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In vitro corrosion and biocompatibility of binary magnesium alloys
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As bioabsorbable materials, magnesium alloys are expected to be totally degraded in the body and their
biocorrosion products not deleterious to the surrounding tissues. It’s critical that the alloying elements
are carefully selected in consideration of their cytotoxicity and hemocompatibility. In the present study,
nine alloying elements Al, Ag, In, Mn, Si, Sn, Y, Zn and Zr were added into magnesium individually to
fabricate binary Mg–1X (wt.%) alloys. Pure magnesium was used as control. Their mechanical properties,
corrosion properties and in vitro biocompatibilities (cytotoxicity and hemocompatibility) were evaluated
by SEM, XRD, tensile test, immersion test, electrochemical corrosion test, cell culture and platelet
adhesion test. The results showed that the addition of alloying elements could influence the strength and
corrosion resistance of Mg. The cytotoxicity tests indicated that Mg–1Al, Mg–1Sn and Mg–1Zn alloy
extracts showed no significant reduced cell viability to fibroblasts (L-929 and NIH3T3) and osteoblasts
(MC3T3-E1); Mg–1Al and Mg–1Zn alloy extracts indicated no negative effect on viabilities of blood vessel
related cells, ECV304 and VSMC. It was found that hemolysis and the amount of adhered platelets
decreased after alloying for all Mg–1X alloys as compared to the pure magnesium control. The rela-
tionship between the corrosion products and the in vitro biocompatibility had been discussed and the
suitable alloying elements for the biomedical applications associated with bone and blood vessel had
been proposed.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

There is a growing interest in using corrodible alloys in
a number of critical medical applications, after decades of designing
strategies to minimize the corrosion of metallic biomaterials [1].
Degradation or decomposition, most often due to corrosion of the
materials in the body fluid, has been demonstrated in metals and
alloys that may have potential orthopedic and cardiovascular
applications. Examples are pure metals such as Fe [2–6], Mg [7–12],
and W [13,14], and alloys such as Fe–Mn [15], AE21 [16], AZ21 [12],
AZ31 [9,17], AZ63 [18], AZ91 [17,19], AZ91D [20], ZE41 [11], WE43
[17,21–23], LAE442 [17,20], Mg–Mn–Zn [24], and Mg–Ca [12,25]).

Metal ions released from corrodible alloys to the surrounding
tissues, may cause biological responses in short term or prolonged
periods. The toxicity of a metallic material is governed not only by
its composition and toxicity of the component elements but also by
its corrosion and wear resistance [26]. In a saline environment,
magnesium-based alloys would be degraded to magnesium
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chloride, oxide, sulphate or phosphate [3]. It is believed that the
release of magnesium ions from corroding magnesium alloys should
not cause toxicity (local or systemic), and may even have beneficial
effects on some of the structures, including cells, in the relevant local
tissue [1]. Yet most of the currently investigated magnesium-based
alloys [9,11,12,17–22] for biomedical applications, as listed in Table 1,
were originally designed for industrial applications (in pursuit of
high strength and corrosion resistance) without taking the
biocompatibility into considerations during composition design. For
example, the absorbable metal stent (AMS, Biotronik GmbH),
currently under clinical investigation, was reported to be made of an
alloy containing magnesium, zirconium, yttrium and lanthanides
[3]. Since the exact composition of AMS stent materials was not
disclosed, its potential toxicity and degradation products could not
be completely determined, therefore we relied on the biocompati-
bility testing carried out by the manufacturers [3].

In the design of degradable biomaterials, elements with
potential toxicological problems should be ideally avoided if
possible, and these elements should be only used in minimal,
acceptable amounts if they cannot be excluded from the design
[27]. Therefore, the toxic elements should be identified and
excluded from the current and future generation of magnesium
alloys. As documented in the ISO 3116:2007 [28] and EN 1753:1997
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Table 1
Specific composition of currently investigated biomedical magnesium alloys.

Specification Alloy Chemical composition Refs.

Mg (min) Al Cu Fe Mn Ni RE Si Zn Zr Others

ASTM B275 AZ21A 1.6–2.5 0.10 0.005 0.15 min 0.002 – 0.05 0.8–1.6 – 0.10–0.25 Ca, 0.30 OT [12,30]
ASTM B107 AZ31B 2.5–3.5 0.050 0.005 0.20–0.50 0.005 – 0.10 0.6–1.4 – 0.30 OT [9,17,31]
ASTM B93 AZ63A 5.5–6.5 0.20 0.18–0.50 0.01 – 0.20 2.7–3.3 – 0.30 OT [18,32]
ASTM B94 AZ91D 8.5–9.5 0.015 0.004 0.17 min 0.001 – 0.05 0.45–0.90 – 0.01 OE [17,19,20,33]
ASTM B93 ZE41A – 0.030 – 0.15 0.010 1.0–1.75 – 3.7–4.8 0.3–1.0 0.30 OT [11,32]
ASTM B93 WE43A – 0.03 – 0.15 0.005 1.5–4.0 – 0.20 0.4–1.0 0.01 Si, 4.75–5.5Y, 0.30 OT [17,21–23,32]
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[29] files, the main alloying elements for the industrial magnesium
alloys are Al, Zn, Mn, Si, RE, Zr, Ag and Y. In the present study, Mg–
1X binary alloys were prepared by adding elements of Al, Ag, Mn, Si,
Y, Zn and Zr separately into magnesium in 1% (wt), and the specific
cellular responses (bone and blood vessel related) to the added
metal ions together with the magnesium ion were evaluated. The
results may help screening the elements that have minimal detri-
mental effect on cellular response, and help understand the cyto-
toxicity of the current multi-component magnesium alloys (listed
in Table 1). It may also provide guidance on the future selection of
the preferable alloying elements for bone- or vascular-related
applications. Furthermore, it may also direct the future composi-
tion design of the biodegradable ternary/multiple magnesium alloy
systems.

Besides the established industrial compositions, some novel
composition designs were proposed and investigated as biomedical
magnesium alloys. The recent development of Mg–1Ca alloy
revealed that it had the acceptable biocompatibility as a new
biodegradable bone implant materials [25]. In the present study,
metals In and Sn, commonly used in dental materials [34], having
over 1 wt.% solubility in magnesium, were selected as additives, to
evaluate their feasibility as potential alloying elements in magne-
sium alloy for biomedical applications.

2. Experimental procedure

2.1. Material preparation

Nine binary magnesium alloys were melted and cast by commercial pure Mg
(99.95%) and commercial pure element powders (Al, Ag, In, Si, Sn, Zn and Zr) or Mg–
Mn/Y master alloy under a mixed gas atmosphere of SF6 and CO2 using a mild steel
crucible, with nominal 99 wt.% of Mg and 1 wt.% of alloying element (Al, Ag, In, Mn,
Si, Sn, Y, Zn and Zr). The analyzed chemical compositions of the nominal Mg-1 wt.% X
alloy ingots by energy dispersive spectrum (EDS) were given in Table 2. The various
Mg–1X alloy ingots were cut into 6 mm thick plates and hot rolled to about 1.5 mm
thick sheets after heating to 400 �C for 20 min. The as-cast and as-rolled samples
were further cut into square samples (10�10� 2 mm3) for corrosion, cytotoxicity
and hemocompatibility tests. Each sample was mechanically polished up to 2000
grit, ultrasonically cleaned in acetone, absolute ethanol and distilled water, and then
dried in open air. For cytotoxicity tests, samples were sterilized by ultraviolet-
radiation for at least 2 h.

2.2. Microstructural characterization

X-ray diffractometer (XRD, Rigaku DMAX 2400) using Cu Ka radiation was
employed for the identification of the constituent phases in the as-cast and as-rolled
Mg–1X alloys and their corrosion products after immersion.

2.3. Tensile test

The tensile samples of Mg–1X alloys were machined according to ASTM-E8-04
[35]. The tensile tests were carried out at a displacement rate of 1 mm/min in
Table 2
EDS analyzed results of the chemical composition of Pure Mg and Mg–1X alloys.

Mg Mg–1Al Mg–1Ag Mg–1In Mg–1Mn

Mg 99.95 98.84 99.02 98.99 99.21
X – 1.16 0.98 1.01 0.79
a Instron 3365 universal test machine. An average of at least three measurements
was taken for each group.

2.4. Electrochemical measurement

A three-electrode cell was used for electrochemical measurements. The counter-
electrode was made of platinum and the reference electrode was saturated calomel
electrode (SCE). The exposed area of the working electrode (pure Mg and Mg–1X
alloy samples) to the solution was 1 cm2. All the measurements were carried out on
an electro-chemical workstation (CHI660C, China) at the temperature of 37 �C. The
test milieu was simulated body fluid (SBF) [36] and Hank’s solution [7].

2.5. Immersion test

The immersion test was carried out according to ASTM-G31-72 [37] in SBF
[36] and Hank’s solution [7]. Experimental samples (10�10� 2 mm3) were
immersed in 50 ml solutions and the temperature was kept at 37 �C by water bath.
After different immersion times, the samples were removed from SBF and Hank’s
solution, gently rinsed with distilled water, and dried at room temperature.
Changes on the surface morphologies and microstructure of the samples before
and after immersion were characterized by environmental scanning electron
microscopy (ESEM, AMRAY-1910FE), equipped with energy-disperse spectrometer
(EDS) attachment, and X-ray diffractmeter. The amount of hydrogen generated by
pure Mg and Mg–1X alloys was measured in accordance to Ref. [38]. The induc-
tively coupled plasma atomic emission spectrometry (Leeman, Profile ICP-AES)
was employed to measure the concentrations of magnesium and alloying element
ions which had dissolved from the alloy plates. An average of three measurements
was taken for each group.

2.6. Cytotoxicity test

Murine fibroblast cells (L-929 and NIH3T3), murine calvarial preosteoblasts
(MC3T3-E1), human umbilical vein endothelial cells (ECV304) and rodent vascular
smooth muscle cells (VSMC) were adopted to evaluate the cytotoxicity of pure Mg
and Mg–1X alloys. L-929, NIH3T3, MC3T3-E1, VSMC and ECV304 cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM), 10% fetal bovine serum
(FBS), 100 U ml�1 penicillin and 100 mg ml�1 streptomycin at 37 �C in a humidified
atmosphere of 5% CO2. The cytotoxicity tests were carried out by indirect contact.
Extracts were prepared using DMEM serum free medium as the extraction medium
with the surface area of extraction medium ratio 1.25 ml/cm2 in a humidified
atmosphere with 5% CO2 at 37 �C for 72 h. The supernatant fluid was withdrawn
and centrifuged to prepare the extraction medium, then refrigerated at 4 �C before
the cytotoxicity test. The control groups involved the use of DMEM medium as
negative controls and 0.64% phenol DMEM medium as positive controls. Cells were
incubated in 96-well cell culture plates at 5�103 cells/100 ml medium in each well
and incubated for 24 h to allow attachment. The medium was then replaced with
100 ml of extracts. After incubating the cells in a humidified atmosphere with 5%
CO2 at 37 �C for 2, 4 and 7 days, respectively, the 96-well cell culture plates were
observed under an optical microscope. After that, 10 ml MTT was added to each
well. The samples were incubated with MTT for 4 h at 37 �C, then 100 ml formazan
solubilization solution (10%SDS in 0.01 M HCl) was added in each well overnight in
the incubator in a humidified atmosphere. The spectrophotometrical absorbance of
the samples was measured by microplate reader (Bio-RAD680) at 570 nm with
a reference wavelength of 630 nm. The pH value and the concentrations of
magnesium and alloying element ions in the extraction medium were also
measured.
Mg–1Si Mg–1Sn Mg–1Y Mg–1Zn Mg–1Zr

98.81 99.14 98.99 98.93 99.25
1.19 0.86 1.01 1.07 0.75
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2.7. Hemolysis test

Healthy human blood from a volunteer containing sodium citrate (3.8 wt.%) in
the ratio of 9:1 was taken and diluted with normal saline (4:5 ratio by volume). Pure
Mg and Mg–1X alloys samples (10�10� 2 mm3) were dipped in a standard tube
containing 10 ml of normal saline that were previously incubated at 37 �C for
30 min. Then 0.2 ml of diluted blood was added to this standard tube and the
mixtures were incubated for 60 min at 37 �C. Similarly, normal saline solution was
used as a negative control and deionized water as a positive control. After this
period, all the tubes were centrifuged for 5 min at 3000 rpm and the supernatant
was carefully removed and transferred to the cuvette for spectroscopic analysis at
545 nm. In addition, the hemolysis was calculated using an ultraviolet spectro-
photometer (UNIC-7200, China). The hemolysis was calculated based on the average
of three replicates.

hemolysis ¼ ODðtestÞ � ODðnegative controlÞ
ODðpositive controlÞ � ODðnegative controlÞ � 100

2.8. Platelet adhesion

Platelet-rich plasma (PRP) was prepared by centrifuging the whole blood for
10 min at a rate of 1000 rpm/min. The PRP was overlaid atop the experimental alloys
plates and incubated at 37 �C for 1 h. The samples were rinsed with PBS to remove
the nonadherent platelets. The adhered platelets were fixed in 2.5% glutaraldehyde
solutions for 1 h at room temperature followed by dehydration in a gradient
ethanol/distilled water mixture (50%, 60%, 70%, 80%, 90%, 100%) for 10 min each and
dried in hexamethyldisilazane (HMDS) solution. The surface of platelet attached
experimental alloy plates were observed by ESEM. Different fields were randomly
counted and values were expressed as the average number of adhered platelets per
mm2 of surface.

3. Results

3.1. Microstructures of binary Mg–1X alloys

The as-cast and as-rolled pure Mg and Mg–1X alloys were all
characterized by XRD for their phase composition, and the results
show that as-cast and as-rolled pure Mg and Mg–1X alloys, except
for Mg–1Si, are composed of one single phase a(Mg), with the
representative spectra of as-cast samples shown in Fig. 1. This result
is as expected since the solubility of elements Al, Ag, In, Mn, Sn, Y,
Zn and Zr in Mg are 12.7 wt.%, 15.0 wt.%, 53.2 wt.%, 2.2 wt.%,
14.5 wt.%, 12.4 wt.%, 6.2 wt.% and 3.8 wt.% respectively, according to
Fig. 1. X-ray diffraction patterns of as-cast pure Mg and Mg–1X alloy (X
the binary phase diagrams [39]. It can be easily understood since
there is almost no solubility for Si in Mg [39], and 1 wt.% Si will lead
to the formation of Mg2Si phase. The addition of 1 wt.% Si is just for
better comparison with other alloying elements.

3.2. Mechanical properties of binary Mg–1X alloys

Fig. 2 shows the tensile properties of as-cast (Fig. 2(a)) and as-
rolled (Fig. 2(b)) Mg–1X alloys, with pure Mg as control. It can be
seen that the addition of various alloying elements into pure Mg
displays two distinctive influencing patterns on the tensile strength
of Mg–1X alloys. The separate addition of elements Al, Ag, In, Si, Sn,
Zn or Zr improves the yield strength and ultimate tensile strength,
while the addition of Mn or Y does not enhance the strength
obviously but decreases the elongation.

The yield strength and ultimate strength are largely improved
after hot rolling, especially for the addition of Al or Zn, as shown in
Fig. 2(b). However, the elongations of as-rolled Mg–1X alloys
decrease, compared with that of the as-cast ones.

3.3. Corrosion behavior of binary Mg–1X alloys

3.3.1. Immersion corrosion behavior of binary Mg–1X alloys
Fig. 3 illustrates the X-ray diffraction patterns of as-cast and as-

rolled Mg–1X alloys after 500 h immersion in SBF (the corre-
sponding XRD patterns of samples in Hank’s solution were similar,
and therefore omitted), with pure Mg as control. No data are
available for as-cast Mg–1X (X¼Al, Si, Y) alloys and the as-rolled
Mg–1Al alloy since these plate samples had been suffered severe
corrosion and broken into tiny particles after 500 h immersion. It
can be seen that as-cast alloys samples show more broad Mg(OH)2

peaks than that of the as-rolled ones.
Fig. 4 shows the hydrogen evolution tendency of as-cast and

as-rolled Mg–1X alloy samples during immersion in both SBF and
Hank’s solution, with pure Mg as control. It can be seen that (i)
Mg–1X alloys exhibit faster corrosion rate in SBF than that in
Hank’s solution, which may be attributed to the buffer in SBF
[36,40]; (ii) The as-rolled Mg–1X alloys display less hydrogen
evolution in comparison to the as-cast ones immersed in both SBF
¼ Al, Ag, In, Mn, Si, Sn, Y, Zn and Zr) samples at room temperature.



Fig. 2. Tensile properties of (a) as-cast and (b) as-rolled pure Mg and Mg–1X alloy (X¼ Al, Ag, In, Mn, Si, Sn, Y, Zn and Zr) samples at room temperature.
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and Hank’s solutions. (iii) For the as-cast Mg–1X alloys, the Mg–
1Y and Mg–1Si indicate higher hydrogen evolution rate in SBF and
Hank’s solution than that of pure Mg; for the as-rolled Mg–1X
alloys, the Mg–1Al indicates higher hydrogen evolution rate in
SBF and Hank’s solution than pure Mg while Mg–1Si indicates
higher hydrogen evolution rate in Hank’s solution than pure Mg;
(iv) The Mg–1Al and Mg–1Zn alloys show the lowest hydrogen
evolution rate among the as-cast Mg–1X alloys, whereas Mg–1Mn
and Mg–1Zn alloys show the lowest hydrogen evolution rate
among the as-rolled Mg–1X alloys.
Fig. 5 presents the released ion concentrations of magnesium
and elements X in the SBF and Hank’s solution for as-cast and as-
rolled Mg–1X alloys at different immersion durations, with pure
Mg as control. It can be seen that (i) the dissolutions of magnesium
and alloying elements progressed with the immersion time; (ii) The
concentration of the released magnesium and alloying elements
ions is always higher for the as-cast Mg–1X alloys than that of the
as-rolled Mg–1X alloys in both SBF and Hank’s solutions, except for
Mg–1Al alloy; (iii) The dissolution of Al, Si, Sn, Y is much higher
than other tested alloying elements for as-cast Mg–1X alloys



Fig. 3. X-ray diffraction patterns of as-cast and as-rolled pure Mg and Mg–1X alloy (X¼ Al, Ag, In, Mn, Si, Sn, Y, Zn and Zr) samples immersed in SBF for 500 h.
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whereas Al and Mn showed higher dissolution rate compared with
other elements for as-rolled Mg–1X alloys.

3.3.2. Electrochemical corrosion behavior of binary Mg–1X alloys
Fig. 6 shows the electrochemical polarization curves of as-cast

and as-rolled Mg–1X alloys in the SBF (similar results had been got
for the samples tested in Hank’s solution, and therefore omitted),
with pure Mg as control. The average electrochemical parameters
and corrosion rates calculated for the present Mg–1X alloys
according to ASTM [41] are listed in Table 3. It can be seen that (i)
the addition of elements Al, Ag, Mn, Si or Y improve the corrosion
potential of the resulted as-cast Mg alloys, while the addition of In,
Sn or Zr decreases the corrosion potential of the resulted as-cast Mg
alloys in SBF and Hank’s solution. Moreover, as-cast Mg–1Zn alloy
exhibits positive corrosion potential than pure Mg in SBF, whereas
it shows negative potential compared with pure Mg in Hank’s



Fig. 4. The hydrogen evolution volumes of as-cast and as-rolled pure Mg and Mg–1X alloy (X¼ Al, Ag, In, Mn, Si, Sn, Y, Zn and Zr) samples immersed in SBF and Hank’s solution for
500 h: (a) as-cast samples in SBF; (b) as-cast samples in Hank’s solution; (c) as-rolled samples in SBF; (d) as-rolled samples in Hank’s solution.
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solution; (ii) The addition of elements Ag, Si or Y increase the
current densities of the resulted as-cast Mg alloys in both SBF and
Hank’s solution. There is no significant differences between the
current densities of as-cast pure Mg and Mg–1X (X¼Al, In, Mn, Sn,
Zr) alloys. The addition of Zn improves the corrosion resistance of
the resulted as-cast Mg–1Zn alloy; (iii) After hot rolling, the
corrosion rates of experimental alloys decrease except for Mg–1Al
alloy. The reduced corrosion resistance of as-rolled Mg–1Al alloy
can be explained as the eutectic a phase may precipitate during the
hot rolling process and accelerate the corrosion rate due to the
different electrochemical behaviors of primary a and eutectic
a [38,42]. As-rolled Mg–1Mn alloy exhibits the lowest current
densities in both SBF and Hank’s solution among the as-rolled Mg–
1X alloys.

3.4. Cytotoxicity tests of binary Mg–1X alloys

Fig. 7 illustrates the magnesium and alloying element ion
concentrations of the as-cast Mg–1X alloys extraction medium,
with the as-cast pure Mg as control. It can be seen that the
concentration of released Si and Sn ions are relatively high (1.8–
2.0 mg/ml), followed by Al, In and Zr ions (0.5–0.6 mg/ml) and Ag,
Mn, Y and Zn ions (0.1–0.2 mg/ml). For the present study, the pH
values of the extraction medium are 9.18� 0.14 (pure Mg),
8.2� 0.1(Mg–1Al), 8.34� 0.06(Mg–1Ag), 8.49� 0.17(Mg–1In),
8.4� 0.18(Mg–1Mn), 8.3� 0.12(Mg–1Si), 8.82� 0.07(Mg–1Sn),
8.69� 0.1(Mg–1Y), 8.47� 0.12(Mg–1Zn) and 8.58� 0.05(Mg–1Zr).
Fig. 8 shows the viability of murine fibroblast cells L-929
(Fig. 8(a)), and NIH3T3 (Fig. 8(b)), murine calvarial preosteoblasts
MC3T3-E1 (Fig. 8(c)), human umbilical vein endothelial cells
ECV304 (Fig. 8(d)) and rodent vascular smooth muscle cells VSMC
(Fig. 8(e)) expressed as a percentage of the viability of cells
cultured in negative control after cultured in as-cast pure Mg and
Mg–1X alloys extraction medium solutions for different periods
(2, 4 and 7 days). It can be seen that (i) for L-929 fibroblasts, the
extracts of pure Mg, Mg–1Ag, Mg–1In, Mg–1Mn, Mg–1Si, Mg–1Y
and Mg–1Zr alloys lead to significantly reduced cell viability
(p< 0.05) in comparison with negative controls for 4 days
culture; (ii) The cell viability of NIH3T3 fibroblasts significantly
decreases (p< 0.05) after cultured in pure Mg, Mg–1Ag, Mg–1Mn,
Mg–1Y and Mg–1Zr alloys extracts and the extracts of other Mg–
1X alloys show no toxicity to NIH3T3 fibroblasts for 7 days
culture; (iii) In the case of MC3T3-E1 osteoblastic cells, the
extracts from pure Mg, Mg–1Ag, Mg–1In and Mg–1Mn alloys
show decreased cell viabilities (p< 0.05) compare to the negative
controls after 7 days culture. Moreover, Mg–1Sn and Mg–1Y alloy
extracts exhibit lower (p< 0.05) cell viabilities in days 2 and 4,
but no differences in days 7; (iv) In either ECV304 or VSMC
models, pure Mg, Mg–1In, Mg–1Mn, Mg–1Y and Mg–1Zr alloys
extracts show significantly reduced values of cell viability,
compared to the negative control (p< 0.05) in 7 days culture.
Mg–1Ag, Mg–1Si and Mg–1Sn alloys extracts show decreased
(p< 0.05) cell viabilities in ECV304 cell model, but no significant
differences in VSMC model.



Fig. 5. Element concentrations in SBF and Hank’s solution at 3, 10 and 20d for the as-cast and as-rolled pure Mg and Mg–1X alloy (X¼ Al, Ag, In, Mn, Si, Sn, Y, Zn and Zr) samples: (a)
Magnesium concentration of as-cast samples in SBF; (b) Alloying element concentration of as-cast samples in SBF; (c) Magnesium concentration of as-cast samples in Hank’s
solution; (d) Alloying element concentration of as-cast samples in Hank’s solution; (e) Magnesium concentration of as-rolled samples in SBF; (f) Alloying element concentration of
as-rolled samples in SBF; (g) Magnesium concentration of as-rolled samples in Hank’s solution; (h) Alloying element concentration of as-rolled samples in Hank’s solution.
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3.5. Hemocompatibility of binary Mg–1X alloys

Fig. 9 shows the hemolysis of as-cast and as-rolled pure Mg and
Mg–1X alloys samples. For the as-cast group, pure Mg, Mg–1Ag,
Mg–1Zn and Mg–1Zr alloys induce over 30% of hemolysis when
contact with whole blood (n¼ 3) for 60 min. For the as-rolled
group, the hemolysis of pure Mg, Mg–1Ag and Mg–1Zn alloys were
reduced, whereas the hemolysis of Mg–1Al, Mg–1Sn and Mg–1Zr
alloys increase. In addition, the hemolysis of Mg–1X (X¼ In, Mn, Si,
Y) alloys are equal to or lower than 5%. The pH value of the saline
solution was also measured after the hemolysis tests. The results
show that higher hemolysis occurred for the samples with higher



Fig. 5. Continued
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pH values (around 9.5–10), especially for the samples (as-cast pure
Mg and as-rolled Mg–1Sn alloy) with solution turning brown.

The morphologies of adhered human platelet were character-
ized and the results showed that platelets present nearly round
with only one or two short pseudopodia spreading on the surface of
as-cast and as-rolled pure Mg and Mg–1X alloys, as typically shown
by the case of pure Mg and Mg–1Sn alloy sample in Fig. 10.

Fig. 11 illustrates the number of platelets adhered on as-cast and
as-rolled pure Mg and Mg–1X alloys samples after incubation in
PRP for 1 h. It can be seen that (i) the number of platelets adhered
on both the as-cast and as-rolled pure Mg are the highest among all
samples; (ii) For the as-cast group, the addition of various alloying
elements improve the platelet adhesion resistance to certain
degrees compare to pure Mg control. Mg–1In and Mg–1Zr alloys
samples shows higher amount of adhered platelets, followed by
Mg–1Al, Mg–1Ag and Mg–1Sn alloys samples. The surface of Mg–
1Mn, Mg–1Si, Mg–1Y and Mg–1Zn alloys samples show the lowest
amount of adhered platelets; (iii) For the as-rolled group, the
number of adhered platelets is reduced on the surface of as-cast
pure Mg, Mg–1In, Mg–1Sn and Mg–1Zr alloys samples after hot
rolling, whereas increased platelet adhesion is seen for the other
as-rolled Mg–1X alloys samples.

4. Discussion

4.1. Corrosion products of Mg–1X alloys and their influence on the
in vitro cytotoxicity and hemocompatibility tests

Based on the above experimental results, it can be suggested that
corrosion is the inherent response of magnesium alloys to the body
fluid, with the following corrosion products: released Mg2þ ions,
hydrogen bubbles, alkalization of solution by the OH� ions, released
alloying element metal ions and peeled-off particulates from the
implant. (i) The evolved hydrogen bubbles from a corroding
magnesium alloy implant can be accumulated in gas pockets next to
the implant during in vivo tests, and cause separation of tissues and
tissue layers [11,43]. Yet for in vitro cytotoxicity tests, H2 will escape
directly to the atmosphere during the extraction medium prepa-
ration process and should not influence the in vitro cytotoxicity test
results. (ii) Mg(OH)2 precipitated from the solution during the
corrosion of magnesium alloys due to saturation and localized
alkalization. In addition, the second phases Mg17Al12 in AZ91 alloy
[38], Mg24Y5 and Mg12Nd in WE43 alloy [44], usually had higher
corrosion potentials than a-Mg matrix and stable in corrosion
[44,45]. The potential differences between magnesium matrix
phase and the second phase led to microgalvanic corrosion [42] and
the second phase might detach from the implant in the form of
particulate corrosion products [38]. For the in vitro cytotoxicity test,
particles had been excluded after the centrifuge step during the
preparation of the extract medium. Therefore only the ions (Mg2þ,
Xþ and OH�) in the corrosion products play the key role to influence
the in vitro cytotoxicity evaluation.

For the in vitro cytotoxicity tests, (i) it could be seen that the
Mg2þ ions concentrations of Mg–1X alloys extracts varied between
130 and 210 mg/ml (5.4–8.8 mM/L), which was much lower than the
IC50 of magnesium ions for MG-63 osteoblasts [46]. It was
reasonable to believe the release of Mg2þ in extraction medium was
not a dominant factor for the outcomes of Mg–1X alloy cytotoxicity
test. (ii) The tested cells may have different ability to tolerate the
changes of pH value. An increase of pH value by 0.39 had no obvious
influence on the viability of MG-63, but led to a reduced viability for
macrophages in the study of cellular response to AZ91D alloy [47].
Groos et al. [48] indicated that colony-forming ability of RT112 cells
was reduced significantly at pH values greater than 8.4 after 24 h
exposure. For the present Mg–1X alloys, the tolerant threshold of
pH value for all the cell lines was around 8.8, since no significant
reduced cell viability for Mg–1Sn alloy extract (with the highest pH
value of 8.82� 0.07 among Mg–1X alloys) was seen by all the cell
lines except for ECV304, while significantly reduced cell viability
for pure Mg extracts (9.18� 0.14) was seen for all the cell lines.
Therefore, focus of the study was the influence of alloying elements
on cells instead of pH value effect. (iii) The amount of ions released
from an alloy may not be proportion to the composition of the alloy
[49]. For the present Mg–1X alloys, the concentration of the
released alloying element ions in the extract, as shown in Fig. 7, was
not consistent with the nominal composition. The effect of the nine
tested alloying elements for the Mg–1X alloys on their cytotoxicity
will be discussed in detail below.

(1) Al. As shown in Fig. 8, Mg–1Al alloy extracts had no significant
cytotoxicity to all tested cell lines with Al concentration
20� 7 mM/L (Fig. 7). As reported, IC50s of Al(NO3)3 to MC3T3-E1
and L-929 cells were 2.92 mM/L and 4.18 mM/L, respectively
[50], and no significant differences were seen for MG-63 cell
viabilities until the Al concentration exceeded 1 mM [46]. In
addition, no negative effect was observed for the MG-63 and
HBDC cellular response to AZ91D (9 wt.% Al content) extraction
medium [47].



Fig. 6. Potentiodynamic polarization curves of (a) as-cast and (b) as-rolled pure Mg and Mg–1X alloy (X¼ Al, Ag, In, Mn, Si, Sn, Y, Zn and Zr) samples immersed in SBF.
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(2) Ag. Significantly reduced cell viability for Mg–1Ag alloy
extract could be seen for all the cell lines except VSMC, with
the concentration of Ag at 0.9� 0.5 mM/L. Similar effect of Ag
ions, which induced serious toxicity on fibroblasts and
osteoblasts at very low concentrations (10�6

M/L), was also
reported by Wataha et al.[50], Yamamoto et al.[51] and
Schedle et al.[52].

(3) In. Mg–1In alloy extraction medium reduced cell viability for
MC3T3-E1, ECV304 and VSMC cells but had no significant
toxicity effect on fibroblasts at a concentration of In 5�1.8 mM/
L. Wataha et al.[50] also reported nontoxic effect of In salts for
Balb/c 3T3 fibroblasts at 0.435 mM/L, whereas Schedle et al.[52]
reported a serious toxicity of In salts on L-929 fibroblasts and
gingival fibroblasts at 0.01 mM/L. Similar phenomena were also
found by Yamamoto et al.[51] that In ions showed a serious
toxic effect on MC3T3-E1 at a rather low concentration
(2.03 mM/L), but did not induce toxicity (>50%) at concentra-
tions lower than 145 mM/L for L-929 fibroblasts.
(4) Mn. Mg–1Mn alloy extraction medium induced serious toxic
effect for all the cell lines used in this study, at the concen-
tration of Mn 1.8� 0.5 mM/L. The poisonous effect of additive of
Mn in magnesium alloys was also found on viability and
proliferation of EC and SMC [53]. Yamamoto et al.[51] and
Hallab et al.[46] indicated that Mn ions induced toxicity
(viability <50%) to L-929, MC3T3-E1 and Balb/c 3T3 cells at
about 10�5

M/L.
(5) Si. Mg–1Si alloy extract significantly increased the osteoblastic

cell viability (Fig. 8(c)) but reduced the cell viabilities for
ECV304 and VSMC, with the Si concentration at 71�27 mM/L. It
was found that the supplementation of human osteoblast-like
cells for 48 h with the dissolution product of Zeolite A, a Si-
containing compound, significantly increased osteoblast
proliferation and differentiation [54]. In addition, Si in the form
of orthosilicic acid at around physiological concentrations (10–
20 mM/L) significantly increased osteoblastic differentiation in
MG-63 cells [55] and increased type I collagen synthesis in the



Table 3
Electrochemical data of pure Mg and Mg–1X alloys in SBF and Hank’s solutions.

SBF Hanks

Ecorr(V) Icorr (mA/cm2) Vcorr(mm/yr) Ecorr(V) Icorr(mA/cm2) Vcorr(mm/yr)

Mg as-cast �1.886 86.06 1.94 �1.533 15.98 0.36
as-rolled �1.796 37.24 0.84 �1.544 9.58 0.22

Mg–1Al as-cast �1.777 91.81 2.07 �1.522 17.58 0.40
as-rolled �1.685 136.80 3.09 �1.391 172.90 3.90

Mg–1Ag as-cast �1.764 360.20 8.12 �1.5 51.39 1.34
as-rolled �1.708 53.95 1.22 �1.514 26.00 0.59

Mg–1In as-cast �1.905 103.00 2.32 �1.561 19.48 0.44
as-rolled �1.863 42.60 0.96 �1.472 16.00 0.36

Mg–1Mn as-cast �1.811 109.10 2.46 �1.511 24.27 0.55
as-rolled �1.825 20.15 0.45 �1.486 5.71 0.13

Mg–1Si as-cast �1.568 296.00 6.68 �1.513 47.95 1.08
as-rolled �1.634 28.36 0.64 �1.452 21.17 0.48

Mg–1Sn as-cast �1.893 108.80 2.45 �1.621 16.30 0.37
as-rolled �1.787 54.84 1.24 �1.471 13.76 0.31

Mg–1Y as-cast �1.703 140.00 3.16 �1.49 27.67 0.62
as-rolled �1.848 73.06 1.65 �1.502 16.63 0.38

Mg–1Zn as-cast �1.822 67.30 1.52 �1.609 10.47 0.24
as-rolled �1.805 40.78 0.92 �1.549 7.55 0.17

Mg–1Zr as-cast �1.886 97.69 2.20 �1.550 21.73 0.49
as-rolled �1.633 40.20 0.91 �1.522 12.15 0.27
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MG-63 human osteosarcoma cell line, an immortalized clonal
human bone marrow cell line (HCC1), skin fibroblasts and bone
marrow stromal cells [55].

(6) Sn. Mg–1Sn alloy extract did not have toxic effect for all cell lines
except for ECV304 with the Sn concentration at 15.8� 7.8 mM/L.
Yamamoto et al.[51] found that Sn4þ did not show toxic effects
to both L-929 and MC3T3-E1 cells at high concentrations
(66.5 mM/L and 1.11 mM/L, respectively), whereas Sn2þ induced
severe toxicity to L-929 and MC3T3-E1 at a rather low
concentration (0.141 mM/L and 0.025 mM/L, respectively).

(7) Y. Except for MC3T3-E1 cells, Mg–1Y alloy extract showed
decreased cell viability for L-929, NIH3T3, ECV304 and VSMC
cells at concentration of 2.3� 0.7 mM/L for Y. The toxicity effect
was noticed for the L-929 cellular response to YCl3 at 10�4

M/L,
and the poisonous effect on MC3T3 was also seen at similar
concentrations [51].

(8) Zn. Mg–1Zn alloy extract showed similar or increased cell
viabilities for all the cell lines with the concentration of Zn at
Fig. 7. Magnesium and alloying element concentrations of as-cast pure Mg and Mg–1X
2.6�1 mM/L. As reported by Wataha et al.[50] and Schmalz
et al.[56], the IC50 of Zn2þ for Balb/c 3T3 and L-929 was 28 mM/L
and 25.5 mM/L, whereas the addition of Zn had negative effects
on viability and proliferation of EC and SMC [53].

(9) Zr. Mg–1Zr alloy extract significantly reduced cell viability for
L-929, NIH3T3, ECV304 and VSMC cells at a concentration of Zr
(6.9� 3.3) mM/L. In contrast, Yamamoto et al. [51] indicated the
Zr ions, when lower than 10�3

M/L, did not induced toxicity
(>50%) for L-929 and MC3T3-E1. It was interesting to note AMS
stent containing element Zr showed good in vivo biocompati-
bility after clinical implantation [3].

For the hemocompatibility evaluations, (i) Li and Liu [57]
reported that Mg2þ did not induce hemolysis even at concentration
of 10�3

M/L. Among the tested Mg–1X alloys, the highest magne-
sium concentration released within 1 h was 0.57 mM/L (calculated
from the magnesium concentration of Mg–1Si alloy as shown in
Fig. 5(a)). It implied that the release of Mg2þ ions should not be the
alloy (X¼ Al, Ag, In, Mn, Si, Sn, Y, Zn and Zr) samples in their extraction medium.



Fig. 8. Cell viability expressed as a percentage of the viability of cells in the control after 2, 4 and 7 days of culture in as-cast pure Mg and Mg–1X alloy (X¼ Al, Ag, In, Mn, Si, Sn, Y, Zn
and Zr) extraction mediums: (a) L-929; (b) NIH3T3; (c) MC3T3-E1; (d) ECV304 and (e) VSMC.
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primary factor determining the hemolysis of Mg–1X alloys. (ii)
Hydrogen, released during platelet adhesion test, may promote the
platelet adhesion as the increased gas nuclei may affect the proteins
and direct contact with platelet [58]. (iii) Another factor influencing
the hemolysis of Mg–1X alloys may be the large pH variation after
1 h incubation in saline solution, since high pH coincided with high
hemolysis percentage. For example, high corrosion rate could be
seen for as-rolled Mg–1Al alloy which led to high pH, thus resulted
in high hemolysis percentage, as shown in Fig. 9. As reported in the
study of hydrogen ion concentration of saponin hemolysis, the
independent hemolytic effect of alkali had been found when the pH
value was higher than 10 [59]. (iv) The release of alloying element
ions within 1 h was calculated from the results in Fig. 5(b), (d). It
was found that the concentrations of Al, Ag, In, Si, Sn, Y and Zn were



Fig. 9. Hemolysis percentage of as-cast and as-rolled pure Mg and Mg–1X alloy (X¼ Al, Ag, In, Mn, Si, Sn, Y, Zn and Zr) samples.
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at 10�4
M/L whereas those of Mn and Zr were at 10�5

M/L. Given the
low concentration of Mn, Zn and Al, these elements may not lead to
hemolysis, due to the critical hemolytic concentration was found to
be at 4�10�3

M/L (Mn2þ), 5�10�3
M/L (Zn2þ) and 1�10�4

M/L
(Al3þ) [57], respectively. In the case of Mg–1Ag alloy, it was
reported that the extent of hemolysis was greatest in erythrocytes
incubated with Ag2þ and Hg2þ [60] and the critical hemolytic
Fig. 10. SEM images of platelets adhering to as-cast and as-rolled pure Mg and Mg–1Sn alloy
In, Mn, Si, Y, Zn and Zr) samples similar to that of Mg–1Sn alloy samples.
concentration of Hg2þwas 10�7
M/L [57]. This may explain why Mg–

1Ag alloy induced high hemolysis percentage before and after hot
rolling, the relatively higher Ag concentration at 10�5–10�4

M/L
level was shown in Fig. 5(b), (d), (f) and (h). (v) In the present
platelet study, increased adhesion of platelet was seen on the rough
surface (e.g. as-cast Mg–1Sn alloy presented a more rough surface
than that of as-rolled Mg–1Sn alloy). The microtexture could result
samples, and platelet morphologies had been found for other Mg–1X alloy (X¼ Al, Ag,



Fig. 11. Number of platelets adhering on the surface of as-cast and as-rolled pure Mg and Mg–1X alloy (X¼ Al, Ag, In, Mn, Si, Sn, Y, Zn and Zr) samples.
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in increased surface area, which in turn could lead to increased
plasma protein adsorption, and subsequent platelet adhesion and
activation [61].
4.2. Comments on the in vitro cytotoxicity results of previously
reported magnesium alloys from the viewpoint of corrosion
products

In general, most of the investigated magnesium alloys were
composed of two or more alloying elements (as listed in Table 1).
While studying the effect of corrosion products in vitro biocom-
patibility, we considered either the influence of individual alloying
element metal ion, or the synergetic effects of Mg2þ and two or
more alloying elements. On the one hand, our cytotoxicity results
on the commonly used alloying elements by the binary Mg–1X
alloy models may provide reference on the future multi-compo-
nent magnesium alloys by combining these commonly used
alloying elements. In this study, good cytocompatibility was seen
for both Mg–1Al and Mg–1Zn alloys. The data could help under-
stand the cell culture results of AZ system magnesium alloys,
composed mainly of Mg, Al and Zn. For example, Pietak et al. [12]
reported that AZ21 substrates supported the adhesion, differenti-
ation and growth of stromal cells towards an osteoblast-like
phenotype with the subsequent production of a bone like matrix
under in vitro conditions. Macrophages, osteoblasts and human
bone derived cells were observed to adhere, proliferate and survive
on the corroding surface of AZ91D in a cell culture system [47]. On
the other hand, the interactive effects need to be further examined
by actual in vitro cell culture since it was reported that the
combined toxicity of two metal cations did not necessarily exert
their toxic effects independently [50]. For example, the Mg–1Mn
alloy indicated toxicity to all the cell lines in the present study,
whereas Xu [24] found good in vivo biocompatibility and bone
formation around Mg–Mn–Zn alloy implant. In addition, AMS
stents (Mg with the addition of Y and rare earths) showed good
compatibility to EC and SMC during in vitro and in vivo implanta-
tion [3,53], even though the present Mg–1Y alloy extract induced
significant toxicity for blood vessel related cells (Fig. 8(d), (e)).
4.3. Prospect on further composition design of biodegradable
magnesium alloys used within bone and blood vessel

According to the ASTM nomenclature principles of magnesium
alloys [30], 22 alloying elements (Al, Bi, Cu, Cd, RE, Fe, Th, Sr, Zr, Li,
Mn, Ni, Pb, Ag, Cr, Si, Sn, Gd, Y, Ca, Sb, Zn) were documented for the
engineering magnesium alloys, which could be classified into five
groups from the material science and nutrition point of view.

(i) Impurities (Fe, Ni, Cu). Fe, Ni and Cu were considered extremely
deleterious to corrosion because they had low solid-solubility
limits in magnesium and provided active cathodic sites [38].

(ii) Well-known toxic elements (Pb, Cd and Th). Pb was not only
nephrotoxic but also toxic to the hematopoietic and nervous
systems [62]. Cd exposure might result in effects at multiple
sites, including the lungs, prostate, testes, heart, liver and
kidneys [62]. Cardiovascular effects of Cd, like hypertension,
were also repeatedly described by investigators [62]. The main
hazard of exposure of Th was the effect of radioactivity [63].

(iii) Nutrient elements in human (Ca, Cr, Mn, Zn, Sn, Si). Ca was an
essential macro-nutrient that had large minimal daily
requirements, and also essential in chemical signaling with
cells [64]. Cr, Mn and Zn were considered to be essential
micro-nutrients (unfortunately Cr was considered carcino-
genic in humans Ref. [62]). Sn and Si had not yet been recog-
nized by health authorities as essential to human nutrition,
but believed to have some valid health benefits [65].

(iv) Nutrient elements found in plants and animal (Al, Bi, Li, Ag, Sr and
Zr). They were found in plant and animal tissue, yet their
importance in human was still being determined. Aluminum
was well-known as a neurotoxicant and its accumulation had
been suggested to be an associated phenomenon in various
neurological disorders as dementia, senile dementia and Alz-
heimer disease [66]. The toxicity of Bi appeared to be limited
to medicinal applications where large amounts were admin-
istered parentally or orally [63]. Although Li salts had been
used in the treatment of manic-depressive psychoses, it would
induce toxicity as a result of the plasma Li concentration rising
above the therapeutic range (plasma Li of 2 mM/L was
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frequently associated with toxic symptoms; 4 mM/L might be
fatal) [63]. It was not quite elucidated whether Sr was essential
for man, but the amount of 0.3 g Sr2þ in bone possessed no
danger [62].

(v) Others (Sb, Gd, Y and RE). Compounds of Sb, Gd, Y and rare earth
elements were not biologically essential for human and were
not found in the human body. There were controversies on the
biological effects of rare earth element. On the one hand, it was
reported that ionic RE easily form colloid in blood and the
colloidal material was taken by phagocytic cells of the liver and
spleen [67]. In addition, rare earth ions induced hemolytic
effect at a very low concentrations by inducing domain and
pore formation of the erythrocytes membrane [68], ranging
from 3–17�10�7

M/L [69], and the critical hemolytic concen-
trations of La, Ce, Dy, Pr, which were used in WE43 and LAE442
[17], were 7.5�10�7

M/L, 9.5�10�7
M/L, 3�10�7

M/L and
8� 10�7

M/L, respectively [69]. Jha [70] indicated that there
was significant increase in the frequency of chromosomal
aberrations in bone marrow cells after administration of Pr and
Nd and severe hepatotoxicity had been detected after the
administration of cerium and praseodymium [71]. On the other
hand, morality studies revealed that rare earth elements were
not highly toxic (LD50 values for iv-injected RE are 10–100 mg/
kg/bw and those of ip-injected RE are 150–7000 mg/kg/bw)
[67]. Because RE have also been used directly in humans for
therapy for cancer and synovitis, more extensive studies,
including chronic toxicity experiments, are required [67].

Based on the above discussions, the following elements were
chosen to be primary candidates of alloying elements with magne-
sium for the development of biodegradable magnesium alloys: Ca,
Mn, Zn, Sn, Si, Al, Bi, Li, Sr, Zr, Sb, Y, RE. Besides the consideration of
biocompatibility, another important factor needs to be considered
was the total amount of additive elements implanted, since the
biodegradable magnesium alloy implant would be an additional
source of the metal ions, along with the normal diet. Deficiencies,
excesses, or imbalances in the supply of inorganic elements could
have an important deleterious influence on human health.

The biodegradable Mg alloy researches have been mostly
focused on the bone and blood vessel related applications. From the
above discussion, we can conjecture that (1) Al and Y might be good
alloying elements for metallic magnesium alloy stent materials; (2)
Ca, Zn, Sn, Si, Mn and Al might be good alloying elements for
orthopedic Mg alloy implants. (3) More tests need to be done for
their cytotoxicity and hemocompatibility before clinical usage for
elements Zr, In and RE.

5. Conclusions

In this study, binary Mg-1 wt.% X alloys (X¼Al, Ag, In, Mn, Si, Sn,
Y, Zn, Zr) were developed as experimental models to screen
acceptable alloying element for biomedical magnesium alloy
design. It was found the addition of Al, Si, Sn, Zn or Zr improved the
strength of magnesium, and the addition of Al, In, Mn, Zn or Zr
reduced the corrosion rate of as-cast Mg–X alloys in both SBF and
the Hank’s solutions. However elements Si and Y had negative
effect on magnesium corrosion properties. The cytotoxicity tests
indicated that Mg–1Al, Mg–1Sn and Mg–1Zn alloy extracts showed
no significant reduced cell viability to fibroblasts (L-929 and
NIH3T3); Mg–1Al, Mg–1Si, Mg–1Sn, Mg–1Y, Mg–1Zn and Mg–1Zr
alloy extracts indicated no significant toxicity to osteoblasts
(MC3T3-E1); Mg–1Al and Mg–1Zn indicated no negative effect on
viabilities of blood vessel related cells, ECV304 and VSMC. In the
hemolysis tests, Mg–1In, Mg–1Mn, Mg–1Si and Mg–1Y alloys
induced less than 5% hemolysis. The adhered platelets showed
nearly round shape and slightly pseudopodia spreading, and the
amount of adhered platelets was reduced after alloying for all
Mg–1X alloys as compared to the pure magnesium control.
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Figures with essential color discrimination. Many of the charts
and graphs in this article are difficult to interpret in black and
white. The full color images can be found in the on-line version, at
doi 10.1016/j.biomaterials.2008.10.021.

References

[1] Williams D. New interests in magnesium. Med Device Technol 2006;17(3):
9–10.
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