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Abstract

Binary Mg—Ca alloys with various Ca contents were fabricated under different working conditions. X-ray diffraction (XRD) analysis and
optical microscopy observations showed that Mg—xCa (x =1—3 wt%) alloys were composed of two phases, a(Mg) and Mg,Ca. The results
of tensile tests and in vitro corrosion tests indicated that the mechanical properties could be adjusted by controlling the Ca content and pro-
cessing treatment. The yield strength (YS), ultimate tensile strength (UTS) and elongation decreased with increasing Ca content. The UTS
and elongation of as-cast Mg—1Ca alloy (71.38 +3.01 MPa and 1.87 £ 0.14%) were largely improved after hot rolling (166.7 £ 3.01 MPa
and 3 +0.78%) and hot extrusion (239.63 +-7.21 MPa and 10.63 £ 0.64%). The in vitro corrosion test in simulated body fluid (SBF) indi-
cated that the microstructure and working history of Mg—xCa alloys strongly affected their corrosion behaviors. An increasing content of
Mg,Ca phase led to a higher corrosion rate whereas hot rolling and hot extrusion could reduce it. The cytotoxicity evaluation using
L-929 cells revealed that Mg—1Ca alloy did not induce toxicity to cells, and the viability of cells for Mg—1Ca alloy extraction medium
was better than that of control. Moreover, Mg—1Ca alloy pins, with commercial pure Ti pins as control, were implanted into the left and
right rabbit femoral shafts, respectively, and observed for 1, 2 and 3 months. High activity of osteoblast and osteocytes were observed around
the Mg—1Ca alloy pins as shown by hematoxylin and eosin stained tissue sections. Radiographic examination revealed that the Mg—1Ca
alloy pins gradually degraded in vivo within 90 days and the newly formed bone was clearly seen at month 3. Both the in vitro and in
vivo corrosion suggested that a mixture of Mg(OH), and hydroxyapatite formed on the surface of Mg—1Ca alloy with the extension of im-
mersion/implantation time. In addition, no significant difference (p > 0.05) of serum magnesium was detected at different degradation stages.
All these results revealed that Mg—1Ca alloy had the acceptable biocompatibility as a new kind of biodegradable implant material. Based on
the above results, a solid alloy/liquid solution interface model was also proposed to interpret the biocorrosion process and the associated
hydroxyapatite mineralization.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction biomaterial researchers to develop them as a new kind of bio-
degradable material [3—9].
Magnesium alloys would dissolve readily in aqueous solu- To our knowledge, the previous studies on biomedical mag-

tion especially that contains chloride ion [1,2]. This unique nesium alloys mainly focused on the Mg—Al and Mg—RE
and intriguing characteristic recently has inspired the alloy systems [4—8]:

—_— ) (1) Mg—Al alloy system. Witte et al. [4] had reported that the
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accumulation of biological calcium phosphates. Heublein
et al. [6] had reported that the degradation of AE21 stent
(4 mg) in coronary artery was considered to be linear
and drew the conclusion that the vascular implants consist-
ing of magnesium alloys seemed to be a realistic alterna-
tive to permanent implants.

(2) Mg—RE alloy system. The in vivo corrosion of LAE442
and WE43 were also investigated by Witte et al. [4]
with the same procedure as that of AZ31 and AZ91. A
much slow corrosion rate was recorded for LAE442, while
AZ31, AZ91 and WE43 were found to degrade at similar
rates. A Biotronik’s Mg absorbable metal stent (AMS)
(with 10 wt% of rare earth) had been successfully used
in one preterm baby with an artificial pulmonary artery
stenosis and the 4-month degradation process was clini-
cally well tolerated, despite the small size of the baby
[7]. However, another case of the implantation of AMS
stent into a newborn with severely impaired heart function
due to a long segment recoarctation after a complex surgi-
cal repair, was not well tolerated [8,10].

Clearly, to guarantee the biosafety of biodegradable mate-
rials, the constitutional elements of magnesium-based alloys
should be toxic free. To address this point, the alloying ele-
ments aluminum and rare earth seem not to be the best adding
elements. Aluminum is well known as a neurotoxicant and its
accumulation has been suggested to be an associated phenom-
enon in various neurological disorders as dementia, senile de-
mentia and Alzheimer disease [11]. Severe hepatotoxicity has
been detected after the administration of cerium, praseodym-
ium and yttrium [12].

In the present work, we select calcium as alloying ele-
ment to develop binary magnesium—calcium alloys, with
the following considerations. (1) It is well known that cal-
cium is a major component in human bone and calcium is
also essential in chemical signaling with cells [13]. (2) Ca
has a low density (1.55 g/cm®), which endues the Mg—Ca
alloy system with the advantage of similar density to
bone. (3) Magnesium is necessary for the calcium incorpora-
tion into the bone [14], which might be expected to be
beneficial to the bone healing with the co-releasing of Mg
and Ca ions.

According to the Mg—Ca binary phase diagram, the maxi-
mum solubility of Ca in Mg at 789.5 K is 1.34 wt% [15]. We
design a range of Mg—Ca alloys, with the calcium content
ranging from 1—20 wt%. Unfortunately the as-cast Mg—S5,
10 and 20Ca alloys are found to be very brittle at room tem-
perature and the plate samples can be easily broken by bare
hands, so only the Mg—Ca alloys with low Ca contents
(1—3 wt%) will be reported here.

In the present study, the feasibility of Mg—Ca alloys as
biodegradable biomaterials for orthopedic applications will
be evaluated according to the generalized requirements for
biodegradable biomaterials [16,17], a comprehensive descrip-
tion on the actual in vitro and in vivo corrosion phenomenon of
Mg—xCa alloys will be done, and a reasonable biocorrosion
model will be proposed.

2. Experimental procedure
2.1. Fabrication and sample preparation

Commercial pure Mg (99.9%) and Ca (99.9%) metal pow-
ders were melted and cast under a mixed gas atmosphere of
SFe and CO, using a mild steel crucible. The as-cast ingots
of Mg—xCa alloys with different nominal calcium contents
(x=1, 2, 3 wt%) in quantities of 700—2000 g were obtained.
The analyzed chemical compositions of the prepared alloys by
energy dispersive spectrum (EDS) are given in Table 1. The
Mg—1Ca alloy ingots were cut into 5 mm thick plates along
the longitudinal direction, and then the plates were pre-heated
to 400 °C for 1 h and hot rolled to about 2-mm thick sheets.
The hot extruded Mg—1Ca alloy bars were obtained at a tem-
perature of 210 °C with a reduction ratio of 17 by continuous
extrusion of the ingot. Disk (10 x 10 x 2 mm?) samples were
prepared for the microstructure characterization, corrosion ex-
periments and cytotoxicity tests, with the surface being pol-
ished up to 2000 grit. Pins (10 mm in length, 2.5 mm in
diameter, a mimic to the AO company pin) were machined
for animal implantation. All specimens were ultrasonically
cleaned in acetone, absolute ethanol and distilled water and
sterilized by ethylene oxide (ETO) at the sterilizing room of
Peking University Third Hospital.

2.2. Microstructural characterization

X-ray diffractometer (Rigaku DMAX 2400) using CuK,, ra-
diation was employed for the identification of the crystal struc-
ture of the phases. Optical microscope (Olympus BX51 M)
was used to characterize the surface morphology, and the
chemical composition was analyzed by EDS.

2.3. Tensile test

The tensile samples of as-cast Mg—xCa alloys, as-rolled
and as-extruded Mg—1Ca alloy were machined according to
ASTM-E8-04 [18]. The tensile tests were carried out at a dis-
placement rate of 1 mm/min by a SHIMADZU AG-100KNA
materials testing machine.

2.4. Immersion test

The immersion test was carried out in the SBF [19] accord-
ing to ASTM-G31-72 [20]. The pH was adjusted to 7.4, and
the temperature was kept at 37 °C using water bath. After dif-
ferent immersion periods, the samples were removed from
SBF, gently rinsed with distilled water, and dried at room

;i)brfinlal and analyzed compositions of Mg—xCa (x = 1—3 wt%) alloys
Mg—1Ca Mg—2Ca Mg—3Ca
Mg Ca Mg Ca Mg Ca

Nominal compositions/wt% 99 1 98 2 97 3

Analyzed compositions/wt%  99.03 1.06 9798 2.02 96.79 3.21
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temperature. Changes in the surface morphologies and the mi-
crostructures 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 XRD. The pH value of
the SBF and the hydrogen evolution rate were monitored dur-
ing the soaking experiment. An average of three measure-
ments was taken for each group.

2.5. Electrochemical measurements

A three-electrode cell was used for electrochemical mea-
surements. The counter electrode was made of platinum and
the reference electrode was saturated calomel electrode
(SCE). All potentials quoted were on the SCE scale. The ex-
posed area of the working electrode (Mg—xCa alloy plate sam-
ples) to the solution was 0.385 cm?. All the measurements
were carried out at a scan rate of 1 mV/s in a PAR Model
283 A potentiostat/galvanostat. The test milieu was SBF, and
the test temperature was 37 °C.

2.6. Cytotoxicity test

L-929 cells were cultured in the Dulbecco’s Modified Ea-
gle’s Medium (DMEM), 10% fetal bovine serum (FBS),
100 U/ml penicillin and 100 png/ml streptomycin at 37 °C in
a humidified atmosphere of 5% CO,. The cytotoxicity tests
were carried out by indirect contact. Extracts were prepared
according to ISO 10993-5:1999 [21]. After 72 h incubation
in a humidified atmosphere with 5% CO, at 37 °C, the extrac-
tion medium was serially diluted to 50% and 10% concentra-
tions. 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 flat-bot-
tomed cell culture plates at 5 x 10’ cells/100 pl medium in
each well and incubated for 24 h to allow attachment. The me-
dium was then replaced with 100 pl of extracts. After incubat-
ing the cells in a humidified atmosphere with 5% CO, at 37 °C
for 2, 4 and 7 days, 1 ml suspension was taken out and counted
under an optical microscope. After that, 10 ul MTT was added
to each well and the samples were incubated with MTT in
DMEM. After the incubation at 37 °C for 4 h, 100 pl formazan
solution was added into each well and 100 pl of the superna-
tant was measured spectrophotometrically at 570 nm by Elx-
800 (BioTek instruments).

2.7. Animal implantation

2.7.1. Surgery

Eighteen adult male New Zealand rabbits of 2.5—3.0 kg in
weight were used in this study, which were provided by the an-
imal laboratory of Peking University Third Hospital. All rab-
bits were randomly assigned into three groups, in which four
rabbits were implanted with one Mg—1Ca alloy pin into the
left femoral shaft and one cortical bone c.p. Ti pin (AO com-
pany) into the right femoral shaft (named G1), the remaining
two rabbits were implanted with two Mg—I1Ca alloy pins

into both femoral shafts (named G2). Animals were generally
anesthetized for surgery and the femoral region was scrubbed
with 25 g/L tincture of iodine and 70% ethanol. The pins were
screwed into the rabbit’s femoral shaft after pre-drilling with
a 2 mm hand-operated drill. All animals received a subcutane-
ous injection of penicillin postoperation. Each group of rabbits
was sacrificed 1, 2 and 3 months after surgery. Two milliliters
of blood was collected from the helix vein of every rabbit to
measure the change of serum magnesium before and 1, 2
and 3 months after the operation.

2.7.2. Histological and radiographic evaluations

Radiographs were performed to observe the healing process
immediately after the surgery and before the removal of metal-
lic pins. Bone samples around the pins and soft tissues around
the pin cap were fixed in 10% formaldehyde solution. After
the removal of pins, the bone samples were dehydrated and de-
calcified and the soft tissues were dehydrated. Tissues were
embedded in paraffin and the histological evaluation was per-
formed on hematoxylin and eosin stained sections.

2.7.3. Characterization of retrieved pins

The Mg—1Ca alloy pins were removed from femora and re-
trieved after drying in the air. The weight loss measurements
were carried out, and the dimension, surface morphology
and surface component of retrieved pins were characterized
by ESEM, EDS and XRD techniques.

2.8. Statistical analysis

Statistical analysis was conducted to evaluate the difference
in cell viability by the analysis of variance (ANOVA). Two-
way t-test for paired data was used to compare the values of
serum magnesium before and after the operation. The statisti-
cal significance was defined as 0.05.

3. Results

3.1. Microstructures and mechanical
properties of Mg—Ca alloys

Fig. 1 showed the XRD patterns of as-cast Mg—xCa alloys,
as-rolled and as-extruded Mg—1Ca alloy samples. The forma-
tion of the second phase Mg,Ca could be identified and the dif-
fraction intensities that arose from Mg,Ca phase increased with
increasing Ca content. Fig. 2 showed the microstructures of as-
cast Mg—xCa alloys, as-rolled and as-extruded Mg—1Ca alloy,
and the EDS results of as-cast Mg—3Ca alloy sample. The EDS
analysis results indicated that the grain boundaries were rich in
Ca (Fig. 2f), suggesting that the Mg,Ca phase precipitated
along the grain boundaries. The typical metallographic micro-
structure of a(Mg) primary grains with Mg,Ca phase precipi-
tating along the grain boundaries was seen in the case of
Mg—2Ca and Mg—3Ca alloy samples (Fig. 2b, c). It could
be seen that the grain size decreased after hot rolling and hot
extrusion (Fig. 2d, e).
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Fig. 1. X-ray diffraction patterns of (a) as-cast Mg—1Ca alloy, (b) as-cast Mg—
2Ca alloy, (c) as-cast Mg—3Ca alloy, (d) as-rolled Mg—1Ca alloy, and (e) as-
extruded Mg—1Ca alloy samples.

The mechanical properties of as-cast Mg—xCa alloys, as-
rolled and as-extruded Mg—1Ca alloy were shown in Fig. 3.
It could be seen that the YS, UTS and elongation for as-cast
Mg—xCa alloy samples decreased with increasing Ca content.
The YS, UTS and elongation increased largely after hot rolling
and hot extrusion for as-cast Mg—1Ca alloy samples.

3.2. Immersion tests of Mg—Ca alloys

Fig. 4a—c showed the secondary electron images of the sur-
face of Mg—xCa (x = 1—3 wt%) alloy samples immersed in
SBF for 5 h. As seen in Fig. 4a, Mg—1Ca alloy sample main-
tained the integrity of the corrosion film and the surface pre-
sented a crackled appearance due to the dehydration of the
layer after drying in warm air and under the vacuum of the
SEM chamber [22]. In the case of Mg—2Ca alloy, besides
the crackled surface, some positions exhibited the peeled-off
surface feature (typically area A in Fig. 4b) whereas other po-
sitions (typically area B in Fig. 4b) were still covered with in-
tegrated surface film. Micro-pores were observed on the
surface film at high magnification (the inset picture in
Fig. 4b, which corresponded to the area B in Fig. 4b). EDS re-
sults (Fig. 4d) showed that area A in Fig. 4b was rich in car-
bon, oxygen, magnesium, phosphorus and chloride. In
contrast, low chloride atom ratio was found in area B in
Fig. 4b (Fig. 4e). For the sample with 3 wt% calcium content,
local areas of sample surface were undermined and many deep
pits were left on the surface (Fig. 4c).

Fig. 5a—d showed the secondary electron images of Mg—
1Ca and Mg—2Ca alloy samples surfaces immersed in SBF
for 250 h. To the naked eyes, the entire samples were found
to be covered with white precipitates and the square configu-
ration of sample was severely destroyed. It should be noted
that Mg—3Ca alloy plate degraded too fast and disintegrated
into fragments after 24 h exposure to the aggressive test

solution, therefore was not reported here. At low magnification
(Fig. 5a, b), both the corroded Mg—1Ca and Mg—2Ca alloy
samples showed compact surface morphologies, with a layer
of corrosion product coated. At high magnification, in contrast
to the dense film on Mg—1Ca alloy sample (Fig. 5c), some
regular micro-pores (Fig. 5d) were seen in the case of Mg—
2Ca alloy sample. EDS analysis results (Fig. Se) showed the
presence of carbon, oxygen, magnesium, phosphorus and cal-
cium on the surface of dry 250 h immersed Mg—1Ca alloy
sample.

Fig. 6a, b illustrated the XRD patterns of Mg—1Ca and
Mg—2Ca alloy samples after immersing in SBF for different
immersion periods. XRD spectra showed that Mg(OH), was
the dominant crystalline corrosion product in both alloy sam-
ples and the Mg(OH), peak intensities increased with the ex-
tension of immersion period. Moreover, the special diffraction
peaks (insets in Fig. 6a, b) in the 2theta range 20—35° indi-
cated the formation of hydroxyapatite.

Fig. 7 showed the variation of the pH value of immersion
solution as a function of immersion time. It could be seen
that pH value raised from 7.4 at 0 h to the maximum of about
10.5 at 24 h, after which it fluctuated gradually, and stabilized
finally at around 9.8 for both as-cast Mg—1Ca and Mg—2Ca
alloy samples. In addition, the pH value increased much
slowly during the immersion period for as-rolled and as-
extruded Mg—1Ca alloy samples.

The hydrogen evolution during immersion was monitored
and the results showed that the average hydrogen evolution
rate from as-extruded Mg—1Ca alloy (0.040 ml/cm?/h) was
much less than that from as-cast Mg—1Ca alloy (0.136 ml/
cmz/h), as shown in Fig. 8.

3.3. Electrochemical measurements of Mg—Ca alloys

The electrochemical polarization curves of Mg—xCa alloys
(x=1-3 wt%) in the SBF were shown in Fig. 9. Generally,
the cathodic polarization curves were assumed to represent
the cathodic hydrogen evolution through water reduction,
while the anodic polarization curves represented the dissolu-
tion of magnesium [23]. It could be seen that the cathodic po-
larization current of hydrogen evolution reaction on Mg—3Ca
alloy sample was much higher than that on Mg—1Ca alloy and
Mg—2Ca alloy samples, which indicated that the over poten-
tial of the cathodic hydrogen evolution reaction was lower
for Mg—3Ca alloy sample. As a result, the cathodic reaction
was kinetically easier on the Mg—3Ca alloy sample than on
the other two alloy samples.

Obviously the current plateaus with different breakdown
potentials could be observed in the anodic parts of the curves
in Fig. 9, which indicated the existence of some protective film
on the surface of the Mg—xCa alloy samples. The potential
range of the current plateau for Mg—1Ca alloy sample (about
320 mV) was higher than those of Mg—2Ca alloy sample
(210 mV) and Mg—3Ca alloy sample (170 mV), which indi-
cated that the films on the Mg—ICa alloy sample were
much more protective than those on the Mg—2Ca alloy and
Mg—3Ca alloy samples. Higher breakdown potentials were
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Fig. 2. Optical micrographs of (a) as-cast Mg—1Ca alloy, (b) as-cast Mg—2Ca alloy, (c) as-cast Mg—3Ca alloy, (d) as-rolled Mg—1Ca alloy, (e) as-extruded Mg—
1Ca alloy samples, and (f) EDS spectrum corresponding to the area marked by an arrow in (c).

observed for as-rolled and as-extruded Mg—1Ca alloy sam-
ples, which indicated that the surface films on them were
more protective than that on the as-cast Mg—xCa alloy
samples.

Fig. 10 showed the ESEM micrographs of sample surface
after polarization experiments. The surface film of Mg—1Ca
alloy sample was relatively flat and compact with less mi-
cro-cracks, suggesting that the Mg—1Ca alloy was more
protective from the penetration of the electrolyte than the other
two alloys and its surface film might reduce the corrosion rate
effectively. According to ASTM-G102-89 [24], the corrosion
rates derived from the corrosion current densities for as-cast

Mg—1Ca, as-cast Mg—2Ca, as-cast Mg—3Ca alloy, as-rolled
and as-extruded Mg—1Ca alloy samples were calculated to
be 12.56, 12.98, 25.00, 1.63 and 1.74 mm/yr, respectively.

3.4. Cytotoxicity test of Mg—ICa alloy

Mg—1Ca alloy was selected to further evaluate the cytotox-
icity through examining both the viability and morphology of
L-929 cells. Fig. 11 showed the cell viability cultured in
100%, 50% and 10% Mg—1Ca alloy extraction medium for
2, 4 and 7 days. It could be seen that cells cultured in Mg—
1Ca alloy extracts showed a significant higher absorbance
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Fig. 3. Tensile properties of as-cast Mg—1Ca alloy, as-cast Mg—2Ca alloy, as-
cast Mg—3Ca alloy, as-rolled Mg—1Ca alloy and as-extruded Mg—1Ca alloy
samples at room temperature.

than the control. In addition, the cell viability was positively
influenced by the higher extract concentration.

Fig. 12 showed the morphologies of L-929 cells cultured in
the extraction media for a period of 2, 4 and 7 days. All the
results for 100%, 50%, and 10% Mg—1Ca alloy extraction
media and the controls exhibited a healthy morphology of
cells with flattened spindle shape.

3.5. Animal tests of Mg—1Ca alloy
3.5.1. Serum magnesium measurements

Fig. 13 showed the changes of the serum magnesium levels
in rabbits with one (G1) or two (G2) Mg—1Ca alloy pins for 1,

2 and 3 months implantation time. In the case of G1, the serum
magnesium results showed no statistically significant differ-
ence (p > 0.05) between the preoperation and 1, 2 and 3
months postoperation. In the case of G2, a significant differ-
ence (p < 0.05) was found at 2 months postoperation.

3.5.2. Radiographic evaluation

Fig. 14 showed the radiographs of rabbit femora with im-
plantation of Mg—1Ca alloy pin and c.p. Ti pin at 1, 2 and
3 months. The contrast of c.p. Ti pin (with higher density)
was higher than that of the compact bone, and the profiles
of c.p. Ti pins were distinct (Fig. 14a, b). For Mg—1Ca alloy
pin, although a lower radiopacity was observed at the same X-
ray dosage, its profile was still clear (Fig. 14c) immediately af-
ter the operation. Fig. 14 indicated Mg—1Ca alloy pins had de-
graded gradually during the whole experiment period, which
was evident by the reducing diameter of pins. At month 3,
the main structure of Mg—1Ca alloy pin was totally absorbed
and an irregularly shaped hole was left in the implant position,
which is indicated by a black triangle in Fig. 14h. Moreover,
the periosteal reaction was observed around the Mg—1Ca al-
loy pin indicating the formation of new bone. The X-ray image
at month 3 showed the circumferential osteogenesis (black tri-
angle in Fig. 14h). However, no remarkable radiographic
signs, indicating the new bone formation, were discovered
around c.p. Ti pins during the experimental period

(Fig. 14b). Gas shadows (arrow in Fig. 14d) were observed
in soft tissues and bone marrow cavity around the Mg—1Ca
alloy pins at month 1. Two months postoperation, the gas
shadows vanished (Fig. 14f) without a special treatment. No
adverse effects due to the gas formation were detected.
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Fig. 4. SEM micrographs of (a) as-cast Mg—1Ca alloy, (b) as-cast Mg—2Ca alloy, (c) as-cast Mg—3Ca alloy after immersion in SBF for 5 h, (d) EDS spectrum of
area A in (b), and (e) EDS spectra of area B in (b). Inset in (b) shows the magnified SEM image of area B (arrow—holes in the surface).
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Fig. 5. SEM micrographs of (a) as-cast Mg—1Ca alloy, (b) as-cast Mg—2Ca alloy after immersion in SBF for 250 h, (c) high magnification image of the framed
area in (a), (d) high magnification image of the framed area in (b), and (e) EDS spectrum of the framed area in (a).

3.5.3. Histological evaluation

Fig. 15 showed the tissue response to the c.p. Ti and Mg—
1Ca alloy pins implantation at 1, 2 and 3 months. In the case
of the control, the arrangement of bone trabecula was in good
order and no evidence of newly formed bone was seen in the
3-month implantation time (Fig. 15a, b). In contrast, an active
bone formation, which was evident by large number of osteo-
blasts (arrows in Fig. 15d, f, h) and the osteocytes (asterisks in
Fig. 15d, f, h), were seen in the Mg—1Ca alloy group. At
month 2, the formation of new bone was clearly seen, but
the alignment of the osteocytes was disorganized. At month
3, the osteocytes were aligned in rows. Furthermore, some

lymphocytes (circles in Fig. 15f) were identified at month 2
postoperation, but there was no visible evidence of multinucle-
ated giant cells.

3.5.4. Characterization of the retrieved pins

Fig. 16 illustrated the macroscopic observation of the ex-
posed femora with Mg—1Ca alloy pins implanted at 1, 2 and
3 months. It could be seen that a lot of white corrosion prod-
ucts were covered on the surface of Mg—1Ca alloy pins and
the volume of Mg—1Ca alloy pins gradually decreased with
increasing implantation time. Three months postimplantation,
the main body of Mg—1Ca pin was totally absorbed leaving an
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Fig. 6. X-ray diffraction patterns of (a) as-cast Mg—1Ca alloy, and (b) as-cast
Mg—2Ca alloy immersed in SBF for 0, 5 and 250 h, respectively.
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Fig. 8. The hydrogen evolution volumes of as-cast and as-extruded Mg—1Ca
alloy samples as a function of the immersion time in SBF.

irregular shaped hole at the implant position (arrow in
Fig. 16¢).

Fig. 17a showed the images of the retrieved Mg—1Ca alloy
pin at 1 month postoperation, indicating that Mg—1Ca alloy
pin maintained the screw shape and a layer of aggregated sub-
stances covered on the pin. X-ray diffraction pattern showed
that the mineral phases containing in this precipitate layer
were Mg(OH), and hydroxyapatite (Fig. 18). The presence
of Mg(OH), and hydroxyapatite was also supported by the
EDS analysis (Fig. 17b), which revealed the presence of car-
bon, nitrogen, oxygen, magnesium, phosphorus, sulfur and
calcium elements.

Fig. 19 shows the weight change of Mg—1Ca alloy pins
after taking out from the femora as a function of the implan-
tation time. It could be seen that the mass decreased through-
out the implantation time, indicating a continuing biocorrosion
process inside the rabbit femora. The average biocorrosion
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| —— as-rolled Mg-1Ca
as-extruded Mg-1Ca

N
~
T

-1.8F

Potential (V vs. SCE)
>

O 4940 (2 (D 0015 19,0,0 09,9 ,0
Log Current Density A/lcm?

Fig. 9. Potentiodynamic polarization curves of as-cast Mg—1Ca alloy, as-cast
Mg—2Ca alloy, as-cast Mg—3Ca alloy, as-rolled Mg—1Ca alloy and as-
extruded Mg—1Ca alloy samples in SBF.
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Fig. 10. SEM micrographs of (a) as-cast Mg—1Ca alloy, (b) as-cast Mg—2Ca
alloy, and (c) as-cast Mg—3Ca alloy samples after polarization in SBF.

rate of Mg—1Ca alloy pins was calculated to be about
2.28 +0.13 mg/mm?/yr in the present study.

4. Discussion
4.1. Mechanical properties and processibilities

It could be seen from Table 2 that the mechanical properties
of hot rolled and hot extruded Mg—1Ca alloy samples were at

21
0 I 1 100% extract

[1 50% extract

180 [ 110% extract

150
120
90

60

Viability (% of control)

30

4 7
Time in culture/day

Fig. 11. L-929 cell viability expressed as a percentage of the viability of cells
in the control after 2, 4 and 7 days of culture in Mg—1Ca alloy extraction me-
dia with 100%, 50%, and 10% concentrations, respectively.

the same level as that of the previously reported magnesium
alloys for biomedical applications [25,26], and were higher
than that of the degradable polymeric implant materials cur-
rently in use, such as u-HA/PLLA 50/50 with a tensile strength
of 103 MPa [27]. Furthermore, Takeshi et al. [28] had found
that the UTS of rapid solidified Mg—Ca alloy (2 wt%) was
380 MPa and the elongation was 7.3%. These implied that it
would be possible to adjust the mechanical properties of
Mg—xCa alloy by mesne process to the acceptable values
(200—400 MPa) for biomedical applications.

One of the advantages of magnesium alloys, compared to
biodegradable polymers and ceramics, was ease of hot work-
ing, such as rolling, forging and extrusion [17]. Our present
work on the machining, hot rolling, hot extrusion of Mg—
1Ca alloy ingot and the work of Takeshi et al. [28] on the rapid
solidification of Mg—2Ca alloy ingot, demonstrated the good
processibility of Mg—Ca alloys.

4.2. In vitro and in vivo biocompatibility

The present in vitro test results demonstrated that the L-929
cells exhibited better growth in Mg—1Ca alloy extraction me-
dium than in the control. The abundant magnesium ions re-
leased into the culture medium by the corrosion of Mg—1Ca
alloy might contribute to the increased cell viability since
they were found to simulate the integrin-mediated osteoblast
response by facilitating the interaction of integrins with their
cognate ligands [29,30]. The increased cell viability on Mg—
1Ca alloy plate was somewhat in accordance with the recent
study showing an enhanced marrow cell growth on pure Mg
[3]. Zreiqat et al. [29] reported that magnesium ions modified
bioceramic substrata could enhance the adhesion of human
bone-derived cell (HBDC), and the HBDCs grown on the
Mg -modified bioceramic substrata were found to express
significantly enhanced levels of a581- and B1-integrin recep-
tors, which mediated the cell adhesion to biomaterial surfaces.
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Fig. 12. Optical morphologies of L-929 cells that were cultured in the control and 100%, 50%, and 10% concentration Mg—1Ca alloy extraction medium for (a) 2

days, (b) 4 days and (c) 7 days.

Therefore, it might be assumed that the improvement of Mg—
1Ca alloy in cell viability might arise from the facilitation in
the early osteoblast response, and it could be inferred that
the release of abundant Mg®™ might enhance the cell attach-
ment and proliferation, which in turn resulted in the enhanced
bone healing during in vivo animal tests. Moreover, the en-
hanced osteoblast adhesion, spreading, and growth on Ca-in-
corporated Ti surfaces had been revealed [31,32], which
indicated that the release of Ca ions might also contribute to
the increased viability on Mg—Ca alloy.

The present in vivo biocompatibility evaluation revealed the
formation of a new bone around Mg—1Ca alloy pin 3 months

1.6

L [ preoperation for G1
14k [ postoperation for G1
Tl [ preoperation for G2
19 - [ postoperation for G2
E . R
=) i ]
2 1.0 ] —
g’ L
©
g 0.8 - B
g 0.6
= i
® 04
0.2
0.0 1 : 5 : s

Implantation time/month

Fig. 13. Changes in serum magnesium levels of rabbits with one (G1) and two
(G2) Mg—1Ca alloy pins after 1, 2 and 3 months implantation.

postoperation in the rabbit femur, whereas no newly formed
bone tissue was seen around the c.p. Ti pin. The facilitation
of bone formation at Mg—1Ca alloy pin might be associated
with the release of magnesium ions during the degradation
process. It had been suggested that the dominant distribution
of body magnesium located in bone [29] and the supplement-
ing magnesium resulted in a significant increase in bone den-
sity and bone strength [33,34]. Moreover, it was reported that
the presence of magnesium on orthopedic implants could en-
hance the adhesion of osteoblastic cells and promote optimal
osteogenesis [29]. Therefore, magnesium might play an im-
portant role in the growth of bone tissue. In this study, the re-
lease of relatively large amount of magnesium ions might have
contributed to the enhanced activity of osteoblast in the tissues
around Mg—1Ca alloy pin (Fig. 15¢—f). The newly formed
bone was characterized by high activity and good alignment
of osteocytes around the Mg—1Ca alloy pins (Fig. 15g, h),
suggesting that the newly formed mineral apposition must
have been present. An enhanced mineral apposition rate in
magnesium-implanted bone specimens [4], accompanied
with the high activity of osteocyte, might explain the forma-
tion of new bone.

In the present work, no statistically significant differences in
serum magnesium were found before operation and at 1,2 and 3
months postoperation for G1. However, it was interesting to find
that the serum magnesium of G2 decreased at 1, 2 and 3 months
postoperation, compared to that of preoperation. This might be
controlled by the self-regulation mechanism of organism and
the surplus magnesium would be excreted from urine [33].

Hydrogen gas was another degradation product and was
only detected in the early implantation time (Fig. 14d). This
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Mg-1Ca alloy pins
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Fig. 14. Femora radiographs of rabbit with implants for different periods after surgery. (a and b) c.p. Ti pin at 1 month postoperation; (¢ and d) Mg—1Ca alloy pins
at 1 month postoperation (the arrow marks the gas shadows); (e and f) Mg—1Ca alloy pins at 2 months postoperation; (g and h) Mg—1Ca alloy pins at 3 months

postoperation (the black triangle marks the circumferential osteogenesis).

could be explained by the accelerated corrosion at the Mg—
1Ca alloy pin surface due to the secondary acidosis resulting
from the metabolic and resorptive processes after surgery
[4]. Without any special treatment, hydrogen gas was found
to be self-absorbed because the gas shadows were not ob-
served at months 2 and 3. These results were consistent with
the in vivo studies on other magnesium alloys, in which the hy-
drogen gas bubbles appeared at 1 week postoperation and dis-
appeared later [4].

4.3. Biocorrosion and hydroxyapatite formation

A biocorrosion model at the alloy/aqueous solution inter-
face was proposed to understand the corrosion processes and
the subsequent hydroxyapatite formation, as shown in
Fig. 20. The previous electrochemical mechanism of the pure
magnesium [2] in aqueous solution was partially referred since
Mg was still the dominant component in the present Mg—Ca
alloy system, which included the following chemical reactions.

Mg(s) — Mg®"(aq) + 2e (anodic reaction) (1)

2H,0 + 2e~ — Hy(g) + 20H™ (aq)(cathodic reaction) (2)

Mg* (aq) + 20H (aq)
— Mg(OH),(s)(product formation) (3)

(1) When the fresh Mg—Ca alloy surface was exposed to the
aqueous solution, the internal second phase (Mg,Ca) acted
as an efficient cathode for hydrogen evolution (Fig. 20a)
because the potential of Mg,Ca precipitate was more
positive than that of the o(Mg) matrix [35]. The anodic
dissolution of magnesium occurred (Eq. (1)), and the mag-
nesium hydroxide film was expected to form on the sur-
face of Mg—Ca alloy according to Eq. (3) due to the
significant alkalization [36] near the surface (Eq. (2)).
Since an increase in Mg,Ca amount would lead to an

increase in cathode-to-anode area, it could explain why
in Fig. 9 the corrosion rate obtained from electrochemical
tests increased with increasing Ca content.

(2) The surface film of Mg—Ca alloy was partially protective
due to small micro-pores as seen in the enlarged SEM im-
age in Fig. 4b, which was also observed on the surface film
on pure Mg [37]. This porous film acted as a membrane,
which was permeable to solution ingress and egress of sol-
uble magnesium species (Fig. 20b). The surrounding solu-
tion could continuously penetrate through this kind of
porous surface film and react with the inner fresh Mg—
Ca alloy substrate, which led to the shift of the chemical
reaction interphase inward [37]. Meanwhile, the dissolved
Mg*" from the Mg—Ca alloy substrate also diffused out-
wards through the porous Mg(OH), film and formed
Mg(OH), at the outer surface.

(3) The growth of Mg(OH), layer was reported to be manipu-
lated by a dissolution—precipitation mechanism [37]. The
existence of chloride would destroy the homeostasis of
this dissolution—precipitation process since there was one
hydration sheath, composed of a row of water molecules,
in contact with the surface of Mg alloy, and C1~ was small
enough to displace water molecules in the hydrogen sheath
[38]. Therefore, C1~ preferentially combined with Mg”" to
transform Mg(OH), into soluble MgCl,. For the Mg—xCa
alloy, some pieces of Mg(OH), protective film dissolved
immediately (Fig. 20c) and made the deep fresh Mg—
xCa alloy substrate to expose to the solution. Then the
chemical reactions (1)—(3) would cycle until the Mg—
xCa alloy was completely exhausted.

(4) As the biocorrosion proceeded, hydroxyapatite would be
formed (Fig. 20d). The undissolved Mg(OH), film on
the surface of Mg alloy was considered to provide favor-
able sites for hydroxyapatite nucleation [39]. With increas-
ing pH value, the hydroxyapatite nucleation was
accelerated by increasing the supersaturation of the solu-
tion with respect to hydroxyapatite [40]. Consequently,
lots of hydroxyapatite nuclei were formed on the surface
film and then hydroxyapatite would grow spontaneously
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Fig. 15. Histological photographs of hematoxylin and eosin stained sections of the tissues (arrow-osteoblast; asterisk-osteocyte; circle-lymphocyte) around (a and
b) c.p. Ti pins 1 month postoperation; (c and d) Mg—1Ca alloy pins 1 month postoperation; (e and f) Mg—1Ca alloy pins 2 months postoperation; (g and h) Mg—
1Ca alloy pins 3 months postoperation (the magnification for (a), (c), (¢) and (g) are 20x and the magnification for (b), (d), (f) and (h) are 40x).

by consuming the calcium and phosphate ions from the residues would be disintegrated from the bulk material and
surrounding fluid [39]. fall out into the surrounding medium, and the residues
(5) Meanwhile, the etched Mg—Ca alloy bulk would not keep would be further corroded until the Mg—Ca alloy phase

integrating, sooner or later many irregular particle-shaped were exhausted (Fig. 20e). Severe non-uniform attack on
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Fig. 17. (a) SEM image of the screw thread part of the retrieved Mg—1Ca alloy
pin after 1 month implantation; (b) EDS spectra corresponding to the rectan-
gular area in (a).
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Fig. 16. The macroscopic observation of the femora with Mg—1Ca alloy pins
(a) 1, (b) 2, (c) 3 months postimplantation (arrow-irregular shape hole in
femora).

the pure cast Mg sample was revealed by Makar et al. [41],
with an SEM evidence showing that a residual Mg particle
about 10 um in diameter was locally formed by the disso-
lution of the surrounding matrix after 7-day immersion
in sodium borate (pH =9.2). The disintegrated particles | ¢ L' ®
might be endocytosed in macrophages or giant cells, and
further bio-corroded in the microenvironment inside these . L . L . L . L .
cells, which was similar to the absorption of disintegrated 0 20 40 60 80 100
calcium phosphate particles that were found to be either 2thetal/deg

intracellularly digested or transported to neighboring tis- Fig. 18. X-ray diffraction patterns of the precipitates on the Mg—1Ca alloy pin
sues such as lymph nodes [42,43]. Witte et al. [44] had after 2 months implantation.

Intensity/a.u.
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Fig. 19. The weight change of the retrieved Mg—1Ca alloy pins after 1, 2 and 3
months implantation.

revealed similar phenomenon (small corrosion products
incorporated inside the giant cells) for the biodegradable
AZ91D porous scaffolds.

The X-ray diffraction results (as shown in Fig. 18) of the in
vivo biocorrosion products, showed the same phases
(Mg(OH), and hydroxyapatite), as that of in vitro biocorrosion
products. Therefore, it could be inferred that in vitro and in
vivo biocorrosions of Mg—Ca alloy should be based on the
same mechanism. Yet it could be noticed that the biocorrosion
rate (2.28 +0.13 mg/mm?/yr) of Mg—1Ca alloy in vivo was
much slower than that of in vitro electrochemical tests (aver-
age 10.49 mg/mm?*/yr). The following factors might be re-
sponsible for the retardment of corrosion rate.

(1) One factor was the lower concentration of chloride ions
present in blood plasma (103 mm) [19] and bone (48.6—
56.7 mm) [1,45] compared to that in SBF (147.8 mm).
The low mass loss in DMEM of AZ91D-HA composites
in artificial seawater was analogously attributed to low
chloride concentration [46].
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(2) Proteins, which affected metallic corrosion usually by
changing either anodic or cathodic process, or both [47—
49], might be another factor to influence in vivo biocorro-
sion of Mg—1Ca alloy. Liu et al. [50] found that the
addition of bovine serum albumin moved the open-circuit
potential of AZ91 toward a more positive value and
suppressed the corrosion reaction. Muller et al. [51] also
reported that the potential range of the passivation region
was extended in the presence of albumin for LAE442 and
AZ31 magnesium alloys.

Compared to the biocorrosion rate of AZ31, AZ91D,
WE43, and LAE442 reported by Witte et al. [4,5], the biocor-
rosion rate of the present as-cast Mg—1Ca alloy was faster
(Table 2). To meet the requirement of the synchronization be-
tween the implant biodegradation and the new bone formation,
several strategies might be feasible to regulate the biocorro-
sion rate of Mg—Ca alloys.

(1) The addition of other elements. As reported by Song [52],
besides Ca, the elements which could be tolerated in the
human body and could also retard the biocorrosion of
magnesium alloys were Zn, Mn, and perhaps a very small
amount of rare earth elements with low toxicity. The rare
earth elements were found to increase the resistance to the
Mg*" cation egress through MgO layer in Mg—RE alloy
[53]. Mn was previously added to many commercial alloys
to improve corrosion resistance by reducing the harmful
effect of impurities [2].

(2) Hot working and/or heat treatment. Liu et al. [54] had
reported that a solid solution or ageing treatment could
effectively change the distribution and amount of
Mg,;Al;, phase and improve the corrosion resistance.
Denkena and Lucas. [55] had found that the degradation
kinetics of magnesium alloys was determined by the
manufacturing process.

(3) Surface modification. Most of the physical and chemical
surface modification techniques should be effective to pro-
long the degradation time. For example, anodizing treat-
ments on Mg alloy could deposit a hard ceramic-like
coating that offers both abrasion resistance and corrosion

Table 2

Mechanical properties and corrosion rate of Mg alloys reported as potential orthopedic implants

Alloy/working history UTS (MPa) Elongation (%) Veordin vitro (mm/yr) Veordin vivo® (mg/mmz/yr) References
AZ31/gravity-cast 260 15 - 1.17 [4,25]
AZ91D/gravity-cast 230 3 2.8 1.38 [5,26]
WE43/gravity-cast 220 2 - 1.56 [4,26]
LAE442/gravity-cast - - 6.9 0.39 [5]
MMC-HA/as-extruded 325 3.5 1.25 — [27]
Mg—2Ca/rapidly solidified 380 7.3 - - [28]
Mg—1Ca/as-extruded 239.63 10.63 1.74 - Present study
Mg—1Ca/as-rolled 166.7 3 1.63 - Present study
Mg—1Ca/as-cast 71.38 1.87 12.56 2.28 Present study

# The corrosion rate could be expressed by the weight loss of alloys/yr, Vo = pAV/St, in which p was the standard density of alloy, AV was the reduction of
implant volume, S was the initial implant surface exposed to corrosion medium, and ¢ was the exposure time. The in vivo corrosion rate of AZ31, AZ91D, WE43,
and LAE442 were deduced from the literatures [4] (3.2 mmz/yr for AZ31, 4.13 mmz/yr for WE43) and [5] (74.51 mm® /yr for AZ91D, 23.68 mm3/yr for LAE442).
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Fig. 20. Schematic diagram of the alloy/solution biocorrosion interface: (a) the galvanic corrosion between Mg and Mg,Ca phase, (b) the partially protective film
covering the surface of Mg—Ca alloys, (c) the adsorption of chloride ions to transform Mg(OH), into MgCl,, (d) the hydroxyapatite formation by consuming Ca>*
and PO, and (e) the disintegrated particle-shape residues falling out of the bulk substrate.

protection [52]. To guarantee the complete biodegradation
of the resulting composite, coating the surface of Mg alloy
with a layer of degradable polyester or calcium phosphate
will be a good choice.

5. Conclusions

In the present study, we developed binary Mg—Ca alloys
for use as biodegradable materials within bone. The Mg—Ca
alloys were mainly composed of two phases a(Mg) and
Mg,Ca, and their mechanical properties and biocorrosion be-
haviors could be adjusted by controlling the Ca content and
the processing treatment. A mixture of Mg(OH), and hydroxy-
apatite precipitated on the surface of Mg—1Ca alloy with the
extension of immersion and implantation time. The cytocom-
patibility evaluation using L-929 cells revealed that Mg—1Ca
alloy did not induce toxicity to cells. High activity of osteo-
blast and osteocytes were observed around the Mg—1Ca alloy
pin, implanted into the rabbit femoral shafts, respectively, for
1, 2 and 3 months. Radiographic examination revealed that the
Mg—1Ca alloy pins gradually degraded in vivo within 90 days
and newly formed bone was clearly seen at month 3. In addi-
tion, no significant difference (p > 0.05) of serum magnesium
was detected at different degradation stages. All these biocom-
patibility tests of Mg—1Ca alloy demonstrated its qualification
as orthopedic biodegradable materials.
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