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a b s t r a c t

A low density and high strength alloy, Ca65Mg15Zn20 bulk metallic glass (CaMgZn BMG), was evaluated
by both in vitro tests on ion release and cytotoxicity and in vivo implantation, aimed at exploring the fea-
sibility of this new biodegradable metallic material for potential skeletal applications. MTT assay results
showed that the experimental CaMgZn BMG extracts had no detectable cytotoxic effects on L929, VSMC
and ECV304 cells over a wide range of concentrations (0–50%), whereas for MG63 cells concentrations in
the range �5–20% promoted cell viability. Meanwhile, alkaline phosphatase (ALP) activity results showed
that CaMgZn BMG extracts increased alkaline phosphatase (ALP) production by MG63 cells. However,
Annexin V–fluorescein isothiocyanate and propidium iodide staining indicated that higher concentra-
tions (50%) might induce cell apoptosis. The fluorescence observation of F-actin and nuclei in MG63 cells
showed that cells incubated with lower concentrations (0–50%) displayed no significant change in mor-
phology compared with a negative control. Tumor necrosis factor-a expression by Raw264.7 cells in the
presence of CaMgZn BMG extract was significantly lower than that of the positive and negative controls.
Animal tests proved that there was no obvious inflammation reaction at the implantation site and CaM-
gZn BMG implants did not result in animal death. The cortical thickness around the CaMgZn BMG implant
increased gradually from 1 to 4 weeks, as measured by in vivo micro-computer tomography.

� 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

In the biomedical field metals, ceramics and polymers are used
as biomaterials to perform certain functions or to act as functional
replacements after organ or tissue damage or degeneration, such as
in bone fracture fixation or bone defect repair. The strength and
toughness required in load-bearing parts of the body make bio-
medical materials such as titanium alloys and stainless steel indis-
pensable, although their ability to bond with human bone needs to
be further improved.

Bioactive glasses and ceramics used clinically as bone substi-
tutes, like hydroxyapatite (HA), Bioglass�, and apatite–wollaston-
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ite (A–W) glass ceramics, offer biocompatibility as they contain
ions commonly found in the physiological environment (Ca2+, K+,
Na+, Mg2+, etc.) [1–4], and induce specific biological responses at
the interface between the material and tissues [5]. However, they
lack mechanical strength and are limited to use as fillers for bony
defects and cannot be totally dissolved [6]. The development of
biodegradable implant materials has attracted both academic and
commercial attention in an attempt create the ideal feature, that
it can eventually be absorbed by the human body. However, the
currently available biodegradable implants are far from perfect
for orthopedic applications [7].

Exploratory studies of bulk metallic glasses (BMGs) for biomed-
ical applications have attracted significant attention recently [8,9].
In the light of their combination of greater mechanical strength,
hardness and greater corrosion resistance several alloy systems,
such as Ti-based, Zr-based, and Fe-based BMGs, have been devel-
oped with the purpose of using BMGs as load-bearing components
[10–20]. As a pioneering work Zberg [21,22] carried out in vivo
studies on MgZnCa BMG biomaterials and found them to be
biocompatible, and that hydrogen production was significantly
ll rights reserved.
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reduced by the zinc- and oxygen-rich passivating layer. Our recent
in vitro work on MgZnCa BMG has also proved their excellent
in vitro biocompatibility [23]. The potential for use as bio-implants
is due to, on the one hand, the biocompatible elements and, on the
other, the required mechanical strength [24]. However, the glass
forming ability of Mg–Zn–Ca ternary BMG are limited, with a larg-
est critical size diameter (Dc) of only up to 5 mm reported in the
literature to date [25].

Meanwhile, we note that Ca-based BMG have the same biomed-
ical potential as Mg-based ones, especially Ca–Mg–Zn ternary sys-
tems. They have the same superior properties for use as
biomaterials as Mg–Zn–Ca systems in many ways, and much better
glass forming ability. The Dc value reported by Park is as high as
15 mm and it can be cast using a conventional copper mold under
air [26,27]. The biomedical application potential has also been
pointed out by some researchers [28,29]. However, the biocorro-
sion properties and biocompatibility have not yet been investi-
gated and whether or not it is suitable to be used as a
biomaterial remains unknown.

From the viewpoint of the authors of the present study low den-
sity Ca-based BMG might open up a new path for biodegradable
implants, because of their combination of mechanical strength
and glass bioactivity, like Ca-based bioceramics, and Ca-based
BMG also has a low modulus close to that of natural bone
[28,30]. Among all the Ca-based BMGs developed since the first re-
port in 2002 [31,32] the Ca65Mg15Zn20 ternary BMG system has
the greatest potential for medical application, because of two ma-
jor characteristics: satisfactory mechanical properties [30] and a
high glass forming ability [26]. In addition, its biocompatible con-
stituents, i.e. calcium, magnesium and zinc, make itself an exciting
candidate for human applications: (1) Ca is probably the most
studied nutrient in bone health as the adult human body contains
about 1000–1500 g Ca [33]; (2) Mg is necessary for calcium incor-
poration into bone, and so the co-release of Mg and Ca ions might
be expected to be beneficial for bone healing [33–35]; (3) Zn has
been reported to stimulate bone fracture healing, reduce postmen-
opausal bone loss, improve bone mineralization and skeletal
strength [36–39]. Our interest in studying this CaMgZn BMG is
the hope of obtaining biodegradable materials composed of essen-
tial human elements with improved mechanical properties. In or-
der to fully understand the biocompatibility and biodegradability
before any further consideration of using it as a biomaterial
in vitro tests were carried out, the MTT assay, observation of the
cytoskeleton organization, apoptosis detection and ALP determina-
tion to access cytotoxic effects, followed by in vivo tests involving
implantation, X-ray observation and micro-computer tomography
(micro-CT) reconstruction.

2. Materials and methods

2.1. Materials and characterization

Ca65Mg15Zn20 (nominal composition in at.%, hereafter termed
CaMgZn) BMG samples were fabricated by copper mold injection
casting under an argon atmosphere. In brief, high purity elements
(99.5% Ca, 99.99% Mg and 99.99% Zn) were placed in a quartz tube
and induction melted, then the melt were quickly injected into a
copper mold and finally rod samples were obtained. X-ray diffrac-
tion (XRD) was performed to verify the amorphous structure of the
samples using Cu Ka radiation at a scan rate of 4� min–1 (Rigaku-D/
maxrB diffractometer operated at 40 kV and 100 mA at room
temperature). Differential scanning calorimetry (Q100, Thermal
Analysis Corp.) was used to identify the thermal dynamic
properties of prepared samples. The compression test was carried
out at a strain rate of 1 � 10�4 using an Instron 3365 universal test
machine.
2.2. Immersion test

The immersion test in Hank’s solution was carried out according
to ASTM-G31-72. Experimental samples (5 � 5 � 2 mm) were im-
mersed in 25 ml solutions and the temperature was kept at 37 �C
in a water bath. After degradation the corrosion products were
centrifugated from the electrolytes and dried in air after dehydra-
tion in a graded series of alcohol. XRD was used to identify the
phase composition and environmental scanning electron micros-
copy (ESEM) observation (AMRAY 1-1910 FE, 15 keV, 8 mm WD)
was performed to identify the elemental composition and mor-
phology [35].

2.3. Cell culture

Murine L-929 fibroblast cells, human ECV304 umbilical vein
endothelial cells, rodent VSMC vascular smooth muscle cells, and
osteoblast-like cell line MG63 were used, since they are routinely
used for cytotoxicity evaluation and are relevant to the in vivo
implantation site. L-929, ECV304, VSMC, and mouse macrophage
cell line RAW264.7 were cultured in the Dulbecco’s modified
Eagle’s medium (DMEM), with 10% fetal calf serum at 37 �C in a
humidified atmosphere of 5% CO2. MG63 were cultured in minimal
essential medium (MEM) supplemented with 10% fetal calf serum
and 100 U ml–1 penicillin and 100 lg ml–1 streptomycin at 37 �C in
a humidified atmosphere of 5% CO2 [23].

2.4. Preparation of extracts

CaMgZn BMG samples were extracted in serum-free DMEM or
MEM (Gibco-BRL, Paisley, UK) according to ISO 10993/12, i.e. 1 g
material per 5 ml extraction liquid and incubation at 37 �C for
72 h. The negative control, an appropriate amount of DMEM/
MEM, was poured into a polystyrene flask for cell culture and trea-
ted as the material extracts. After incubation the extracts were
centrifuged and added to 10% fetal bovine serum, 100 U ml–1

penicillin and 100 lg ml–1 streptomycin.

2.5. MTT assay

Indirect cytotoxicity tests were carried out according to the
standard procedure ISO 10993-5:1999, using L929, VSMC,
ECV304 and MG63 cells and the MTT assay. 5 � 103 cells per
100 ll of medium were placed in each well of a 96-well cell culture
plate and incubated for 24 h for cell attachment. The medium was
then replaced with 100 ll of extract at concentration gradients of
100%, 80%, 60%, 50%, 40%, 30%, 20%, 15%, 10% and 5%. After 1, 2
and 4 days incubation 10 ll of MTT was added to each well and
incubated for 4 h. Then 100 ll of formazan solubilization solution
was added to each well. Twelve-hour later spectrophotometric
measurements were carried out at 570 nm using an Elx-800
(Bio-Tek Instruments), with a reference at 630 nm.

2.6. Cytoskeleton organization

After 4 days culture with CaMgZn BMG extract the MG63 cell
were prepared for cytoskeleton examination by fluorescence
microscopy (Olympus IX71). Samples were rinsed three times with
phosphate-buffered saline (PBS) and then fixed with 4% parafor-
maldehyde for 30 min at room temperature, and washed again
with PBS. The fixed cells were permeabilized in 0.1% Triton X-
100 (Sigma) for 5 min and washed three times in PBS. The cells
were incubated with 5 lg ml–1 rhodamine–phalloidin (Sigma) for
30 min at 4 �C. After three washes with PBS the cells were stained
with 10 lg ml–1 4,6-diamino-2-phenyl-indole (DAPI) (Sigma) for
15 min. The samples were mounted under coverslips using



Fig. 1. XRD pattern and DSC curve of the experimental CaMgZn BMG.
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Vectashield medium and were then visualized using fluorescence
microscopy.

2.7. Annexin V–fluorescein isothiocyanate (FITC) apoptosis detection

Apoptosis was measured using the annexin V–FITC apoptosis
detection kit from Keygentec (Nanjing, China). This method detects
externalization of phospholipids, which are normally located on
the cytoplasmic surface of the cell membrane, via binding with
the modified anticoagulant Annexin V. MG63 cells were plated at
60,000 per ml in 24-well plates and cultured for 4 days. Both
adherent and floating cells were collected and resuspended in 1�
cold binding buffer (10 mM HEPES, pH 7.4, 150 mM NaCl,
2.5 mM CaCl2, 1 mM MgCl2, 4% bovine serum albumin) for analysis.
Cells were also stained with propidium iodide (PI) to detect dead
cells. Analysis was in a FACSCalibur flow cytometer (Becton Dickin-
son) using CellQuest software (Becton Dickinson). Ten thousand
cells were subjected to FACS analysis. Unstained cells were classi-
fied as ‘‘live’’, cells stained for annexin V only (early apoptotic) and
cells stained for both annexin V and PI (late apoptotic) were com-
bined and called ‘‘apoptotic’’, and cells stained for PI only were
‘‘dead’’.

2.8. Determination of ALP activity

Cellular ALP activity was determined by hydrolysis of p-nitro-
phenyl phosphate (p-Npp) using MG63 cells. Briefly, 100 ll of
p-Npp dissolved at 1 mg ml–1 in buffer consisting of 0.1 M dietha-
nolamine, 1 mM MgCl2, and 0.5% Triton X-100, pH 10.5, was added
to the cell pellets. After 30 min incubation at 37 �C the reaction was
stopped by the addition of 50 ll of 0.3 M NaOH. The results are
expressed as nmol p-nitrophenol (PNP) produced per min per well.

2.9. Sodium dodecyl phosphate–polyacrylamide gel electrophoresis
(SDS–PAGE) and Western blotting

In order to ascertain osteopontin and collagen I expression after
4 days culture MG63 cells were analyzed using SDS–PAGE and
Western blotting.

2.10. Quantification of cytokines by enzyme-linked immunoassay
(ELISA)

To study the induction of proinflammatory mediators TNF-a
production was analyzed by ELISA. After 18 h culture with extracts
TNF-a determination in RAW264.7 cell culture supernatants was
performed using commercially available ELISA kits (RapidBio Lab,
Calabasas, CA) according to the manufacturer’s instructions. The
sensitivity was 10 pg ml–1. Briefly, cells were incubated in 6-well
plates at a density of 106 cells ml–1. When the cells had grown to
cover 80% of the plate area 15%, 30% or 50% CaMgZn BMG extract
and fresh DMEM were added and cultured for 18 h. Each group
had had sub-wells, and the experiments were repeated three
times.

2.11. Animal tests

Three-month-old C57BL/6 mice were used to investigate the
in vivo degradation properties of CaMgZn BMG and host bone re-
sponses. In brief, the mice were anesthetized via intraperitoneal
injection with a combination of ketamine (75 mg kg–1) and xyla-
zine (10 mg kg–1). The left knee of the mice was exposed and a tun-
nel 0.7 mm in diameter and 5 mm in length was created in the
medullary cavity from the distal femur along the axis of the femo-
ral shaft. The sterilized CaMgZn BMG rod 0.7 mm in diameter and
5 mm in length was implanted into the bone tunnel. The wounds
were then carefully sutured and the mice were housed in an
environmentally controlled animal care laboratory after surgery.
The animal experimental protocol was approved by the Animal
Ethics Committee of the Chinese University of Hong Kong
(10-126, DH/HA&P/8/2/1, Pt.11). The in vivo analyses included
the following. (1) Sequential radiographs of the distal femur taken
every week post-operation (30 kV, 3 s) for general inspection un-
der general anesthesia. (2) In vivo micro-CT (viva CT40, Scanco
Medical AG, Brüttisellen, Switzerland) at a voxel size of 20 lm,
used to monitor the distal femur of mice at weeks 1, 2, 3 and 4
post-operation. The change in the CaMgZn BMG implant in the
bone tunnel was measured using our published protocol [40].
The two-dimensional (2-D) images were acquired directly from
the scanning and the three-dimensional (3-D) structure was recon-
structed using the volume of interest (VOI), where an optimized
threshold is used to isolate the bone and material from the back-
ground. The density changes in CaMgZn BMG and the changes in
cortical bone around the CaMgZn BMG were measured on the
digitally extracted tissue. (3) Four weeks after implantation the
femora with the CaMgZn BMG implants were harvested and
prepared for fixation using 10% buffered formalin and then pro-
cessed for embedding in methylmethacrylate resin. The resin
blocks were cut using a diamond saw (SP1600, Leica AG, Solms,
Germany) into 200 lm undecalcified sections, perpendicular to
the long axis of the femoral shaft. The cross-sections were ground
and polished to a thickness of about 50 lm. They were stained
with van Gieson stain and then observed by light microscopy. (4)
Representative samples after micro-CT scanning were used for
in situ SEM evaluation to study the morphology of the corrosion
products, similar to in vitro evaluation described above.

2.12. Statistical analysis

All data are expressed as the means ± SD of 3–6 replicates.
Statistical procedures were performed with SPSS 16.0. Differences
between groups were analyzed using one-way ANOVA, followed by
Tukey’s test. P < 0.05 was considered statistically significant.
3. Results

3.1. In vitro degradation behavior of CaMgZn BMG in Hank’s solution

The XRD pattern and DSC curve of CaMgZn BMG are shown in
Fig. 1, showing a main hump at a diffraction angle (2h) of about
30� and no Bragg peak corresponding to any crystalline phase.
The Tg, Tx and DTx values obtained from the DSC curve were 369,
406 and 37 K, respectively, which indicates that the experimental
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CaMgZn BMG has a relatively high glass forming ability. The
mechanical parameters obtained on compression testing of the
CaMgZn BMG are 19.0 ± 1.3 GPa (Young’s modulus), 354 ± 48 MPa
(compression fracture strength) and 1.92 ± 0.15% (compression
fracture strain), averaged from three samples for statistical
comparison.

Composed of bioactive elements, it is expected that CaMgZn
BMG might rapidly degrade in simulated body fluids. Thus we
set out to characterize its degradation behavior by immersion
tests. Fig. 2a shows hydrogen evolution volumes from the CaMgZn
BMG in Hank’s solution, with the inset showing the morphology of
the corrosion products under SEM (after immersion in Hank’s
Fig. 2. Immersion of the CaMgZn BMG in Hank’s solution. (a) Hydrogen evolution
volume versus immersion time (the inset is a SEM image showing the morphology
of the resulting corrosion products). (b) The corresponding XRD pattern of the
corrosion products. (c) The corresponding FTIR curve of the corrosion products.
solution for 3 h), while Fig. 2b and c are the corresponding XRD
and Fourier transform infrared (FTIR) spectroscopy results. The
immersion test showed that plate-shaped CaMgZn BMG samples
degraded rapidly and disintegrated completely after no more than
3 h in vitro. The energy-dispersive spectroscopy (EDS), XRD and
FTIR spectroscopy results indicated that the corrosion products
were mainly composed of calcium phosphate, calcium hydroxide,
magnesium hydroxide, zinc hydroxide, calcium zinc hydroxide
hydrate and other chemical compounds.
3.2. Cytotoxicity evaluation

Based on the degradation behavior, CaMgZn BMG sample ex-
tracts of graded concentration were used to evaluate the cytotox-
icity to various cell lines. Fig. 3 illustrates the viability of MG63
cells after culture in CaMgZn BMG extracts of graded concentration
expressed as a percentage of the viability of cells cultured in the
negative control. The viability results for other cells (L929 cell,
ECV304 cell and VSMC cell) are shown in Supplementary Figs. S1,
S2 and S3. It was found that the viability was quite low for high
concentration extracts for all the cell lines because of the pH
change (pH >9 when the concentration was >50%). At concentra-
tions lower than 30% the viabilities of four of the cell lines were
higher than 75%, implying no cytotoxicity. Unlike other cells,
MG63 cells had the highest cell viability at a concentration of
15% after culture for 1, 2 and 4 days. The 15% and 20% extracts
had significantly higher values compared with the negative group
(P < 0.05) after 4 days. The 40%, 50%, 60%, 80% and 100% extracts
had significantly lower values compared with the negative group
after culture for 4 days, while there was no significant difference
for other concentrations.
3.3. Fluorescent labeling of F-actin and nuclei

Immunofluorescence staining was carried out to show cytoskel-
eton developments in MG63 cells after cultured with CaMgZn BMG
extract. This cell line consistently and reproducibly exhibited a
number of fundamental phenotypic characteristics of osteoblasts
[41]. The distribution of actin filaments after treatment with
CaMgZn BMG extract for 4 days was analyzed using rhodamine–
phalloidin staining. As shown in Fig. 4, the control cells appeared
as uniformly labeled cells with well-developed actin stress fibers
(as shown in Fig. 4b). The shape of the cells treated with 15%
Fig. 3. Effect of CaMgZn BMG extracts on MG63 cell viability. ⁄P < 0.05 compared
with the negative control group.



Fig. 4. MG63 cell morphology and fluorescence staining of F-actin and nuclei after incubation with CaMgZn BMG extracts for 4 days: (a and b) control cells; (c and d) 15%
extracts; (e and f) 30% extracts; (g and h) 50% extracts.
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extract exhibited no difference compared with control cells, with
clear longitudinal stress fibers. After treatment with 30% extract
the cells exhibited a spindle-like shape. The number of cells
decreased significantly compared with the 15% extract group, but
was close to the control group. In the 50% extract MG63 cells
showed an irregular shape and the stress fibers were not as well
stretched as in the other groups. The nuclei of cells in all groups
can be clearly seen, with no distinguishable differences.
3.4. Apoptosis analysis

Quantitative evaluation of apoptosis was carried out by flow
cytometry of MG63 cells stained with Annexin V–FITC and PI. This
approach enabled a rough differentiation between cells undergoing
apoptosis and necrosis. Cells that stained with annexin V–FITC but
not with PI were regarded as early apoptotic, whereas those
stained with PI only were regarded as necrotic. Staining with both
probes indicated late apoptosis and/or secondary necrosis. Accord-
ing to this convention, as shown in Fig. 5 and Table 1, 50% CaMgZn
BMG extract resulted in a greater degree of apoptotic cell death.
3.5. Effect of CaMgZn extract on ALP activity

In osteoblasts ALP expression is an early marker of osteogenic
differentiation. Factors influencing ALP expression may further af-
fect cell osteogenic mineralization ability. Fig. 6 reveals the ALP



Fig. 5. Flow cytometric analysis of MG63 cells stained with Annexin V–FITC and PI after incubation (a) without, and with (b) 15% CaMgZn BMG, (c) 30% CaMgZn BMG, and (d)
50% CaMgZn BMG extract for 4 days. Control cells were incubated for the same time with MEM. Unchanged viable cells are located in R3, early apoptotic cells in R4 (Annexin
V–FITC positive), non-viable or late apoptotic/necrotic cells in R2 (Annexin V–FITC/PI double positive) and non-viable necrotic cells/nuclear fragments in R1 (PI single
positive).

Table 1
Apoptotic MG63 cell numbers after treatment with different concentrations of
CaMgZn extract.

Groups R1 (%) R2 (%) R3 (%) R4 (%)

Negative control 12.62 22.52 64.14 0.71
15% 10.08 17.91 71.11 0.91
30% 1.11 15.64 81.53 1.72
50% 0.64 17.70 77.93 3.73

Fig. 6. ALP activity results for CaMgZn BMG extracts expressed as nmol ml–1 PNP
produced per min per well. ⁄P < 0.05 compared with negative group.
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activity of MG63 cells after 4 days culture with CaMgZn BMG
extract. It can be clearly seen that MG63 cells show greater ALP
activity at a concentration of 15%, which is consistent with the
above cell viability results. The 10%, 15% and 20% extracts had
significantly higher values compared with the negative control
group (P < 0.05). The 60%, 80% and 100% extracts (the 100% extract
caused significant cell death, and the measured absorbance was
<0) had significantly lower values compared with the negative
control group, while there was no significant difference for other
concentrations. It can be seen that, consistent with the MTT assay
results, at concentrations of 10–20% CaMgZn BMG extracts have
the ability to promote the growth of MG63 cells and further
increase ALP production due to the greater cell numbers.

3.6. Western blotting

Fig. 7 shows the collagen I and osteopontin expression by MG63
cells after culture with CaMgZn BMG extracts for 4 days. Expres-
sion of the GAPDH housekeeping gene in cells exposed to all the
culture media was homogeneous, while a slightly greater variabil-
ity or no reduction in collagen I and osteopontin were observed
when MG63 cells were exposed to 15% and 30% extracts compared
with the negative control.
3.7. Effect of CaMgZn extract on TNF-a production

In order to investigate how CaMgZn BMG extracts modulate
TNF-a synthesis, RAW264.7 cell were incubated with 15%, 30%



Fig. 7. Collagen I and osteopontin synthesis by MG63 cell cultured with CaMgZn
BMG extracts determined by Western blotting.

Fig. 8. Effect of CaMgZn BMG extracts on TNF-a mRNA expression by RAW264.7
cells. ⁄P < 0.05 compared with negative group.
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and 50% extracts for 18 h. As shown in Fig. 8, TNF-a mRNA
production was higher when cells were exposed to the positive
control. However, it is interesting to note that after 18 h cell expo-
sure the production of TNF-a mRNA decreased, from the negative
control to the 15%, 30% and 50% extracts. Higher concentrations
of CaMgZn BMG extract do not stimulate higher production of
TNF-a, which might be caused by a change in pH. Thus the degra-
dation debris of TNF-a production should be considered further in
future investigations.

3.8. Animal tests with CaMgZn bulk metallic glass rod implant

3.8.1. X-ray observation
There was no inflammation seen around the operation site and

no mice died after surgery. Radiographs indicated that all the CaM-
gZn BMG rods were well positioned in the distal femur and no
translucent areas were found (Fig. 9). With time after implantation
Fig. 9. Radiographs of mice with CaMgZn BMG r
the CaMgZn BMG rods lost their original integrity and were
degraded and dispersed in the medullary cavity. After 1 week
reactive hyperplasia of the bone was observed around the cortical
zone of the distal femur. There was bone damage to the trabeculae
of the distal femur, the metaphysis region that may induce further
tissue–rod interaction, as well as further cellular responses.
Clearly, different bone types respond differently to the CaMgZn
rod.
3.8.2. Micro-CT observation
The results of micro-CT (Fig. 10) showed that the integrity of

the CaMgZn BMG rods was maintained at 0 weeks and was clearly
differentiable from the surrounding bony tissue, due to clear dif-
ference between the material and bone density (Fig. 10 B0, red
represents high density, green low density and white intermedi-
ate density). There was an obvious gap between the CaMgZn
BMG rods and the cortical bone from 2D images at 0 weeks
(Fig. 10 A0). After 1 week the gap between the CaMgZn BMG rods
and cortical bone was reduced and the debris from CaMgZn BMG
rods was dispersed in the surrounding tissues. The density of the
CaMgZn BMG rods decreased after 1 week compared with that at
0 weeks (P < 0.05). Although the average density of the CaMgZn
BMG rods decreased gradually after 1, 2, 3 and 4 weeks, there
were no statistical difference among the different time points,
which may be explained by the rapid degradation and relatively
slow absorption. There was no obvious difference in bone mineral
density of the cortical bone around the implanted CaMgZn BMG
rod (Fig. 11a). However, it was found that the thickness of the cor-
tical bone around the CaMgZn BMG rods increased gradually from
weeks 0 to 4. The bone formed around the cortical bone, which
confirmed the results of the X-ray examination, indicated a strong
periosteal stimulation by the CaMgZn BMG rods. The average
thickness of cortical bone was 0.40 ± 0.17 mm at week 4, which
was significantly higher than that at week 0 (0.25 ± 0.04 mm)
(Fig. 11b, P < 0.05). The diameter of the bone marrow cavity
around the CaMgZn BMG decreased from week 0 (1.51 ±
0.05 mm) to week 4 (2.12 ± 0.08 mm) (Fig. 11c, P < 0.05) and the
bone shaft diameter, excluding periosteal expansion, increased
slightly (Fig. 11d). This suggests that debris from the CaMgZn
BMG rods may induce a stronger osteogenic effect in the perios-
teum, resulting in reactive bone hyperplasia during in vivo degra-
dation. When the material was concomitantly degraded and
dispersed the density of material close to the cortical bone was
lower than that in the center of the material and was similar to
that of cortical bone, so the interface between cortical bone and
the edge of the material was not very clear because the 3-D image
is based on density. The bone in the upper right region is newly
formed bone, not degradation products of cortical bone, which
may be observed in A1–A4. The bottom right region of A1–A4
(2-D) is the same as upper right area of B1–B4 (3-D). The disinte-
gration of bone tissue in the upper right region is caused by the
relatively low density of new bone, so some occurrences are not
visible in the 3-D images but are clear in the 2-D images. They
do not represent actual disintegration.
od implants at different times after surgery.



Fig. 10. Micro-CT images of distal femurs with CaMgZn BMG rod implants for different times after surgery. (A) 2D images; (B) 3D images. 0–4 refers to 0–4 weeks. ‘d’
represents the density of the CaMgZn BMG rod (mg cm–3). ⁄P < 0.05 compared with that at week 0 (baseline).

Fig. 11. Analysis of (a) the bone mineral density (BMD), (b) bone thickness, (c) bone marrow cavity diameter, and (d) bone shaft diameter. ⁄P < 0.05 compared with data for
weeks 0 (baseline) and 1.
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3.8.3. Histological analysis
The histological observations at 4 weeks after implantation

showed that the bone thickness around the implanted CaMgZn
BMG rod was higher than that of normal bone (Fig. 12), which
was similar to the micro-CT results. The CaMgZn BMG rod had
been degraded and the debris diffused into the bone marrow cav-
ity, which might stimulate new bone formation at the inner edge of
the residual cortical bone 4 weeks after implantation (Fig. 12b, ar-
rows). When magnified (Fig. 12c) the new bone at the inner edge of
the cortical bone was clearly observed (white arrows), with some
particulate deposition of CaMgZn BMG (blue arrow). However,
there was some osteolysis, and cartilage formation could be ob-
served in the distal femur (Fig. 13), probably due to the rapid deg-
radation and pH value increase.
3.8.4. SEM morphologies of corrosion products in situ
Fig. 14 shows cross-sectional SEM images of the corrosion

products in the bone marrow cavity. The compositions of these
particles were analyzed by EDS. As in the in vitro degradation
test, the corrosion products were dispersed, in the form of small
particles, which were also observed by micro-CT observation.
These particles were mainly composed of Ca, Mg, Zn, C, O and
P, indicating the formation of calcium phosphate and carbonate,
as well as hydroxides, which is also consistent with the in vitro
degradation results. The EDS results also show that the composi-
tion of the bone near the corrosion particles was not obviously
changed compared with normal bone. Newly formed bone was
also seen in the inner part of the bone, which is consistent with
the micro-CT results.



Fig. 12. Histological observation of cortical bone by light microscopy with Van Gieson staining. (a) Normal bone and the bone marrow cavity (5�); (b) CaMgZn BMG rod in
the femur of a mouse 4 weeks after implantation, with new bone formed at the inner edge of the cortical wall (arrows) (5�); (c) magnification of the white rectangular frame
(arrows indicate newly formed bone) (10�).
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4. Discussion

The above results have shown that Ca65Mg15Zn20 BMG could
degrade both in vitro and in vivo with good biocompatibility. It
may fulfill the demand for high mechanical strength and biode-
gradable metallic materials with essential human elements. How-
ever, because of its rapid degradation rate both in vitro and vivo
the following two aspects should be discussed for its future
development.

4.1. Mechanism of biodegradation of CaMgZn BMG

CaMgZn alloys in the glassy state have been reported to be bet-
ter oxidation resistant than in the crystalline state [30,42]. It would
be hoped that it would have corrosion resistance. However, when
placed in simulated body fluid in vitro an immediate reaction took
place between the CaMgZn BMG and the culture medium. These
chemical reactions become more complicated in the presence of
various kin anions, which may accelerate dissolution of the
CaMgZn BMG. Based on the results of the immersion test, XRD
and FTIR spectroscopy analyses multiphase products were formed.
The main corrosion reactions might happen as follows:

Mþ 2H2O!MðOHÞ2 # þH2 " ðM ¼ Ca;Mg;ZnÞ ð1Þ
Znþ 2OH� ! ZnO # þH2O ð2Þ
ZnOþ CaðOHÞ2 þ 3H2O! Ca½ZnðOHÞ3�2 � H2O ð3Þ
M2þ þ PO3�

4 !M3ðPO4Þ2ðM ¼ Ca;Mg;ZnÞ ð4Þ
M2þ þ CO2�

3 !MðCO3Þ2ðM ¼ Ca;Mg;ZnÞ ð5Þ

Taking into consideration the above reactions, a biocorrosion
model has been proposed, as illustrated in Fig. 15. (1) Hydroxides
are first generated on the fresh surface of the CaMgZn BMG. The
evolution of hydrogen makes the corrosion layer porous and
non-protective. The surrounding solution continuously penetrates
and reacts with the inner metal layer. (2) In the near surface zone
a dissolution–precipitation mechanism occurs. Although Ca(OH)2,
Mg(OH)2, and ZnO are thought to be indissoluble under normal
conditions, in the presence of Cl– and other anions the homeostasis
of this process could be destroyed and corrosion of the CaMgZn
BMG proceed. (3) During the process of biocorrosion apatite and
carbonate are formed. Zberg reported that the formation of ZnCO3

and ZnO could act as a protective layer in a Zn-rich, Mg-based
BMG, accompanied by an increase in pH as the metal is dissolved
into solution [21]. In our case Zn-rich products were formed on
the surface of the CaMgZn BMG, (see Fig. 2a), but they did not stop
the corrosion process. This might be related to reaction (3).

A much slower degradation process was evident in vivo than
in vitro. After 4 weeks implantation some residual CaMgZn BMG
remained, indicated by the red region (see Fig. 10 B4). Due to the
confined area compared with the in vitro immersion tests this



Fig. 13. Histological observation of distal femora by light microscopy with Van
Gieson staining 4 weeks after implantation (5�). (a) Distal femur with normal
trabecular bone and epiphysis; (b) CaMgZn BMG rod in the distal femur with
osteolysis (white arrows) and newly formed cartilage (yellow arrow) in bone
marrow cavity (5�). The bone marrow cavity was full with debris of degraded
metallic glass.

Fig. 14. SEM images of tissue slices and the corresponding EDS analysis. (a) Normal
bone; (b) 4 weeks after implantation of a CaMgZn BMG rod, with the elemental
distribution of the white line; (c) EDS of the white square region in (a) and white
square region in (b).

Y.B. Wang et al. / Acta Biomaterialia 7 (2011) 3196–3208 3205
can be put down to two causes. (1) 3-D micro-CT indicated that
new bone was formed around the implants, which is consistent
with other studies that calcium is an essential element in new bone
mineralization [43,44]. In addition, in the presence of zinc and
magnesium [34,38] the process of bone formation is accelerated,
resulting in the much smaller marrow cavity found in the present
study. At the same time volume expansion of the corrosion prod-
ucts filled the marrow cavity and slowed the penetration of body
fluids deep into the alloy. (2) M2+ (M = Ca, Mg, or Zn) ions are
supersaturated in the medullary space and numbers of phosphate
ions are absorbed through electric charge attraction. The increased
calcium phosphate formation means that anions are not as
available near the interface as in the in vitro experiment. The sup-
plementary of these anions from other part takes time, and may
also slow down the corrosion process. Meanwhile, due to the rela-
tively slow degradation rate it is suggested that the local pH was
within the range of the surrounding tissues.



Fig. 15. Schematic corrosion of CaMgZn BMG in simulated body fluid.
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4.2. Comparison of CaMgZn BMG with current Ca-based inorganic
biomaterials

For the repair of bone in orthopedic surgery the ideal material
should be biocompatible, biodegradable and osteoconductive in
Table 2
Characteristics of bioceramics and bulk metallic glasses.

Material Young’s
modulus (GPa)

Compressive
strength (MPa)

Density
(g cm–3)

HA 73–117 �600 �3.1
Bioglass �30–75 �500–1000 �2.5
TCP �70–90 �400–700 �2.9
CaSO4

MgZnCa BMG �41–45 �675–894 1.74–2.0
CaMgZn BMG �17–22.3 �300–608 �2.0
Cortical bone �3–30 �130–180 �1.6–2.1
order to promote cell migration into the defect site and new bone
formation [45]. The most widely used Ca-based inorganic bioma-
terials are HA, tricalcium phosphate (TCP) and bioglasses [46]. HA
is one of the most biocompatible materials owing to its similarity
to mineral constituents of teeth and bones. However, the
mechanical properties of pure HA ceramics are poor, and they
cannot be used as load-bearing implants, so its medical applica-
tions are limited to small unloaded implants, powders, coatings
and low load porous implants [47,48]. TCP and bioglasses have
the same weakness as HA [49], as listed in Table 2 [24,25,
27,28,30,49–59]. From the point of view of the mechanical prop-
erties we understand that, although these bioceramics are extre-
mely biocompatible, their use is still restricted by one or more
aspects of their mechanical properties compared with human
bone. When used in their dense forms both the Young’s modulus
and density of HA and TCP do not match human bone. As for bio-
glasses, the Young’s modulus is still much higher than human
bone. MgZnCa BMG have much closer values than the above
three materials, but they still have higher Young’s moduli. Appar-
ently, CaMgZn BMG show the closest to ideal characteristics, with
the closest Young’s moduli to human bone, and adequate
strength to accept a load. From the degradation point of view,
the current Ca-containing bioceramics have either slow (like
HA) or fast (like CaSO4) degradation rates, which do not match
the time for bone healing. CaMgZn BMG exhibit even faster deg-
radation times than that of CaSO4.

Except for their unsatisfactory mechanical properties, these
bioceramics are biocompatible mainly because of their close com-
positional similarity to the inorganic constituents of human bone,
e.g. HA. As for TCP, it degrades to HA [49]. Thus current bioceramics
only show an osteoconductive ability rather than an osteoinduc-
tive ability. As for CaMgZn BMG, in the presence of enough Ca
new bone could be inductively formed around the implant. Both
in vitro and in vivo tests showed that CaMgZn BMG has the ability
to promote bone formation through a mechanism of both endos-
teal and periosteal bone formation. So, unlike current bioceramics,
which are only extrinsic substituents replacing damaged bone, the
new bone formed in the presence of CaMgZn BMG is derived from
endogenous reactions. This might be another advantage for its
potential application in orthopedics.

However, one recognizable drawback of CaMgZn BMG is the
relatively rapid degradation rate, which will result in a loss of
mechanical strength of the BMG. It is better for the BMG to de-
grade and lose its mechanical strength slowly, in combination
with increased bone formation around material. So surface
modification techniques are necessary in order to slow down
the degradation rate in order to maintain the mechanical support
functions over a longer period. In our early work several biocom-
patible films were deposited on the CaMgZn surface and showed
favorable effects [60]. Based on biomaterials currently in use in
clinical applications we think that the following coatings may
be beneficial in the use of CaMgZn BMG as biomaterials: Si
coatings, HA coatings, polymer coatings and bioglass coatings
[61]. Using these coatings to protect the BMG against initial
Degradation
in vivo

References

�1–2% per year [46,49,52,57]
Bioactive [6,52]
15 weeks [46,52,58,59]
�6–8 weeks [49,52]

[21,23]
�4 weeks [30]
Human bone remodeling time �20–25 weeks [46,49,52]
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degradation, CaMgZn BMG could serve as mechanical supports
for potential orthopedic applications, and after healing of the
damaged bone it would be then absorbed without requiring a
second operation for to removing remove the implant. In future
studies the degradation rate of the CaMgZn BMG alone should
not be regarded as the only factor determining mechanical
stability when implanted in vivo, with degradation-induced bone
formation around the rod needing to be included. Thus the
mechanical properties of the bone–CaMgZn BMG complex should
be tested together to understand the real clinical impact.

5. Conclusions

In brief, CaMgZn BMG may be a promising biodegradable bio-
material and a suitable bone substituent, based on the following
conclusions.

1. CaMgZn BMG is biodegradable in Hank’s solution, with a degra-
dation time as fast as three hours, while there is little BMG sam-
ple left 4 weeks after implantation in the mouse marrow cavity
because of the confined area.

2. CaMgZn BMG extracts show good biocompatibility over a wide
range of concentrations. It does not result in the cell death of
L929, VSMC, and ECV304 cells over a wide range of concentra-
tions. It can promote the viability of MG63 cells as well as ALP
production in the concentration range �10–30%, which may
benefit new bone formation.

3. Although higher concentrations can cause apoptosis of MG63
cells and also change the cell morphology, MG63 cells incu-
bated with CaMgZn BMG extracts at low concentrations have
a well stretched F-actin distribution and clear nuclei.

4. When implanted into bone low density CaMgZn BMG was
degraded in vivo and the debris could stimulate new bone for-
mation. There was no inflammation observed and no mice
died. So, with a Young’s modulus close to that of human bone,
CaMgZn BMG might accelerate symphysis in bone defects,
which suggests their potential application in orthopedics, as
absorbable screws or plates, especially for osteoporotic frac-
ture fixation and repair. However, certain regions showing
osteolysis induced by rapid degradation of the materials imply
the need for further material improvement or surface
modification.
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Appendix A. Figures with essential colour discrimination

Certain figures in this article, particularly Figures 1, 2, 4, 8, 10
and 12–15, are difficult to interpret in black and white. The full col-
our images can be found in the on-line version, at doi:10.1016/
j.actbio.2011.04.027.

Appendix B. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.actbio.2011.04.027.
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