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The  feasibility  of  a Mg–Zn–Zr  alloy  for biomedical  applications  was  studied  through  microstructure
characterization,  corrosion  tests  in different  biological  media,  and  cell  proliferation,  differentiation  and
adhesion  tests.  Corrosion  tests  showed  that  the  ZK60  alloy  in the  as-extruded  state  with  finer  grain  sizes
exhibited  slower  corrosion  rates  than  the  same  alloy  in  the  as-cast  state.  The  tests  in  different  biological
fluids  showed  that the  corrosion  rates  of  the  as-cast  and  as-extruded  ZK60  alloy  in DMEM  +  FBS were  the
highest,  while  those  in  Hank’s  solution  were  the  lowest.  The  corrosion  rate of  the  as-extruded  ZK60  alloy
was similar  to  the  corrosion  rates  of  other  commercial  magnesium  alloys,  namely  the  die-cast  AZ91D,
die-cast  AM50,  extruded  AZ31  and  extruded  WE43  alloys.  The  results  obtained  from  the  indirect  cyto-
egradable
orrosion
ell response

toxicity  evaluation  showed  that  the 100%  concentrated  cast  and  extruded  ZK60  alloy  extracts  resulted  in
significantly  reduced  cell  numbers  and  total  protein  amounts,  as compared  to  the  negative  control.  The
cell number  and  total  protein  amount  increased  with  the  gradual  dilution  of the  extracts,  but  the  protein
normalized  ALP  activity  showed  an  opposite  trend.  For  the  direct  assay,  L-929  and  MG63  cells  exhibited
good  adhesion  with  spread  pseudopod  on  the  surface  of  extruded  ZK60  alloy  samples  after  24  h  culture.
In short,  the  as-extruded  ZK60  alloy  could  be  a good  candidate  material  for biodegradable  implants.
. Introduction

Magnesium alloys have received increasing attention as
iodegradable implant materials, due to their good mechanical
roperties and biocompatibilities [1–4]. Among various Mg  alloys

nvestigated so far, commercial Mg  alloys, especially those in the
g–Al and Mg–RE alloy systems, hold a dominant position, given

heir mature fabrication technology and the combination of good
echanical properties and corrosion resistance [1,5–7].  One should

owever be cautious about the concentrations of aluminum and
are-earth elements added to magnesium in order to ensure the
iosafety of these alloys as biodegradable implant materials. Alu-
inum is a neurotoxicant [8] and the release of Al ions may  impair

one mineralization by retarding the formation of chemical bonds
o implants [9].  Moreover, severe hepatotoxicity was detected after
he administration of Ce and Pr [10]. And Nd and Y were found to
istribute mainly at the WE43 alloy implantation area [3],  suggest-

ng the intolerance of the human body to these elements.

To be successfully used as degradable implant materials,

g alloys must: (i) possess appropriate mechanical properties
hroughout the service life of a degradable implant, for example, a
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bone plate or a stent, i.e., ultimate tensile strength (UTS)>250 MPa,
elongation (EL)>15% [11], (ii) contain bio-safe alloying elements
to guarantee the biocompatibility, and (iii) have a moderate cor-
rosion rate to ensure the implanted fixation device present for at
least 12 weeks. Considering these requirements, the commercial
alloy ZK60 containing zinc and zirconium seems to be of inter-
est, although it has scarcely been studied [12]. The extruded ZK60
alloy exhibits quite good mechanical properties with yield strength
(YS)>200 MPa, UTS>300 MPa  and EL>15% [13,14],  mainly as a result
of the solid solution hardening effect of Zn and the grain refining
effect of Zr [15]. Zinc is essential for the human body and released Zn
ions can be easily absorbed by the bioenvironment without harm-
ing important organs such as heart, liver, kidney and spleen [3].
Zirconium has been considered as a biocompatible element and
used in other metallic biomaterials, such as Zr–2.5Nb and Ti–Nb–Zr
alloys [16]. Furthermore, a previous investigation on the mechan-
ical properties, in vitro corrosion behavior and biocompatibility of
binary Mg  alloys indicated that an addition of Zn or Zr to Mg led to
improved strength, reduced corrosion rate and good cytocompati-
bility, in comparison with pure Mg  [17].

In this study, the feasibility of the commercial Mg  alloy ZK60

in the as-cast state and in the as-extruded state was  evaluated as
a potential biodegradable implant material for orthopedic applica-
tion. Blood plasma represents a neutral environment containing
inorganic ions including Na+, K+, Ca2+, Cl−, HCO3

−, as well as

dx.doi.org/10.1016/j.mseb.2011.05.032
http://www.sciencedirect.com/science/journal/09215107
http://www.elsevier.com/locate/mseb
mailto:yfzheng@pku.edu.cn
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Fig. 1. Microstructures of the (a) as-cast and (c) as-extruded ZK60 alloys. (b) The

rganic compounds such as amino acid and protein. Therefore,
hree kinds of biological fluids were adopted in this study, namely
ank’s solution, Dulbecco’s modified Eagle’s medium (DMEM)
nd DMEM + 10% fetal bovine serum (FBS). The microstructures
nd corrosion behaviors of the alloys in different electrolytes
ere investigated. The biocompatibility was tested by the indi-

ect and direct cell assays to evaluate the adhesion, proliferation
nd differentiation of Murine fibroblast cells (L-929) and human
steosarcoma cells (MG63).

. Materials and methods

.1. Sample preparation

Commercial pure Mg  (99.95%), pure Zn (99.99%) and
g–20 wt.%Zr master alloy were melted in furnace under the

rotection of a mixed gas atmosphere of SF6 (1 vol.%) and CO2
Bal.). After being held at 760 ◦C for 30 min, the melt was  poured
nto a steel mold with 50 mm in diameter and preheated to 300 ◦C.
he analyzed chemical composition of the as-cast ZK60 alloy
as 5.4487 wt.%Zn, 0.4511 wt.%Zr, 0.0030 wt.%Fe, 0.0018 wt.%Cu,

.0083 wt.%Si, 0.0007 wt.% Ni, 0.0080 wt.% Mn and balance Mg.

fter a homogenization treatment at 400 ◦C for 24 h, the cast ZK60
lloy billets were extruded into bars with a diameter of 12 mm at

 ram speed of 1 mm s−1, a temperature of 370 ◦C and an extrusion
atio of 17. Disk samples for microstructure characterization,
esults of grain boundaries in Fig. (a). (d) The EDS results of precipitates in Fig (c).

corrosion tests and cell experiments were cut from the cast ingots
and had dimensions of 10 mm  × 10 mm  × 2 mm.  Those cut from
the extruded bars perpendicular to the extrusion direction had a
thickness of 2 mm and a diameter of 12 mm.  The samples were
then ground to 2000 grit and ultrasonically cleaned in acetone,
absolute ethanol and distilled water for 10 min  each. For elec-
trochemical test, a wire lead was attached to one section of each
sample using a small amount of conducting paste. After that, the
sample was  mounted in cold setting resin and one section of each
sample was  grounded and ultrasonically cleaned following the
procedure described above. For cell experiments, the disk samples
were sterilized by ultraviolet radiation for at least 2 h.

2.2. Microstructural characterization

The as-cast and as-extruded ZK60 alloy samples were polished,
etched with an etchent composed of 1 g oxalic acid, 1 ml  acetic
acid, 1 ml  nitric acid and 98 ml  water, and observed using an envi-
ronmental scanning electron microscope (ESEM, Quanta 200FEG)
equipped with an energy dispersive spectrometer (EDS). Grain sizes
were measured according to the linear intercept method described
in the ASTM E112-96 [18]. An X-ray diffractometer (XRD, Rigaku

DMAX 2400) with Cu K� radiation was  employed for the identifi-
cation of constituent phases. Diffraction patterns were generated
between 2� values of 10–80◦ and at a step increment of 0.02◦ and
a scanning speed of 2◦/min.
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Table  1
Chemical compositions of Hank’s solution, DMEM(L), DMEM(L) + FBS (mM/L).

Hank’s solution DMEM(L) DMEM(L) + FBS

NaCl 136.75 109.4 109.4
KCl 5.37 5.37 5.37
CaCl2 1.85 1.8 1.8
NaHCO3 3.15 44.05 44.05
K2HPO4 0.42 – –
NaH2PO4 0.65 1.04 1.04
MgSO4 0.81 0.81 0.81
Glucose 5.55 5.55 5.55
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Amino acid – 11.01 11.01
Fetal bovine serum – – 10%

.3. Electrochemical test

A three-electrode cell was used for electrochemical measure-
ents with a platinum counter-electrode and a saturated calomel

lectrode (SCE) as the reference electrode. The tests were per-
ormed in Hank’s solution, DMEM and DMEM + 10% FBS (whose
etailed compositions are listed in Table 1) at 37 ± 0.5 ◦C using a
HI660C electrochemistry workstation. The exposed area of the
orking electrode to the electrolyte was 1 cm2 for the as-cast

ample and 1.13 cm2 for the as-extruded one. Potentiodynamic
olarization scans were made at a scanning rate of 1 mV  s−1 and the

nitial potential was 300 mV  below the corrosion potential (Ecorr).
n average of three measurements was taken for each group.

.4. Immersion test

Immersion tests were carried out in Hank’s solution (pH
.4 ± 0.1) according to ASTM-G31-72 [19] at 37 ± 0.5 ◦C. After dif-
erent immersion periods, samples were removed from Hank’s
olution and dried in air. The changes in surface morphology and
omposition due to immersion were characterized by ESEM, EDS
nd XRD. The amount of hydrogen generated was monitored using

 calibrated burette according to the method described in Ref.
20]. The pH value of the Hank’s solution was also monitored dur-
ng the immersion periods. The concentrations of Mg,  Zn and Zr
ons released were measured by an inductively coupled plasma

tomic emission spectrometer (Leeman, Profile ICP-AES). The solu-
ion without the sample but with the corrosion product left over at
he bottom of the tube, was dissolved by adding concentrated nitric
cid and the mixture was further diluted with deionized water

Fig. 2. X-ray diffraction patterns of the as-cast and as-extruded ZK60 alloy.
Fig. 3. Potentiodaynamic polarization curves of the as-cast and as-extruded ZK60
alloy in Hank’s solution, DMEM and DMEM + FBS at 37 ◦C.

before the measurement. Calibration between 0 and 50 �g ml−1

was performed according to the predetermined element concen-
tration. In comparison, the immersion test of the other 5 kinds
of alloys (including die-cast AZ91, die-cast AM50, extruded AZ31
and extruded WE43 alloys, which were provided by Shenyang Uni-
versity of Technology; extruded Mg–Ca alloy, prepared following
the procedure in our earlier work [2]) in Hank’s solution were also
carried out to measure the hydrogen evolution rate, following the
procedure described above.

2.5. Cell experiment

Murine fibroblast cells (L-929) and human osteosarcoma cells
(MG63) were used in the in vitro cell culture experiment. They were
cultured in DMEM,  10%FBS, 100 U ml−1 penicillin and 100 �g ml−1

streptomycin in a humidified atmosphere with 5% CO2 at 37 ◦C.
The cytocompatibility of the material was  evaluated by both the
indirect and direct cell assays.

For the indirect cell assay, extracts were prepared using a DMEM
serum-free medium with a surface area to extraction medium ratio
of 1 ml  cm−2 in a humidified atmosphere with 5% CO2 at 37 ◦C for
72 h incubation. The supernatant fluid was  withdrawn, centrifuged
and then refrigerated at 4 ◦C within a week before the experiment.
Before the cell experiment, 10% FBS had been added into the super-
natant fluid for the 100% extracts preparation, which were further
diluted into 50% and 10% concentrations afterwards for the cytotox-
icity evaluation. Cells were incubated in 24-well cell culture plates
at 3 × 104 cells ml−1 medium in each well for 24 h to allow attach-
ment. The medium was then replaced with 500 �l extracts and the
DMEM + 10%FBS medium was  used as control. After different cul-
ture periods, cells were detached with trypsin-EDTA and the cell
numbers in each well were counted using a hemocytocounter. The
differentiation behavior of MG63 cells was determined by measur-
ing the alkaline phosphatase (ALP) activity after 5-day culture with
the extracts. The cells were rinsed with a phosphate buffer solu-
tion (PBS, pH 7.4) for three times and lysed in 0.1% Triton X-100 by
freezing and thawing for two  cycles. The ALP activity was measured
using para-nitrophenyl phosphate (pNpp) as the substrate (Sigma,
St. Louis, MO,  USA). The reaction lasted 60 min at 37 ◦C and was
then stopped by using 1 M NaOH solution. The quantity of pNpp

produced was measured at 410 nm using a microplate reader (Bio-
RAD680) and the total protein content was  measured using the BCA
Protein Assay Kit (Sigma). Mg,  Zn and Zr ion concentrations released
to the extracts were measured by ICP-AES.
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Fig. 4. (a) Hydrogen evolution rate, (b) ion releasing rate and (c) pH value change of
H
t

a
c
a
c
f
2
a
1

ank’s solution for the as-cast and as-extruded ZK60 alloy as a function of immersion
ime.

For the direct cell adhesion assay, as-cast and as-extruded ZK60
lloy samples were settled at the bottom of each well of 24-well cell
ulture plates and 1 ml  cell suspensions were seeded in each well
t a cell density of 1 × 105 (for L-929 cell) and 6 × 104 (for MG63
ell) cells/ml. After 24 h culture, the samples were rinsed with PBS
or three times and then fixed in 2.5% glutaraldehyde solution for
 h at room temperature. The samples were then dehydrated in
 gradient ethanol/distilled water mixture (50, 60, 70, 80, 90 and
00%) for 10 min  each and dried in a hexamethyldisilazane (HMDS)
Fig. 5. Surface morphologies of the (a) as-cast and (b) as-extruded ZK60 alloy after
20-day immersion in Hank’s solution.

solution. The morphologies of the cells adhered to the surfaces of
samples were observed by using ESEM.

2.6. Statistical analysis

Statistical analysis was  performed using SPSS 10.0. Differences
in the cell number and ALP activity were analyzed using the Anal-
ysis of Variance (ANOVA) technique. Statistical significance was
defined as p < 0.05.

3. Results and discussion

3.1. Microstructure

Fig. 1(a and c) shows the microstructures of the as-cast and
as-extruded ZK60 alloy perpendicular to the extrusion direction.
Compared to the as-cast alloy with coarse grains having an aver-
age grain size of 76 ± 5 �m,  the as-extruded ZK60 alloy had relative
fine grains with an average grain size of 2.9 ± 0.4 �m.  EDS revealed
high Zn but low Zr content at grain boundaries of the as-cast ZK60

alloy, see Fig. 1(b), and high intensities of Zr in the precipitates of
the as-extruded ZK60 alloy, see Fig. 1(c) and (d). XRD patterns in
Fig. 2 showed that the second phases were the Mg2Zn phase.
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ig. 6. X-ray diffraction patterns of the as-cast and as-extruded ZK60 alloy after
0-day immersion in Hank’s solution.

.2. Electrochemical corrosion

Fig. 3 shows typical polarization curves of the as-cast and as-
xtruded ZK60 alloy in the three different biological fluids. The
s-extruded ZK60 alloy had higher corrosion potentials and lower
orrosion current densities than the as-cast alloy in all these media.
or the alloy both in the as-cast state and in the as-extruded state,
igher corrosion potentials and corrosion current densities were
easured in the DMEM medium than in Hank’s solution. The cor-

osion current densities of the as-cast ZK60 were 15.35 �A cm−2

n Hank’s solution and 30.19 �A cm−2 in DMEM; those of the as-
xtruded ZK60 alloy were 10.17 �A cm−2 in Hank’s solution and
3.26 �A cm−2 in DMEM.  The higher corrosion rates of the alloy in
MEM could be attributed to a much higher hydrocarbonate con-
entration in DMEM than that in Hank’s solution, as well as to the
uffer effect of amino acid in DMEM.  Enhanced corrosion of the
Z31 alloy was indeed observed at the early stage of immersion

ests in a sodium chloride solution added with carbonate ions, as a
esult of the formation of hydrocarbonate ions [21].

The addition of serum to DMEM adversely affected the corro-
ion behavior of the ZK60 alloy. Much higher corrosion potentials
nd corrosion current densities of the as-cast and as-extruded alloy
n DMEM + FBS were measured (54.95 �A cm−2 for the as-cast ZK60
lloy and 23.52 �A cm−2 for the as-extruded ZK60 alloy), relative to
he DMEM control. This might be due to the influence of absorbed
rotein on electric field as well as to the pH change inhibition effect

n solution on the sample surface [22]. In other words, the homeo-
tasis of dissolution and the regeneration of the corrosion films
ay  be destroyed, thus enhancing the corrosion rate. In contrast to

he present results, earlier research however showed significantly
educed corrosion rates of AZ31 and AZ91 alloys in DMEM and
MEM + FBS, when compared with those in Hank’s solution [23].
his might be due to the inner Al2O3 layer of the AZ31 and AZ91
lloys that could provide better protection than the loose external
ayers and absorb protein more easily than the MgO/Mg(OH)2 layer,
hus playing the role of another protective layer [23,24].

.3. Immersion corrosion
Fig. 4 shows the hydrogen evolution rates, ion releasing rates
nd pH value changes during the 20-day immersion of the as-cast
nd as-extruded ZK60 alloy in Hank’s solution. As shown in Fig. 4(a),
he as-cast and as-extruded ZK60 alloy exhibited similar hydrogen
Fig. 7. Comparison in corrosion rate between Mg alloys in Hank’s solution. Note
that the AZ91 and AM50 alloys were prepared by die casting and other Mg  alloys
were in the as-extruded state.

evolution rates at the beginning of immersion. However, with pro-
longed immersion time, the corrosion rate of the as-extrude ZK60
alloy dropped to a very low level, while the as-cast alloy kept being
corroded at relatively high rates. Compared with the measurements
of ion release, as shown in Fig. 4(b), the different rates of hydrogen
evolution from the as-cast and as-extruded alloy agreed well with
the Mg  ion release rates and also with Zn ion release rates. Unfor-
tunately, the Zr ion concentration was  too low to be measured
in this study. In addition, the variation of the pH value of Hank’s
solution exhibited similar trends for the as-cast and as-extruded
alloy (Fig. 4(c)). This was  because the as-cast and as-extruded alloy
exhibited similar hydrogen evolution rates during the first 24 h
immersion (Fig. 4(a)) and the pH value of the solution increased
fast in the first 24 h immersion and remained stable afterwards.

The morphologies of the samples were observed after 20-day
immersion in Hank’s solution (Fig. 5). The as-cast ZK60 alloy sample
exhibited a rough surface covered with various corrosion prod-
ucts containing elements of C, O, Na, Mg,  P and Ca, indicating
severe corrosion attack. XRD revealed the corrosion products being
mainly Mg(OH)2 and HA (as shown in Fig. 6). In contrast, the as-
extruded ZK60 alloy exhibited even scratches in some flat area of
the sample surface, marked by arrows in Fig. 5(b), after 20-day
immersion, being in agreement with its better corrosion resis-
tance. XRD showed higher intensities of the �-Mg  phase and the HA
phase but relatively lower Mg(OH)2 signals from the extruded alloy
sample than those from the cast one, indicating the less Mg(OH)2
corrosion product formation on the extruded alloy sample and
being in agreement with its slower corrosion rate. The increased
corrosion resistances of the hot-rolled AZ31 alloy [25] and a hot-
extruded Mg–Ca alloy [2] alloy were also observed and attributed
to grain refinement induced during the forming processes.

3.4. Comparison in corrosion resistance between various Mg
alloys

Corrosion property of Mg  alloy implants is of critical importance
for their practical use. To date, a number of interesting biomedical
Mg alloys have been investigated for the in vivo corrosion, includ-
ing die-cast AZ91 [1,5], extruded WE43 [6,7], extruded AZ31 [26],
extruded Mg–Ca [2].  Mg  alloys could be present in vivo for at least
12–18 weeks [1,2,5] and the degrading Mg  alloys did not induce

toxicity to the animal models[1,2,5–7]. In the present research, the
corrosion resistances of die-cast AZ91, die-cast AM50, extruded
WE43, extruded AZ31 and extruded Mg–Ca alloys, were tested and
compared with the corrosion resistance of the as-extruded ZK60
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Fig. 8. (a) L-929, (b) MG63 cytotoxicity of the as-cast and as-extruded ZK60 alloy
extracts and (c) total protein amount and protein normalized ALP activity of
M
(

a
T
a
o
M
a
c

of total protein value showed the same trend as the results of cell
G63 cells for the as-cast and as-extruded ZK60 alloy extracts after 5-day culture
*p  < 0.05).

lloy by performing hydrogen evolution tests in Hank’s solution.
he results obtained are presented in Fig. 7. The as-extruded ZK60
lloy had a corrosion rate quite similar to the corrosion rates of the
ther commercial Mg  alloys, and lower than those of the extruded

g–Ca and Mg–Zn–Y alloys. From a comparable corrosion rate,

 good in vivo biocompatibility could be expected. In addition, it
ould be estimated that the as-extruded ZK60 alloy exhibited an
Fig. 9. Morphologies of (a) L-929 and (b) MG63 cells adhered on extruded ZK60
alloy samples after 24 h culture.

acceptable corrosion rate and would be present in vivo for longer
than 12 weeks needed for the reparative phase formation for strong
healing union [27], thereby avoiding the second fracture.

3.5. Cell response

After 72 h pre-incubation of the samples, the ion concentrations
and the pH values of the extracts were measured. The Mg  and Zn
ion concentrations were 10.28 ± 1.79 mM and 45.10 ± 7.32 �M for
the as-cast ZK60 alloy, with a pH value of 8.39 ± 0.17, in comparison
with 6.96 ± 1.21 mM Mg  and 9.11 ± 0.70 �M Zn for the as-extruded
ZK60 alloy, with a pH value of 8.01 ± 0.28. The Zr concentration was
too low to be detected.

The results obtained from the cell growth tests showed similar
trends for L-929 and MG63 cells. In the case of the 100% as-cast
and as-extruded ZK60 extracts, significant toxicity was  seen for
both of the cell types (p < 0.05), with reductions in the cell num-
ber by 40% or more, as shown in Fig. 8(a and b). However, increased
L-929 and MG63 cell numbers were counted with decreasing con-
centration of the alloy’s extracts (p < 0.05). Fig. 8(c) presents the
protein synthesis and ALP activity of MG63 cells cultured with the
extracts at different concentrations for 5 days. For the protein syn-
thesis, the 100% concentrated extracts showed the reduced total
protein content than the negative control. The total protein val-
ues increased with decreasing extract concentration. The changing
counting, suggesting the increased viable cells when cultured in the
diluted extracts. The protein normalized ALP activities were sig-
nificantly higher when cells were cultured with extracts than the
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LP activity of the negative control (p < 0.05). Moreover, the ALP
ctivities were significantly lower when cells were cultured with
he 50% concentrated extract than with the 100% extract (p < 0.05)
nd had slight increases when cells were cultured with the 10%
xtract. It might be due to the stimulatory effect of Mg  and Zn on ALP
ctivity [28,29].  High extracellular Mg  and Zn concentrations might
ead to the permeation and diffusion of both elements into cells
nd both elements would be present after cell lysing. It was found
hat Mg  (<4 mM)  and Zn (<15 �M)  could activate and stimulate the
LP activity and the ALP values increased with increasing Mg/Zn
oncentration [28,29].  This might explain why the cells cultured
ith the 100% extracts exhibited the highest ALP activities even
ith lower cell numbers. Healthy cell configuration with filopodia
ell adhered on the surface of extruded ZK60 alloy samples was

bserved after 24 h co-culturing with L-929 and MG63 cells (Fig. 9).
At the first glance of the present cytocompatibility test results,

he 100% primitive as-cast and as-extruded ZK60 alloy extracts
ppeared to have significant toxicity to L-929 and MG63 cells. How-
ver, the viable cell number and total protein synthesis increased
ith the dilution of the primitive extracts (Fig. 8). This phenomenon
as also found in the cytotoxicity evaluation of other Mg  alloy

xtracts, including pure Mg  [30], Mg–Y–Zn [11], WE43 [11], etc.,
nd explained in terms of the synergetic effect of osmolality and
H value [11,30].  The deprivation of Ca ions from DMEM,  resulting
rom the Ca apatite precipitated from the solution, might also con-
ribute to the reduced cell number. Given the stimulatory effect of

g and Zn on ALP activity, the as-cast and as-extruded ZK60 alloy
howed acceptable biocompatibility. Considering the fact that, the
s-extruded ZK60 had better mechanical properties and corrosion
esistance, it could be a promising material for orthopedic implants.

. Summary

1) The as-extruded ZK60 alloy with fine grain sizes showed
reduced corrosion rates compared to the as-cast ZK60 alloy
in Hank’s solution, DMEM and DMEM + FBS. The corrosion rate
of the as-extruded ZK60 alloy in Hank’s solution was similar
to the corrosion rates of other commercial Mg  alloys poten-
tially for biomedical applications, such as the die-cast AZ91D
and extruded WE43 alloys.

2) The as-cast and as-extruded ZK60 alloy exhibited higher cor-
rosion rates in DMEM than in Hank’s solution. The addition of
serum to DMEM further accelerated its corrosion. The corrosion
rate of the as-extruded ZK60 alloy in DMEM + FBS was  about
0.53 mm yr−1.

3) The 100% primitive extracts of the as-cast and as-extruded
ZK60 alloy showed significant toxicity to L-929 and MG63 cells,
whereas the viable cell number increased cultured with the

diluted extracts in comparison with the control. The protein
synthesis measurement showed similar results to the cyto-
toxicity tests. In contrast, the protein normalized ALP activity
showed an opposite trend.

[
[
[
[

ineering B 176 (2011) 1778– 1784

(4) In the direct cell assay, L-929 and MG63 cells adhered and
spread well on the surface of extruded ZK60 alloy samples after
24 h culture.
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