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In vitro and in vivo investigation on biodegradable
Mg-Li-Ca alloys for bone implant application
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ABSTRACT Magnesium alloys show promise for application
in orthopedic implants, owing to their biodegradability and
biocompatibility. In the present study, ternary Mg-(3.5,
6.5 wt%) Li-(0.2, 0.5, 1.0 wt%) Ca alloys were developed. Their
mechanical strength, corrosion behavior and cytocompat-
ibility were studied. These alloys showed improved mechanical
strength than pure Mg and exhibited suitable corrosion re-
sistance. Furthermore, Mg-3.5Li-0.5Ca alloys with the best in
vitro performance were implanted intramedullary into the
femurs of mice for 2 and 8 weeks. In vivo results revealed a
significant increase in cortical bone thickness around the Mg-
3.5Li-0.5Ca alloy rods, without causing any adverse effects.
Western blotting and immunofluorescence staining of β-ca-
tenin illustrated that Mg-3.5Li-0.5Ca alloy extracts induced
osteogenic differentiation of human bone marrow-derived
mesenchymal stem cells (hBMMSCs) through the canonical
Wnt/β-catenin pathway. Our studies demonstrate that Mg-
3.5Li-0.5Ca alloys hold much promise as candidates for the
facilitation of bone implant application.

Keywords: Mg-Li-Ca alloy, cytocompatibility, biocompatibility,
human bone marrow-derived mesenchymal stem cells, osteo-
genic differentiation

INTRODUCTION
Magnesium (Mg) alloys show promise for application in
orthopedic implants, owing to their biodegradability in
human physiological conditions. Unlike permanent me-
tals and absorbable polymers, magnesium alloys exhibit a
favorable balance between degradation and strength.
Moreover, Mg is a natural ion with multiple functions in
biological systems. Indeed, several in vivo studies have

shown that magnesium alloys could be used as potential
degradable implant biomaterials [1–4].

However, there are problems associated with the ap-
plication of pure Mg as load-bearing orthopedic implant
materials. For example, pure Mg has low mechanical
strength, which limits its application after implantation in
the human body [1,5]. The second concern is that pure
Mg is easily biodegradable and degrades rapidly in the
human body; during this process mechanical integrity is
lost before new bone is fully regenerated [6]. For these
reasons, the development of new magnesium alloys with
improved mechanical strength and enhanced corrosion
resistance is highly desirable.

Alloying is one of the most effective ways to improve
the corrosion properties and mechanical strength of pure
Mg. Magnesium alloys have been widely applied, such as
LAE442 (Mg-4Li-4Al-2RE) and AZ91D (Mg-9Al-1Zn)
[1,2,7]. However, these alloys contain high quantities of
aluminium (Al) and rare earth elements, which are as-
sociated with potential toxic effects on the human body
[8]. Therefore, it is highly desirable to develop magne-
sium alloys with more biocompatible alloying elements,
such as zinc (Zn), calcium (Ca), manganese (Mn), lithium
(Li), and strontium (Sr).

Among these alloying elements, Li can change the
hexagonal close packed (hcp) structure of Mg into body
centered cubic (bcc). Mg-Li alloys can be classified into
three types, depending on the lithium content: α-phase (0
to 5 wt% Li), dual phase (α+β; 5 to 10.3 wt% Li), and β-
phase (>10.3 wt% Li) [9]. Previous studies have reported
that Mg-Li-based alloys are more corrosion resistant than
Mg-based alloys [9]. Moreover, incorporation of Li in
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Mg-Li alloy can reduce the density of magnesium alloys.
From a biomedical perspective, Li was approved by the
US Food and Drug Administration (FDA) to treat bipolar
and depressive disorders for up to 50 years [10,11]. In-
deed, reports indicate that Li+ ions can promote bone
formation and enhance bone density in vivo [12–14].

Incorporation of Ca into Mg-Li-based alloys results in
more refined microstructures, thus improving mechanical
strength [15,16], and Ca can improve the corrosion
properties of Mg-Li alloys [17,18]. Furthermore, Ca is
considered as one of the most important factors in nor-
mal bone development and is one of the major elements
in bone [19,20].

Preliminary studies have been conducted on the cor-
rosion behavior of Mg-Li-Ca alloys [21,22]. However,
there are no reports related to their biocompatibility in
vitro or in vivo. Therefore, in the present study, the in-
fluence of Mg-Li-Ca alloys on the differentiation of
hBMMSCs was explored. Meanwhile, the in vivo perfor-
mance of Mg-Li-Ca alloy when implanted into an animal
model was assessed. Furthermore, the potential me-
chanism of osteogenic differentiation around the Mg-Li-
Ca alloys was investigated.

EXPERIMENTAL SECTION

Materials preparation and microstructural
characterization
Mg-(3.5, 6.5 wt%)Li-(0.2, 0.5, 1.0 wt%)Ca alloys were
melted and cast by using commercial magnesium, pure
Li, and pure Ca. The analyzed compositions are shown in
Table 1. High purity Mg (99.95%) was used in a control
group. Ingots of the alloys and pure Mg were extruded at
280°C with a reduction ratio of 16 into bars. The samples
were cut to a dish-shaped size (Ф10 × 2 mm) for micro-
structural characterization, corrosion measurements, cy-
totoxicity tests, and other in vitro tests, with the exception
of tensile tests. Cylindrical rods (Ф0.7 × 5 mm) were
machined parallel to the rolling direction for in vivo tests.

All samples were mechanically polished to 2,000 grit, then
ultrasonically cleaned in acetone, absolute ethanol and
distilled water, before drying in open air. Polished spe-
cimens were etched in a 2% nitric acid alcohol solution
and rinsed in distilled water. Afterwards, they were ob-
served under an optical microscope (BX51M, Olympus,
Japan). An X-ray diffractometer (XRD, Rigaku DMAX
2400, Japan) was adopted to identify the phase compo-
sitions by using Cu Kα radiation at a scan rate of 4° min−1.

Mechanical tests
The samples with a gauge length of 25 mm were pro-
cessed according to ASTM-E8-04a [23]. The tensile tests
were carried out on a universal material testing machine
(Instron 5969, US) at a strain rate of 1 mm min−1 at room
temperature (RT). Three parallel samples were taken for
each group.

Electrochemical measurements
Electrochemical evaluation was performed with an elec-
trochemical workstation (Autolab, Metrohm). The elec-
trochemical measurements were performed in Hank’s
solution, as previously described [24]. Each sample was
exposed to open-circuit potential (OCP) for 4,800 s; then
potentiodynamic polarization was performed at a scan-
ning rate of 1 mV s−1. Corrosion potential (Ecorr), corro-
sion current density (icorr), and OCP were obtained by
Tafel analysis based on the polarization plots. Since the
determination of the Tafel slope might result in large
variations [25], the Tafel slopes were carefully determined
in the 130 to 300 mV potential range, away from Ecorr

both on the cathodic and the anodic curves. Three du-
plicate samples were taken for each group.

Immersion tests and hydrogen evolution tests
Immersion tests were performed according to ASTM
G31-72 [26]. Samples were weighed prior to immersion
tests with an analytical balance (METTLER TOLEDO
XS105, Switzerland). At least three specimens were im-
mersed in Hank’s solution at 37°C, with the ratio of so-
lution volume to sample surface area (V/S) being
20 mL cm−2. The pH value and the volume of hydrogen
evolved were recorded. Hydrogen evolution tests were
carried out using a set-up described in previous study
[27]. After 20 d immersion, the samples were removed
from the solution, lightly rinsed with distilled water, and
then dried in open air. Surface morphologies were ob-
served with a scanning electron microscope (SEM, S-
4800, Hitachi, Japan) coupled with energy dispersive
spectrometer (EDS), operating in the second electron

Table 1 Analyzed compositions of the Mg-Li-Ca alloys

Nominal composition
(wt%)

Analyzed composition (wt%)

Li Ca Mg

Mg-3.5Li-0.2Ca 4.2 ± 0.1 0.31 ± 0.03 Balance

Mg-3.5Li-0.5Ca 3.8 ± 0.1 0.53 ± 0.04 Balance
Mg-3.5Li-1.0Ca 3.7 ± 0.1 1.03 ± 0.03 Balance
Mg-6.5Li-0.2Ca 7.0 ± 0.2 0.28 ± 0.02 Balance
Mg-6.5Li-0.5Ca 6.5 ± 0.1 0.39 ± 0.03 Balance

Mg-6.5Li-1.0Ca 6.7 ± 0.1 0.79 ± 0.06 Balance
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mode and the backscattering electron mode. Subse-
quently, corrosion products were removed from the
sample using chromic acid (200 g L−1), with subsequent
rinsing with distilled water, then dried in open air, before
being weighed by an analytical balance.

In vitro cytotoxicity test
In order to evaluate the cytotoxicity of the Mg-Li-Ca al-
loys, cytotoxicity tests, based on the international standard
ISO 10993-5, were performed as previously described
[28]. Mg-Li-Ca alloy extracts were prepared by using α-
MEM supplemented with 10% fetal bovine serum (FBS)
for 24 h with an extraction ratio of 1 cm2 mL−1, under cell
culture conditions. Extracts ion concentrations and pH
values were measured by inductively coupled plasma op-
tical emission spectrometry (ICP-OES, iCAP6300, Ther-
mo) and pH meter (PB-10, Sartorius), respectively.

Human bone marrow mesenchymal stem cells
(hBMMSCs, Sciencell, San Diego, CA, US) were cultured
in α-minimal essential medium (α-MEM, Gibco, Grand
Island, NY, US) supplemented with 10% FBS, 100 U mL−1

penicillin G, and 100 mg mL−1 streptomycin at 37°C in an
95% air, 5% CO2, in a 100% relative humidity incubator.
Cells from passages 4–6 were used for in vitro experi-
ments and culture medium was changed every two days.
All cell related experiments were repeated no less than
three times. The as-extruded pure Mg extracts and tita-
nium (Ti) extracts were used as the material controls;
culture medium was used as the negative control.

The hBMMSCs were seeded at a density of 5 × 103 cells
per 100 μL medium in a 96-well plate. After 24 h cell
culture, the medium was discarded and replaced with
alloys extracts (experimental group) for 1, 3, and 5 d. A
cell counting kit-8 (CCK8, Dojindo Laboratories, Ku-
mamoto, Japan) was used, according to the manu-
facturer’s protocol, to assess cell viability. Briefly, a total
of 10 µL CCK8 solution was added to each well and the
plate was restored to the cell incubator for 2 h. The
spectrophotometric absorbance of each well was detected
at a wavelength of 450 nm using a microplate reader
(Elx800, Bio-Tek, Vermont, US). Each experiment was
performed at least three times.

Quantification of ALP activity
To determine the early differentiation of hBMMSCs sti-
mulated by the extracts from Mg-Li-Ca alloys, the
hBMMSCs were seeded in 12-well plates at a density of
104 cells/mL in the presence of the Mg-Li-Ca alloy ex-
tracts. On day 7, the cells were rinsed with ice-cold
phosphate-buffered saline (PBS) three times and then

lysed with 1% triton X-100 (Sigma, St. louis, MO, US) for
10 min on ice. Cells were collected with a cell scraper,
sonicated on ice, and then centrifuged at 12,000×g for
30 min at 4°C. Supernatant protein concentrations were
measured using a bicinchoninic acid assay (BCA) protein
assay kit (Prod#23225; Pierce Thermo Scientific, Wal-
tham, MA, US), according to the manufacturer’s in-
structions. Alkaline phosphatase (ALP) activity was
assayed using an ALP assay kit (A059-3; Nanjing Jian-
cheng Bioengineering Institute, Nanjing, China). ALP
levels were normalized to the total protein content, as
previously described [29].

Quantitative reverse transcription-polymerase chain
reaction analyses
hBMMSCs were seeded in 6-well plates and treated by
Mg-3.5Li-0.5Ca alloy extracts for 7 and 14 d. Total cel-
lular RNA was extracted using Trizol reagent (Invitrogen,
Carlsbad, CA, US), according to the manufacturer’s in-
structions, and then reverse-transcribed into cDNA using
a reverse transcription kit (Takara, Kusatsu, Shiga, Japan).
Quantitative polymerase chain reaction (qPCR) analysis
was performed using the SYBR Green PCR Master Mix
(Roche Applied Science, Mannheim, Germany) on a 7500
sequence real-time PCR detection system (Applied Bio-
systems, Foster City, CA, US). The expression of glycer-
aldehyde 3-phosphate dehydrogenase (GADPH) was used
as a housekeeping gene. Primers (Table 2) were designed
based on a cDNA sequence from the National Center for
Biotechnology Information (NCBI) sequence database
and the primer specificity was confirmed by a BLASTN
search. Cycle threshold values were used to count the fold
change by using the ∆∆Ct method [30].

In vivo animal implantation surgery
Our research was approved by the Ethics Committee,
Peking University Health Science Center, Beijing, China
(PKUSSIRB-2013023). The animal experiments were
conducted following the protocol established by the Ex-
perimental Animal Ethics Branch. To minimize potential
suffering, all animals were anesthetized by pentobarbital
sodium (50 mg kg−1). Forty ten-week old female C57BL/6
mice were randomized into four groups (n = 10): (1) Mg-
3.5Li-0.5Ca alloy rods, (2) pure Mg rods, (3) titanium
alloy rods, and (4) empty control group. All rods were
implanted into a drilled bone tunnel in the femur along
the axis of the shaft from the distal femur. In the empty
control group, the drilled bone tunnel was left empty.
Postoperatively, all mice were housed in an en-
vironmentally controlled animal care house.
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Soft X-ray detection, micro-computed tomography (Micro-
CT) scanning, and histological analysis
Mice were sacrificed 2 and 8 weeks post-surgery. The
femora were harvested and fixed in 10% neutral buffered
formalin for 24 h at RT.

To evaluate if Mg-3.5Li-0.5Ca alloys could enhance
bone formation in vivo, soft X-ray pictures were captured
using a Senographe essential X-ray apparatus (GE, Fair-
field, CT, US) under 25.0 kV, 22.5 mA, 21.0 cm condi-
tions. Micro-CT scans were performed using a high
resolution Inveon apparatus (Siemens, Munich, Ger-
many). The scanning parameters were set at an X-ray
voltage of 60 kV, anode current of 220 μA, and exposure
time of 1,500 ms, for each of the 360 rotational steps.
Images were acquired at an effective pixel size of 8.82 μm.

After Micro-CT analysis, the femora were dehydrated
with gradient dehydration from 75% to absolute ethanol
and then embedded in polymethylmetacrylate (PMMA).
Subsequently, the embedded specimens were sectioned
into 150 μm thick sections using a Leica SP1600 saw
microtome (Leica, Hamburg, Germany) parallel to the
long axis of the femoral shaft. The sections were ground
and polished to 40–60 μm, followed by staining with to-
luidine blue for histological examination. The rest of fe-
mora were decalcified in 10% EDTA solution (pH 7.4)
under constant agitation at RT for 14 d (fresh 10% EDTA
solution was exchanged every 48 h). Then, the femora
were embedded in paraffin and sliced into 5 μm-thick
serial sections, followed by hematoxylin-eosin (HE)
staining for histological examination. After HE staining,
the sections were observed and images were obtained
using an optical microscope (BX51, Olympus, Japan).

Western blotting analysis and immunofluorescence
staining of β-catenin protein expression
After being treated with Mg-3.5Li-0.5Ca alloy extracts for
48 h, hBMMSCs were washed with cold PBS and lysed in
radioimmunoprecipitation assay (RIPA) buffer to obtain

total cell protein. For cytosolic and nuclear fractions, cells
were suspended in buffer A (10 mmol L−1 Hepes,
10 mmol L−1 KCl, 0.1 mmol L−1 EDTA, 0.1 mmol L−1

EGTA, 1 mmol L−1 DTT, 0.15% NP-40 and 1% cocktail)
on ice for 10 min, centrifuged at 12,000 g for 30 s, then
the cytoplasmic supernatant was collected. The remaining
pellet was washed with PBS and resuspended in buffer B
(20 mmol L−1 Hepes, 400 mmol L−1 NaCl, 1 mmol L−1

EDTA, 1 mmol L−1 EGTA, 1 mmol L−1 DTT, 0.5% NP-40
and 1% cocktail), rocked for 15 min at 4°C, and then
centrifuged at 14,000 rpm for 15 min before the nuclear
protein supernatant was collected. The protein con-
centrations were measured using a BCA protein assay kit
(Thermo Scientific). Briefly, loading buffer was added to
the protein samples and boiled for 5 min at 99°C to
achieve albumen denaturation and depolymerization.
Sodium dodecyl sulfate-polyacrylamide gel electrophor-
esis (7.5%; SDS-PAGE) was applied to the separate pro-
tein samples and the proteins were transferred to
polyvinylidene fluoride membranes (Millipore). The
membranes were blocked with 5% non-fat milk for 2 h at
RT and incubated with primary rabbit monoclonal anti-
bodies specific to β-catenin (diluted 1:5000; Abcam,
Cambridge, UK) overnight at 4°C, followed by incubation
with secondary antibodies for 1 h at RT. The results were
visualized using an ECL chemiluminescence detection
system (CWBIO, Beijing, China).
hBMMSCs were washed three times in PBS and fixed
with 4% paraformaldehyde for 15 min at RT. Subse-
quently, permeabilization with 0.25% Triton X-100 for
10 min at RT. The cells were washed another three times
with PBS and blocked in 0.8% BSA-PBS for 1 h. The cells
were then incubated with β-catenin primary antibodies
(diluted 1:100; Abcam, Cambridge, MA, US) overnight at
4°C. These cells were then rinsed and further incubated
with secondary antibodies for 1 h at RT. Finally, cell
nuclei were stained with DAPI for 10 min at RT. Speci-
mens were observed under a Confocal Zeiss Axiovert 650

Table 2 Primer pairs used in qPCR analysis

Gene Forward primer Reverse primer

ALP 5’- ATGGGATGGGTGTCTCCACA-3’ 3’- CCACGAAGGGGAACTTGTC-5’

Runx2 5’-ACTACCAGCCACCGAGACCA-3’ 3’-ACTGCTTGCAGCCTTAAATGACTCT-5’

OCN 5’-AGCCACCGAGACACCATGAGA-3’ 3’- GGCTGCACCTTTGCTGGACT-5’

OSX 5’- ACTGCCCCACCCCTTAGACA-3’ 3’- GAGGTGCACCCCCAAACCAA-5’

TCF-1 5’- GCCATGGTTTCTAAACTGAGCCA-3’ 3’-CTTTGCTCAGCCCTGACTCG-5’

LEF-1 5’- CCTCTTGGCTGGCAAGGTCA-3’ 3’-TTGCCTGAATCCACCCGTGA-5’

AXIN2 5’- CCCCAAAGCAGCGGTGC-3’ 3’-GCGTGGACACCTGCCAG-5’

GAPDH 5’- AAGGTCGGAGTCAACGGATTTG-3’ 3’- TCCTGGAAGATGGTGATGGGAT-5’
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microscope (Carl Zeiss Microimaging, LLC, Thornwood,
NY, US) under excitation wavelengths of 488 nm (green,
β-catenin) and 405 nm (blue, DAPI). Statistical analysis

Data are presented as the mean value ± standard de-
viation and analyzed using SPSS version 16.0 (SPSS Inc.,
Chicago, IL, US). One-way analysis of variance (ANOVA)
was performed for data analysis. Statistically significance
was defined as p value of < 0.05.

RESULTS

Microstructures and mechanical properties
Fig. 1a shows the optical microstructure of an as-extruded
Mg-Li-Ca alloy from a cross-section perpendicular to the
extrusion direction. The Mg-3.5Li-xCa alloys performed a
single phase with Ca-contained precipitations, which
became continuous when the Ca content reached

1.0 wt%. When the Li component was 6.5 wt%, the Mg-
6.5Li-xCa alloys exhibited typical α-Mg + β-Li dual phase
microstructure, which is similar to that of Mg-6.5Li-xZn
alloys reported in a previous study [24]. However, no
curling or Van Gogh Sky patterns were observed on the
surface. According to a previous study, Ca tends to ac-
cumulate at grain boundaries, especially in the β-Li phase
[22]. The microstructure was further confirmed by XRD
examination (Fig. 1b), which indicated that Mg-3.5Li-xCa
alloys assumed the α-Mg phase and Mg-6.5Li-xCa alloys
assumed the α-Mg and β-Li phase. However, Mg2Ca
precipitates at the grain boundaries were not detected.

The tensile properties of the Mg-Li-Ca alloys are shown
in Fig. 1c. As expected, the combined addition of Li and
Ca greatly improved the mechanical properties of the as-
extruded Mg-Li-Ca alloys, compared to the as-extruded
Mg counterparts. The yield strength (YS) of all the Mg-

Figure 1 Microstructures and mechanical properties of Mg-Li-Ca alloys. (a) The optical images of the cross-section perpendicular to the extrusion
direction. (b) XRD results. (c) Tensile yield strength (YS), ultimate tensile strength (UTS), and elongation values of the as-extruded Mg-Li-Ca alloys.
#p<0.05.
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Li-Ca alloys was at least double that of pure Mg. Single α
phase based Mg-3.5Li-xCa alloys exhibited higher YS
than dual phase Mg-6.5Li-xCa alloys. Moreover, in-
corporation of the Ca component was efficient in terms of
alloy strengthening, with monotone increasing YS and
ultimate tensile strength (UTS) with increasing Ca con-
tent from 0.2 to 1.0 wt% in the Mg-3.5Li-xCa alloys.
Specifically, the UTS of Mg-3.5Li-1.0Ca and Mg-3.5Li-
0.5Ca were, respectively, 241 ± 3 and 230 ± 4 MPa, which
were significantly higher than that of pure Mg (169 ±
3 MPa). Meanwhile, the as-extruded Mg-6.5Li-xCa ex-
hibited significantly improved elongation.

Corrosion behavior
In vitro corrosion tests, including electrochemical, im-
mersion, and hydrogen evolution analyses, as well as the
calculated electrochemical corrosion results, are detailed
in Fig. 2 and Table 3. The corrosion current density re-
sults illustrate the transient behavior of the metals with
time. Interestingly, after the addition of Li and Ca, all of
the as-extruded Mg-Li-Ca alloy OCP and Ecorr values were
not significantly different than the as-extruded pure Mg.
Meanwhile, the corrosion rates were significantly higher.
Potentiodynamic polarization analysis was conducted
about two hours after the sample surfaces were exposed

Figure 2 Biodegradation behavior of Mg-Li-Ca alloys. (a) Potentiodynamic polarization, (b) total hydrogen evolution. (c) pH of Hank’s solution. (d)
Weight loss of Mg-Li-Ca alloys. #p<0.05. (e) Surface morphologies detected after 20 d immersion in Hank’s solution.

Table 3 Open circuit potential, corrosion potential (Ecorr), corrosion current density (Icorr) and corrosion rate values obtained from the electro-
chemical tests

Open circuit potential (VSCE) Ecorr (VSCE) Icorr (μA cm−2) Corrosion rate (mm y−1)

Pure Mg −1.66 ± 0.01 −1.57 ± 0.02 9.3 ± 0.6 0.21 ± 0.01

Mg-3.5Li-0.2Ca −1.67 ± 0.03 −1.57 ± 0.01 19.0 ± 4.0 0.40 ± 0.10

Mg-3.5Li-0.5Ca −1.66 ± 0.01 −1.58 ± 0.02 21.0 ± 8.0 0.50 ± 0.20

Mg-3.5Li-1.0Ca −1.58 ± 0.01 −1.45 ± 0.01 16.0 ± 4.0 0.38 ± 0.09

Mg-6.5Li-0.2Ca −1.63 ± 0.02 −1.55 ± 0.01 24.0 ± 3.0 0.54 ± 0.07

Mg-6.5Li-0.5Ca −1.68 ± 0.02 −1.56 ± 0.01 17.0 ± 12.0 0.40 ± 0.30

Mg-6.5Li-1.0Ca −1.67 ± 0.03 −1.56 ± 0.05 21.0 ± 10.0 0.50 ± 0.20
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to the Hank’s solution, since OCP test was conducted
before it. All the Mg-Li-Ca samples exhibited increased
corrosion current densities and, therefore, increased
corrosion abilities compared to the as-extruded pure Mg.
These results highlight the as-extruded Mg-Li-Ca alloy
reactivity in Hank’s solution over the initial few hours.

However, the 20 d immersion tests demonstrate a quite
different corrosion trend during long time static immer-
sion. In terms of hydrogen evolution (Fig. 2b), both the
as-extruded Mg-6.5Li-0.2Ca and Mg-6.5Li-1.0Ca alloy
samples released a lot more hydrogen than pure Mg or
other Mg-Li-Ca groups, although in the first 50 h they did
not show such trend. The hydrogen quantities released
from the as-extruded Mg-3.5Li-0.2Ca, Mg-3.5Li-0.5Ca,
Mg-3.5Li-1.0Ca, and Mg-6.5Li-0.5Ca samples are com-
parable to that from the as-extruded pure Mg. They even
showed less hydrogen release at 20 d than the as-extruded
pure Mg. Meanwhile, the pH monitoring supported these
results, as shown in Fig. 2c. The as-extruded Mg-6.5Li-
0.2Ca and Mg-6.5Li-1.0Ca alloy samples resulted in
higher pH values than the as-extruded pure Mg in Hank’s
solution, whilst the other four as-extruded Mg-Li-Ca al-
loys resulted in lower pH values than the as-extruded
pure Mg. The 20 d weight loss results also corroborated
these results, as shown in Fig. 2d. The surface morphol-
ogies of the as-extruded Mg-Li-Ca alloys and pure Mg,
used as the control, are shown in Fig. 2e. The as-extruded
pure Mg underwent local corrosion, with some parts on
its surface exhibiting few signs of corrosion, with other
parts exhibiting severe surface corrosion with heavy
product aggregation. Therefore, we chose the moderately
corroded sections to qualitatively represent the corrosion
performance of these samples. As shown, needle-shaped
corrosion products were observed on the surface of the
as-extruded pure Mg, which was reported to be Mg(OH)2

[31]. As for the as-extruded Mg-6.5Li-0.2Ca and Mg-
6.5Li-1.0Ca alloy samples, both clearly underwent severe
corrosion over the 20 d immersion and barely maintained
their surface integrity. The surfaces were severely da-
maged and lost their planar appearance, with Cl− and
other corrosive ions penetrating inside the samples. Ad-
ditionally, the EDS results confirmed little Ca/P could
aggregate on the surfaces due to highly-active corrosion.
In comparison, the as-extruded Mg-3.5Li-0.2Ca, Mg-
3.5Li-0.5Ca, Mg-3.5Li-1.0Ca, and Mg-6.5Li-0.5Ca alloy
samples all maintained their planar surface form with
Ca/P corrosion product deposition. Interestingly, in vitro
corrosion measurements, including electrochemical and
immersion tests, revealed that the as-extruded Mg-Li-Ca
alloys exhibited higher corrosion trends in the first few

hours of immersion, but better corrosion resistance with
longer term immersion.

Cell cytotoxicity and ALP activity
To compare the proliferation of hBMMSCs cultured in
the presence of the alloy extracts, CCK8 assays were
performed. As shown in Fig. 3a, none of the alloy extracts
were toxic to hBMMSCs after 1, 3, and 5 d of incubation.
On 3 and 5 d of culture, the highest cell proliferation was
observed for cells cultured in the presence of Mg-3.5Li-
0.5Ca alloy extracts. Cytoskeleton staining data of
hBMMSCs were shown in Supplementary information,
Fig. S1. Cells cultured in Mg-Li-Ca alloy extracts had
good spreading morphologies and visible stained cyto-
plasmic filament. ALP activity, which is considered an
early osteogenic differentiation marker, was examined.
Quantitative analysis revealed that the ALP activity of
hBMMSCs cultured in the presence of Mg-3.5Li-0.5Ca
alloy extracts was higher than other groups on day 7 (Fig.
3b). The Mg-3.5Li-0.5Ca alloy exhibited the highest
ability to promote osteogenic differentiation in
hBMMSCs.

Alloy extracts pH and ion concentration values are
shown in Fig. 3c and d. The pH values in the various
extracts ranged from 8.43 to 8.81. Mg2+ ion concentra-
tions in the various extracts ranged from 106.4 to
130.2 μg mL−1, Li+ ion concentrations fluctuated between
5.1 and 13.3 μg mL−1, while Ca2+ ion concentrations
ranged from 56.1 to 59.5 μg mL−1.

Osteogenic differentiation of hBMMSCs in the presence of
Mg-3.5Li-0.5Ca alloy extracts
To further investigate the influence of Mg-3.5Li-0.5Ca
alloy extracts on the osteogenic differentiation of
hBMMSCs, the expression levels of osteogenesis related
genes Runx2, ALP, OCN, and OSX were examined by
qPCR. As illustrated in Fig. 4, the expression of Runx2,
ALP, OCN, and OSX was apparently up-regulated after 7
and 14 d of culture.

In vivo study
All mice survived the observation period. The surgical
wounds showed no visible inflammation during the
study. The mice were sacrificed after 2 and 8 weeks.

Soft X-ray analyses of representative samples are shown
in Fig. 5a. All implants were well positioned well within
the distal femur and there were no translucent areas.
Bone hyperplasia was observed around the cortical bone
surrounding Mg-3.5Li-0.5Ca and pure Mg alloy implants
after 2 weeks. In the titanium and blank control group, no
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bone hyperplasia was observed. After 8 weeks, the cortical
bone was thicker in the Mg-3.5Li-0.5Ca alloy and pure
Mg alloy groups than the titanium and blank control
group. Micro-CT reconstruction of the distal femur illu-
strated that the cortical bone thickness around the Mg-
3.5Li-0.5Ca alloy rods and pure Mg was higher than in
the titanium and blank control groups (Fig. 5c). No sig-
nificant differences were found between the Mg-3.5Li-
0.5Ca alloy and pure Mg alloy groups. The densities of the
Mg-3.5Li-0.5Ca alloy and pure Mg implants decreased
gradually over the observation period.

Analysis of distal femora longitudinal hard tissue slices
stained with toluidine blue clearly shows that the bone
thickness around the implanted Mg-3.5Li-0.5Ca alloy
rods and pure Mg alloy rods was higher than that of the
titanium rod and the empty group (Fig. 5d), which is
consistent with the soft X-ray and Micro-CT results. The
Mg-3.5Li-0.5Ca alloy rods and pure Mg alloy rods de-
graded and the degradation products diffused into the
bone marrow cavity; the magnified picture shows the new

bone formation clearly and a higher quantity of bone
trabeculae could be observed in the Mg-3.5Li-0.5Ca alloy
group and pure Mg alloy rod group than the titanium
group and the blank control group. HE staining sup-
ported the toluidine blue results (Fig. 5e). No poly-
morphonuclear cells or foreign body giant cells were
observed.

Optical images of the HE stained sections of organs
were displayed in Fig. S2. The heart, kidney, liver and
spleen obtained from the Mg-3.5Li-0.5Ca alloy group
showed similar cell structures compared with the control
group. Serum Li+ concentration of mice after 2 and 8
weeks are shown in Fig. S3. No significant differences
were found between the Mg-3.5Li-0.5Ca alloy and the
control groups.

Mg-3.5Li-0.5Ca alloys promote osteogenic differentiation
by activation of the canonical Wnt/β-catenin pathway
In order to determine if the Wnt signaling pathway
participated in the regulation of osteogenic differentiation

Figure 3 Cell cytotoxicity and ALP activity of Mg-Li-Ca alloys. (a) OD value of hBMMSCs cultured in alloy extracts. #p<0.05. (b) ALP activity to Mg-
Li-Ca alloy extracts. #p<0.05. (c) pH values of the alloy extracts. (d) Ion concentrations of the alloy extracts.
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by Mg-3.5Li-0.5Ca alloy extracts, the protein expression
of key molecules in the Wnt/β-catenin pathway was
analyzed using western blot analysis after 48 h of treat-
ment with Mg-3.5Li-0.5Ca alloy extracts. As shown in
Fig. 6a, the presence of Mg-3.5Li-0.5Ca alloy extracts
significantly decreased GSK-3β levels, and increased the
total β-catenin levels. Further data analysis revealed that
the β-catenin level in the presence of Mg-3.5Li-0.5Ca
alloy extracts was significantly higher than the control
group (Fig. 6b). Nuclear β-catenin, which is a marker for
β-catenin signaling activation, was also enhanced after
48 h of stimulation with the Mg-3.5Li-0.5Ca alloy extracts
(Fig. 6c), with nuclear β-catenin levels significantly higher
than in the pure Mg group (Fig. 6d). It is demonstrated by
analysis of these results that β-catenin was expressed at
higher levels after treatment with Mg-3.5Li-0.5Ca alloy
extracts. qPCR results showed that the Wnt signal path-
way-related genes LEF-1, TCF-1, and Axin2 increased in
the presence of Mg-3.5Li-0.5Ca alloy extracts compared
to the control group (Fig. 6e).

To confirm these findings, the expression of β-catenin
was examined by immunofluorescence staining. After
hBMMSCs were exposed to Mg-3.5Li-0.5Ca alloy extracts
for 48 h, β-catenin presented a much stronger fluorescent

signal and translocated into the nucleus (Fig. 6f). This
result is consistent with the protein results and indicates
that Mg-3.5Li-0.5Ca alloys play an important role in os-
teogenic differentiation of hBMMSCs via the canonical
Wnt/β-catenin pathway.

DISCUSSION
An ideal biodegradable biomaterial should exhibit bio-
compatibility, mechanical strength and a suitable de-
gradation rate. In this vein, magnesium alloys are
considered good candidates for bone implantation due to
their favorable biodegradation and mechanical strength.
In the present study, we developed Mg-3.5Li-0.5Ca alloys,
with a view to implantation, which shows favorable me-
chanical strength and corrosion resistance in vitro.
Moreover, we also studied the in vivo performance of Mg-
3.5Li-0.5Ca alloys and explored their mechanism for
promoting the osteogenic differentiation of hBMMSCs.

Mechanical properties and biodegradation behavior
Upon examination of the results presented herein, it is
clear that both Li and Ca strongly influence the me-
chanical and corrosion behavior of the alloys. Table 4
summarizes the mechanical and corrosion behavior of

Figure 4 Osteogenic differentiation of hBMMSCs treated by Mg-3.5Li-0.5Ca alloy extracts after 7 and 14 d. The expression of osteogenic genes
Runx2 (a), ALP (b), OCN (c) and OSX (d) of hBMMSCs. #p<0.05.
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Figure 5 In vivo performance of Mg-3.5Li-0.5Ca alloys. (a) The radiographs of mice femora after implantation evaluated after 2 and 8 weeks. (b)
Micro-CT images of the transverse sections of canine femurs with implants 2 and 8 weeks after implantation. (c) Cortical bone thickness in all groups
at different implantation intervals. #p<0.05. (d) Representative histological observation of the femora hard tissue section stained with toluidine blue by
light microscopy. (e) Representative histological observation of the femora haematoxylin and eosin (HE) section by light microscopy.
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Figure 6 Activity of canonical Wnt/β-catenin pathway stimulated by Mg-3.5Li-0.5Ca alloy. (a) Western blotting analysis illustrated increased total
GSK-3β and β-catenin expression in Mg-3.5Li-0.5Ca alloy extracts after 48 h. (GAPDH was used as the internal control). (b) Quantitation of GSK-3β
and β-catenin expression levels obtained from Image J. #p<0.05. (c) Western blotting analysis exhibited increased nucleus GSK-3β and β-catenin
expression in Mg-3.5Li-0.5Ca alloy extracts after 48 h. (HDAC-1 was used as internal nucleus control). (d) Quantitation of nucleus GSK-3β and β-
catenin expression levels obtained from Image J. #p<0.05. (e) Expression of Wnt signal pathway-related genes (LEF-1, TCF-1 and Axin2) in hBMMSCs
cultured in different groups after 48 h. #p<0.05. (f) Intracellular localization of β-catenin visualized by immunofluorescence. β-Catenin is colored
green and nuclei are colored blue.
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recently reported Mg-Li based alloys developed for bio-
medical applications, against pure Mg used as a com-
parison. The addition of Li leads to large variations in
mechanical properties and elongation, which makes it
possible to tailor the mechanical properties of the alloys
for different target applications. It is well documented
that the addition of Li influences the crystal structure of
Mg-Li based alloys [34]. According to the summary,
generally, the addition of Li results in less strength but
higher elongation, while the addition of other alloying
elements can increase strength due to solid solution
strengthening and precipitation strengthening effects. In
our study, we chose the most naturally abundant metallic
element in the human body, Ca, with a view to improving
implant mechanical performance, while minimizing ad-
verse effects [22]. As biodegradable metals, current Mg-
Li-Ca alloys especially the Mg-3.5Li-0.5Ca and Mg-3.5Li-
1.0Ca show favorable degradation qualities and compar-
able corrosion behavior, when compared to pure Mg

counterparts. Furthermore, the reported Li2CO3 protec-
tive layer provides an alternative strategy to other bio-
degradable Mg alloys to achieve better corrosion
resistance [9,22,24].

Besides composition, the machining process con-
tributes to the final properties of the Mg-Li-Ca alloys. The
higher extrusion ratio and extrusion temperature along
with higher Li addition led to much higher elongation in
Mg-9.29Li-0.88Ca [22], while the lower extrusion ratio
and extrusion temperature along with slight lower Li
content resulted in high mechanical properties and better
corrosion resistance in the present Mg-6.5Li-xCa alloys.

In vitro cytocompatibility of Mg-Li-Ca alloy extracts
Our results suggest that the Mg-Li-Ca alloy extracts sti-
mulate hBMMSCs viability, when compared with the
control groups (Fig. 3a). A previous study indicated that
the maximum Mg2+ ion concentration that resulted in any
measurable adverse effects on BMSCs was 27.6 mmol L−1

Table 4 Summary of the mechanical and corrosion behavior of reported Mg-Li based alloys for biomedical application

Composition
Mechanical behavior Corrosion behavior

Ref.
YS (MPa) UTS (MPa) Elongation (%) Corrosion rate (mm y−1,

electrochemical)
Weight loss

(Hank’s solution)

Pure Mg 66 ± 4 169 ± 3 11.6 ± 0.7 0.21 ± 0.01 (1.1 ± 0.2)%

Mg-9.29Li-0.88Ca 107 .8 113.4 52.8 2.81 ± 0.22 1.38 ± 0.16 mm y−1 [22]

Mg-3.5Li ~75 ~150 ~15 0.1 \

[32]

Mg-8.5Li ~75 ~100 ~42 0.16 \

Mg-3.5Li-1Al ~90 ~150 ~46 0.1 \

Mg-3.5Li-2Al-2RE ~90 ~190 ~22 0.34 \

Mg-3.5Li-4Al-2RE ~140 ~230 ~23 0.24 \

Mg-8.5Li-2Al-2RE ~100 ~150 ~32 0.16 \

Mg-3.5Li-0.5Zn 130 ± 5 203 ± 4 20 ± 2 0.34 ± 0.03 \

[24]

Mg-3.5Li-2Zn 165 ± 3 246 ± 2 22 ± 2 0.24 ± 0.01 \

Mg-3.5Li-4Zn 163 ± 6 250 ± 10 22 ± 3 0.32 ± 0.04 \

Mg-6.5Li-0.5Zn 153 ± 5 223 ± 6 23 ± 1 0.34 ± 0.07 \

Mg-6.5Li-2Zn 141 ± 1 190 ± 3 35 ± 1 0.30 ± 0.01 \

Mg-6.5Li-4Zn 167 ± 3 231 ± 4 29 ± 2 0.28 ± 0.02 \

Mg-1Li-1Ca ~130 ~180 ~10 1.48 \

[33]Mg-9Li-1Ca ~80 ~115 ~53 2.92 \

Mg-15Li-1Ca ~80 ~115 ~25 6.26 \

Mg-3.5Li-0.2Ca 153 ± 3 221 ± 2 13 ± 1 0.4 ± 0.1 (0.9 ± 0.2)%

The present
study

Mg-3.5Li-0.5Ca 165 ± 2 230 ± 4 11 ± 2 0.5 ± 0.2 (0.8 ± 0.2)%

Mg-3.5Li-1.0Ca 173 ± 3 241 ± 3 8.3 ± 0.2 0.38 ± 0.09 (0.7 ± 0.2)%

Mg-6.5Li-0.2Ca 139 ± 3 189 ± 4 15 ± 2 0.54 ± 0.07 (1.6 ± 0.4)%

Mg-6.5Li-0.5Ca 135 ± 8 193 ± 8 16 ± 2 0.4 ± 0.3 (0.9 ± 0.2)%

Mg-6.5Li-1.0Ca 135 ± 2 188 ± 6 17.8 ± 0.2 0.5 ± 0.2 (1.4 ± 0.1)%
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[35]; other researchers reported that less than
10 mmol L−1 Mg2+ ion concentration did not inhibit the
viability and osteogenic differentiation of hBMMSCs [36].
These concentrations are much higher than the Mg2+ ion
concentration used in our research. Li+ ion concentra-
tions of less than 5 mmol L−1 have been shown to increase
hBMMSCs proliferation [37]. The Li+ ion concentrations
in our extracts were below 2 mmol L−1. The effect of Ca2+

ion concentration on cell behavior was not studied, as the
Ca2+ ion concentration in cell culture medium was not
increased. The pH values in our extracts ranged from 8.43
to 8.81 (Fig. 3c). It has been reported that suitable pH
conditions for cell viability and proliferation should be
near to neutral [38]. However, previous studies have
shown that an alkaline pH had no adverse effects on
human embryonic stem cell proliferation and BMSCs
[35,39]. This disparity may be attributed to the varying
sensitivity of different cell types; thus, hBMMSCs may
tolerate increased pH conditions in the Mg-Li-Ca alloy
extracts. This is in accordance with previous reports that
an alkaline environment stimulated cell growth in BMSCs
[40]. The current in vitro study shows the alloy’s suitable
biocompatibility.

In vivo animal implantation study
To our knowledge, this is the first study to examine the in
vivo performance of Mg-3.5Li-0.5Ca alloys. The soft X-
ray and Micro-CT results demonstrate that the Mg-3.5Li-
0.5Ca and pure Mg alloy enhanced cortical bone thick-
ness in comparison to the titanium alloy and blank
controls. This may be due to released Mg2+ ions, which
are a by-product of the Mg-3.5Li-0.5Ca alloy and pure
Mg. Previous studies have shown that Mg2+ ions are
crucial to promote bone formation [1,41,42]. Moreover,
Li+ ions released from the Mg-3.5Li-0.5Ca alloys may
promote bone formation. Several reports have shown that
Li+ ions can enhance the osteogenic differentiation of
BMSCs [43,44]. As shown in Fig. 5, both the Mg-3.5Li-
0.5Ca alloy and pure Mg exhibited bone promotion
ability. However, pure Mg exhibits low mechanical
strength properties. As a result, it is not suitable for load-
bearing areas, due to losses in integrity and strength
during degradation. Thus, the current in vivo study
provides evidence for the superior potential of the Mg-
3.5Li-0.5Ca alloy for biomedical implantation.

Mechanism of hBMMSCs osteogenic differentiation
promotion by Mg-3.5Li-0.5Ca alloy extracts
It is widely accepted that Mg2+ is abundant in the skeleton
and is essential in bone development, facilitating the

mineralization and osteogenesis of MSCs [45]. Previous
studies have shown that high Mg2+ ion concentrations can
lead to bone cell activation [1]. Moreover, it has been
reported that Mg2+ ions from MgSO4 can stimulate the
osteogenic differentiation of hBMMSCs [46]. However,
few studies have focused on the influence of Mg-3.5Li-
0.5Ca alloy extracts on hBMMSCs, which, of course,
more closely simulates a clinical/physiological scenario.
Therefore, we investigated the influence of Mg-3.5Li-
0.5Ca alloy extracts on hBMSC osteogenic differentiation.
Runx2 is a key transcription factor in osteogenic differ-
entiation, which can trigger osteoblast formation and
regulate osteoblast-specific gene expression, for example
BSP, OCN, and OPN [47,48]. OCN is a late stage marker,
which is secreted by osteoblasts during bone formation. It
can modulate the growth of hydroxyapatite and regulate
the metabolism of bone [49]. OSX is a master regulator of
osteoblast differentiation, specifically expressed in all
developing bones [50]. The results show that the ex-
pression levels of those genes were up-regulated after 7
and 14 d of culture (Fig. 4). This illustrates that the Mg-
3.5Li-0.5Ca alloy extracts significantly promote osteo-
genic differentiation.

To the authors’ knowledge, the detailed molecular
mechanism through which Mg-3.5Li-0.5Ca alloy extracts
promote the osteogenic differentiation of hBMMSCs has
not been revealed. To further elucidate the possible me-
chanisms, we examined the canonical Wnt/β-catenin
signaling pathway, which is believed to play a key role in
osteoblast differentiation and new bone formation [51].
The Wnt/β-catenin pathway is considered to be a major
modulator in osteogenesis, via a series of β-catenin sig-
naling events [52].

In our study, the nucleus protein level was assessed,
which is a marker for Wnt/β-catenin signaling activity
[53]. Interestingly, our results indicate that Mg-3.5Li-
0.5Ca alloy extracts inhibit GSK-3β activity, and conse-
quently, GSK-3β is unable to phosphorylate β-catenin. β-
catenin accumulates in the cytoplasm, translocates into
the nucleus, thereby activating Wnt/β-catenin during
bone formation. Additionally, the immunofluorescence
staining of β-catenin also suggests that Mg-3.5Li-0.5Ca
alloy extracts promote β-catenin translocation into the
nucleus at an early stage (Fig. 6f). These findings suggest
that the Mg-3.5Li-0.5Ca alloys promote hBMMSCs os-
teogenic differentiation by, at least partially, activation of
the canonical Wnt/β-catenin signaling pathway.

A previous study reported that the addition of Mg2+

ions does not activate the canonical Wnt/β-catenin
pathway [54]. Meanwhile, the Ca2+ ion concentration in
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the presence of Mg-3.5Li-0.5Ca alloy extracts was not
increased. Previous studies have shown that Li+ ions
could promote bone mass in vivo [12,14]. Researchers
found that Li+ doped scaffolds enhance subchondral bone
regeneration through activation of the Wnt signaling
pathway in BMSCs [37]. Therefore, we speculate that Li+

ions released from the Mg-3.5Li-0.5Ca alloy may be the
main factor in the activation of the Wnt/β-catenin sig-
naling pathway.

Based on the above analyses, we propose a working
model to account for the promotion of hBMMSCs os-
teogenic differentiation by Mg-3.5Li-0.5Ca alloys (Fig. 7).
The canonical Wnt/β-catenin pathway is stimulated by
the binding of a Wnt protein to its corresponding cell
membrane receptor, thus inhibiting a complex comprised
of Axin, glycogen synthase kinase 3β (GSK-3β), and
adenomatous polyposis coli (APC), which degrades cy-
toplasmic β-catenin. Consequently, GSK-3β is unable to
phosphorylate β-catenin, thus β-catenin accumulates in
the cytoplasm and translocates into the nucleus to react
with the transcription factor T cell factor (TCF), and then
target genes are activated.

Taken together, our results demonstrate, for the first
time, that Mg-3.5Li-0.5Ca alloy extracts can promote
hBMMSCs osteogenic differentiation by means of im-

proving osteogenic-specific genes and protein expres-
sions. The activation of the canonical Wnt/β-catenin
pathway seems to be the main mechanism involved in the
osteogenic differentiation of hBMMSCs after exposure to
Mg-3.5Li-0.5Ca alloy extracts. This should enrich our
knowledge concerning the mechanisms by which bone-
implant biomaterials promote osteogenesis. The in vivo
assessment supports our in vitro observations, in terms of
the influence of Mg-3.5Li-0.5Ca alloys in promoting os-
teogenic differentiation. Therefore, Mg-3.5Li-0.5Ca alloys
should be considered as a promising implantation can-
didate for promoting bone regeneration.

However, there are some limitations to this study. Large
animal models are needed to verify the validity of Mg-
3.5Li-0.5Ca alloy implantations prior to clinical applica-
tion. Moreover, there may be other mechanisms involved
in the osteogenic differentiation of hBMMSCs. Therefore,
further investigations are needed to aid the future clinical
application of Mg-3.5Li-0.5Ca alloys.

CONCLUSIONS
Mg-3.5Li-0.5Ca alloys were fabricated as potential bio-
degradable orthopedic biomaterials. The results positively
point to their favorable mechanical properties, good
corrosion resistance, excellent bone augmentation ability,

Figure 7 Suggested mechanism of hBMMSCs osteogenic differentiation in the presence of Mg-3.5Li-0.5Ca alloys.
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and fine biocompatibility. These findings suggest that
Mg-3.5Li-0.5Ca alloys are promising candidates for bone
implant application.
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镁锂钙合金作为骨植入材料的体内外研究
夏丹丹1, 刘洋2, 王思仪1, 曾荣昌3, 刘云松1,4*, 郑玉峰2*, 周永胜1,4

摘要 本文制备了三元Mg-(3.5, 6.5 wt.%)Li-(0.2, 0.5, 1.0 wt.%)Ca合金, 并研究了其力学性能、腐蚀性能与生物相容性. 此合金的力学性能
较纯镁显著提高, 并具有良好的耐腐蚀性. 然后, 将体外性能最佳的Mg-3.5Li-0.5Ca合金植入小鼠股骨骨髓腔, 体内实验结果显示, Mg-
3.5Li-0.5Ca合金周围的骨厚度增加, 未见不良反应. Western blot和免疫荧光染色结果显示, Mg-3.5Li-0.5Ca合金通过经典的Wnt/β-catenin
信号通路促进了人骨髓间充质干细胞的成骨向分化. 研究结果表明, Mg-3.5Li-0.5Ca合金具有作为骨植入材料的巨大潜力.
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