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In vitro
Mg–Li-based alloys were investigated for future cardiovascular stent application as they possess excel-
lent ductility. However, Mg–Li binary alloys exhibited reduced mechanical strengths due to the presence
of lithium. To improve the mechanical strengths of Mg–Li binary alloys, aluminum and rare earth (RE)
elements were added to form Mg–Li–Al ternary and Mg–Li–Al–RE quarternary alloys. In the present
study, six Mg–Li–(Al)–(RE) alloys were fabricated. Their microstructures, mechanical properties and bio-
corrosion behavior were evaluated by using optical microscopy, X-ray diffraction, scanning electronic
microscopy, tensile tests, immersion tests and electrochemical measurements. Microstructure character-
ization indicated that grain sizes were moderately refined by the addition of rare earth elements. Tensile
testing showed that enhanced mechanical strengths were obtained, while electrochemical and immer-
sion tests showed reduced corrosion resistance caused by intermetallic compounds distributed through-
out the magnesium matrix in the rare-earth-containing Mg–Li alloys. Cytotoxicity assays, hemolysis tests
as well as platelet adhesion tests were performed to evaluate in vitro biocompatibilities of the Mg–Li-
based alloys. The results of cytotoxicity assays clearly showed that the Mg–3.5Li–2Al–2RE, Mg–3.5Li–
4Al–2RE and Mg–8.5Li–2Al–2RE alloys suppressed vascular smooth muscle cell proliferation after
5 day incubation, while the Mg–3.5Li, Mg–8.5Li and Mg–8.5Li–1Al alloys were proven to be tolerated.
In the case of human umbilical vein endothelial cells, the Mg–Li-based alloys showed no significantly
reduced cell viabilities except for the Mg–8.5Li–2Al–2RE alloy, with no obvious differences in cell viabil-
ity between different culture periods. With the exception of Mg–8.5Li–2Al–2RE, all of the other Mg–Li–
(Al)–(RE) alloys exhibited acceptable hemolysis ratios, and no sign of thrombogenicity was found. These
in vitro experimental results indicate the potential of Mg–Li–(Al)–(RE) alloys as biomaterials for future
cardiovascular stent application and the worthiness of investigating their biodegradation behaviors
in vivo.

� 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

As novel structural materials, Mg–Li alloys have become candi-
date materials for many applications in the fields of aerospace and
military engineering by virtue of their exceptionally low density
(1.35–1.65 g cm�3), high specific strength and excellent formabil-
ity as a result of the addition of lithium to magnesium [1–3]. These
alloys are commonly classified into three categories, according to
the lithium content and crystal structure. When the lithium con-
tent is less than 5.7 wt.%, the alloy is composed of the a phase,
which has a hexagonal close-packed crystal structure and is a solid
solution of lithium in magnesium. The alloy with a lithium content
higher than 10.3 wt.% is composed of the b phase, which has a
body-centered cubic crystal structure and is a solid solution of
magnesium in lithium. With a lithium content between 5.7 and
10.3 wt.%, the alloy possesses a duplex structure, being a combina-
tion of the a phase and b phase [4]. A substantial amount of re-
search on Mg–Li binary alloys, such as Mg–3.3Li [5], Mg–4Li [6],
Mg–5Li [2] and Mg–8.8Li [7], has been carried out to date.
Improvements in ductility have been demonstrated and attributed
to decreased c/a axial ratios or to crystal structure changes [8].
However, the mechanical strengths of these alloys are compro-
mised, and the loss of strength of Mg–Li binary alloys can hardly
be regained through a heat treatment procedure [9]. To make up
for this shortcoming, ternary and even multi-component alloy
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systems have recently been developed by means of adding alloying
elements such as aluminum, zinc, silicon and rare earth (RE) ele-
ments to Mg–Li binary alloys [10–14].

In recent years, magnesium and its alloys have been suggested as
innovative biodegradable metallic implant materials for biomedical
applications [15]. Some of the physical characteristics of magnesium
and its alloys are superior to those of the traditional metallic bioma-
terials: for example, they have lower density, higher specific
strength and an elastic modulus closer to that of human bone. In
addition, implants made of magnesium and its alloys do not need
a surgical procedure for concomitant implant removal. These mate-
rials feature excellent biocompatibility both in vitro and in vivo,
since elemental magnesium and the degradation products can be
found in natural biological systems [16]. A number of evaluations
of Mg–Li-based alloys for biomedical applications have been per-
formed since 2004, most of which have focused on the LAE442 alloy
[17–27]. This alloy has been shown to be a promising biodegradable
material, with reduced density, improved ductility and enhanced
corrosion resistance. Furthermore, thin AL36 alloy wires have been
developed as resorbable sutures [28]. The mechanical properties of
AL36 magnesium wires were found to be sufficient to meet the
requirements of sutures, although they were lower than those of
commercially available polymeric sutures. To retain the excellent
ductility of Mg–Li binary alloys and compensate for the losses in
strength, in our previous research, we designed three Mg–Li–Al–
(RE) alloys with different concentrations of aluminum and rare earth
elements as candidate materials for potential cardiovascular stent
application, and the long-term degradation behaviors of these alloys
were evaluated [29]. The results indicated that the alloy LA92 de-
graded even more slowly than the WE-type alloy after immersion
in Hanks’s balanced salt solution for 94 days and displayed a steady
hydrogen evolution rate over the whole period of immersion tests
[29]. Moreover, short-term evaluation to determine the effect of
lithium on primary cells and cell lines demonstrated that lithium
did not have a negative impact on cell viability [30]. It was therefore
of great interest to develop Mg–Li-based alloys further toward car-
diovascular stent application.

Mg–Li-based alloys are particularly attractive for stent applica-
tion because they possess excellent ductility, so can fulfill the
mechanical specifications of radially expandable stents. So far,
the mechanical properties, biocorrosion behavior and biocompati-
bility of Mg–Li-based alloys developed as cardiovascular stent
materials have not been evaluated systematically. In the present
work, six Mg–Li–(Al)–(RE) alloys with different chemical composi-
tions were fabricated and investigated with respect to their micro-
structures, mechanical properties, biocorrosion behavior and
biocompatibility.
2. Materials and methods

2.1. Material preparation

Six Mg–Li–(Al)–(RE) alloys in the form of extruded bars were
investigated. Their chemical compositions, listed in Table 1, were
determined using an X-ray fluorescence spectrometer, except for
the lithium content, which was analyzed by using an inductively
Table 1
Chemical compositions of the magnesium alloys investigated.

Alloy Li (wt.%) Al (wt.%) RE (wt.%) Mg (wt.%)

Mg–3.5Li 3.20 – – Bal.
Mg–8.5Li 8.40 – – Bal.
Mg–8.5Li–1Al 8.50 0.95 – Bal.
Mg–3.5Li–2Al–2RE 3.61 2.34 2.78 Bal.
Mg–3.5Li–4Al–2RE 3.78 3.86 1.70 Bal.
Mg–8.5Li–2Al–2RE 8.14 2.11 2.34 Bal.
coupled plasma optical emission spectrometer. Disk-shaped sam-
ples with a diameter of 10 mm and a thickness of 2 mm were pre-
pared from the extruded bars for microstructure characterization,
corrosion measurements, cytotoxicity tests and hemocompatibility
tests. Each sample was mechanically polished up to 2000 grit,
ultrasonically cleaned in acetone, absolute ethanol and distilled
water, then dried in open air. For cytotoxicity tests, samples were
sterilized by ultraviolet radiation for at least 2 h.

2.2. Microstructure characterization

All the samples were polished and etched in a 4% HNO3/alcohol
solution. Their microstructures were observed using an optical
microscope (Olympus BX51M). An X-ray diffractometer (Rigaku
DMAX 2400) with Cu Ka radiation was employed to identify the
phases present in the fabricated materials.

2.3. Tensile tests

Dogbone-shaped samples with a gauge length of 25 mm and a
diameter of 6 mm were machined according to the ASTM-E8-04
standard [31]. Tensile tests were performed at a crosshead speed
of 1 mm min�1 using an Instron 5969 universal testing machine.
An average of at least three samples was taken for each group.

2.4. Electrochemical measurements

Electrochemical measurements were carried out with a tradi-
tional three-electrode cell using an electrochemical analyzer
(CHI660C, Shanghai CH Instrument Co., China). A disk-shaped sam-
ple with a diameter of 10 mm and a thickness of 2 mm, a platinum
electrode and a saturated calomel electrode were set as the work-
ing electrode, the auxiliary electrode and the reference electrode,
respectively. All the measurements were made at a temperature
of 37 ± 0.5 �C in Hanks’s solution [32] with a pH value of 7.4. An
average of at least three measurements was taken for each group.

2.5. Immersion tests

Immersion tests were carried out in Hanks’s solution according
to the ASTM-G31-72 standard [33]. Disk-shaped samples with a
diameter of 10 mm and a thickness of 2 mm were immersed in
50 ml solutions and the temperature was maintained at 37 �C with
a water bath. After 3- and 10-day immersions, samples were taken
out of Hanks’s solution, gently rinsed with distilled water and dried
in air. Surface morphologies of samples after immersion were char-
acterized using an environmental scanning electron microscope
(ESEM; Quanta-200FEG) equipped with an energy-dispersive spec-
trometer. The volume of hydrogen generated from the reaction be-
tween the Mg–Li-based alloys and Hanks’s solution was monitored
in accordance with Ref. [34].

2.6. Cytotoxicity tests

Human umbilical vein endothelial cells (ECV304) and rodent
vascular smooth muscle cells (VSMC) were cultured in the Dul-
becco’s modified Eagle’s medium (DMEM), 10% fetal bovine serum,
100 U ml�1 penicillin and 100 lg ml�1 streptomycin at 37 �C in a
humidified atmosphere of 5% CO2. Cytotoxicity was evaluated by
indirect contact assay. Extracts were prepared using a serum-free
DMEM with a surface area to extraction medium ratio of
1 cm2 ml�1 in a humidified atmosphere with 5% CO2 at 37 �C for
72 h. The supernatant fluid was withdrawn, centrifuged to prepare
the extracts and refrigerated at 4 �C before the cytotoxicity testing.
Cells were incubated in 96-well flat-bottomed cell culture plates at
5 � 103 cells in 100 ll of medium per well and incubated for 24 h
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to allow attachment. The medium was then replaced with 100 ll of
extracts, 100 ll of a negative control (medium alone) or 100 ll of a
positive control (medium containing 10% dimethylsulfoxide). After
incubating the cells in a humidified atmosphere with 5% CO2 at
37 �C for 1, 3 and 5 days, 10 ll of 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT, 5 mg ml�1) was added to
each well and kept for 4 h. Then 100 ll formazan solubilization
solution (10% SDS in 0.01 M HCl) was added to each well and left
overnight in the incubator. The spectrophotometrical absorbance
of each well was measured with a microplate reader (Bio-
RAD680) at 570 nm, with a reference wavelength of 630 nm. The
pH values and the concentrations of magnesium and alloying ele-
ment ions in the extracts were also measured.

2.7. Hemolysis tests

Healthy human blood containing sodium citrate (3.8 wt.%) at a
ratio of 9:1 was drawn from a volunteer. (A consensus statement
was signed by the volunteer before the hemolysis and platelet adhe-
sion tests were performed.) Normal saline was used to dilute the
blood at a ratio of 4:5 by volume. Mg–Li-based alloy samples were
dipped in separate standard tubes containing 10 ml of normal saline,
which had previously been incubated in a water bath at 37 �C for
30 min. Then 0.2 ml of the diluted blood was added to the standard
tubes and the mixtures were incubated at 37 �C for 60 min. Simi-
larly, normal saline solution was used as a negative control and
deionized water served as a positive control. Afterwards, the sam-
ples were removed and all the tubes were centrifuged at 3000 rpm
for 5 min. The supernatant from each tube was transferred to a well
in a 96-well plate, where the absorbance was measured with a
microplate reader (Bio-RAD680) at 545 nm. The hemolysis percent-
age was calculated based on an average of three replicates.

Hemolysis ¼ ODðtestÞ � ODðnegative controlÞ
ODðpositive controlÞ � ODðnegative controlÞ
� 100%
Fig. 1. X-ray diffraction patterns of Mg–Li–(Al)–(RE) alloy samples.
2.8. Platelet adhesion

Platelet-rich plasma (PRP) was prepared by centrifuging whole
blood at a rate of 1000 rpm for 15 min. Then 0.2 ml PRP was over-
laid onto each sample and incubated in a water bath at 37 �C. After
1 h, the samples were gently rinsed with phosphate-buffered sal-
ine to remove the non-adherent platelets. The adhering platelets
were fixed in a 2.5% glutaraldehyde solution at room temperature
for 1 h, dehydrated in a gradient ethanol/distilled water mixture
(50%, 60%, 70%, 80%, 90% and 100%) for 10 min each and finally
freeze-dried for 2 days. The surfaces of the platelet-attached sam-
ples were observed with the ESEM. Different fields were randomly
counted and values were expressed as the average number of
adhering platelets per mm2 of surface.

2.9. Statistical analysis

Statistical analysis was performed by analysis of variance. All
pairwise comparisons were performed by the post hoc Tukey test.
The statistical significance was defined as p < 0.05, as indicated by
an asterisk in relevant figures.

3. Results

3.1. Microstructure and mechanical properties

Fig. 1 shows the X-ray diffraction (XRD) patterns of the six Mg–
Li–(Al)–(RE) alloys. The alloys containing 3.5 wt.% lithium consisted
of the single a phase. For the alloys with 8.5 wt.% lithium, a duplex
structure (a + b) was identified. With the addition of both aluminum
and rare earth elements, an intermetallic compound (CeAl2) could be
detected.

Fig. 2 presents the optical micrographs of the six alloys. It
clearly shows that: (i) the alloys with 8.5 wt.% lithium were com-
posed of a duplex (a + b) microstructure, while the other alloys
consisted of the single a phase, in agreement with the results of
the XRD analysis shown in Fig. 1; (ii) grains were coarsened as a
result of alloying with lithium but became refined with the addi-
tion of rare earth elements; (iii) intermetallic compounds with a
spherical shape were present in the magnesium matrix. The inter-
metallic compounds in the Mg–3.5Li–2Al–2RE and Mg–3.5Li–4Al–
2RE alloys appeared to be more homogeneously distributed than
those in the Mg–8.5Li–2Al–2RE alloy.

Fig. 3 shows the mechanical properties of the Mg–Li–(Al)–(RE)
alloy samples. The elongation values of the Mg–Li–(Al)–(RE) alloys
varied over a wide range, from 15.6% to 46.1%, while their tensile
strengths varied between 107 and 235 MPa. Having a larger
amount of lithium, the Mg–8.5Li and Mg–8.5Li–2Al–2RE alloys
exhibited significantly enhanced (p < 0.05) elongation values com-
pared to the Mg–3.5Li and Mg–3.5Li–2Al–2RE alloys, respectively.
However, their strengths were sacrificed as a consequence. With
the addition of aluminum and rare earth elements, the strengths
of both the ternary and quarternary alloys were markedly im-
proved (p < 0.05), whereas the elongation values were increased
for both the Mg–3.5Li–2Al–2RE and Mg–3.5Li–2Al–2RE alloys but
reduced for the Mg–8.5Li–2Al–2RE alloy (p < 0.05).
3.2. Corrosion behavior

3.2.1. Immersion corrosion behavior of the Mg–Li–(Al)–(RE) alloys
The hydrogen evolution trends of the Mg–Li–(Al)–(RE) alloys

over immersion time in Hanks’s solution are illustrated in Fig. 4.
It can be seen that: (i) the curves of the Mg–3.5Li and Mg–8.5Li–
1Al alloys remain at low levels throughout the whole immersion
test period; (ii) for the Mg–3.5Li–2Al–2RE alloy, hydrogen evolu-
tion started at a low level over the first 50 h, then climbed steadily
(50–200 h) before reaching a steady state (200–500 h); (iii) during
the first 100 h immersion, the Mg–3.5Li–4Al–2RE alloy displayed a
hydrogen evolution trend similar to the other magnesium alloys
(except for the Mg–3.5Li–2Al–2RE alloy), then its corrosion rate in-
creased quickly to finally reach a steady state; and (iv) the hydro-
gen evolution volumes of the Mg–8.5Li and Mg–8.5Li–2Al–2RE



Fig. 2. Optical micrographs of Mg–Li–(Al)–(RE) alloy samples.

Fig. 3. Tensile properties of Mg–Li–(Al)–(RE) alloy samples at room temperature.

Fig. 4. Hydrogen evolution volumes of Mg–Li–(Al)–(RE) alloy samples as a function
of immersion time in Hanks’s solution.
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alloys kept increasing slowly throughout the immersion period. It
is known that the hydrogen evolution trend is directly related to
the corrosion rate of magnesium alloys. Thus, the results obtained
from the immersion tests indicate that the Mg–3.5Li and
Mg–8.5Li–1Al alloys have the lowest corrosion rates in Hanks’s
solution, while the Mg–3.5Li–2Al–2RE alloy has the highest
corrosion rate. It can be concluded that the addition of rare earth
elements has an adverse effect on the corrosion resistance of
Mg–Li-based alloys.
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Fig. 5 shows the secondary electron images of sample surfaces
after immersion in Hanks’s solution for 3 days and before the re-
moval of surface corrosion products. It can be seen that integrity
of corrosion films on all samples was maintained and that crackles
emerged on the surfaces of samples as a result of the shrinkage of
corrosion products during drying. Except for Mg–8.5Li–1Al alloy
samples, the surfaces of Mg–Li-based alloy samples were en-
wrapped in massive corrosion products, while visible substrates
with fewer corrosion products were observed on the surfaces of
Mg–8.5Li–1Al alloy samples. The results indicate that the Mg–
8.5Li–1Al alloy showed the best corrosion resistance, being consis-
tent with the lowest volume of hydrogen evolution, as shown in
Fig. 4.

Fig. 6 presents the secondary electron images of the surfaces of
samples after immersion in Hanks’s solution for 10 days and before
the removal of surface corrosion products. Deep, heterogeneous
corrosion can be seen on the surfaces of Mg–3.5Li–2Al–2RE, Mg–
3.5Li–4Al–2RE and Mg–8.5Li–2Al–2RE alloy samples, with broken
corrosion films and severely corroded substrates. However, other
three alloy samples exhibited compact surface appearances, cov-
ered by a corrosion product layer, indicating better corrosion resis-
tance. In addition, the corrosion of the Mg–3.5Li, Mg–8.5Li and
Mg–8.5Li–1Al alloys seemed to be uniform, while severe localized
corrosion occurred in all three Mg–Li–Al–RE alloys.

3.2.2. Electrochemical corrosion behavior of the Mg–Li–(Al)–(RE)
alloys

Fig. 7 presents the Tafel curves of electrochemical samples. It was
observed that: (i) the single addition of aluminum decreased the
corrosion potential of Mg–Li alloys, while the combined addition
Fig. 5. ESEM micrographs of the surfaces of Mg–Li–(Al)–(RE) all
of aluminum and a rare earth element substantially raised the cor-
rosion potential; a similar observation was made with respect to the
current density; (ii) for the Mg–3.5Li and Mg–8.5Li binary alloys, an
increased concentration of lithium decreased the corrosion poten-
tial but increased the current density, which may be due to the pres-
ence of the more active b phase acting as a constituent for
microgalvanic corrosion with the magnesium matrix; (iii) an in-
crease in lithium content from 3.5% in the Mg–3.5Li–2Al–2RE alloy
to 8.5% in the Mg–8.5Li–2Al–2RE alloy resulted in a more positive
corrosion potential and a lower current density, meaning improved
corrosion resistance. The reduced corrosion resistance of the Mg–
3.5Li–2Al–2RE alloy may be attributed to the wider, homogeneous
distribution of intermetallic compounds in the matrix, thereby pro-
viding more sites for localized corrosion. The corrosion potential
(Ecorr), the current density (Icorr) and corrosion rate calculated
according to the ASTM-G102-89 standard [35] are listed in Table 2.
The Mg–3.5Li and Mg–8.5Li–1Al alloys were proven to possess the
lowest corrosion rates, at 0.10 mm year�1, while the Mg–3.5Li–
2Al–2RE alloy had the highest corrosion rate, at 0.34 mm year�1,
which was in agreement with the results of the hydrogen evolution
from immersion tests.

3.3. Cytotoxicity

Fig. 8 presents the ion concentrations of the alloying elements
in the extracts of the six Mg–Li-based alloys. It can be seen that
the concentrations of released magnesium were in the range of
300–400 lg ml�1, while those of released lithium were within
the limits of 50–320 lg ml�1. After alloying with aluminum, rela-
tively low concentrations (0.7–1.0 lg ml�1) of Al3+ ion were
oy samples after immersion in Hanks’s solution for 3 days.



Fig. 6. ESEM micrographs of the surfaces of Mg–Li–(Al)–(RE) alloy samples after immersion in Hanks’s solution for 10 days.

Fig. 7. Potentiodynamic polarization curves of Mg–Li–(Al)–(RE) alloy samples in
Hanks’s solution.

Table 2
Electrochemical data of the magnesium alloys in Hanks’s solution.

Alloy Ecorr (V) Icorr (lA cm�2) Vcorr (mm year�1)

Mg–3.5Li �1.520 4.28 0.10
Mg–8.5Li �1.565 6.61 0.16
Mg–8.5Li–1Al �1.587 4.18 0.10
Mg–3.5Li–2Al–2RE �1.488 14.2 0.34
Mg–3.5Li–4Al–2RE �1.507 10.4 0.24
Mg–8.5Li–2Al–2RE �1.482 6.87 0.16

Ecorr: corrosion potential; Icorr: corrosion current density; Vcorr: corrosion rate cal-
culated from electrochemical measurements.
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detected. The concentrations of released rare earth ions were well
below the minimum detection limits of inductively coupled plas-
ma atomic emission spectroscopy (ICP-AES) and therefore these
ions could not be detected. For the present study, the pH values
of the six extracts were 9.23 ± 0.08 (Mg–3.5Li), 9.26 ± 0.03
(Mg–8.5Li), 9.19 ± 0.04 (Mg–8.5Li–1Al), 9.36 ± 0.12 (Mg–3.5Li–
2Al–2RE), 9.07 ± 0.1 (Mg–3.5Li–2Al–2RE) and 9.01 ± 0.05
(Mg–8.5Li–2Al–2RE).
Fig. 9 shows the cell viabilities of (a) ECV304 cells and (b) VSMC
expressed as a percentage of the viability of cells cultured in neg-
ative control after 1-, 3- and 5 day incubations in Mg–Li–(Al)–(RE)
alloy extracts. It can be seen that: (i) no obvious differences existed
in the ECV304 cell viability between different culture periods. Ex-
cept for the Mg–8.5Li–2Al–2RE alloy, no significant reductions in
the viability of ECV304 in all the extracts of the alloys studied were
observed, with all cell viabilities being greater than 75% after the
5 day incubation; (ii) for the VSMC cell line, all of the extracts pro-
moted cell proliferation on day 1, whereas the cell viabilities were
significantly reduced on days 3 and 5. This was attributed to the
inhibiting effect of degradation products such as Mg2+ and OH�,
as well as the ions of the alloying elements. The VSMC cell viabil-
ities in the Mg–3.5Li, Mg–8.5Li and Mg–8.5Li–1Al alloy extracts
were observed within the Grade I RGR value according to ISO
10993-5:1999, while the other three alloys exhibited VSMC cell
viabilities that were approximately 70% of the negative control;



Fig. 8. Magnesium and alloying element concentrations of the Mg–Li–(Al)–(RE)
alloys in their extraction media. The concentrations of released rare earth ions were
well below the minimum detection limits of ICP-AES.

Fig. 9. Cell viability expressed as a percentage of the viability of cells cultured in
negative control after 1-, 3- and 5 day incubations in the Mg–Li-based alloys
extraction medium solutions: (a) ECV304 and (b) VSMC.

Fig. 10. Hemolysis percentages of Mg–Li–(Al)–(RE) alloy samples.
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and (iii) after alloying with rare earth elements, VSMC showed
more decreased cell viabilities in comparison with ECV304, imply-
ing greater sensitivity to rare earth ions released from the
materials.
3.4. Hemocompatibility

Fig. 10 shows the hemolysis percentage of the alloys investi-
gated. The hemolysis ratios of the Mg–3.5Li, Mg–8.5Li, Mg–8.5Li–
1Al, Mg–3.5Li–2Al–2RE and Mg–3.5Li–4Al–2RE alloys were 65%,
a judging criterion for excellent blood compatibility [36], whereas
Mg–8.5Li–2Al–2RE alloy samples induced >5% hemolysis when
placed in contact with whole blood for 60 min.

Fig. 11 shows the morphologies of the human platelets adhering
to the surfaces of the samples. Almost all platelets kept a nearly
round shape without any pseudopodia-like structures, implying
negative activation.

The numbers of platelets adhering to the surfaces of the Mg–Li–
(Al)–(RE) alloy samples after incubation in PRP for 1 h are given in
Fig. 12. It was found that there were no significant differences be-
tween the numbers of platelets adhering to the surfaces of the Mg–
3.5Li, Mg–8.5Li, Mg–8.5Li–1Al and Mg–3.5Li–2Al–2RE alloy sam-
ples, whereas much more platelets were detected on the surfaces
of the Mg–3.5Li–4Al–2RE alloy samples than on the surfaces of
the Mg–8.5Li–2Al–2RE alloy samples (p < 0.05).
4. Discussion

4.1. Mechanical properties

Unlike permanent scaffolding, stents made of suitable magne-
sium alloys are expected to provide a temporary opening to a nar-
rowed arterial vessel over a reasonable period of time and then to
degrade into biocompatible constituents gradually, leaving behind
only the healed natural vessel and freeing patients from carrying
prostheses in their arteries. Therefore, the materials used for
absorbable stents need to fulfill strict requirements with regard
to their physical, mechanical and chemical properties. To prevent
cardiovascular stents made of a magnesium alloy from fracturing
[37] during balloon expansion, high ductility is needed to allow
plastic strain of as much as 20–30% [38]. Of the Mg–Li–(Al)–(RE) al-
loys studied here, the Mg–3.5Li alloy possessed the lowest elonga-
tion, of 15.6%, while the elongation values of the other alloys were
more than 20%, being much higher than the elongation value of the
WE43 alloys (2–17% [39]) – a magnesium alloy that has been
tested in humans as a promising biodegradable stent material.
From the elongation point of view, Mg–Li-based alloys indeed have
great capabilities to satisfy the demands in mechanical properties
for stent application. In addition, the strengths of Mg–Li binary al-
loys could be improved considerably by the addition of alloying
elements such as aluminum and rare earth elements, as shown



Fig. 11. SEM images of platelets adhering to Mg–Li–(Al)–(RE) alloy samples.

Fig. 12. Numbers of platelets adhering to the surfaces of Mg–Li–(Al)–(RE) alloy
samples.

Fig. 13. Comparison in tensile strength and elongation between the Mg–Li–(Al)–
(RE) alloys and some previously investigated (candidate) stent materials
[39,42,46,47,52–56,58].
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in Fig. 3. The enhancement in strength may be attributed to the so-
lid solution strengthening effect of aluminum, the grain refining ef-
fect of rare earth elements and the dispersion strengthening effect
of intermetallic compounds [40,41].

Fig. 13 shows schematic comparisons of the mechanical proper-
ties between different stent materials. 316L stainless steel is the
most commonly used material for stents, and is often considered
as the golden standard from the viewpoint of mechanical proper-
ties [42]. Of these materials, 316L stainless steel, with a tensile
strength of 480–620 MPa and an elongation value of 30–40%, ap-
pears to possess the best combination of strength and ductility.
The Mg–Li-based alloys studied have a wide range of elongation
values (15.6–46.1%), which overlap the elongation value of 316L
stainless steel and are superior to those of other magnesium alloys.
Moreover, these alloys have strengths comparable to other magne-
sium alloys, meaning that, along with attractive ductility, the
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compromise on mechanical strength appears to be acceptable. In
addition, the mechanical strengths of the Mg–Li-based alloys could
be enhanced further by alloying and employing advanced process-
ing techniques. For example, Chang et al. [43] found that the equal
channel angular extrusion process was highly effective in enhanc-
ing the strengths of Mg–Li alloys at room temperature. This sug-
gests that the mechanical characteristics of Mg–Li-based alloys
could be adjusted to acceptable values for cardiovascular stent
application.

4.2. Biocorrosion behavior

In selecting suitable materials for stent application, in addition
to considering the mechanical properties of the material and the
scaffolding function of the stent, there is a need to emphasize the
material–biological environment interactions. Since magnesium
alloys are relatively reactive metallic materials, once implanted
in vivo or immersed in simulated body fluid, they will react with
the surrounding medium, generating the following corrosion prod-
ucts: released Mg2+ and alloying element metal ions, hydrogen
bubbles, solution alkalization caused by OH� ions and peeled-off
particulates. In the present study, the Mg–3.5Li, Mg–8.5Li and
Mg–8.5Li–1Al alloys exhibited uniform corrosion features during
the immersion tests. However, the rare-earth-containing Mg–Li al-
loys presented severely localized corrosion morphologies, massive
peeling-off was observed and fresh substrates could be detected
after 10 days of immersion. The reduced corrosion resistance could
be attribute to the CeAl2 intermetallic compound being extensively
distributed in the matrix [44]. As a result of microgalvanic corro-
sion between the magnesium matrix and intermetallic particles,
greater hydrogen evolution volumes, larger corrosion currents
and calculated corrosion rates of these three rare-earth-containing
Mg–Li alloys were all observed. The corrosion measurements
proved that the Mg–8.5Li–1Al alloy was the most corrosion-resis-
tant material, with a calculated corrosion rate of 0.10 mm year�1.
For an ideal biodegradable stent, a period of 6–12 months is ex-
pected for the remodeling process to be completed [42]. Accord-
ingly, the corrosion rate of a magnesium alloy should be
maintained at a level below 0.1 mm year�1 [45]. The corrosion
rates of the Mg–Li-based alloys listed in Table 2 indicate that only
the Mg–3.5Li and Mg–8.5Li–1Al alloys are qualified for stent appli-
cation, as the other alloys possess corrosion rates ranging from
0.16 to 0.34 mm year�1, which are higher than the required level.
It is, however, important to note that the corrosion rates of the
Mg–Li–(Al)–(RE) alloys were found to be lower than those of pure
Mg and of previously reported magnesium alloys for stent applica-
tion, such as WE43, AM60B and AZ91D (Table 3). Moreover, some
studies have suggested that the actual corrosion rate in vivo is sig-
nificantly lower than the results obtained under in vitro conditions
[45,46]. It is therefore necessary to investigate the in vivo degrada-
tion behaviors of the Mg–Li-based alloys and the effects of the cor-
rosion products on the surrounding tissues.

4.3. In vitro biocompatibility

Generally, in vitro cytotoxicity tests are regarded as the first
step to evaluating the biological response of an alloy with respect
to its potential as an implant material, e.g. as a stent. From the bio-
degradation point of view, the toxicity of a metallic implant mate-
rial is mainly influenced by the effect of the metal ion itself on cell
metabolic activities, the concentrations of metal ions released into
the physiological environment and the toxicity of degradation
products, which is specific for a biodegradable metallic material.

In the physiological environment, magnesium-based alloys de-
grade into Mg2+, alloying metal ions, OH� and hydrogen gas. Since
magnesium is an important constituent of, and a large amount is
present in, the human body, and Mg2+ can be absorbed/excreted
by the human body, local toxicity of degradation products from
stents made of magnesium alloys is considered unlikely [37]. Nev-
ertheless, the biocompatibility of elevated local concentrations of
the released alloying elements needs to be investigated. For the
MTT assay, the toxicity of a magnesium-based implant material de-
pends mainly on released metal ions and OH� in the corrosion
products [47]. A 7 mM concentration of Mg2+ ion was reported to
have reduced the viability of MG63 to a value of less than 60% of
control [48]. When the UMR106 cell line was exposed to 50, 100
and 500 lg ml�1 magnesium particles, the percentages of live cells
in relation to the total number of cells analyzed were 90.0%, 79.3%
and 79.0%, respectively, and the percentage continued decreasing
to 38.2% in the case of 1000 lg ml�1 [49]. In the present work, re-
leased Mg2+ ion concentrations were found to be higher than
300 lg ml�1 (12.5 mM) in the extraction medium. It might thus
be one of the reasons for the decreased viabilities of ECV304 and
VSMC cells. On the other hand, as a result of the corrosion of a
magnesium-based alloy, a lot of OH� is produced, causing the pH
of the extraction medium to increase (to approximately 9 in the
present study), which may be catastrophic for cell viability. How-
ever, the increase in pH may be regulated in vivo by the buffering
effect of the physiological environment.

The alloying elements aluminum and lithium are both nutrients
found in animal and plant tissues, and their importance in humans
is still under investigation. Although aluminum is known as a neu-
rotoxicant, and its accumulation has been suggested to be an asso-
ciated with various neurological disorders, it is characterized as
moderately toxic to osteoblasts, with an IC50 value of 4 mM
[48,50]. Furthermore, aluminum has been suggested as a possibly
good alloying element for magnesium alloy stent materials [47].
Fig. 8 shows the concentrations of Al3+ ion released from the alumi-
num-containing Mg–Li alloys, all of which were lower than
1 lg ml�1 (approximately 0.037 mM). It can thus be concluded that
aluminum does not add to the cytotoxicity of Mg–Li-based alloys.
The short-term effects of lithium on primary cells were evaluated
elsewhere [30] and no negative effects were observed at the tested
concentrations, which ranged from 10 lM to 2 mM. Considering
the fact that higher plasma Li+ concentrations are frequently asso-
ciated with toxic symptoms, further research is needed to inhibit
Li+ ion release from Mg–Li-based alloys. Light rare earth elements,
including cerium and lanthanum, have been reported to reduce the
viabilities of RAW-264.7, MG-63 and HUCPV cells at extra-low con-
centrations of 30 and 50 lM, respectively [30], which are far below
the detectable threshold. This may explain the decreased cell
viabilities of the Mg–Li–Al–RE alloys compared to the other Mg–
Li-based alloys without rare earth elements, especially in the case
of VSMC, as shown in Fig. 9.

Considering the different cell lines, the cytotoxicity tests indi-
cated that the cell responses differed depending on the cell line
as well as the chemical composition of the alloys. The results
showed slightly decreased cell viabilities to endothelial cells but
significantly reduced cell viabilities to smooth muscle cells for all
the Mg–Li–(Al)–(RE) alloys, which is a predominant advantage
for their application as stent materials, because the former results
are favorable for the endothelialization of stents, reducing the pos-
sibility of inflammatory reactions and thrombosis formation,
whereas the latter might be beneficial for the control of neointima
proliferation [51].

One should bear in mind, however, that in the present study
only the in vitro biocorrosion behavior and biocompatibility of
Mg–Li–(Al)–(RE) alloys that could potentially be used for cardio-
vascular stent application were investigated – and that the
in vitro conditions may not adequately represent the complexities
found in the living body. For example, blood flow, biological sub-
stances, such as proteins in the blood, and stent/tissue interactions



Table 3
Mechanical properties and biodegradation behaviors of previously reported materials investigated as (candidate) stent materials [39,42,46,47,52–57].

Alloy Young’s modulus (GPa) Ultimate tensile strength (MPa) Elongation (%) In vitro degradation rate* (mm year�1) Degradation time (months)

PGA 5–7.0 60–80 15–20 – 6–12
L-PLA 3 60–70 >24 – 5–10
316L SS 193 480–620 30–40 – –
Fe 200 210 40 – –
WE43 44 280 2 1.35 –
Mg 41 86.8 13 0.36 –
AM60B 45 220 6–8 8.97 –
AZ91D 45 230 3 2.8 –

* Degradation rates were calculated from electrochemical measurements.

W.R. Zhou et al. / Acta Biomaterialia 9 (2013) 8488–8498 8497
will all have impacts on the corrosion of the stent material. There-
fore, research on the in vivo biodegradation and biocompatibility
of these alloys is clearly needed. Furthermore, disk-shaped samples
were used in the present research, so the data presented here are
relevant to potential medical applications only when the geomet-
rical and dimensional constraints are taken into consideration.
When these materials are studied in vivo in the form of thin-walled
tubes, special attention should be paid to the mechanical proper-
ties and corrosion behaviors of the tubular materials.
5. Conclusions

Six Mg–Li–(Al)–(RE) alloys were fabricated as potential cardio-
vascular stent materials. Their microstructures changed from the
a(Mg) phase to a duplex structure of a(Mg) and b(Li) as the lithium
content increased from 3.5 to 8.5 wt.%. The ductility of magnesium
was effectively improved by the addition of lithium and the com-
promise in mechanical strength could be adjusted through alloying
and process modifications. In the present study, the mechanical
properties, biocorrosion behavior and in vitro biocompatibility of
the Mg–Li–(Al)–(RE) alloys were investigated systematically. The
addition of aluminum and rare earth elements was found to in-
crease the tensile strengths of Mg–Li alloys through solid solution
strengthening, grain refinement and dispersion strengthening. The
corrosion resistance was reduced due to the presence of interme-
tallic compounds formed as a result of the addition of rare earth
elements. Calculated from the electrochemical data, the Mg–Li-
based alloys possessed corrosion rates of 0.10–0.34 mm year�1,
which are lower than those of previously reported magnesium al-
loys investigated as stent materials. Cytotoxicity tests showed no
significantly decreased viabilities of ECV304 except for the Mg–
8.5Li–2Al–2RE alloy, whereas significantly reduced viabilities of
VSMC were observed, meaning a predominant advantage for their
application as stent materials. The hemolysis tests indicated that
the Mg–3.5Li, Mg–8.5Li, Mg–8.5Li–1Al, Mg–3.5Li–2Al–2RE and
Mg–3.5Li–4Al–2RE alloys exhibited acceptable hemolysis ratios
and no sign of thrombogenicity was observed for all the Mg–Li-
based alloys. The research indicates the feasibility of using Mg–
Li–(Al)–(RE) alloys as potential cardiovascular stent materials. In
vivo degradation behaviors of these materials and tissue/biomate-
rial reactions need to be studied further.
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Appendix A. Figures with essential color discrimination

Certain figures in this article, particularly Figs. 1–4, 7–10, 12
and 13, are difficult to interpret in black and white. The full color
images can be found in the on-line version, at http://dx.doi.org/
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