapid degradation of Mg without compromising its cytocompatibility and biocompatibility. Of
particular interests for orthopedic/spinal implant applications are the additions of calcium (Ca) and
strontium (Sr) into Mg matrix because of their beneficial properties for bone regeneration. In this study,
degradation and cytocompatibility of four binary MgSr alloys (Mg-xSr, x = 0.2, 0.5, 1 and 2 wt%) and four
ternary MgCaSr alloys (Mg-1Ca-xSr, x = 0.2, 0.5, 1 and 2 wt%) were investigated and compared via direct
culture with bone marrow-derived mesenchymal stem cells (BMSCs). The influence of the alloy compo-
sition on the degradation rates were studied and compared. Moreover, the cellular responses to the bin-
ary MgSr alloys and the ternary MgCaSr alloys were comparatively evaluated; and the critical factors
influencing BMSC behaviors were discussed. This study screened the degradability and in vitro cytocom-
patibility of the binary MgSr alloys and the ternary MgCaSr alloys. Mg-1Sr, Mg-1Ca-0.5Sr and Mg-1Ca-1Sr
alloys are recommended for further in vivo studies toward clinical translation due to their best overall
performances in terms of degradation and cytocompatibility among all the alloys studied in the present
work.

Statement of Significance

Traditional Mg alloys with slower degradation often contain aluminum or rare earth elements as alloying
components, which raised safety and regulatory concerns. To circumvent unsafe elements, nutrient ele-
ments such as calcium (Ca) and strontium (Sr) were selected to create Mg-Sr binary alloys and Mg-Ca-Sr
ternary alloys to improve the safety and biocompatibility of bioresorbable Mg alloys for medical implant
applications. In this study, in vitro degradation and cellular responses to four binary Mg-xSr alloys and
four ternary Mg-1Ca-xSr alloys with increasing Sr content (up to 2 wt%) were evaluated in direct culture
with bone marrow derived mesenchymal stem cells (BMSCs). The roles of Sr and Ca in tuning the alloy
microstructure, degradation behaviors, and BMSC responses were collectively compared in the BMSC
direct culture system for the first time. The most promising alloys were identified and recommended
for further in vivo studies toward clinical translation.

� 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Magnesium (Mg) shows great potentials for orthopedic device
applications as a bioresorbable implant material [1,2]. In the
human body, Mg naturally degrades by reacting with water in
physiological fluids, which eliminates the necessity of a secondary
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removal procedure for an implant. The main degradation products
of Mg, i.e. magnesium (Mg2+) ions, is one of the most abundant ions
in the human body, which participates in over 300 enzymatic
metabolisms [3,4]. Mg also has a similar elastic modulus to that
of human cortical bone [5]. Consequently, Mg-based implants
could potentially reduce the stress shielding to fractured bone dur-
ing healing process [6,7]. Mg-based implants degrade in vivo and
are replaced by new bone tissue, which eliminates the need for a
secondary revision surgery to remove the implant from human
body and significantly decreases further complications and medi-
cal cost [8,9]. Unfortunately, the rapid degradation rate of pure
Mg in physiological environment may lead to sharp increase of
local pH and possible premature mechanical failure of the implants
[10], which limited its broad medical applications. Thus, it is criti-
cal to improve the corrosion resistance of Mg-based alloys for their
potential orthopedic device applications [11]. The compositional
design of Mg-based implants, especially the selection of suitable
alloying elements of Mg alloys with enhanced corrosion resistance
and mechanical properties, is of great importance to the develop-
ment of biodegradable Mg alloys [12–14]. Different elements and
composition may tailor the mechanical and physical properties dif-
ferently because of the changes in the microstructure and phase
distribution [8,15–18]. It is preferred that the metallic ions
released from Mg alloys could promote bone tissue healing with
minimal adverse effects [15]. However, metallic ions in many cases
are not perfectly biocompatible. Admittedly, metallic elements,
such as aluminum and yttrium, could result in promising Mg alloys
with improved corrosion resistance and/or mechanical strength
[19], but these alloying elements were initially designed for non-
biomedical applications and the aluminum and rare earth ele-
ments were reported to be potentially harmful to human health
[20]. Therefore, recent efforts on the development of newMg alloys
with elements that are naturally present in the human body, such
as calcium (Ca) and strontium (Sr), has drawn growing attention
[21,22].

Ca is a major component of the human bone, and is essential for
a variety of cellular functions [12]. Ca also shows a great grain-
refining effect on Mg alloys. The grain size reaches a stable level
with the addition of 0.5% Ca, and decreases slightly with any fur-
ther addition of Ca [23]. The addition of excessive Ca accelerates
the corrosion of Mg-Ca alloys, and the optimal concentration of
Ca should be � 1.0 wt% [21,23]. Our previous results indicated that
the mechanical properties of Mg-Ca alloys could be adjusted by
controlling the Ca content and processing treatment [21]. The yield
strength (YS), ultimate tensile strength (UTS) and elongation
decreased with increasing Ca content [21]. The UTS and elongation
of as-cast Mg-1Ca alloy (71.38 ± 3.01 MPa and 1.87 ± 0.14%)
were largely improved after hot rolling (166.7 ± 3.01 MPa and
3 ± 0.78%) and hot extrusion (239.63 ± 7.21 MPa and 10.63 ± 0.64%)
[21]. Therefore, we chose to use 1.0 wt% Ca in this study as the
optimal concentration in Mg alloys for the most promising
corrosion behavior and mechanical properties.

Sr shares similar chemical, biological and metallurgical proper-
ties with Mg and Ca as they all belong to the group IIA elements in
the periodic table [24]. From the viewpoint of biocompatibility and
osteogenic activity, Sr, as a critical trace element in the human
body (with 99 wt% of Sr stored in bones) [25], has been reported
to improve bone tissue growth and inhibit bone resorption
in vivo [12,22]. From the perspective of materials science, the addi-
tion of Sr can refine the grain size of Mg alloys, enhance the corro-
sion resistance and improve the mechanical properties of Mg alloys
to some extent [12,22]. It is reported that the Sr addition should be
2% or less, which ensures a significantly reduced corrosion rate of
the Mg-Sr alloys [22,26]. Interestingly, the as-rolled Mg-2Sr alloy
exhibited the best combination of strength and ductility, with val-
ues of 213.3 ± 17.2 MPa for UTS and 3.2 ± 0.3% for elongation [22].
Specifically, the YTS and UTS values of the as-rolled Mg-Sr alloys
increased with increasing amounts of Sr added up to 2 wt%,
whereas YTS and UTS decreased when the amount of Sr further
increased [22]. In contrast, elongation of the as-rolled Mg–Sr alloys
decreased with increasing Sr content [22]. In this light, we chose
the range of Sr content up to 2 wt% in Mg alloy design for the opti-
mal overall performance.

Because of the beneficial properties of Ca and Sr in Mg matrix
for bone regeneration, two series of Mg alloys, i.e. binary
Mg-strontium (MgSr) alloys and ternary Mg-calcium-strontium
(MgCaSr) alloys have been designed and developed for potential
orthopedic device applications. The preliminary results with pre-
osteoblast (MC3T3-E1 cell) as a cell model indicated that Mg-Ca-
Sr ternary alloys possess superior osteogenic activity than the con-
trol, while Mg-1Ca-2.0Sr alloy significantly up-regulated the
expressions of the transcription factors of Runt-related transcrip-
tion factor 2 (RUNX2) and Osterix (OSX), Integrin subunits, as well
as alkaline phosphatase (ALP), Bone sialoprotein (BSP), Collagen I
(COL I), Osteocalcin (OCN) and Osteopontin (OPN). Li et al. pro-
posed that the MgCaSr alloys stimulated the collagen secretion,
extracellular mineralization and osteogenesis-related genes
expressions of the MC3T3-E1 cells through ERK1/2 pathway [27].
When compared with the MC3T3-E1 cells, bone marrow derived
mesenchymal stem cells (BMSCs) are multipotent and capable of
differentiating into bone cells such as osteoblasts that are critical
for bone regeneration. Moreover, BMSCs and direct culture method
have been previously established for studying cytocompatibility of
Mg alloys and cell-alloy interactions directly at the interface [18],
and demonstrated the suitability as a model system for rapid
screening of Mg alloys in vitro for potential applications in bone
implants. Rat primary BMSCs are genetically similar to human
BMSCs [28], are more convenient to harvest for immediate culture.
The objective of this study was to evaluate and compare the degra-
dation and cytocompatibility of four binary Mg-xSr alloys (Mg-xSr,
x = 0.2, 0.5, 1 and 2 wt%) and four ternary Mg-Ca-xSr alloys (Mg-
1Ca-xSr, x = 0.2, 0.5, 1 and 2 wt%) in direct culture with bone mar-
row derived mesenchymal stem cells (BMSCs) for skeletal implant
applications.

2. Materials and methods

2.1. Preparation of MgSr alloys, MgCaSr alloys and controls

Binary MgSr alloy, ternary MgCaSr alloys, and the Mg-1Ca alloy
control were prepared using a metallurgical process that includes
melting, casting, solid solution treatment at 340 �C, and hot extru-
sion at 320 �C. Specifically for this study, Mg-xSr and Mg-1Ca-xSr
alloys (x = 0, 0.2, 0.5, 1, 2 wt%) were prepared and details of metal-
lurgical processing were published previously [22,27]. Briefly,
99.7% pure Mg, 99.8% pure Ca, and 99.9% pure Sr were melted at
670 �C in a high purity graphite crucible with 99.99% pure Argon
serving as the protective gas. The temperature was then increased
to 720 �C and held for 40 min to ensure homogeneity of the alloy
melt. The alloy melts were cast into a 250 �C preheated steel mold.
The as-cast ingots of the alloys underwent solid solution treatment
at 340 �C for 4 h and quenching in water. The heat-treated ingots
were hot extruded at 320 �C with an extrusion speed of 2 mm/
min. Subsequently, the disk sample with a diameter of 12 mm
and a height of 2 mm were cut from the extruded rods for this
study. Mg-1Ca-0Sr alloy served as a Mg-Ca control which con-
tained no Sr (i.e., Mg-1Ca-0Sr). Pure Mg (99.9% purity, Dongguan
Eontec Co., Ltd.) served as a pure Mg control (i.e., Mg-0Sr). Addi-
tionally, another pure Mg control (99.9% purity, 1.0 mm thick, Alfa
Aesar, Catalog No. 40604) was included in this study to compare
with previously published work [18,29,30], and designated as
Mg-a control. Mg-xSr alloys and Mg-1Ca-xSr alloys (x = 0, 0.2,
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0.5, 1, 2 wt%) were abbreviated as xSr and 1Ca-xSr for convenience;
and all the sample abbreviations are listed in Fig. 1.

All the Mg-based samples were grinded and polished using SiC
paper of 240 grit, 600 grit, 800 grit and 1200 grit sequentially and
cleaned in 100% ethanol with sonication (VWR� symphonyTM Ultra-
sonic Cleaner) for 5 min in between. Afterwards, the samples were
degreased in acetone for 15 min and then in 100% ethanol for 15
min; both under the same sonication.

2.2. Measure corrosion resistance of MgSr alloys, MgCaSr alloys and
controls using electrochemical method

Corrosion properties of MgSr alloys, MgCaSr alloys and controls
were characterized using electrochemical method. Specifically,
potentiodynamic polarization (PDP) curves were recorded using a
potentiostat/galvanostat (Model 273A, Princeton Applied
Research). The PDP testing was performed in a revised stimulated
body fluids (rSBF) at 37 �C [18,29–32]. The composition of rSBF was
described elsewhere [33]. The samples were cut into 0.2 cm2

quarter-circle chips and mounted in epoxy resin (low viscosity
castable resin, Pace Technologies Inc). The mounted sample was
connected to a working electrode in a three-electrode configura-
tion through the copper wires, and sealed by the epoxy resin.
Fig. 1. The illustration of experimental methods and sample group design for in vitro dire
ternary MgCaSr alloys, the controls of MgCa alloy and pure Mg, and the references of gl
The epoxy resin completely isolated the copper wires from the
rSBF and only one surface of each Mg-based sample was exposed
in rSBF. The PDP curves were recorded when the voltage was scan-
ning from 0.5 V to �3.5 V at a scanning rate of 1.2 V/min, and the
data was recorded every 0.5 s. Following ASTM G102-89 standard,
the corrosion current Icorr and the corrosion potential Ecorr were cal-
culated by extrapolating the tangent line of the anodic and catho-
dic half of the curves. The corrosion current density Jcorr was
calculated by normalizing Icorr with the exposed surface area of
each sample.

2.3. Direct culture of Mg alloys with BMSCs

The experimental methods and sample group design for direct
culture of Mg alloys and controls with BMSCs in complete Dul-
becco’s Modified Eagle’s medium (DMEM) are illustrated in
Fig. 1. Hereafter, DMEM refers to the complete DMEM supple-
mented with 10% fetal bovine serum (FBS) and 1% penicillin/strep-
tomycin (P/S). In addition to the aforementioned binary MgSr
alloys, ternary MgCaSr alloys, Mg-1Ca control and pure Mg con-
trols, the reference groups of glass, BMSC and DMEM were
included in this in vitro cell culture study. The glass group con-
sisted of glass slides (Fisher Scientific, 1 mm thick, Catalog No.
ct culture with BMSCs in DMEM. The samples of interest include binary MgSr alloys,
ass, BMSC, and DMEM.



410 W. Jiang et al. / Acta Biomaterialia 72 (2018) 407–423
12-544-1) that were cut into 5 mm � 5 mm squares. BMSCs cul-
tured in DMEM without any samples served as the cell-only refer-
ence group. The DMEM group without any samples and cells
served as the media-only reference. Before cell culture, MgSr
alloys, MgCaSr alloys and the controls were disinfected under
ultraviolet (UV) radiation for 4 h on all sides. The glass references
were degreased and cleaned in acetone and ethanol ultrasonically,
and then disinfected under UV radiation for 4 h on all sides.
2.3.1. BMSC culture with MgSr alloys, MgCaSr alloys, controls and
references

Following the protocol approved by Institutional Animal Care
and Use Committee (IACUC) at the University of California at River-
side (UCR), rat BMSCs were harvested and cultured according to
the previously published procedures [18]. BMSCs were cultured
to 80–90% confluency in a flask, collected using Trypsin, and
seeded directly onto the surface of the disinfected samples at 4
� 104 cells/cm2 at the passage 2 (PN = 2). The seeded BMSCs were
incubated in DMEM under standard cell culture conditions (i.e., 37
�C, 95% air, 5% CO2, sterile, humidified) for 72 h (3 days). The cell
culture media were collected and replenished every 24 h, i.e., col-
lected at 24 h, 48 h and 72 h respectively for analyses, replenished
with fresh media at 24 h and 48 h respectively. Considering the
large numbers of alloy types, the BMSC culture experiments for
MgSr alloys and MgCaSr alloys were run separately with their
respective controls and references. That is, MgSr alloys, 0Sr control,
Mg-a control and references were grouped together in one culture
experiment with one batch of BMSCs; and MgCaSr alloys, 1Ca-0Sr
control, and references were grouped together in another culture
experiment with another batch of BMSCs.
2.3.2. Post culture media analyses and calculation of in vitro
degradation rate

The concentrations of Mg2+, Sr2+ and Ca2+ ions in the post cul-
ture media at 24 h, 48 h and 72 h was measured using inductive
coupled plasma optical emission spectrometry (ICP-OES, Optima
8000, Perkin Elmer), as illustrated in the experimental method
(Fig. 1). Before ICP-OES, the media of all groups were diluted in
deionized (DI) water to minimize the matrix effects. For the mea-
surements of Mg2+ and Ca2+ ions, the media were diluted at the
ratio of 1:100. For the measurement of Sr2+ ion, the media were
diluted at the ratio of 1:10. The ICP-OES was calibrated using
Mg2+, Sr2+ and Ca2+ standard solutions diluted to the range of
0.5–5.0 mg/L, 0.1–1.0 mg/L and 0.1–1.0 mg/L, respectively.

The degradation rates of Mg alloys were calculated as the daily
releasing rate of Mg2+ into the culture media. According to the
equation of the degradation reaction (Eq. (1) [34]), Mg2+ release
is an direct indicator of the degradation process.

Mg sð Þ þ 2H2O lð Þ ! Mg2þ þ 2OH� þ H2ðgÞ ð1Þ
The daily releasing rates of Mg2+ into culture media at day 1 (0

h–24 h), day 2 (24 h–48 h) and day 3 (48 h–72 h) were calculated
following Eq. (2). In Eq. (2), Ri represented the daily releasing rates
of Mg2+ at day 1, day 2 and day 3. CMg represented Mg2+ ion con-
centration in the culture media measured at the respective 24-h
time point, 48-h time point or 72-h time point. CMg in DMEM repre-
sented the mean Mg2+ ion concentration in the DMEM reference
measured at the respective 24-h time point, 48-h time point or
72-h time point. V represented the volume of culture media in each
culture well (i.e., 3 mL), A represented surface area of the sample, t
represented the respective culture time, i.e., t = 1 for 1-day period.
CMg in DMEM is the baseline of Mg2+ ion concentration in the DMEM
media for each group, and thus it should be subtracted from the
measured total Mg2+ ion concentration to obtain the actual amount
of Mg2+ ions released from degradation of Mg-based samples. The
daily release rate of Mg2+ ion into the culture media could be used
to directly compare the degradation rate of each alloy type.

Ri¼1;2;3 ¼ ðCMg � CMg in DMEMÞi � V
A� t

ð2Þ

The average daily releasing rates of Mg2+ into culture media
during the entire 3-day culture period was calculated by averaging
R1, R2, and R3.

The pH of the post culture media was measured using a pre-
calibrated pH meter (SymphonyTM, Model SB70P, VWR) immedi-
ately after extraction of the media at each daily time point.

2.3.3. Characterize BMSC adhesion and morphology using fluorescence
microscopy

After the 3-day culture, BMSCs attached on the samples and
plates were fixed with 4% formaldehyde for 30 min. The fixed
BMSCs were stained with Alexa Flour� 488-phalloidin (A12379,
Life technologies) for F-actin, and 4’,6-diamidino-2-phenylindole
dilactate (DAPI, Invitrogen) for nuclei. BMSCs attached on each
sample (i.e., direct contact) and on the plate around each sample
(i.e., indirect contact) were imaged using a fluorescence micro-
scope (Eclipse Ti, Nikon). DAPI-stained nuclei were counted to
determine cell adhesion density per unit area. At least five fluores-
cence images of BMSCs under direct contact condition and nine flu-
orescence images of BMSCs under indirect contact condition were
used for cell counting to ensure the reliability of the results. The
adhesion densities of BMSCs under direct or indirect contact condi-
tions were normalized by the mean adhesion density of BMSC ref-
erence group from the respective culture. For BMSCs under direct
contact conditions, the spreading area per BMSC and the respective
aspect ratios were quantified using ImageJ; at least 15 representa-
tive BMSCs for each sample, i.e. at least 45 BMSCs for each group,
were analyzed. The adhesion density was defined as the number
of HUVECs per unit area. The spreading area per HUVEC was
defined as the area of F-actin (green color) in the fluorescence
image for each HUVEC. The aspect ratio was defined as the ratio
of the length of major axis and the length of minor axis for the
elliptical fitting of a cell outline.

2.3.4. Characterize cell-material interface using SEM and EDS
The morphologies of BMSCs and elemental distributions at the

cell-material interface were characterized using SEM and EDS;
and the detailed methods were published previously [18]. Briefly,
after 72-h BMSC culture, the samples were moved to a new plate
and immersed in 3% glutaraldehyde in phosphate-buffered saline
solution for 1 h, which fixed the BMSCs onto the sample surface.
The samples were then dehydrated by dip-rinsing in a serial of
solutions with increasing ethanol concentration from 50%, 75%,
90% 100%, to 100%, with each rinsing for 10 min. After dehydration,
the samples were dried using a critical point dryer (Autosamdri-
815, Tousimis Research Corp., Rockville, MD, USA). The samples
were sputter coated with Pt/Pd at 20 mA for 40 s to improve the
conductivity of their surfaces prior to SEM. The samples were
imaged using a scanning electron microscope (SEM, Nova Nano
SEM 450, FEI), and the elemental distribution at the cell-material
interface was analyzed with energy dispersive X-ray spectroscopy
(EDS) using a X-Max50 detector attached to Nova Nano SEM 450.
The EDS data were analyzed using AZtecEnergy EDS software
(Oxford Instruments, Abingdon, UK).

2.4. Statistical analysis

All numerical data used in this study were obtained from exper-
iments run in triplicate. The numerical data of the corrosion cur-
rent density, the corrosion potential, the normalized ratio of the
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adhesion density of BMSCs under direct contact and under indirect
contact conditions were examined using one-way analysis of vari-
ance (ANOVA) followed by post-hoc test. The numerical data of ion
concentrations in the culture media, the daily releasing rates of
Mg2+ ions and the pH in the culture media were examined using
two-way analysis of variance (2-way ANOVA) regarding group
and culture time as two factors, followed by post-hoc test of differ-
ent groups with the same culture time. The statistical analysis was
performed using GraphPad Prism 7 software. The data were con-
sidered statistically significant at p < 0.05.

3. Results

3.1. Corrosion properties of MgSr alloys, MgCaSr alloys and controls

Fig. 2a1 shows the potentiodynamic polarization (PDP) curves
of MgSr alloys and controls. All curves have symmetric and smooth
profiles, and they were very close to each other. Fig. 2a2 shows the
corrosion potential (Ecorr) and corrosion current density (Jcorr) of
MgSr alloys and controls calculated based on Tafel extrapolation.
For the Ecorr of MgSr alloys, 0.5Sr exhibited a statistically significant
less negative Ecorr than 1Sr. For the comparison between MgSr
alloys and controls, Mg-a control showed statistically significant
less negative Ecorr than 0.2Sr, 1Sr and 2Sr. Within the control
J

J

E
E

E

Fig. 2. Corrosion properties of (a1, a2) MgSr alloys, (b1, b2) MgCaSr alloys and contro
potential and corrosion current density of (a1, a2) MgSr alloys, (b1, b2) MgCaSr alloys and
(Ecorr); red square symbols with their axis on the right show the corrosion current density
were calculated based on the Tafel extrapolation method. Values are mean ± standard de
legend, the reader is referred to the web version of this article.)
groups, no statistically significant difference was detected. For
the Jcorr of MgSr alloys, 1Sr and 2Sr both showed statistically signif-
icant lower Jcorr than 0.2Sr and 0.5Sr. For the comparison between
MgSr alloys and controls, all four MgSr alloys showed statistically
significant lower Jcorr than Mg-a. Jcorr of 0Sr was statistically signif-
icant lower than that of 0.5Sr. Among the control groups, 0Sr
exhibited statistically significant lower Jcorr than Mg-a. Overall,
1Sr demonstrated the lowest corrosion rate among MgSr alloys
and pure Mg controls of 0Sr and Mg-a.

Fig. 2b1 shows the PDP curves of MgCaSr alloys and controls. All
curves have symmetric and smooth profiles, and they were very
close to each other. Fig. 2b2 shows the Ecorr and Jcorr of MgCaSr
alloys and controls calculated based on Tafel extrapolation. For
the Ecorr of MaCaSr alloys, 1Ca-0.2Sr, 1Ca-0.5Sr and 1Ca-1Sr showed
statistically significant less negative Ecorr than 1Ca-2Sr. All other
groups showed less negative Ecorr than 1Ca-2Sr in average, but no
statistically significant difference was found. The Ecorr of MgCaSr
alloys showed a trend of increasingly negative Ecorr with increasing
Sr content. For the comparison between MgCaSr alloys and con-
trols, Mg-a control showed statistically significant less negative
Ecorr than 1Ca-1Sr. 1Ca-0Sr control and Mg-a control exhibited sta-
tistically significant less negative Ecorr than 1Ca-2Sr. Within the
control groups, no statistically significant difference was detected.
For the Jcorr of MgCaSr alloys, both 1Ca-1Sr and 1Ca-2Sr showed
co
rr

E c
or
r

Jcorr
Jcorr

Ecorr Jcorr

Ecorr Jcorr

ls. (a1, b1) Potentiodynamic polarization curves and (a2, b2) calculated corrosion
controls. Hollow bar graphs with their axis on the left show the corrosion potential
(Jcorr). The corrosion potential and corrosion current density shown in (a2) and (b2)
viation (n = 3). *p < 0.05. (For interpretation of the references to color in this figure
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statistically significant lower Jcorr than 1Ca-0.2Sr and 1Ca-0.5Sr.
1Ca-2Sr showed statistically significant lower Jcorr than 1Ca-1Sr.
For the comparison between MgCaSr alloys and controls, 1Ca-0Sr
control showed statistically significant lower Jcorr than both 1Ca-
0.2Sr and 1Ca-0.5Sr. 1Ca-2Sr exhibited statistically significant
lower Jcorr than 1Ca-0Sr and Mg-a. Within the control groups,
1Ca-0Sr showed statistically significant lower Jcorr than Mg-a.
Overall, 1Ca-2Sr demonstrated the lowest corrosion rate among
MgCaSr alloys, MgCa control and Mg-a control.

3.2. Ion concentrations in the post culture media

Fig. 3 shows the Mg2+, Sr2+, and Ca2+ ion concentrations in post
culture media and results of statistical analysis. Overall, the results
showed that group and culture time are the two factors that signif-
icantly affected the concentrations of Mg2+, Sr2+, and Ca2+ ions in
the collected media for all groups.

3.2.1. Mg2+ ion concentrations in the post culture media
Fig. 3a1 shows Mg2+ ion concentrations in the collected media

after BMSCs were cultured with MgSr alloys, controls and refer-
ences at day 1, day 2 and day 3. Culture time was found to be a sta-
tistically significant factor that affected the Mg2+ ion concentration
in the culture media, as summarized in Fig. 3c. Specifically, all
MgSr alloys showed a general trend of decreasing Mg2+ ion concen-
tration in their culture media with increasing culture time from
day 1 and 2 to day 3. Group was another statistically significant
factor that affected the Mg2+ ion concentration in the culture
media, as summarized in Fig. 3c. As expected, all MgSr alloys and
pure Mg controls of 0Sr and Mg-a groups showed statistically sig-
nificant higher Mg2+ ion concentrations in their culture media than
glass, BMSC and DMEM references at day 1, day 2 and day 3. No
statistically significant difference was found among MgSr alloys
and pure Mg controls. However, 0.2Sr group showed higher Mg2+

ion concentration in the culture media in average than all the other
MgSr alloys and pure Mg controls at day 1, day 2 and day 3.

Fig. 3b1 shows the Mg2+ ion concentrations in the collected
media after BMSCs were cultured with MgCaSr alloys, controls
and references at day 1, day 2 and day 3. Culture time was found
to be a statistically significant factor that affected the Mg2+ ion con-
centration in the culture media, as summarized in Fig. 3c. Specifi-
cally, all MgCaSr alloys showed a general trend of increasing
Mg2+ ion concentration in their culture media with increasing cul-
ture time from day 1 and 2 to day 3, which was opposite trend
when compared with the binary MgSr alloys. Group was another
statistically significant factor that affected the Mg2+ ion concentra-
tion in the culture media, as summarized in Fig. 3c. As expected, all
MgCaSr alloys, 0Sr and Mg-a controls showed statistically signifi-
cant higher Mg2+ ion concentrations in their respective culture
media than glass, BMSC and DMEM references at day 1, day 2
and day 3. No statistically significant difference was found among
MgCaSr alloys, 0Sr and Mg-a controls.

3.2.2. Sr2+ ion concentrations in the post culture media
Fig. 3a2 shows Sr2+ ion concentrations in the collected media

after BMSCs were cultured with MgSr alloys, controls and refer-
ences at day 1, day 2 and day 3. Culture time was found to be a sta-
tistically significant factor that affected the Sr2+ ion concentration
in the culture media, as summarized in Fig. 3c. Specifically, all
the MgSr alloys showed decreasing Sr2+ ion concentrations in cul-
ture media in average from day 1 to day 3. Group was also found to
be a statistically significant factor that affected the Sr2+ ion concen-
tration in the culture media, as summarized in Fig. 3c. Generally,
MgSr alloys with higher Sr content showed greater Sr2+ ion concen-
trations in average in the post-culture media at each time point of
day 1, day 2 and day 3; and the four MgSr alloys of 0.2Sr, 0.5Sr, 1Sr,
and 2Sr showed greater Sr2+ ion concentrations in average than the
pure Mg controls of 0Sr and Mg-a, and the references of glass,
BMSC and DMEM, even though the statistical significance being
detected varied at each time point. Specifically, at day 1, pure Mg
controls of 0Sr and Mg-a and all the references showed statistically
significant lower Sr2+ ion concentrations than 0.5Sr, 1Sr and 2Sr;
0.2Sr showed statistically significant lower Sr2+ ion concentrations
than 1Sr and 2S; and no statistically significant difference was
found between 1Sr and 2Sr. At day 2, pure Mg controls of 0Sr
and Mg-a and all the references showed statistically significant
lower Sr2+ ion concentrations than 1Sr and 2Sr; only Mg-a control
and DMEM reference showed statistically significant lower Sr2+ ion
concentrations than 0.5Sr; and both 0.2Sr and 0.5Sr showed statis-
tically significant lower Sr2+ ion concentrations than 2Sr. At day 3,
pure Mg controls of 0Sr and Mg-a and all the references showed
statistically significant lower Sr2+ ion concentrations than 1Sr
and 2Sr; and no statistically significant difference was found
among the four MgSr alloys.

Fig. 3b2 shows Sr2+ ion concentrations in the collected media
after BMSCs were cultured with MgCaSr alloys, controls and refer-
ences at day 1, day 2 and day 3. Culture time showed statistically
significant effect on the Sr2+ ion concentrations in the culture
media, as summarized in Fig. 3c. Generally, the 1Ca-0.2Sr and
1Ca-0.5Sr showed minimal changes in Sr2+ ion concentrations from
day 1 to 3; 1Ca-1Sr showed decreasing Sr2+ ion concentrations
from day 1 to day 3; and 1Ca-2Sr showed decreasing Sr2+ ion con-
centrations from day 1 to day 2 and increasing Sr2+ ion concentra-
tions from day 2 to day 3. Group was also found to be a statistically
significant factor that affected the Sr2+ ion concentration in the cul-
ture media, as summarized in Fig. 3c. Generally, the four MgCaSr
alloys showed greater Sr2+ ion concentrations in average than the
pure Mg controls of 0Sr and Mg-a, and the references of glass,
BMSC and DMEM, even though the statistical significance being
detected varied at each time point. Specifically, at day 1, all the
controls of 1Ca-0Sr and Mg-a and all the references of glass, BMSC
and DMEM showed statistically significant lower Sr2+ ion concen-
trations than 1Ca-0.2Sr, 1Ca-1Sr and 1Ca-2Sr; 1Ca-0.2Sr, 1Ca-
0.5Sr and 1Ca-1Sr showed statistically significant lower Sr2+ ion
concentrations than 1Ca-2Sr; and 1Ca-0.5Sr showed statistically
significant lower Sr2+ ion concentration than 1Ca-1Sr. At day 2,
all the controls of 1Ca-0Sr and Mg-a, and all the references of glass,
BMSC and DMEM showed statistically significant lower Sr2+ ion
concentrations than 1Ca-2Sr; 1Ca-0Sr control and DMEM reference
both showed statistically significant lower Sr2+ ion concentrations
than 1Ca-0.2Sr; 1Ca-0.5Sr and 1Ca-1Sr both showed statistically
significant lower Sr2+ ion concentrations than 1Ca-2Sr; and 1Ca-
2Sr showed statistically significant lower Sr2+ ion concentrations
than 1Ca-0.2Sr. At day 3, all the controls of 1Ca-0Sr and Mg-a,
and all the references of glass, BMSC and DMEM showed statisti-
cally significant lower Sr2+ ion concentrations than 1Ca-0.2Sr and
1Ca-2Sr; 1Ca-0.2Sr, 1Ca-0.5Sr and 1Ca-1Sr all showed statistically
significant lower Sr2+ ion concentrations than 1Ca-2Sr.

3.2.3. Ca2+ ion concentrations in the post culture media
Fig. 3b3 shows the Ca2+ ion concentrations in the collected

media after BMSCs were cultured with MgCaSr alloys, controls
and references at day 1, day 2 and day 3. Culture time was found
to be a statistically significant factor that affected the Ca2+ ion con-
centration in the culture media, as summarized in Fig. 3c. Gener-
ally, all four MgCaSr alloys, the controls of 1Ca-0Sr and Mg-a,
and the glass reference appeared to have a trend of decreasing
Ca2+ ion concentration in the culture media from day 1 to day 2
and increasing from day 2 to day 3. Group was also a statistically
significant factor that affected the Ca2+ ion concentration in the
culture media, as summarized in Fig. 3c. Specifically, at day 1, all
MgCaSr alloys and 1Ca-0Sr control showed statistically significant



Fig. 3. Ion concentrations in the media after BMSCs were cultured with the (a1, a2) MgSr alloys, (b1, b2, b3) MgCaSr alloys, controls and references. (a1, b1) Mg2+ ion
concentrations in the media after BMSC culture with (a1) MgSr alloys, controls and references and with (b1) MgCaSr alloys, controls and references. (a2, b2) Sr2+

ion concentrations in the media after BMSC culture with (b1) MgSr alloys, references and controls, and with (b2) MgCaSr alloys, references and controls. (b3) Ca2+ ion
concentrations in the media after BMSC culture with MgCaSr alloys, references and controls. (c) Statistical analysis of the dependency of ion concentrations on group and
culture time, analyzed using 2-way ANOVA. Values are mean ± standard deviation (n = 3). *p < 0.05.
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lower Ca2+ ion concentrations in the culture media than glass ref-
erence; 1Ca-1Sr showed statistically significant lower Ca2+ ion con-
centration in the culture media than Mg-a control; and generally
the four MgCaSr alloys and the control groups of 1Ca-0Sr and
Mg-a showed lower average Ca2+ ion concentration than the refer-
ences of glass, BMSC and DMEM. At day 2, the four MgCaSr alloys,
the controls of 1Ca-0Sr and Mg-a, and glass reference showed sta-
tistically significant lower Ca2+ ion concentrations in their culture
media than BMSC and DMEM references; the 1Ca-0Sr control
showed statistically significant lower Ca2+ ion concentration in
the culture media than 1Ca-0.2Sr. At day 3, no statistically signifi-
cant difference was found among all groups.

3.3. Daily releasing rate of Mg2+ in the BMSC/DMEM culture system

Fig. 4 shows the daily releasing rate of Mg2+ into the BMSC/
DMEM culture with MgSr alloys, MgCaSr alloys and controls at
day 1, 2, and 3, and the average of the entire culture period of 3
days. Culture time was found to be a statistically significant factor
that affected the daily releasing rate of Mg2+ ions, as summarized
in the table in Fig. 4. Specifically, all MgSr alloys and 0Sr control
showed a decreasing daily releasing rates of Mg2+ ion from day 1
to day 3. In contrast, for MgCaSr alloys, the groups of 1Ca-0.2Sr
and 1Ca-2Sr showed an increasing trend from the day 1 and 2 to
day 3 while the values for day 1 and 2 were similar; the groups
of 1Ca-0.5Sr and 1Ca-1Sr showed a decreasing trend from day 1
to day 2 and then an increasing trend from day 2 to day 3. Group
was also found to be a statistically significant factor that affected
the daily releasing rate of Mg2+ ions into the BMSC/DMEM culture,
as summarized in the table in Fig. 4. Specifically, at day 1, 2Sr
showed a statistically significant lower daily releasing rate of
Mg2+ than 0.2Sr. At day 2, MgSr groups of 0.5Sr, 1Sr, 2Sr, MgCaSr
groups of 1Ca-0.5Sr and 1Ca-1Sr , and 0Sr control, showed statisti-
cally significant lower rates than 0.2Sr group; 1Ca-0.2Sr, 1Ca-2Sr,



Fig. 4. The daily releasing rates of Mg2+ ions into the media of BMSC culture with
the MgSr alloys, MgCaSr alloys, controls and references during day 1, day 2, day 3
and the average of entire 3-day culture period (day1–3). The table showed the 2-
way ANOVA analysis of dependency of the release rate of Mg2+ ions during each day
on group and time. Values are mean ± standard deviation (n = 3). *p < 0.05.
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1Ca-0Sr control and Mg-a control also showed lower rates in aver-
age than 0.2Sr, but no statistically significant difference was
detected. At day 3, the groups of 1Sr and 2Sr showed statistically
significant lower rates than 0.2Sr; the groups of 0.5Sr and 0Sr also
showed lower rates than 0.2Sr in average, but no statistically sig-
nificant difference was detected; the group of 0.5Sr, 1Sr, 2Sr and
0Sr showed statistically significant lower rates than 1Ca-0.2Sr
and 1Ca-1Sr; and 2Sr showed a statistically significant lower rate
than 1Ca-2Sr.

Fig. 4 also showed that, during the entire 3-day culture period,
the MgSr groups of 1Sr and 2Sr showed statistically significant
lower releasing rates of Mg2+ ions than 0.2Sr, and they also showed
the lowest average releasing rates of Mg2+ ions among all the
groups tested. Except for 0.2Sr, all MgSr alloys and 0Sr control
showed lower releasing rates in average than the four MgCaSr
alloys, 1Ca-0Sr control and Mg-a control. Among the four MgSr
alloys, the trend showed that the releasing rates of Mg2+ ions
decreased with increasing Sr content from 0.2 wt% to 2 wt%.
Among the four MgCaSr alloys, the trend was not clear, and 1Ca-
0.5Sr and 1Ca-2Sr showed lower releasing rates than 1Ca-0.2Sr
and 1Ca-1Sr in average. Interestingly, the Ca addition appeared
to neutralize the effects of Sr addition on the releasing rates during
the 3-day culture. The effects of Sr content on the Mg2+ releasing
rates was less pronounced for Mg-1Ca-xSr alloys than for binary
Mg-xSr alloys.

3.4. The pH change in the post culture media

Fig. 5 shows the pH change in the collected media after BMSCs
were cultured with MgSr alloys, MgCaSr alloys, controls and refer-
ences at day 1, day 2 and day 3. Both the absolute value of pH in
the collected media and the change in pH were plotted in Fig. 5.
The statistical significance is summarized in the table at the bot-
tom of Fig. 5. Specifically, the change in pH was defined as the
pH increase in each group normalized by the mean pH increase
in DMEM reference. That is, the change of pH = DpH/DpHDMEM,
where the DpH was defined as DpH = pH (t) – pH (start) for each
group, and the DpHDMEM was defined as DpHDMEM = pHDMEM

(t)mean – pH (start). The t represents each prescribed time point
(day 1, day 2 and day 3), pHDMEM (t)mean represents the mean pH
of DMEM group at time point t. The starting pH for all groups is
7.40, thus pH (start) = 7.40. The change in pH is a mathematical
indicator for the tendency of each group to become more alkaline
(>1) or more acidic (<1) in comparison with the DMEM reference
during the prescribed culture period.
Fig. 5a shows the pH and the change of pH in the media after
BMSCs were cultured with MgSr alloys, controls and references.
Culture time was found to be a statistically significant factor that
affected the pH in the BMSC culture with MgSr alloys, controls
and references. Generally, all the MgSr alloys and pure Mg con-
trols of 0Sr and Mg-a showed more alkaline pH in day 1 and 2
than day 3. Group was another statistically significant factor that
affected the pH in the media of BMSCs cultured with MgSr
alloys, controls and references. All MgSr alloys showed more
alkaline pH than the DMEM reference at day 1 and day 2; at
day 3, all the MgSr alloys except for 0.2Sr, showed less alkaline
pH than DMEM reference. Statistically, at day 1, 0.2Sr group
showed a significant higher pH in the culture media than 1Sr,
2Sr, Mg-a control, glass and BMSC references. At day 2, 0.2Sr
and 1Sr groups showed statistically higher pH than DMEM
reference; and 0.2Sr, 0,5Sr and 1Sr groups showed statistically
higher pH than BMSC reference. At day 3, no statistical signifi-
cance was found among all four MgSr groups, pure Mg controls
and references.

Fig. 5b shows the pH and the change of pH in the media after
BMSCs were cultured with MgCaSr alloys, controls and references.
Culture time was found to be a statistically significant factor that
affected the pH in the media after BMSCs were cultured with
MgCaSr alloys, controls and references. Generally, the four MgCaSr
alloy groups showed higher pH at day 3 than day 1 and 2, and
higher pH than DMEM reference. Group was not a statistically sig-
nificant factor that affected the media pH in the groups of MgCaSr
alloys, controls and references. That is, no statistically significant
difference in pH was found among the four MgCaSr alloys, the con-
trols, and references.

3.5. BSMC adhesion and morphology in direct contact and indirect
contact

Fig. 6 shows the representative fluorescence images and the
quantitative analysis of BMSCs in the direct contact condition
(i.e., cells directly attached on the surface of each sample). In the
fluorescence images of MgSr alloys (Fig. 6a1–6a4), 0.2Sr and
0.5Sr groups showed that BMSCs sparsely attached on the sample
surface, while 1Sr and 2Sr showed visually more BMSCs attached
on their surfaces. In the fluorescence images of MgCaSr alloys
(Fig. 6b1–6b4), 1Ca-0.5Sr, 1Ca-1Sr and 1Ca-2Sr all showed visually
more BMSCs attached on their surfaces than 1Ca-0.2Sr. Fig. 6f
shows the cell adhesion density directly on the surface of
respective substrates normalized by the cell adhesion density in
the BMSC reference group, namely cell density ratio. No statisti-
cally significant difference in the cell density ratio was found
among all the MgSr alloys, MgCaSr alloys, pure Mg controls of
0Sr and Mg-a, and 1Ca-0Sr control, but 1Ca-0.5Sr, 1Ca-1Sr,
1Ca-2Sr and Mg-a control showed higher cell density ratio in
average than all four MgSr alloys, 1Ca-0.2Sr, controls of 0Sr and
1Ca-0Sr. Statistically, 0.2Sr, 0.5Sr, 2Sr, 0Sr control and 1Ca-0.2Sr
showed significantly lower cell density ratio than the glass
reference.

Fig. 6g shows the spreading area per BMSC in the direct contact
conditions when cultured with respective group of samples. The
groups of 1Ca-0.2Sr, 1Ca-0.5Sr and 1Ca-2Sr presented statistically
larger area per BMSC than 2Sr and Mg-a control. The groups of
0.2Sr, 0.5Sr, glass control and BMSC reference showed statistically
larger area per BMSC than Mg-a control. Fig. 6h shows the aspect
ratio of BMSCs in the direct contact condition. 1Ca-0.2Sr shows a
statistically higher aspect ratio than all the other groups except
for Mg-a control. Mg-a control shows a higher aspect ratio than
glass control.

Fig. S1 (in supplemental materials) shows the representative
fluorescence images and the cell density ratio in the indirect



Fig. 5. The pH and the change of pH in the media after BMSC culture with the (a) MgSr alloys, (b) MgCaSr alloys, controls and references. (a) The pH and the change of pH in
the media after BMSC culture with MgSr alloys and controls. (b) The pH and the change of pH in the media after BMSC culture with MgCaSr alloys, controls and references. The
change in pH shown in (a) and (b) were normalized by the mean change of pH in the media of DMEM reference group at each prescribed time point. The table shows the 2-
way ANOVA analysis of dependency of media pH on group and time. Values are mean ± standard deviation (n = 3). *p < 0.05.
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contact condition (i.e., cells attached on the culture plate around
the samples). In the fluorescence images, all the groups showed
confluent BMSCs covering almost the entire culture plate around
each sample. Fig. S1f shows the cell adhesion density in the
indirect contact condition normalized by the cell adhesion density
in the BMSC reference, namely cell density ratio. No statistically
significance was detected among all the groups, and 0.2Sr showed
lower cell density ratio than the other groups in average.
3.6. Characterization of cell-material interface

Fig. 7 shows the morphologies of BMSCs and microstructure of
MgSr alloys and pure Mg controls of 0Sr and Mg-a at the interface
in the SEM images, and the overlaid SEM images with EDS elemen-
tal maps (SEM + EDS) for each group. The respective EDS maps for
carbon and calcium are shown in two separate channels in the
right two columns of Fig. 7. In the SEM + EDS, EDS (carbon) and
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Fig. 6. Fluorescence images and the quantitative analysis of BMSCs directly attached on the MgSr alloys, MgCaSr alloys, controls and references (i.e., direct contact) after
in vitro culture for 72 h. The fluorescence images of (a1–a4) MgSr alloys, (a5) 0Sr control, (b1–b4) MgCaSr Alloys, (b5) Mg-1Ca control, and Mg-a control, glass and BMSC
references. F-actin was stained with Alexa Fluor� 488 phalloidin as indicated by green color. Cell nucleus was stained with DAPI as indicated by blue color. The green dash line
represents the ratio = 1. Scale bar = 200 mm, original magnification = 100x. The bar graphs show (f) the ratio of the adhesion density of BMSCs on respective samples
normalized by the mean adhesion density of BMSC reference, (g) spreading area per BMSC, and (h) aspect ratio of BMSCs. Values are mean ± standard deviation (n = 3). *p <
0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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EDS (calcium) maps, each color represents a different element as
shown in the legend. All the MgSr alloys and pure Mg controls of
0Sr and Mg-a showed corrosion cracks on their surfaces. Visually,
the four MgSr alloys appeared to have distinct microstructures on
their surface layers. The cracks in 0.5Sr, 1Sr and 0Sr control were
much wider than all the other groups. The locations of BMSCs in
the SEM images overlapped with the regions of intensified C distri-
bution in the EDS maps, which indicated that the C element came



Fig. 7. Surface morphologies and elemental distribution of (a–d) MgSr alloys, (e) 0Sr control, and (f) Mg-a control with the direct-contact BMSCs after 72 h of culture. SEM
images (SEM column) show the surface morphologies and cell morphologies; and the overlaid SEM and EDS maps (SEM + EDS column) show the key elemental distributions
by color maps on the respective surface. The distributions of carbon and calcium measured using EDS are also shown in separate columns. Scale bar = 50 mm, original
magnification = 1000�.
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from the cells. None of the four MgSr alloys showed obvious corre-
lations between the distribution of Ca element and C element on
their surfaces; Ca seemed to distribute homogenously on the sur-
face except around the cracks and the regions shielded by BMSCs
(e.g. 1Sr in Fig. 7).

Fig. 8 shows the morphologies of BMSCs and microstructure of
MgCaSr alloys, 1Ca-0Sr control and glass control at the interface in
the SEM images, and the overlaid SEM images with EDS elemental
maps (SEM + EDS) for each group. The respective EDS maps for car-
bon and calcium are shown in two separate channels in the right
two columns of Fig. 8. The overlaid images, Ca maps and C maps
of all MgCaSr alloys (except for 1Ca-2Sr) and 1Ca-0Sr control
showed Ca element distributed at certain locations, and some Ca
located around the sites of BMSC attachment in their respective
SEM images. 1Ca-2Sr showed that the Ca element distributed
homogeneously over the entire image.

Fig. 9 shows the morphologies of individual BMSC in direct con-
tact with MgSr alloys and MgCaSr alloys on their surfaces. Fig. 9a1
shows the morphology of a BMSC attached on the surface of 0.2Sr,
which appeared to be more spreading. Fig. 9a2 shows the morphol-
ogy of a BMSC attached on the surface of 0.5Sr, which demon-
strated a less spreading cell morphology. Fig. 9a3 shows the
morphology of a BMSC attached on the surface of 1Sr, which
appeared to be spreading widely. Fig. 9a4 shows the surface of
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Fig. 8. Surface morphologies and elemental distribution of (a–d) MgCaSr alloys, (e) 1Ca-0Sr control, and (f) glass reference with the direct-contact BMSCs after 72 h of culture.
SEM images (SEM column) show the surface morphologies and cell morphologies; and the overlaid SEM and EDS maps (SEM + EDS column) show the key elemental
distributions by color maps on the respective surface. The distributions of carbon and calcium measured using EDS are also shown in separate columns. Scale bar = 50 mm,
original magnification = 1000�.
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2Sr, but no BMSC was found. Fig. 9b1 shows a BMSC attached on
the surface of 1Ca-0.2Sr with a highly elongated but less spreading
morphology. Fig. 9b2 shows a BMSC attached on the surface of
1Ca-0.5Sr had a slightly elongated morphology that is less spread-
ing. Fig. 9b3 shows a BMSC attached on the surface of 1Ca-1Sr was
spreading at multiple directions, but it still presented a poorly
spreading cell morphology. Fig. 9b4 shows a BMSC attached on
the surface of 1Ca-2Sr with elongated but less spreading morphol-
ogy. Compared with the BMSCs attached onto binary MgSr alloys,
the BMSCs attached on ternary MgCaSr alloys appeared to have
less spreading morphologies while the BMSCs on binary MgSr
alloys appeared to have more spreading morphologies. Fig. 9c1
shows a BMSC attached on the pure Mg control of 0Sr with a less
spreading morphology. Fig. 9c2 shows round and poorly spread
BMSCs attached on the surface of the pure Mg control of Mg-a.
4. Discussion

4.1. Degradation of MgSr alloys and MgCaSr alloys in vitro

4.1.1. The relationship between degradation rates and composition of
MgSr or MgCaSr alloys

The varying Ca and Sr content in the Mg alloys profoundly
affected the degradation rates of the alloys. Specifically, the
elemental compositions will determine the alloying phase



Fig. 9. SEM images showing the morphologies of individual BMSC directly attached
on the surface of (a1–a4) MgSr alloys, (b1–b4) MgCaSr alloys, (c1–c2) pure Mg
controls of (c1) 0Sr and (c2) Mg-a after 72 h of direct culture. No BMSC was found
on Mg-2Sr alloy. Scale bar for all images = 10 mm, original magnification for all
images = 1000�.
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compositions and microstructures when the alloys were processed
and heat-treated with the same procedures. The different phases
and microstructures have different corrosion potentials, and thus
affect the degradation rates of Mg alloys. In this study, the neutral-
izing effect of Ca on the Sr-dependent degradation rates (Fig. 4)
could be associated with the different phase compositions in the
MgSr alloys and MgCaSr alloys. For Mg-Sr system, it was theoreti-
cally predicted that Mg-0.2Sr and Mg-0.5Sr could consist of Mg
matrix and Mg17Sr2 phase [35]. If Sr content increases to 1 wt%
as in Mg-1Sr, Mg38Sr9 phase could totally replace Mg matrix and
co-exist with Mg17Sr2 [35]. When Sr content increases to 2 wt%,
the phase composition could change to Mg23Sr6 and Mg2Sr [35].
Interestingly, XRD results from other studies supported that the
increase of Sr content from 0 wt% to 4 wt% resulted in a larger fac-
tion of the Mg17Sr2 phase, not the Mg23Sr6 phase [22,36]. The
increase of Mg17Sr2 phase was believed to be responsible for the
faster corrosion rates of Mg alloys with higher Sr percentage
because it formed a galvanic couple with a-Mg [22]. Although dif-
ferent reports did not agree perfectly on the microstructures of
MgSr alloys, possibly because of variations in their alloy processing
parameters, they all suggested that the addition of Sr element from
0.2 wt% to 2 wt% could induce drastic transition of phases and
microstructures, and consequently led to the change of degrada-
tion rates [22,35,36]. In contrast, the ternary Mg-Ca-Sr system
was reported to have a more stable phase composition consisting
of Mg matrix, Mg17Sr2 phase and C14 phase which can contain
both Mg2Sr and Mg2Ca sublattices [35]. Interestingly, Sr and Ca
atoms can freely replace each other in C14 phase due to their sim-
ilar atomic sizes [35]. This special C14 phase in MgCaSr alloys
appears to be the reason of the stabilizing effects of Ca element.
With increasing Sr content, Mg-1Ca-xSr is likely to have increas-
ingly more Mg2Sr sublattice over Mg2Ca sublattice, but it may
undergo little phase change due to the similarity between the
two sublattices. This stabilized phase composition was also con-
firmed in another experimental study where Mg-1Ca-0.5Sr kept
the phase composition of Mg, Mg2Ca and Mg17Sr2 unchanged,
when the Sr content was doubled from 0.5 wt% to 1.0 wt% [37].
As a result, MgCaSr alloys did not show significant change in degra-
dation rates with increasing Sr content (Fig. 4).

Although the presence of Ca could neutralize the effects of dif-
ferent Sr content on the degradation rates of Mg alloys (Fig. 4), it
will also lead to the formation of Mg2Ca phase which is detrimental
to the corrosion resistance of MgCaSr alloys. It was previously
reported that adding Ca element can accelerate the degradation
of Mg by forming Mg2Ca intermetallic phase which has higher cor-
rosion current density than a-Mg phase [38], and the formation of
Mg2Ca phase could have occurred during the melting process at
720 �C, according to theoretical prediction [39] and experimental
report [37]. This mechanism could be the major factor that placed
the corrosion resistance of MgCaSr alloys in the middle of the less-
resistant 0.2Sr and the more-resistant 1Sr and 2Sr. 1Sr and 2Sr
were found to have the lowest degradation rates among all MgSr
and MgCaSr alloys in this study. Lastly, it should be noted that
the alloys fabricated in this study contained trace amount of impu-
rities. The rawmaterials used to fabricate the alloys were the 99.7%
pure Mg, 99.8% pure Ca, and 99.9% pure Sr. The impurities from the
source materials could also affect the corrosion properties of the
alloys.

4.1.2. Electrochemical testing versus immersion degradation in BMSC/
DMEM culture

The improved electrochemical corrosion resistance of 1Sr and
2Sr (Fig. 2a2) was consistent with their reduced in vitro degrada-
tion rates during immersion in BMSC culture (Fig. 4), but the elec-
trochemical corrosion behaviors of 1Ca-1Sr and 1Ca-2Sr did not
agree well with the respective in vitro degradation rates in the
BMSC/DMEM direct culture system (i.e., direct culture of Mg alloys
with BMSCs in DMEM, as defined in [29]). The 1Ca-1Sr and 1Ca-2Sr
showed better electrochemical corrosion resistance than the other
MgCaSr alloys and Mg-a control (Fig. 2b2), but their degradation
rates in the BMSC/DMEM direct culture system showed no statisti-
cally significant difference when compared with the other MgCaSr
alloys and Mg-a control (Fig. 4). It should be noted that the behav-
iors of in vitro degradation in immersion could be different from
the corrosion behaviors measured by electrochemical method for
several reasons. Generally, the corrosion resistance determined
by potentiodynamic polarization method is considered as an esti-
mate based on the initial electrochemical behaviors of Mg alloys,
whereas the in vitro degradation measured by immersion in the
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cell culture system over a longer period of time is considered to be
able to project the in vivo degradation more closely [16,30,40]. In
contrast to the electrochemical measurements in rSBF, the immer-
sion degradation in the BMSC/DMEM direct culture system takes
the influence from the cells and proteins into account. Previous
studies have shown that the presence of cells and proteins could
lead to significant changes in Mg alloy degradation [29,41–46].
Moreover, some differences in environmental factors could also
play a role in the degradation results of Mg alloys. For example,
potentiodynamic measurements was typically performed in air
where CO2 content is around 0.4%, while the degradation in
BMSC/DMEM culture typically occurs under the standard cell cul-
ture conditions where 5% CO2 was maintained. As previously
reported, CO2 played a critical role in the process of Mg degrada-
tion [29,41,47], because CO2 could lead to the formation of
H2CO3, which could induce more precipitation of MgCO3 [47].
Additionally, the HCO3

� ion concentration in the BMSC/DMEM
direct culture system (44.04 mM) is much higher than in that of
rSBF (27 mM), which could affect the degradation of Mg alloys.
Lastly, the presence of g-glucose in the BSMC/DMEM system could
also have a considerable contribution to the discrepancy between
the degradation rates measured in the BMSC/DMEM direct culture
and the corrosion properties measured by the electrochemical
method [29,41]. Based on these reasons, the PDP method following
ASTM standard (G102-89) should be used as a complementary
characterization to understand the electrochemical corrosion resis-
tance of Mg alloys; and the results of immersion degradation in the
direct culture with cells should be considered as a better prediction
of the degradation properties of Mg alloys in vivo.
4.1.3. The variations in the Mg2+, Sr2+, and Ca2+ concentrations in the
BMSC/DMEM culture with MgSr alloys, MgCaSr alloys, controls and
references

The concentrations of metallic divalent ions were critical to
understand the degradation process of Mg alloys in the BMSC/
DMEM direct culture system. The Mg2+ ion in the culture with all
MgSr alloys, MgCaSr alloys and controls showed higher Mg2+ ion
concentrations than their references (Fig. 3a1 and 3b1), which
was apparently caused by the degradation of Mg alloys. However,
the lower Ca2+ ion concentrations in the media of all MgCaSr alloys
at day 1 and day 2 (Fig. 3b3) indicated a more complicated degra-
dation process. The degradation itself should have released more
Ca2+ ion into the media, but the increase of Mg2+ ion concentration
in their media as compared with references (Fig. 3b1) could facili-
tate the precipitation of Ca2+ ion onto sample surface. Mg2+ ion was
reported to induce mineral deposition in the form of Ca-containing
salts in alkaline environment [21,48,49]. Thus, the significant
decrease of Ca2+ ion concentrations in the cultures with MgCaSr
alloys at day 1 and day 2 could be the result of Mg-induced Ca
deposition, and the increase of Ca2+ ion concentrations back to
the same level as controls at day 3 may indicate that the Ca depo-
sition was counteracted by the Ca release from the MgCaSr alloys
at day 3.

The Sr2+ ion concentrations in the media of both MgSr alloys
and MgCaSr alloys were apparently affected by the Sr content in
the alloys (Fig. 3a2 and 3b2). The increasing Sr content could have
resulted in the formation of more Sr-rich phases, such as Mg2Sr and
Mg23Sr6 which were previously discussed in 4.1.1. The degradation
of Sr-rich phases could have significantly increased the Sr2+ ion
concentrations in the media. The drastically varying Sr2+ ion con-
centrations for 1Ca-2Sr (Fig. 3b2) could be possibly ascribed to its
inhomogeneous phase distribution or the degradation layer on
sample surfaces. However, this is merely a speculation, and further
investigation on the bulk phase distribution and surface phase
composition of 1Ca-2Sr is needed.
4.1.4. The change of the pH in the BMSC/DMEM culture with MgSr
alloys, MgCaSr alloys, controls and references

The pH change in the media was associated with the degrada-
tion of MgSr and MgCaSr alloys. The degradation of MgSr alloys
tended to alkalize the culture media at day 1 and day 2 (Fig. 5a).
However, the trend seemed to start reversing to the more acidic
direction at day 3 (Fig. 5a). This result could be explained by the
reduced rates of degradation of MgSr alloys over time (Fig. 4).
According to Eq. (1) [34], the produced OH� during the degradation
was a dominant factor to alkalize the culture media, and the rate of
this degradation reaction was decreasing from day 1 to day 3
(Fig. 4). At day 3, the alkalizing effect was outpaced by the acidiz-
ing effect (Fig. 5a), i.e. possibly the buffering effect of the culture
media and the cell metabolic activities. In contrast, MgCaSr alloys
kept a stable alkalizing tendency over 3 days (Fig. 5b), possibly
because their degradation rates did not decrease during the entire
3-day culture (Fig. 4). In addition, the stabilizing effects of Ca ele-
ments as discussed in 4.1.1 could possibly result in the minimal
change of pH among all MgCaSr alloys at each day (Fig. 5).

4.2. Factors that affected BMSC behaviors in the direct and indirect
contact

The adhesion density of BMSCs on MgCaSr alloys (Fig. 6) indi-
cated that MgCaSr alloys could provide better cytocompatibility
and less toxicity than MgSr alloys. As expected, the glass control
showed greater BMSC adhesion density than all Mg alloys of inter-
est, because glass controls are widely used as a positive control in
cell cultures and often showed favorable adhesion of BMSCs on the
surface [16,18,29]. The objective of this cell study was to compare
the cytocompatibility of MgSr and MgCaSr alloys and to screen for
the most promising candidates toward in vivo studies and pre-
clinical trials in the future.

Surface roughness and grain size could affect the cell adhesion
and function on the surfaces of Mg alloys. In this study, all the
Mg-based samples were grinded and polished using SiC paper up
to 1200 grit before cell culture, which should result in consistent
and similar surface roughness for all samples. Therefore, surface
roughness was not likely to be the main responsible factor for
the observed differences in BMSC adhesion and spreading on the
different Mg alloy groups and pure Mg controls (Fig. 6). Our previ-
ous study indicated that the Mg-Sr alloys exhibited finer grain sizes
with increasing Sr content [22]. The average grain size was 32.3 ±
6.7 mm for Mg-1Sr and 25.9 ± 8.3 mm for Mg-2Sr [22]. The refined
grain sizes might have contributed to the improved BMSC adhesion
onMg-1Sr andMg-2Sr samples when compared with Mg-0.2Sr and
Mg-0.5Sr samples (Fig. 6).

The improved BMSC adhesion on the surfaces of MgCaSr alloys
in comparison with MgSr alloys (Figs. 6–8) could be a result of Ca
presence on the surfaces of MgCaSr alloys (Fig. 8). The aggregated
Ca element can be clearly observed on the surface of 1Ca-0.5Sr,
1Ca-1Sr and 1Ca-0Sr (Fig. 8), which was likely deposition of Ca-
containing minerals. The Ca-containing minerals on the surface
possibly created a more bone-mimicking interface where BMSCs
were attracted to attach and spread. On the surfaces of MgCaSr
alloys, Ca element aggregated around but not overlapped with
the C-rich region which was likely the sites of BMSC attachment
in the corresponding SEM + EDS image (Fig. 8). Previous reports
showed that the Mgmetal could catalyze the formation of minerals
such as hydroxyapatite [50,51]. The formation of Ca-containing
minerals could have provided favorable sites for BMSCs to attach.
Similar incorporation of Ca on surface was previously reported to
promote the cell adhesion on both Mg alloys [21] and Ti alloys
[52,53]. It should be noted that Ca element on the surfaces of
MgCaSr alloys could have also originated from the pre-existed Ca
in the original alloys. MgCaSr alloys contain 1 wt% of Ca, which
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could account for the Ca presence on their surfaces, especially on
the surface of 1Ca-2Sr where Ca elements distributed ubiquitously
all over the surface (Fig. 8). More likely, Ca on the surface was the
reason for improved BSMC adhesion rather than the result of BMSC
adhesion, i.e. Ca on the surface promoted BMSC activities, not that
the BMSC induced the aggregation of Ca elements. The dominating
Ca deposition from culture media was most possibly induced by
Mg-based samples through Ca-containing mineral deposition pro-
cess [30], less likely by the BMSCs. The evidence lied in our obser-
vation that no significant difference in Ca2+ ion concentrations was
found in the media of the BMSC reference group and DMEM refer-
ence group (Fig. 3b3), suggesting the presence of BMSCs did not
induce significant variations in Ca content. This speculation is in
agreement with another study with human endothelial cells that
showed no significant change in Ca2+ ion concentrations when
comparing the cell-only reference with the media-only reference
[30]. Even if BMSCs released intracellular Ca, it would not be suffi-
cient to make a noticeable difference in Ca2+ ion concentration in
the media. In fact, the intracellular Ca level for most cells is consid-
erably low (0.1–1 mM [54]) as compared with Ca level in culture
media (1–2 mM, as shown in Fig. 3b3). Thus, the influence of
BMSCs on Ca content in the media or on alloy surfaces should be
very limited. Based on these evidences, we believe that pre-
existed Ca in the MgCaSr alloys and the presence of Ca-rich sites
on the surface could have promoted BMSC adhesion on its surface.

The decrease of Ca2+ ion concentration in the culture media
(Fig. 3b3) could also contribute to the improved BMSC adhesion
on the surface of MgCaSr alloys (Figs. 6–8). The Ca2+ could inhibit
cell adhesion when its concentration exceeds 1 mM [55–63], and
hence the decrease of Ca2+ ion concentration in the culture media
could reduce the suppressing effect of Ca2+ on the adhesion of
BMSCs. It is noteworthy that the adhesion density of BMSCs under
indirect contact conditions was not significantly affected by Ca2+

ion concentration (See Fig. S1 in Supplementary Materials). The
Ca-containing mineral deposition occurred near the surface of
the samples, and thus Ca2+ ion concentration near the sample sur-
face could be even lower than the whole culture well. Similar gra-
dient effect of ion concentration was also reported elsewhere [64].
Lastly, at day 3, the Ca2+ ion concentration in all groups returned to
the same level (Fig. 3b3). Thus, the adversary effects of Ca2+ ions on
the BMSC adhesion on plate was mitigated due to the decrease of
Ca2+ ion concentrations in the culture media, which avoided the
inhibitory effects of BMSC adhesion on MgCaSr alloys to a degree
(Figs. 6–9).

BMSC adhesion was possibly associated with Sr2+ ion concen-
trations in the media as well. The groups of 0.2Sr and 1Ca-0.2Sr
showed lower BMSC adhesion on surface (Fig. 6) as compared with
their high Sr-content counterparts that showed more Sr2+ present
in the media (Fig. 3a2 and 3b2). However, this Sr2+-dependent
change of BMSC adhesion density is complicated by the presence
of Mg2+ and Ca2+ which could also greatly affect BMSC activities.
Indeed, although 1Ca-0.5Sr showed slightly fewer Sr2+ ion in the
media (�2.1 mM) than 1Ca-0.2Sr (�2.5 mM) as shown in Fig. 3b2,
its BMSC adhesion density was strikingly higher than 1Ca-0.2Sr
and was comparable to 1Ca-2Sr (Fig. 6) whose media contained
drastically higher Sr2+ ion concentration (�6.1 mM, as shown in
Fig. 3b2). The correlation between Sr2+ ion concentration and BMSC
adhesion density is not conclusive, but possible. In addition, for
1Ca-0.2Sr and 1Ca-2Sr showed a higher Sr2+ ion concentrations
in BMSC culture media at day 1 and day 3; and the BMSCs attached
on their surfaces showed more elongated cell morphology than
1Ca-0.5Sr and 1Ca-1Sr. Thus, the high Sr2+ ion concentrations in
the culture media of 1Ca-2Sr could have improved the spreading
of BMSCs. To our knowledge, Sr2+ ion has beneficial effects on
bone-relevant cell adhesion and functionality. Sr2+ ion was
reported to enhance proliferation and alkaline phosphatase (ALP)
activity of osteoblasts [65]. It was also shown to upregulate the
ALP activity and gene expressions of collagen Ⅰ (COL1A1), bone
sialoprotein (BSP) and RUNX2 of Saos-2 osteosarcoma cells [66].
Unfortunately, the molecular mechanism of Sr2+ ion participating
in cell adhesion has not been systematically investigated [16].
Mg2+, Ca2+ and Mn2+ are the most investigated divalent ions, and
they all played critical roles on the functions of integrins [55–
63]. Despite of the similarity of Sr2+ to Ca2+, whether or not Sr2+

could have a similar effect on integrin functions remains unclear.
In contrast to Ca2+ ions, higher concentration of Sr2+ ions may
not necessarily lead to negative effects on BMSCs. Excessive Ca2+

ions will pressure the cells to consume energy to maintain a stable
intracellular Ca level [55–63], and this Ca-specific mechanism may
not apply to Sr2+ ion. A previous study observed Sr-substituted
hydrogel could have more favorable effects on cells than Ca-
substituted gel [66], which supported our speculation.

The degradation rates of Mg alloys could have also played an
important role in affecting BMSC adhesion directly on sample sur-
face. Our results indicated that the rapid degradation of 0.2Sr was
associated with its lower adhesion density of BMSCs (Fig. 4 and
Fig. 6) on its surface. Similarly, the poor BMSC adhesion on the sur-
face of 1Ca-0.2Sr (Fig. 6) could be a result of its rapid degradation
at day 3 (Fig. 4). The rapid degradation was reported to induce local
alkalinity [64]; the adhesion of BMSCs could be inhibited by the
aggressive degradation occurring at the interface of Mg alloys
and BMSCs. In addition, the hydrogen gas (H2) produced during
the degradation could be another factor that influenced BMSC
activities. H2 gas causes concerns in the clinical use because the
accumulation of excess amount of H2 gas could impair the quality
of newly-formed bone [16]. The evolution of H2 was not measured
directly in our direct culture experiment, considering that H2 is
produced at a rate theoretically proportional to the release of
Mg2+ ions, according to Eq. (1) [34]. We did not collect andmeasure
the amount of H2 evolution to avoid the potential disruption on the
BMSC activities. However, H2 is not a negligible factor in the direct
culture. Rapid degradation of a Mg alloy should have resulted in a
faster H2 gas evolution while slower degradation of a Mg alloy
should release less H2 gas, which may affect BMSC activities.

The BMSCs on the surface of MgSr and MgCaSr alloys showed a
decreasing trend of spreading area per cell with increasing Sr con-
tent at the fixed Ca content (Fig. 6g), which was in reverse to the
adhesion density (Fig. 6f). We speculated that the denser BMSC
distribution on the high-Sr alloy surfaces limited the space for
BMSCs to sufficiently spread. In fact, the BMSCs on the surface of
1Ca-0.5Sr, 1Ca-1Sr and 1Ca-2Sr (Fig. 6b2�6b4) showed a nearly
100%c ell coverage. A significant number of BMSCs were visually
observed to overlap with their neighboring BMSCs (Fig. 6b2–
6b4). In addition, no obvious trend of aspect ratio was found except
for the statistically higher aspect ratio for 1Ca-0.2Sr than all the
other MgCaSr alloys and MgSr alloys (Fig. 6h). The elongated mor-
phology of individual BMSC was observed (Fig. 9b1), which agrees
very well with the high aspect ratio measured for the cells on 1Ca-
0.2Sr (Fig. 6h).

For BMSCs attached on the plate surrounding the samples (indi-
rect contact), the difference in BMSC adhesion density among dif-
ferent groups was negligible since no statistically significant
difference was found (see Fig. S1 in supplementary materials), sug-
gesting that the release of soluble ions such as Mg2+ ions, Ca2+ ions,
Sr2+ ions, and OH� ions from the MgSr and MgCaSr alloys of inter-
est and the released H2 gas in the culture plate did not harm
BMSCs. Although the Mg2+ ion concentrations in the culture media
and the media pH varied by groups, none of them increased to the
level harmful to BSMCs. Previous studies showed that Mg2+ ion
concentrations up to 27.6 mM and transient media pH up to 9.0
did not induce adverse effects on BMSCs [18]. In this study, the
highest Mg2+ ion concentration in the culture media was below
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3.5 mM (Fig. 3a1 and 3b1), and the highest pH in the culture media
was below 8.4 (Fig. 5a and 5b), thus unlikely to have adverse
effects on the adhesion of BMSCs. The highest Sr2+ ion concentra-
tion in this study (8.2 mM, as shown in Fig. 3b2) was still much
lower than the lethal dosage (LD50) of Sr2+ (33.8 mM [67,68]). To
clarify, all the ion concentrations could be higher at the surface
of Mg alloys due to the dynamic degradation reactions, and thus
could affect BMSCs in direct contact with the alloy surfaces. How-
ever, under the indirect contact conditions of the direct culture,
soluble degradation products from the MgSr and MgCaSr alloys
did not cause any detectable harm to BMSCs.

5. Conclusions

This study screened and comparatively investigated the in vitro
degradation and cytocompatibility of four different binary MgSr
alloys and four different ternary MgCaSr alloys. Mg-1Sr and Mg-
2Sr were identified to have the lowest degradation rates among
all MgSr and MgCaSr alloys studied. MgCaSr alloys generally
showed an improved BMSC adhesion on their surfaces as compared
with MgSr alloys, except for Mg-1Ca-0.2Sr. Collectively considering
the degradation properties (rate and mode) and BMSC behaviors,
Mg-1Sr, Mg-1Ca-0.5Sr and Mg-1Ca-1Sr are recommended for fur-
ther in vivo studies in animal models toward clinical translation.
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