
H O S T E D  B Y

Progress in Natural 
Science

Materials International

Available online at www.sciencedirect.com
http://dx.doi.org/
1002-0071/& 20

nCorrespondin
of Engineering,
Tel.: þ86 10 62

E-mail addre
Peer review u
Progress in Natural Science: Materials International 24 (2014) 433–440
Original Research
www.sciencedirect.com
www.elsevier.com/locate/pnsmi
Optimization of dual effects of Mg–1Ca alloys on the behavior
of chondrocytes and osteoblasts in vitro

Yana Doua, Ayeesha Mujeebb, Yufeng Zhenga,b, Zigang Gea,c,d,n

aCenter for Biomedical Materials and Tissue Engineering, Academy for Advanced Interdisciplinary Studies, Peking University, Beijing 100871, China
bDepartment of Materials Science and Engineering, College of Engineering, Peking University, Beijing 100871, China

cDepartment of Biomedical Engineering, College of Engineering, Peking University, Beijing 100871, China
dArthritis Clinic and Research Center, Peking University People's Hospital, Beijing, China

Received 2 July 2014; accepted 1 September 2014
Available online 4 November 2014
Abstract

Mg ions can enhance the proliferation and redifferentiation of chondrocytes and the osteogenic differentiation of osteoblasts at specific
concentrations, respectively. However, degradation of Mg alloys at varying degradation rates could lead to complex changes in the surrounding
tissue environment, such as changes in the dynamic concentration of Mg ions and subsequent pH value. Considering the above mentioned
factors, the comprehensive effects of Mg alloys on chondrocytes and osteoblasts behaviors have not yet been optimized. In this study, we
evaluated the effects of Mg–1Ca microspheres on cell behavior with an aim to optimize conditions favorable for both cell types. Cells were
cultured with Mg–1Ca microspheres prepared using the following concentrations: 250 μg/ml, 500 μg/ml and 1000 μg/ml. At specific time points,
cytotoxicity, expression of specific genes and extracellular matrix deposition by cells (Alizarin Red Staining of osteoblasts and Alcian blue
staining for chondrocytes) were evaluated. The experimental results revealed that Mg–1Ca microspheres prepared at a concentration of 250 μg/ml
were optimum for both cell types, where chondrocytes were found to be in hypertrophy state while osteoblasts in close proximity to the
microspheres showed osteogenetic differentiation. Interestingly, a slight change in osteoblasts behavior was observed nearer to and at a relative
distance away from Mg–1Ca microspheres, an important observation for administering the application of microspheres as potential scaffolds.
& 2014 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.
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1. Introduction

Articular cartilage and subchondral bone are interwoven and
affect each other in multiple ways to promote and enhance
osteochondral regeneration [1,2]. Hierarchically, articular carti-
lage is fixed firmly to the subchondral bone and is partially
nourished by it [3,4]. Functional cartilage regeneration or repair
relies on the successful integration of de novo cartilage and the
subchondral bone to the adjacent host cartilage tissue [5]. The
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main functions of the subchondral bone are absorption and
maintaining the shape of the joint [2]. Pathological changes in
the subchondral bone have been attributed to the initiation of
osteoarthritis [6,7]. Cartilage regeneration depends heavily on
the mechanical properties of the subchondral bone which are
significantly different from the properties of trabecular bone and
the deep cartilage zone [8]. Apart from the change in mechan-
ical strength of the bone, bone cytokines also play an integral
role in the progress of OA [8] for example, RANK ligand,
oateoprotegerin (OPG) and cathepsin K [7,9]. At the aspect of
tissue source, superficial layer of articular cartilage at birth
serves as a cell source to grow mature articular cartilage while
other zones gradually remodel and evolve into the subchondral
bone [10]. As it is reasonable to regenerate cartilage and bone as
one system, many biomaterials have been investigated for the
Elsevier B.V. All rights reserved.
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repair of both cartilage and subchondral bone, for example, poly
(hydroxyethyl methacrylate) (PHEMA) hydrogel combined with
hydroxyapatite particles and hyaluronan [4,11–13]. In another
study, agarose hydrogel scaffold embedded with PLGA-
bioactive glass microspheres demonstrated its ability to form
distinct regions of cartilage, calcified cartilage and bone [23].

Previously, magnesium ions or alloys have been studied to
regenerate cartilage, bone and osteochondral defects [14–17].
Incorporation of Mg has shown to increase the attachment of
osteoblasts and their alkaline phosphatase activity while up-
regulating osteoblastic gene expressions, beneficial for the
integration with the surrounding bone tissues [16,18]. More-
over, optimum concentrations of Mg promote cartilage regen-
eration through regulation of chondrocyte phenotypes [14,19].

In our previous study, we evaluated the effects of dynamic
degradation of Mg on chondrocytes behavior in vitro. Our findings
revealed that dynamic concentrations of Mg after degradation put a
dose-dependent effect on chondrocytes, which is very different
from the effects caused by the presence of Mg ions at a constant
concentration. Studies have shown that in hydrogel culture,
dynamic degradation of Mg ions is beneficial for the redifferentia-
tion of chondrocytes [17]. However, effects on osteoblasts were not
explored. It is necessary to investigate the optimal range of Mg ion
concentrations required for enhancing proliferation of both chon-
drocytes and osteoblasts simultaneously. In this study, we have
tried to bridge the knowledge gap in understanding the dual effects
of Mg–1Ca alloy on the viability, proliferation and ECM deposi-
tion by chondrocytes and osteoblasts, with an aim to optimize
degradation (Fig. 1). Mg–1Ca alloy microspheres (75–150 μm)
were prepared at different concentrations; 250 μg/ml, 500 μg/ml
and 1000 μg/ml. Both cell types were tested separately in the
presence of Mg–1Ca microspheres using MTT assay for cytotoxi-
city and Alizarin red for histochemistry staining. Expressions of
key genes were evaluated by RT-PCR. Interestingly, through this
study we can assess the potential use of Mg alloys as biomaterials
or ionic supplements for osteochondral regeneration.
Fig. 1. Experime
2. Materials and methods

2.1. Cell culture

Primary chondrocytes were harvested from knee joints of
pigs (1 year old) after 12 h post-sacrifice. Cartilage tissue was
isolated and digested in 0.2% of type II collagenase (17101-
015, Gibco-Invitrogen, China) at 37 1C for 6 h. Cells were
cultured in Dulbecco's modified Eagle's medium (DMEM)
containing 10% fetal bovine serum (FBS) (SV30087.02,
Hyclone, China), 100 U/ml of penicillin and 100 μg/ml of
streptomycin. After the sub-confluent cell layer was observed
in cell culture flask, it was typsinized using trypsin (0.05%) –
EDTA. 4Na (0.53 mM) solution (Gibco-Invitrogen, China).
The solution was filtered and centrifuged cells were seeded at a
cell density of 5000 cells/cm2 in 100 mm well-plates (430167,
Corning). Cells were cultured at 37 1C in humidified atmo-
sphere with 5% CO2. The medium was changed every 3 days
interval.
Mouse MC3T3-E1 pre-osteoblasts were harvested from

cryo-preserved cells and cultured under the same conditions
as primary chondrocytes.

2.2. Fabrication of Mg–1Ca alloy microspheres

The Mg-Ca (1 wt%)(Mg–1Ca) alloy ingot was cast with
commercial pure Mg (99.98%) and Ca (99.95%) in a crucible
under a mixed gas atmosphere of SF6 and CO2 before
manufactured into powders with atomization method. Micro-
spheres (75–150 μm) in powder form were filtered and
preserved in the vacuum bag until further use.

2.3. Concentration of Mg ions and alternating pH

Concentrations of Mg ions in DMEM containing the
microspheres were measured at day 1, 3 and 7 via inductively
ntal design.
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coupled plasma atomic emission spectrometry (ICP-AES;
Leeman). pH values were measured using pH meter (Sartorius
PB-10).
2.4. MTT assay

MTT assay (3-(4, 5-Dimethyl-2-thiazolyl)-2, 5-diphenyl-
2H-tetrazolium bromide) (MTT, 2128, Sigma) was used to
assess the cell viability/metabolic activity at days 1 and 3 in
culture [20]. MTT solution (500 μl, 5 mg/ml) was added to
each well and incubated at 37 1C for 3 h. The wells were
emptied before adding 2 ml of dimethyl sulfoxide (DMSO).
Optical density at 570 nm wavelength was measured to
determine the percentage of viable cells (Bio-Rad, Model
680). The background absorbance was subtracted from the
absorbance values recorded in the form of percentages. Read-
ings in triplicates were performed at each time point.
2.5. GAG quantification

The content of GAG deposited by cells was tested using
DMMB (Dimethylmethylene Blue) assay [21]. Firstly, cells
were digested in 1 ml of 50 μg/ml proteinase K (100 mg,
Beijing Hualvyuan Biotechnology Development Center) at
56 1C overnight following the addition of 500 μl of Dimethyl-
methylene Blue (DMMB, 341088, Sigma, containing 16 μg/ml
DMMB in 2.5% ethanol, 1 M GuHCl, 0.2 g/lsodium formate,
and 2% formic acid). Each sample was vortexed for 30 min
and then centrifuged. Contents were dissolved in 0.5 ml of
decomplexation solution (50 mM sodium acetate solution
buffer of pH 6.8, 10% propan-1-ol, 4 M GuHCl) by vortexing
for another 30 min. Optical density was measured at 630 nm
(Bio-Rad, Model 680). GAG content was extrapolated from
the chondroitin sulfate (27042-10G F, Sigma) standard curve.
Readings in triplicates were recorded at each test time point
selected.
Table 1
Primer Sequences Used in Gene Expression Analysis for chondrocytes.

Gene Primer sequence (50-30)

GAPDH forward GTCATCCATGACAACTTCGG
GAPDH reverse GCCACAGTTTCCCAGAGG
Col I forward CAGAACGGCCTCAGGTACCA
Col I reverse CAGATCACGTCATCGCACAAC
Col II forward GAGAGGTCTTCCTGGCAAAG
Col II reverse AAGTCCCTGGAAGCCAGAT
Col X forward CAGGTACCAGAGGTCCCATC
Col X reverse CATTGAGGCCCTTAGTTGCT
Aggrecan forward CGAAACATCACCGAGGGT
Aggrecan reverse GCAAATGTAAAGGGCTCCTC
2.6. Histochemistry staining

Calcium nodules formed by osteoblasts were stained by
Alizarin red. After medium was removed, samples were
washed twice with PBS, fixed with 95% alcohol for 20 min
and further washed twice with double distilled water. In
addition, 0.1% alizarin red (1% Tris–HCl, pH 8.3) was added
on top of the samples and incubated for another 30 min.
Samples were washed with distilled water before analysis
under an optical microscope.

GAG secretion by primary chondrocytes was assessed by
Alcian blue. Medium was removed from the top of the
samples, washed with PBS, fixed using 95% alcohol and
incubated in 0.5% Alcianblue (Sigma-Aldrich) in 0.1 M HCl
for 30 min. Samples were observed under an optical
microscope.
2.7. Real time-PCR

Cells were lysed in 1 ml Trizol (15596-026, Invitrogen) for
5 min. The total RNA was extracted following the manufac-
turer's protocol. RNA concentrations were determined using
the NanoDrop (NanoDrop Technologies, Wilmington, DE).
The cDNA was obtained by using iScript™ cDNA synthesis
kit (Bio-Rad, Hercules, CA) following manufacturer's instruc-
tions. Real-time PCR was performed using the Power SYBR
Green PCR Master Mix (Applied Biosystem, Foster City, CA)
on Applied Biosystems 7500 Real-Time PCR System (Applied
Biosystem) at 95 1C for 15 min, followed by 40 cycles of 15-
second denaturation at 94 1C, 30-second annealing at 55 1C
and 30-second elongation at 72 1C. The target genes were
normalized by the reference gene glyceraldehydes-3-phosphate
dehydrogenase (GAPDH). Gene expression was calculated as
2�ΔΔCt. Each experiment was repeated three times. The
primers are listed in Table 1.

2.8. Statistics

Statistical analyses were performed using SPSS 13.0 (One-
way ANOVA, LSD, Po0.05) to assess a significant differ-
ence in the mean values between the test time points selected.

3. Results

3.1. Degradation of Mg–1Ca microspheres and cytotoxicity

With the degradation of Mg–1Ca alloy microspheres, the
concentration of Mg ion released was the highest at day 3 in all
experimental groups 250 μg/ml, 500 μg/ml and 1000 μg/ml i.e.
9.070.8, 22.771.5 and 3171.6 mM. The Mg ion concen-
tration in DMEM recorded before immersion was 0.8 mM.
Due to ion release, the pH values varied from 7.4 to 7.670.2,
8.270.1 and 8.370.1, respectively (as listed in Table 2).
However, at day 7 the pH values dropped considerably in
comparison to day 1 and day 3. It was hypothesized this may
be due to the medium changing step at day 3 which caused
excess removal of Mg ions released by microspheres in
culture. In addition, calcium ions release from Mg–1Ca
microspheres was not measured as the calcium content was
less than 10 μg/ml (1% of 1000 μg/ml). This concentration is
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far less than the amount found in DMEM (DMEM contains
Ca2þ ions at concentration of 20 μg/ml).

MTT assay was carried out to assess the cell viability and
proliferation of chondrocytes and osteoblasts in vitro. Results
revealed no significant difference (P40.5) in cell cytotoxicity
in all groups at day 1 and 3 (Fig. 2). The osteoblasts viability
reached 80% at day 1 and 90% at day 3. The results are in
agreement with our previous findings [16]. Although no
significant differences in cell viability were observed across
all experimental groups cultured with osteoblasts, the cell
viability in 1000 μg/ml group was the lowest at day 1 and 3,
respectively.
3.2. GAG quantification for chondrocytes

Culture studies presented in Fig. 3 revealed that at day 7 no
significant difference (P40.5) in GAG content was found
between the different experimental groups as well as the
control group, respectively. However, after two weeks incuba-
tion, the GAG content in the 250 μg/ml group was 10% higher
than the control group (Po0.5). A 20% decrease in GAG
content was observed in the 1000 μg/ml group compared to
250 μg/ml and the control group (Po0.5), as shown in Fig. 3.
Table 2
Primer sequences used in gene expression analysis for MC3T3-E1.

Gene Primer sequence (50-30)

GAPDH forward ACCCAGAAGACTGTGGATGG
GAPDH reverse CACATTGGGGGTAGGAACAC
Col I forward GAGCGGAGAGTACTGGATCG
Col I reverse GTTCGGGCTGATGTACCAGT
ALP forward CCAGCAGGTTTCTCTCTTGG
ALP reverse GGGATGGAGGAGAGAAGGTC
Runx2 forward CCCAGCCACCTTTACCTACA
Runx2 reverse TATGGAGTGCTGCTGGTCTG
Opn forward TCTGATGAGACCGTCACTGC
Opn reverse AGGTCCTCATCTGTGGCATC

Fig. 2. Cyto-compatibility via MTT assay. Mg–1Ca microspheres prepared at dif
P40.5.
3.3. Histochemistry staining

Osteoblasts in all experimental groups were stained at day 7
with alizarin red in a radial pattern around the microspheres as
shown in Fig. 4. In comparison, no cells were stained in the
control group. However, osteoblasts located nearer to the
microspheres were stained deeper than those at a distance in
all experimental groups. Moreover with an increase in con-
centration of microspheres the staining around microspheres
became deeper.
Different from the above phenomenon, GAG staining results

revealed uniformity in GAG content deposited by chondro-
cytes (Fig. 5). It was noticed that the color of the stain
remained light blue. This may be due to the presence of HCl in
the staining solution which has the ability to dissolve micro-
spheres. Therefore, it was hypothesized that the blue color
around the microspheres could simply be adhesive dye instead
of GAG content.
ferent concentrations at day 1 and 3, (A) Chondrocytes; and (B) Osteoblasts.

Fig. 3. GAG secretion by chondrocytes cultured with Mg–1Ca microspheres
prepared at different concentrations at day 7 and 14. *Po0.05 in comparison
to the blank control.
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3.4. Gene expression

In samples cultured with chondrocytes, collagen (type I, II and
X) and aggrecan gene expressions were investigated at days 3
Fig. 4. Alizarin red staining of osteoblasts

Fig. 5. Alcian blue staining of chondrocytes
and 7. Results revealed that in 500 μg/ml experimental group a
significant decrease (Po0.5) in collagen type II and aggrecan
expressions were observed at day 7 whereas in experimental
group 1000 μg/ml a significant decrease (Po0.5) in collagen
at day 7. Scale bar represents100 μm.

at day 7. Scale bar represents 100 μm.



Fig. 6. Gene expression of chondrocytes and osteoblasts at day 3 and day 7, (A) Chondrocytes with *Po0.05 in comparison to the control group; and (B)
osteoblasts with no significant difference.
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type I, II, X and aggrecan was observed (Fig. 6(A)). Interestingly,
collagen type X expressions were significantly (Po0.5) higher in
250 μg/ml at day 7 in comparison to the control group (Fig. 6
(A)). These results demonstrated that in 250 μg/ml group,
chondrocytes may be in hypertrophic state leading to an increase
in collagen type X expression with no significant difference in
aggrecan and collagen type II expressions. Evidently, micro-
spheres prepared at different concentrations have shown to
significantly influence gene expression of chondrocytes in vitro.
However long-term culture studies may be required to confirm
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these observations further. In Fig. 6(B), samples containing
osteoblasts, at day 3 showed that with an increase in Mg–1Ca
concentration, a relative drop in the gene expression of ALP,
collagen type I, RUNX2 and OPN was seen. However, in
comparison to the control group no significant difference existed
(P40.5) (Fig. 6(B)). Further investigation is required to fully
elucidate the effects of Mg–1Ca microspheres on the gene
expression of collagen type I and ALP leading to the differentia-
tion of osteoblasts for osteochondral repair.

4. Discussion

The repair of osteochondral defects is a crucial step for
optimal cartilage repair. To date, biomaterials have not yet
been able to fully restore the mechanical properties of the
subchondral plate. To address this problem, we suggested the
use of Mg alloys, in particular Mg–1Ca microspheres to serve
as a potential template for osteochondral repair. In this study,
we investigated the dynamic degradation of Mg–1Ca alloy
microspheres in culture in the presence of chondrocytes and
osteoblasts. Our findings illustrated that an increase in the
concentration of microspheres led to a decrease in collagen
(type I, II and X) and aggrecan gene expression. These results
are in agreement with our previous study [17], which described
the effect of concentration of Mg ions on the morphology,
viability, proliferation and extracellular matrix deposition.
For osteoblasts, previous studies illustrated that the gene
expression of osteoblasts increased when they were cultured
in medium with 2 mM MgCl2, but decreased significantly with
medium containing 8 mM MgCl2 [16]. In relation to the
current study, the group containing 250 μg/ml Mg–1Ca micro-
spheres enhanced the differentiation of pre-osteoblasts illu-
strated by the staining results, though the gene expression
showed no significant difference (P40.5). Moreover,
although the histochemistry staining micrographs revealed that
the phenotype of osteoblasts cultured in different well-plates
appeared differentiated in some areas however, the gene level
of ALP showed no significant differences in comparison to the
control group. The two different techniques employed to
evaluate osteoblasts differentiation may have resulted in a
slight discrepancy as the ALP gene expression measurements
are based on the activity of an enzyme (alkaline phosphatase)
which was recorded using RT-PCR. However, for assessing
cell morphology osteoblasts were directly observed under the
optical microscope.

Gene expression results indicated that different concentra-
tion of Mg ions released by alloy degradation can control
cellular phenotypes in vitro. Osteochondral tissues consist of
complex zones including hyaline cartilage, calcified cartilage
and subchondral bone. In hyaline cartilage, superficial zone
has the lowest biosynthetic activity and contains the highest
amount of collagen type II. Collagen types IX and X are most
abundant in the middle and deep zones. Chondrocyte hyper-
trophy and elevated collagen deposition are also suggestive of
calcified cartilage matrix formation [22]. In further study, Mg
alloy microspheres can be embedded in bi-layers to improve
scaffold design for osteochondral tissue engineering, in
particular aiming at regulating the cellular fates by controlling
the Mg ion concentrations under cell culture conditions.
In addition, the effect of Mg alloy degradation on osteo-

blasts behavior was influenced by their location around the
microspheres. It was hypothesized that this may be due to the
diffusion of Mg ions and OH- ions from the area nearer to or
further away from the microspheres. In further study, differ-
ences caused by the diffusion of degradable ion should be
concerned for degradable materials.

5. Conclusions

The results of the present investigation revealed that
chondrocytes can “bear” higher concentrations of Mg ions
released in the medium after alloy degradation. Chondrocytes
in the presence of Mg–1Ca microspheres (250 μg/ml group)
secreted matrix which increased by 10% and the cells appeared
hypertrophic, similar to the phenotype of chondrocytes resid-
ing in the deep zone of articular cartilage. In addition,
osteoblasts cultured in 250 μg/ml experimental group demon-
strated some levels of osteogenetic differentiation. However
further investigation is underway to elucidate the effects of Mg
degradation on the cell morphology of osteoblasts nearer to
and at a relative distance away from the Mg–1Ca microspheres
in culture.
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