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Abstract The cytocompatibility and osteogenic ability of novel as-extruded Mg—
xSr (x = 0.25, 1.0, 1.5, 2.5 wt%) alloys are systematically investigated by in vitro
cell adhesion and proliferation, alkaline phosphatase (ALP) activity, real-time
RT-PCR evaluation, and mineralization tests. The results indicate that in addition to
no cytotoxicity towards MC3T3-El cells, the Mg—Sr alloys, particularly Mg—1.5Sr,
obviously promote the adhesion, proliferation, alkaline phosphatase activity, matrix
mineralization and collagen secretion of MC3T3-E1 cells compared to pure Mg.
Nearly all the osteogenesis-related genes, namely Runx2, Opn, Sp7, and Bmp2, are
up-regulated for Mg—xSr, compared to pure Mg. In particular, Mg—1.5Sr reveals the
best osteogenic ability. Our work suggest that novel as-extruded Mg—1.5Sr alloy,
which exhibits excellent in vitro cytocompatibility and osteogenic ability, is
promising in expediting clinical acceptance of biodegradable magnesium alloys.
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Introduction

Due to the specific physical properties and chemical structure, magnesium-based
metals possess significant advantages compared with the traditional metallic
implant materials [1-5]. They have been demonstrated with extraordinary biolog-
ical properties, including (1) excellent biocompatibility: magnesium is an indis-
pensable element in the body. Mg** is involved in many metabolic reactions;
(2) unique degradability: magnesium and its alloys can easily corrode in physio-
logical environment so that repeated surgery for implant removal is not needed;
(3) appropriate mechanical properties: the elastic moduli of magnesium alloys are
similar to those of cortical bones, which can effectively avoid the stress shielding
effect. Based on above advantages, Mg-based metals have been widely studied in
recent years as potentially biodegradable metallic materials for implantation
applications, especially in orthopedic fields [6-8].

An ideal magnesium alloy implant would maintain mechanical integrity in the
human body for at least 12 weeks. While the bone tissue heals, it will eventually be
replaced by new bone tissue [9, 10]. It is also important that the corrosion rate and
degradation products, such as subcutaneous gas bubbles, should be within the
body’s acceptable ranges [11]. However, magnesium is highly liable to corrode in
physiological conditions that contains chloride ion, which accordingly results in a
dramatically decrease in its mechanical properties prior to the tissue healing [12—
14]. From the material perspective, alloying may bean effective approach to
diminish the degradation rates of magnesium alloys. Alloying elements such as
aluminum, manganese, zinc, calcium, and rare earth metals have been used to
improve the mechanical properties and reduce the corrosion rate of Mg [15-18].
However, from the perspective of in vivo application, not all the alloying elements
are suitable. Aluminum is well known as a neurotoxicant and its accumulation has
been suggested to be an associated phenomenon in various neurological disorders
[19]. Severe hepatotoxicity has been detected after the administration of those rare
earth metals of cerium, praseodymium and yttrium [20]. Comparatively, calcium,
manganese, zinc and perhaps a very small amount of low toxicity rare earth ele-
ments are optional as suitable alloying elements for biodegradable Mg alloys.

Strontium (Sr) has been recently reported as a potential alloying element for
medical applications [13]. From the standpoint of corrosion and mechanical
properties, Sr can improve the mechanical properties and corrosion resistance of
certain Mg alloys. Zeng et al. reported that Sr had a significant grain-refinement
effect in AZ31 magnesium alloy and could improve both yield strength and elon-
gation of AZ31 alloy [21]. Fan et al. indicated that Sr could improve both the
mechanical properties and corrosion resistance of AZ91D magnesium alloy in NaCl
solution due to the formation of Al4Sr phase [22]. From the viewpoint of bio-
compatibility, Sr is a natural component in human bones and about 98% of Sr in
human body is localized in bone tissues [12, 23]. The role of Sr in bone is known to
promote the growth of osteoblasts and prevent bone resorption [24]. With aid of the
bone formation stimulation effect by Sr, Sr salts at low dose were put forward as a
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therapeutic agent to treat osteoporosis through increasing the bone mass and
reducing the incidence of fractures [25, 26]. Sr-substituted hydroxyapatite (StHA)
was demonstrated to exert a positive effect on osteogenesis around the bone cement
interface [27, 28].

Recently, novel as-rolled Mg-Sr alloys have been developed for skeletal
applications. It is reported that as-rolled Mg—2Sr alloy possessed the best combi-
nation of corrosion resistance, high strength and in vivo biocompatibility among
various Mg—Sr alloys (with Sr contents ranging from 1 to 4 wt%) [13]. Brar et al.
studied as-cast Mg—xSr (x = 0.5, 1.0, 1.5 wt%) alloys and found the lowest
degradation rate from Mg—0.5Sr [29]. Bornapour et al. indicated that the as-cast
Mg—0.5Sr with a slow degradation rate could not lead to thrombosis during three
weeks of implantation and a Sr-substituted HA layer was formed on Mg—0.5Sr
which is known to enhance bone cell growth and proliferation around bone
implants [12]. Additionally, our previous work has confirmed that the as-extruded
Mg—xSr (x = 0.25, 1.0, 1.5, 2.5 wt%) alloys possessed similar mechanical prop-
erties to cortical bone, controlled corrosion rates, good cytocompatibility as well as
excellent antibacterial properties [30]. The above results show that superior Mg—Sr
alloys can be used as potential candidate for future orthopedic applications.
However, up till now a comprehensive evaluation of osteogenic ability of
as-extruded Mg—Sr alloy is not reported. The aim of this study was to examine the
in vitro cytocompatibility and osteogenic ability of biodegradable Mg—Sr alloys.

Materials and Methods

Materials preparation. The experimental binary Mg—xSr (x = 0.5, 1.5, 2.5, 4.0 wt
%) alloys were fabricated using pure Mg (99.9%) and a Mg-30wt% Sr master alloy
in a high-purity graphite crucible under the protection of a mixed gas atmosphere of
SF¢ (1 vol%) and carbon dioxide (CO,). The melting was held at 730 °C for 30 min
and stirred with a graphite rod. The melt was then poured into a steel mold pre-
heated to 300 °C. The binary Mg—Sr alloys were encapsulated in quartz tubes under
vacuum and then homogenization treated at 500 °C for 20 h followed by quenching
in water. The as-cast ingots were hot extruded into bars at 390 °C with extrusion
ratio of 64:1. The as-extruded pure Mg was prepared following the aforementioned
procedure as the control group. It was subsequently machined into samples with
dimensions of ®10 x 3 mm®. All the samples were ground with SiC papers up to
2000 grit, ultrasonically cleaned in acetone, absolute ethanol and distilled water in
turn, and finally dried. The compositions of the Mg—Sr alloys measured by
inductively coupled plasma atomic emission spectrometry (ICP-AES, Optima
7300DV, USA) are listed in Table 1.

Extracts preparation. Extracts were prepared using serum-free modified Eagle’s
medium alpha (a«-MEM, Hyclone, USA) as the extraction medium with a ratio of
extraction medium/sample surface area of about 1.25 cm?’mL in a humidified
atmosphere containing 5% CO, at 37 °C for 24 h according to the ISO 10993-5.
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Table 1 Chemical composition of the Mg—Sr alloys (wt%)

Nominal composition Mg-0.5Sr Mg-1.5Sr Mg-2.5Sr Mg-4.0Sr
Actual composition Sr 0.25 1.0 1.5 2.5
Mg Balance

Mg magnesium; Sr strontium

Prior to immersion, the samples were sterilized by ultraviolent irradiation for
30 min. After immersion, the supernatant was withdrawn, centrifuged, and filtered
to prepare the extraction medium. It was remained at 4 °C prior to cell tests and the
extract from pure Mg served as the control.

Cytotoxicity and cell proliferation assay. The cytotoxicity and cell proliferation
were evaluated by an indirect contact assay according to ISO 10993-5. Murine
calvarial preosteoblasts (MC3T3-E1, ATCC CRL-2594) were seeded on 96-well
cell culture plates at an initial density of 5 x 10> cells/100 mL and incubated for
24 h to allow cell attachment. The medium was then replaced with 100 pL of the
extracts. After culturing for 1, 3, and 5 days, MTT solutions were added to each
well and incubated at 37 °C for 4 h to form formazen which was then dissolved
using dimethyl sulfoxide (DMSO). The optical density (OD) was determined on a
microplate reader (Thermo Scientific Multiskan GO, USA) at 490 nm with a ref-
erence wavelength of 570 nm to determine the cell viability in comparison with the
control.

Live/dead staining. The MC3T3-E1l cells were seeded on 12-well cell culture
plates at a density of 2 x 10*cells/well for 24 h to allow cell attachment. The
medium except the control group was then replaced by 500 pL of the extracts. After
incubation for another 24 h, the cells adhered to the plates and cultured in extracts
were stained by the Live/Dead staining. The living and dead cells were, respec-
tively, stained with Calcein-AM and iodide pyridine (Sigma) for 30 min at 37 °C,
and then visualized using a fluorescence microscope (Olympus IX71, Japan).

Cell morphology. The MC3T3-El cells were seeded on 12-well cell culture plates
at a density of 2 x 10* cells/well for 24 h to allow cell attachment. The medium
except the control group was then replaced by 500 uL of the extracts. After
incubation for 12 h, the unattached cells were removed by rinsing with phosphate
buffered saline (PBS) solution. The cells were fixed with 4% paraformaldehyde at
4 °C for 30 min and permeabilized with 0.5% Triton X-100 in PBS solution for
5 min. The cells were subsequently rinsed with PBS solution and the F-actin stress
fibers and nuclei were stained with rhodamine phalloidin (Cytoskeleton, USA) and
40, 6-diamidino-2- phenylindole (DAPI, Dojindo, Japan), respectively. The
cytoskeleton and cell nuclei were observed by fluorescence microscopy (Olympus
IX71, Japan).

Alkaline phosphatase (ALP) activity. The MC3T3-E1 cells were seeded on
12-well cell culture plates at a density of 3 x 10* cells/well and incubated in
different extracts supplemented with 100 nM dexamethasone, 0.2 mM ascorbic
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acid, and 10 mM B-glycerophosphate. The extracts were changed every 3 days.
After 4, 7 and 14 days, the cells were washed three times with PBS and lysed in
0.2 vol% Triton X-100. The alkaline phosphatase (ALP) activity was determined
by a colorimetric assay using an ALP reagent containing p-nitrophenyl phosphate
(p-NPP) as the substrate (Beyotime, China). The absorbance of p-nitrophenol was
monitored at 405 nm. The intracellular total protein content was determined using
the MicroBCA protein assay kit (Thermo Pierce, USA) and the ALP activity was
normalized to the total protein content.

Extracellular matrix (ECM) mineralization and collagen secretion. The
extracellular matrix (ECM) mineralization and collagen secretion by the
MC3T3-E1 cells in the Mg—Sr alloys extracts were evaluated by the Alizarin Red
and Sirius Red staining, respectively. After incubating for 15 days, the cells with an
initial concentration of 3 x 10%well were washed and fixed. Afterwards, they were
stained using 40 mM Alizarin Red (Sigma) at a pH of 4.2 to show the mineral-
ization or 0.1% Sirius Red (Sigma) to reveal the collagen. The unbound stain was
washed with distilled water or 0.1 M acetic acid prior to photographing by a digital
camera (Nikon D3200, Japan). In the quantitative analysis, the Alizarin Red or
Sirius Red stain was dissolved in 10% cetylpyridinum chloride in 10 mM sodium
phosphate (pH 7) or 0.2 M NaOH/methanol (1:1). The absorbance was measured at
620 or 540 nm.

Real-time polymerase reaction (PT-PCR). RT-PCR was used to assess the
expression of the osteogenesis-related genes. The MC3T3-E1 cells were seeded on
12-well cell culture plates at a cell density of 3 x 10* cells/well and after 24 h, the
culture medium was replaced by different material extracts supplemented with fresh
serum. The MC3T3-El cells were incubated for 7, 10 and 14 days. The total RNA
was isolated using a Trizol reagent (Invitrogen, USA) and the concentration of
RNA was detected by measuring the optical absorbance at 260 nm on the Thermo
2000c (USA). 1 ng of the RNA was reversely transcribed into complementary
DNA (cDNA) using Superscript III (Invitrogen, USA) in a volume of 20 pl. The
forward and reverse primers of the selected genes are listed in Table 2. The
expressions of the osteogenesis-related genes, including runt-related transcription
factor 2 (Runx2), osteopontin (Opn), osterix (Sp7) and bone
morphogeneticprotein-2 (Bmp2) were quantified by Real-time PCR (Biorad

Table 2 Primer pairs used in real-time PCR analysis

Gene Forward primer Reverse primer

Mouse | 5-GGCTGTATTCCCCTCCATCG-3' |5-CCAGTTGGTAACAATGCCATGT-3'

B-actin

Runx2 | 5-AGAGTCAGATTACAGATCCC 5'-TGGCTCTTCTTACTGAGAGAGG -
AGG-3' 3’

Opn 5-TCTGATGAGACCGTCACTGC-3" | 5-AGGTCCTCATCTGTGGCATC-3'

Sp7 5-ATGGCGTCCTCTCTGCTTG-3' 5-TGAAAGGTCAGCGTATGGCTT-3’

Bmp2 5-GGGACCCGCTGTCTTCTAGT-3' |5-TCAACTCAAATTCGCTGAGGAC-3’
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CFX96, USA) on the SYBR Green PCR Master Mix (Applied Biosystems, USA).
The relative mRNA expression level of each gene was normalized to the house-
keeping gene B-actin (mouse B-actin) and determined by the Ct values.

Statistical analysis. The cell tests were performed in triplicate. The experimental
results were expressed as mean =+ standard deviations and the data were analyzed
using SPSS 13.0 software. A two-way analysis of variance (ANOVA) followed by
a Student-Newman-Keuls post hoc test was used to determine the level of signif-
icance in cytotoxicity, cell proliferation, ALP activity and osteogenesis-related gene
expressions assay, and an one-way ANOVA in extracellular matrix mineralization
and collagen secretion test. p < 0.05 was considered to be statistically significant,
and p < 0.01 was considered to be highly statistically significant.

Results and Discussions

Cytotoxicity. Figure 1 illustrates the relative cell growth rates of murine calvarial
preosteoblasts MC3T3-El after 1, 3, and 5 days of incubation in the extracts of
as-extruded Mg—xSr alloy (x = 0.25, 1.0, 1.5, 2.5 wt%) and pure Mg, respectively.
It can be seen that no cytotoxicity is found for all the as-extruded Mg—Sr alloys and
their cell viabilities are shown over 100% and higher than that of pure Mg, espe-
cially after 3 and 5 days culture (#p < 0.05, ##p < 0.01). The extract of the
as-extruded Mg—1.5Sr alloy leads to the highest cell viability. All Mg—Sr alloys
reveal Grade O cytotoxicity according to ISO10993-5, suggesting good cytocom-
patibility and acceptable biosafety for in vivo applications.

Cell proliferation. Figure 2 shows MC3T3-E1 cells proliferation of as-extruded
Mg-Sr alloys and pure Mg extraction mediums after 1, 3, and 5 days of incubation.
It can be found that the cells number for all the as-extruded Mg—Sr alloy extracts
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Fig. 1 Relative cell growth rates after 1, 3, and 5 days of incubation in the extracts of as-extruded
Mg-Sr alloys and pure Mg. #p < 0.05 and ##p < 0.01 compared with pure Mg
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shows no significant difference when compared with pure Mg and control group on
Day 1. However, after 3 days incubation, the cells number of as-extruded Mg—Sr
alloys rise up dramatically and exceed pure Mg and control group, while pure Mg
group shows slightly lower than the control group. After 5 days, the MC3T3-E1
cells incubated in all Mg—Sr alloys group show further increase. In particular, Mg—
1.5S8r group rises significantly. These results indicate Mg—Sr alloys effectively
promote MC3T3-E1 cells proliferation compared to pure Mg and control group,
suggesting that Sr addition significantly improves in vitro cytocompatibility of
magnesium metals.

Cell adhesion. Figure 3 depicts the Live/dead staining of MC3T3-El cells after
24 h of incubation in the extracts of as-extruded Mg-Sr alloys and pure Mg,
respectively. Typical microscope fields are selected to show viable (green) and
non-viable (red) cells. It is observed that most cells in all groups are stained green
with occasionally distributed red-stained non-viable cells. The numbers of the
viable cells in pure Mg and Mg—0.25Sr groups are similar to that of the control.
With increasing Sr content in the alloys, more viable cells are observed, and the
cells almost reach to 100% confluence in Mg—1.5Sr group. In comparison, the
viable cells in the Mg—2.5Sr group are slightly decreased, but still higher than that
of the control. The results indicate Mg—Sr alloy with appropriate Sr amount is
favorable to enhance cytocompatibility of magnesium metals.

Cell morphology. Figure 4 reveals the cytoskeletons of the MC3T3-El cells after
incubation for 12 h in extracts of as-extruded Mg-Sr alloys and pure Mg,
respectively. Compared to the control, the attached cells for the pure Mg and
as-extruded Mg—Sr alloys extracts show more spreading and superior filopodia
extension. For the as-extruded Mg—Sr alloys, the cells are polygonal, elongated and
thicker, with fine pseudopodia extension. The MC3T3-El cells cultured in the Mg—
1.0Sr and Mg—1.5Sr extracts show more plump focal adhesion via well-organized
F-actin stress fibers (red filaments) compared to Mg—0.25Sr and Mg—2.5Sr.

Osteogenic differentiation. Figure 5 shows the ALP activity of the MC3T3-El
cells after incubation for 4, 7 and 14 days in extracts of as-extruded Mg—Sr alloys
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Mg-0.25S5r -

Control

Fig. 3 Live/dead staining of MC3T3-El cells after 24 h of incubation in the extracts of
as-extruded Mg—Sr alloys and pure Mg. Calcein-AM for viable cells (green) and iodide pyridine
for non-viable cells (red)

Mg-1.0Sr

o

Mg-1.5Sr

Fig. 4 Cytoskeleton staining of MC3T3-El cells after 12 h of incubation in the extracts of
as-extruded Mg—Sr alloys and pure Mg. DAPI for nuclei (blue) and rhodamine phalloidin for
F-actin stress fibers (red)

and pure Mg. There is no significant difference among all the extracts on day 4. After
incubation for 7 days, ALP levels of the Mg—Sr alloys are significantly enhanced
compared to those of pure Mg and control. The distinct ALP activities are emerged
after 14 days incubation. Mg—1.5Sr shows the highest ALP activity which is



In Vitro Cytocompatibility and Osteogenic Potential ... 433

£ 3 P L]

s ¥ ] - E Mg

[«] P

5 7 B3 Mg-0.25Sr
7 E3 Mg-1.0S
2 r

g 2 7 :
A F)

s N \ D Mg-1.5r
718 S i

E_ In n N B3 Mg-2.55r

= 718 718 Y "

2 N N 3

° N 1 Y

28 g% u

b 218 I 3

o N N N

d %18 218 8

Time(day)

Fig. 5 ALP activity of MC3T3-El cells after incubation for 4, 7, and 14 days in the extracts of
as-extruded Mg-Sr alloys and pure Mg. **p < 0.01 compared to the control; #p < 0.05 and
##p < 0.01 compared to pure Mg

Fig. 6 a Extracellular matrix mineralization of MC3T3-El cells after incubation for 15 days in
the extracts of as-extruded Mg—Sr alloys and pure Mg and b colorimetrically quantitative analysis.
*p < 0.05 and **p < 0.01 compared to the control; ##p < 0.01 compared to pure Mg

followed by Mg—1.0Sr, Mg—2.5Sr, pure Mg and Mg—0.25Sr in sequence. The ALP
activity of Mg—1.0Sr and Mg—1.5Sr are higher than those of pure Mg and control
throughout the experimental period, showing the best osteogenic differentiation.

Figure 6 displays the ECM mineralization of MC3T3-E1 cells after incubation
for 15 days in various Mg—Sr alloys and pure Mg extracts together with the cor-
responding quantitative colorimetric analysis. Figure 6a reveals mineralized cal-
cium nodules formed in various extracts. A small portion of the stained calcium
nodules in the pure Mg extract suggests a relatively weak extracellular calcium
deposition. Comparatively, more depositions are observed in the Mg-Sr alloys
extracts, especially for Mg—1.0Sr and Mg—1.5Sr. Correspondingly, the quantitative
results as shown in Fig. 6b indicate that significant enhanced ECM mineralizations
are detected in the Mg—1.0Sr and Mg—1.5Sr extracts compared to other groups.
The ECM mineralization levels in Mg—0.25Sr and Mg—2.5Sr extracts are lower than
those in Mg—1.0Sr and Mg-1.5Sr ones, but still higher than the pure Mg and
control.
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Fig. 7 a Collagen secretion from MC3T3-El cells after incubation for 15 days in the extracts of
as-extruded Mg—Sr alloys and pure Mg and b colorimetrically quantitative analysis. **p < 0.01
compared to the control; #p < 0.05 and ##p < 0.01 compared to pure Mg

Figure 7 depicts collagen secretion from MC3T3-El cells after incubation for
15 days in the extracts of as-extruded Mg—Sr alloys and pure Mg together with the
corresponding quantitative colorimetric analysis. Figure 7a shows that denser col-
lagens are secreted in the extracts of the Mg—Sr alloys than pure Mg and control.
The collagen stained in the extract of pure Mg is less than those of Mg—Sr alloys
and no significant clumps of collagen are deposited in control. According to the
quantitative analysis in Fig. 7b, collagen secretion in the extracts of the Mg—Sr
alloys are significantly promoted to about 123, 144, 157 and 132% compared to
pure Mg, and 192, 225, 246 and 205% relative to the control, respectively.

Osteogenesis-related gene expressions. Figure 8 shows the osteogenesis-related
gene expressions of Runx2, Opn, Sp7 and Bmp?2 after culture for 7, 10, and 14 days
with MC3T3-El cells in the extracts of as-extruded Mg—Sr alloys and pure Mg. In
general, the gene expressions are time dependent. After 7 days of incubation, the
extract of Mg—1.5Sr induces the highest Runx2 expression followed by the Mg—
1.0Sr, Mg—0.25Sr, pure Mg and Mg—2.5Sr groups in sequence. For genes Opn, Sp7
and Bmp2, although no statistically significant differences are found among the
various groups, Mg—Sr alloys groups still show higher expression levels, especially
for Mg—1.0Sr and Mg-1.5Sr groups, than that of pure Mg. After culturing for
10 days, the Runx2 expressions of Mg—1.0Sr, Mg—1.5Sr and Mg-2.5Sr are much
higher than that of pure Mg. The highest expressions of genes Opn and Sp7 are
induced by the extracts of Mg—1.0Sr and Mg—1.5Sr, respectively. There is no
statistical difference in the Bmp2 expression among the various groups. Then on
day 14, Mg-Sr alloys, especially Mg—1.0Sr and Mg-1.5Sr, yield higher Runx2,
Sp7 and Bmp2 expressions compared to the pure Mg group even though no sta-
tistical difference can be found for gene Opn.Generally, the Runx2, Opn, Sp7 and
Bmp2 expressions of all the Mg—Sr samples increase at first and then decrease
gradually with Sr contents increase. Mg—1.0Sr and Mg—1.5Sr show the most sig-
nificant up-regulation of osteogenesis-related gene expressions.
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Fig. 8 Osteogenesis-related gene expressions by MC3T3-El cells after incubation for 7, 10 and
14 days in the extracts of as-extruded Mg—Sr alloys and pure Mg. #p < 0.05 and ##p < 0.01
compared to pure Mg

Conclusion

The present study systematically evaluates the cytocompatibility and osteogenic
ability of the as-extruded Mg—xwt%Sr (x = 0.25, 1.0, 1.5, 2.5) alloys. No cyto-
toxicity towards MC3T3-El cells is observed for the Mg—Sr alloys and proper Sr
alloying to Mg metal is favorable to enhance the adhesion, proliferation, alkaline
phosphatase activity, matrix mineralization and collagen secretion of MC3T3-E1
cells. In particular, the optimal as-extruded Mg—1.5Sr alloy shows the best osteo-
genic differentiation inducibility. Our study suggests that degradable as-extruded
Mg-Sr alloys with proper Sr content show good potential as orthopedic implants.
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