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Rare earth elements are promising alloying element candidates for magnesium alloys used as biodegrad-
able devices in biomedical applications. Rare earth elements have significant effects on the high temper-
ature strength as well as the creep resistance of alloys and they improve magnesium corrosion resistance.
We focused on lanthanum, neodymium and cerium to produce magnesium alloys with commonly used
rare earth element concentrations. We showed that low concentrations of rare earth elements do not
promote bone growth inside a 750 lm broad area around the implant. However, increased bone growth
was observed at a greater distance from the degrading alloys. Clinically and histologically, the alloys and
their corrosion products caused no systematic or local cytotoxicological effects. Using microtomography
and in vitro experiments, we could show that the magnesium–rare earth element alloys showed low
corrosion rates, both in in vitro and in vivo. The lanthanum- and cerium-containing alloys degraded at
comparable rates, whereas the neodymium-containing alloy showed the lowest corrosion rates.

� 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction and dissolve postoperatively and hence a second surgery for
One of the actual and much-needed demands in orthopaedics is
the clinical availability of biodegradable implants [1–5]. In some
clinical applications, such as fracture treatment, permanent metal
implants are not necessary or even disadvantageous and a tempo-
rary implant concept would be much more suitable. Temporary
implants made of biodegradable materials are destined to corrode
implant removal is not necessary, eliminating surgery and accom-
panied additional costs and unnecessary health risks for the
patients. The requirements for such temporary implants are
multi-fold and depend upon the site of their utilization. However,
some properties are essential: (i) the material should provide a
controlled and adequate degradation profile, whilst allowing (ii)
necessary spatial and temporal mechanical stability. (iii) The bio-
degradable material or its components should not only be biocom-
patible [6,7], but moreover, (iv) it should at best assist specific and
desired biological effects such as stimulating regeneration, healing
processes or supporting anti-inflammatory mechanisms. (v) Finally
and optimally, the biodegradable material should be completely
replaced by host tissue. Amongst other candidates, magnesium-
based alloys are very promising materials for such temporary
implants [4,8,9]. These alloys offer some remarkable physico-
chemical properties [10–14] while they disintegrate gradually up
to complete dissolution in physiological environments. Magnesium
and its alloys show high degrees of biocompatibility [15–19] and
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very interestingly, an increased bone growth has been repeatedly
reported in the vicinity of corroding magnesium implants or its
corrosion products [20–23]. Actually, a drug-eluting magnesium
stent [24] and a magnesium screw consisting of MgYREZr (a mate-
rial similar to WE43) that contains >90 wt.% magnesium [25] are
already in clinical use.

Despite the remarkable progress which was achieved in the
development of Mg-based alloys, the important issues of corrosion
resistance, gas formation, biocompatibility and mechanical
stability need more research effort. In our search of suitable
alloying elements for biomedically usable magnesium alloys, we
concentrated on cerium (Ce), lanthanum (La) and neodymium
(Nd), three rare earth elements (REEs). REE are widely used in
different commercially available alloys such as AE, QE, WE or ZE
series alloys [26–28]. The addition of REEs has significant effects
on the high temperature strength and creep resistance [29] and
they improve magnesium corrosion resistance [30]. For engineer-
ing applications, REEs are usually added as a mischmetal of various
compositions commonly rich in Ce, La and Nd; however, this mis-
chmetal can vary in its composition depending on its source. For
biomedical applications a more defined approach is desirable, since
reproducibility is a major requirement for medical devices. In a
first approach, we focused on the collectivity of eligible REEs on
these commonly occurring three elements and we prepared
Mg–Ce, Mg–La and Mg–Nd alloys to observe the in vitro and
in vivo effects. The alloy compositions were used at a concentra-
tion which was determined from an average of the most common
representatives of Mg–REE alloys, e.g. 2.0–2.5% neodymium was
used for WE43A alloy, according to ASTM B275-04 [31,32]. We
expected these concentrations to be toxicologically noncritical
but sufficient enough to influence positively the mechanical
properties of the alloy matrix architecture.

This study investigated the microstructures, the in vitro corro-
sion behaviour and the cytotoxicity of low concentrations of REE
in Mg alloys. To observe the effects of these different Mg–REE
alloys on the reactions of bone tissue, they were implanted, within
the limits of a pilot study, into rabbit femur condyles. General
biocompatibility as well as changes in the surrounding tissues
using histomorphological analysis was investigated.
2. Materials and methods

2.1. Preparation of Mg–REE alloys and microstructure observation

Three binary Mg–REE alloys (Mg–Ce: 1.27 wt.% cerium; Mg–La:
0.69 wt.% lanthanum; Mg–Nd: 2.13 wt.% neodymium) were melted
and cast in pure Mg (99.95%) and commercially pure REE under a
mixed gas atmosphere of SF6 and CO2 using a mild steel crucible.
The chemical compositions of Mg–REE alloys were measured by
inductively coupled plasma atomic emission spectrometry (Profile
ICP-AES, Leeman Labs, Husdon, USA). The cylindrical samples
(3 mm diameter and 5 mm height) were cut from casting ingots
and further machined and polished using a computer numerical
controlled lathe machine. The chemical polishing was then
performed using a solution of 20 ml glycerol, 2 ml hydrochloride
acid, 3 ml nitric acid and 5 ml acetic acid to remove the remaining
fine scratches from the surface. The implants final size was
2.99 ± 0.01 mm in diameter and 5.00 ± 0.02 mm in height. All sam-
ples were ultrasonically cleaned in acetone, absolute ethanol and
distilled water. To observe the microstructure, samples were pol-
ished and etched with a mixture of 1 g oxalic acid, 1 ml acetic acid,
1 ml nitric acid and 98 ml water and characterized by an
environmental scanning electron microscopy (ESEM; Quanta
200FEG, FEI Company, Eindhoven, Netherlands). X-ray phase
analysis was conducted via an X-ray diffractometer (XRD; DMAX
2400, Rigaku, Tokyo, Japan) using CuKa radiation. Before implanta-
tion, the implants were gamma-sterilized with 25–29 kGy of
cobalt-60 radiation (BBF Sterilisationsservice, Kernen, Germany).
All chemical reagents were analytical reagent grade and were
purchased from Beijing Chemical Reagent Co., Beijing, China.

2.2. Electrochemical corrosion test

The electrochemical tests were carried out in simulated body
fluid (SBF; [29]) at 37 �C using an electro-chemical workstation
(CHI660C, Chenhua, Shanghai, China). A three-electrode cell was
used with the counter electrode being made of platinum and the
reference electrode as saturated calomel. Three 10 � 10 � 2 mm3

square plate samples were used for electrochemical testing. The
exposed area of the Mg–REE alloys to the solution was 1 cm2. An
average of three measurements was taken for each group. The
corrosion rate was calculated using the equation described in
ASTM-G102-89:

CR ¼ K
icorrW

nq

where CR is the corrosion rate in mm year�1, K = 3.27 x 10�3,
mm g lA�1 cm�1 year�1, icorr is the corrosion current density, q is
the density in g cm–3, W is the atomic weight of the magnesium
and n is the number of electrons involved in the corrosion reaction.

2.3. Immersion test

The immersion test was carried out according to ASTM-G31-72
in SBF at 37 �C. The hydrogen evolution volume was measured as a
function of the immersion time. After different immersion time
intervals, the samples were removed from solution, gently rinsed
with distilled water and dried at room temperature. Changes to
the surface morphologies of the samples before and after
immersion were characterized by ESEM, equipped with an
energy-dispersive spectrometer (EDS) attachment and XRD. An
average of three measurements were taken for each group. The
molar volume of hydrogen is 22.4 l at standard temperature and
pressure and thus 1 ml of hydrogen evolved corresponds to 1 mg
of Mg dissolved. The corrosion rate was calculated following the
equation described in ASTM-G31-72:

CR ¼ K �W
A � T � D

where CR is the corrosion rate in mm year–1, K = 8.76 � 104, T is the
exposure time, A is the exposure area, W is the mass loss and D is
the density in g cm–3.

2.4. Cytotoxicity test

Murine calvarial preosteoblasts (MC3T3-E1; purchased from
Peking Union Medical College, Beijing, China) were cultured in Dul-
becco’s modified Eagle’s medium (DMEM), 10% fetal bovine serum
(FBS), 100 U ml�1 penicillin and 100 lg ml�1 streptomycin at 37 �C
in a humidified atmosphere of 5% CO2. All samples were sterilized
using ultraviolet radiation for at least 2 h before the cell experi-
ment. The cytotoxicity test was evaluated using the Mg–REE alloys
extracts, prepared 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. The supernatant fluid was withdrawn, centrifuged, serially
diluted (100%, 50% and 10%) and then refrigerated at 4 �C before
the cytotoxicity test. The control groups involved the use of DMEM
medium as negative control. Cells were incubated in 96-well
culture plates at 3 � 103 cells/100 ll medium in each well and
incubated for 24 h to allow attachment. The medium was then
replaced with 100 ll of pure and diluted extracts. After 1, 3 and
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5 days the extracts were replaced by media and 10 ll MTT was
added to each well for 4 h and 100 ll formazan solubilization solu-
tion (10% SDS in 0.01 M HCl) was added in each well overnight in
the incubator. The spectrophotometrical absorbance of the
samples was measured by a microplate reader (Bio-RAD680,
Bio-Rad, Hercules, USA) at 570 nm with a reference wavelength
of 630 nm. Mg and REE ion concentrations in extracts were
measured by ICP-AES.

2.5. Animal study design

The animal experiment was conducted under an ethics commit-
tee approved protocol in accordance with German federal animal
welfare legislation (Approval No. 08/1505) and in accordance with
the National Institute of Health guidelines for the use of laboratory
animals. Nine female adult rabbits (New Zealand White; Charles
River Laboratories, Sulzfeld, Germany) with a body weight of
4.47 ± 0.32 kg were randomized into three groups (n = 3) so that
three rabbits obtained Mg–Ce implants (n = 6), Mg–La implants
(n = 6), and Mg–Nd (n = 6) implants, respectively. Each animal
received implants in both knee joints; the same experienced sur-
geon conducted all implantations. Surgery was performed under
general anesthesia; as premedication ketamine (CP-Pharma, Burg-
dorf, Germany), midazolam (Cura MED Pharma, Karlsruhe, Ger-
many), glycopyrrolate (Riemser Pharma, Greifswald-Insel Riems,
Germany) and propofol (B. Braun, Melsungen, Germany) were used,
the anesthesia was maintained with isoflurane (CP-Pharma, Burg-
dorf, Germany). After access to the knee joint by anteromedial
transsection, an 8 mm deep hole with a diameter of 3 mm was
drilled through the cartilage into the cancellous bone of the medial
femur condyle. The Mg–REE cylinders were inserted into the drill
holes by a press fit technique and the wounds were sutured in three
layers. As an antibiotic prophylaxis the animals received 10 mg kg�1

enrofloxacin (Baytril, Bayer Animal Health, Leverkusen, Germany)
and as analgesic drugs 4 mg kg�1 Carprofen (Rimadyl, Pfizer, Zürich,
Switzerland) subcutaneously at the day of surgery and 3 days post
surgery. To reduce the number of animals to a reasonable limit,
the control data (empty bore holes) were taken from an identical
conducted study [21] and also, only one time point chosen. From
our experience, after 4 weeks, primary healing processes are com-
pleted and possible biological effects of the alloy or its components
can be clearly observed.

2.6. Postoperative treatment and sample recovery

The rabbits were clinically examined for general condition and
in particular lameness, swelling, suture failing and gas cavity
development every day. Directly before sample retrieval after
4 weeks, the animals were euthanized by an overdose of pentobar-
bital (Release, WDT, Garbsen, Germany) after sedation with
ketamine, xylazine and propofol. The medial femur condyles were
removed en bloc and immediately frozen in liquid nitrogen. All
samples were kept frozen at �80 �C until microtomography
procedure.

2.7. Microtomography and volume measurements of the dissolving
magnesium alloy implants

The dissolution of the Mg–REE cylinders during the intravital
exposure time was quantified using non-destructive microtomog-
raphy. The medial condyles enclosing the inserted cylinders were
scanned with a microtomography device (v|tome|x L 240; GE Mea-
surement & Control, Wunstorf, Germany) at the Technische Univer-
sität Dortmund with a maximum X-ray photon energy of
E = 180 keV. Exploiting the X-ray beam divergence, the specimen
was projected onto the detector plane with a maximum possible
magnification of m � 16:7 given by the ratio of the focus–detector
distance (1000 mm) to the focus–object distance (60 mm). With
the X-ray sensitive flat-panel detector, cone-beam projections of
the specimen’s region of interest were acquired at 1440 equally
spaced angular positions of the turntable during circular
CT-scanning. From these projections tomograms were recon-
structed. During the scanning process, all condyles were kept frozen
by two independent custom-made cooling devices using liquid
nitrogen and dry ice [33]. The remaining volume of each Mg–REE
cylinder was determined interactively by three-dimensional (3-D)
region growing utilizing the graphical programming environment
MeVisLab 2.2 [34] by which the voxels covering the Mg–REE alloys
fractions in the 3-D tomogram with global thresholds were
segmented. Based on the number of segmented voxels, the
percentage of remaining implant volume and the corrosion rate
were calculated according to Witte et al. [35].

2.8. General histology

After embedding and polymerization in methyl-methacrylate
(Technovit 9100 New, Heraeus-Kulzer, Hanau, Germany) according
to established protocols [36], the tissue blocks were sectioned using
a RM 2155 microtome (Leica, Bensheim, Germany) and 5 lm thin
sections were cut and placed onto poly-L-lysine-coated glass slides.
Prior to the different staining procedures, the sections were first
dried for 2 days at 37 �C, then deacrylated in xylol (2 � 10 min)
and 2-methoxyethylacetate (1 � 10 min), cleared through a
decreasing ethanol series (2 � isopropyl alcohol, 1 � 96% ethanol,
1 � 70% ethanol, 2 min each) and finally rehydrated with distilled
water.

2.9. Toluidine blue staining

Sections were incubated in 0.1% toluidine blue (Sigma, Taufkir-
chen, Germany) for 40 s, washed in distilled water, dehydrated in
ethanol and mounted in Eukitt (Labonord, Mönchengladbach,
Germany).

2.10. von Kossa staining

Bone mineral depositions were detected by the von Kossa stain-
ing method. Slides were placed in a solution of 5% silver nitrate
while exposed to a 100 W lamp for 30 min, washed in distilled
water, placed in a solution of 1% pyrogallol for 1 min, washed again
and fixed by finally placing the slides in a solution of 5% sodium
thiosulphate for 5 min. Slides were then washed in distilled water
and mounted with aquatex (Merck, Darmstadt, Germany).

2.11. Tartrate-resistant acidic phosphatase (TRAP) staining

Osteoclasts were detected by the TRAP staining method. Slides
were first placed for 20 min in 0.2 M acetate buffer (pH 5.0) and
then for 120 min in freshly prepared staining solution containing
naphthol-AS-MX phosphate sodium salt as enzyme substrate and
Fast Red TR salt as azo dye in 0.2 M acetate buffer (all from Sigma).
After staining, slides were washed in distilled water and mounted
with aquatex. A positive control of bone from a New Zealand White
rabbit was also stained to confirm the validity of the staining.

2.12. Xylenol orange fluorescence staining

To study the degree and quantity of new bone, the animals were
injected subcutaneously with xylenol orange (Sigma; 90 mg kg�1

body weight) five days before euthanasia. The dye was prepared
immediately before use with 2% sodium bicarbonate and was
sterile-filtered.
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2.13. Microscopy and bone histomorphometry

Photomicrographs were taken with a Zeiss Axioskop 40
combined with a Zeiss AxioCam Mrc digital camera and Zeiss
AxioVision software (all from Zeiss, Oberkochen, Germany). For
each stain, three sections from each specimen were evaluated. In
each section, a 750 lm broad tissue seam around the implant hole
was defined as a region of interest. Cortical regions were
selectively excluded from data analysis. Within the region of inter-
est, the parameters bone volume/tissue volume (BV/TV), osteoid
surface per bone surface (OS/BS) and osteoclast surface per bone
surface (OcS/BS) were measured and determined according to
international standards and established protocols [21].

2.14. Statistical analysis

Due to the limited number of samples, differences between
groups were tested for significance using SPSS software (SPSS 19,
IBM Corporation, Armonk, USA) with a level of alpha = 0.05 using
a Kruskal–Wallis test. For parameters where significance was indi-
cated, an additional evaluation with a Mann–Whitney test was
performed to identify significance between specific groups.

3. Results

3.1. Microstructures of Mg–REE alloys

The typical microstructures of the as-cast Mg–Ce (Fig. 1a), Mg–
La (Fig. 1b) and Mg–Nd (Fig. 1c) alloys showed coarse grains and
bright intermetallic phases. The intermetallics distributed at the
grain boundaries and inner grains, identified as RE-rich precipitate
by EDS analysis (Fig. 1d). XRD examination indicated that the
intermetallic phases in Mg–Ce, Mg–La and Mg–Nd alloys were
Fig. 1. Microstructures of (a) Mg–Ce, (b) Mg–La and (c) Mg–Nd alloys. The bright int
corresponding to precipitates on Mg–Nd alloy is shown in (d).
identified as Mg12Ce, Mg17La2 and Mg12Nd (data not shown). The
intermetallic volume percentage of the three alloys was 5.2% for
Mg–Ce, 3.6% for Mg–La and 1.5% for Mg–Nd. In addition, Mg–Nd
alloy presented finer intermetallic fractions than the other two
alloys.
3.2. In vitro corrosion of Mg–REE alloys

Electrochemical and the immersion tests were conducted to eval-
uate the in vitro corrosion properties of Mg–REE alloys. The cathodic
polarization curves showed that the cathodic polarization current of
hydrogen evolution reaction on Mg–La is higher than those on Mg–
Ce and Mg–Nd alloys (Fig. 2). According to ASTM-G102-89, the
corrosion rates calculated from corrosion current densities of
Mg–Ce, Mg–La and Mg–Nd alloys were 1.84 ± 0.21 mm year�1,
2.15 ± 0.18 mm year�1 and 1.25 ± 0.10 mm year�1, respectively
(Table 1). Similar results were obtained in the immersion tests
(Fig. 3). The hydrogen evolution was highest for the Mg–La alloy,
lower for the Mg–Ce alloy and lower again for the Mg–Nd alloy. The
corresponding corrosion rates of Mg–Ce, Mg–La and Mg–Nd alloys
were calculated as 9.6 ± 0.78 mm year�1, 14.7 ± 0.92 mm year�1

and 4.1 ± 0.29 mm year�1, respectively (Table 1), which were higher
than those obtained from the electrochemical measurement. The
Mg–Ce alloy showed severe corrosion attack after 250 h of immersion
in SBF, which is consistent with more corrosion product formation
and a rough surface morphology of the corrosion product film
(Fig. 4a). In contrast, Mg–Nd alloys exhibited a relatively even and
compact corrosion product film with only some micro-cracks and pits
(Fig. 4b). The corrosion product was composed of carbon, oxygen,
sodium, magnesium, phosphorous and calcium. The atomic ratio of
calcium and phosphorous was �1. According to the XRD analysis,
the corrosion products were mainly Mg(OH)2 and Ca2P2O7 (Fig. 5).
The REE peaks were not observed from the EDS results. It was
ermetallic phases are REE-rich precipitates and the representative EDS spectrum



Fig. 2. Representative potentiodynamic polarization curves of Mg–Ce, Mg–La and
Mg–Nd alloys in SBF at 37 �C. Before starting, the samples were held at open circuit
potential for 10 min.

Table 1
Calculated corrosion rates (mm year�1) of Mg–REE alloys as calculated from
electrochemical, immersion test and microtomographical data.

Mg–Ce Mg–La Mg–Nd

Electrochemical test (mm year�1) 1.84 ± 0.21 2.15 ± 0.18 1.25 ± 0.10
Immersion test (mm year�1) 9.6 ± 0.78 14.7 ± 0.92 4.1 ± 0.29
Microtomography (mm year�1) 1.46 ± 0.50 1.35 ± 0.48 0.91 ± 0.17

Fig. 3. The hydrogen evolution of Mg–Ce, Mg–La and Mg–Nd alloys as a function of
the immersion time in SBF at 37 �C. The data mean values for duplicate
determinations on each of three replicate samples.
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attributed to the relatively low content of REE in Mg–REE alloys and
the thick corrosion product layers, which make the rare earth
elements signal hard to detect. It should be noted that Mg–La alloy
exhibited fast corrosion and disintegrated into fragments after
�100 h of immersion, therefore no further characterization was
reported here.
3.3. Cytotoxicity

The three extraction media contained 6–11 mM magnesium
(Fig. 6). The Mg concentration was highest with Mg–Ce, lower with
Mg–La and lower again with Mg–Nd extracts. The REE concentra-
tion in 100% pure extracts was in the following order,
Mg–Nd > Mg–Ce > Mg–La. The corresponding pH values were
8.90 ± 0.42 for Mg–Ce, 8.75 ± 0.37 for Mg–La and 8.53 ± 0.40 for
Mg–Nd 100% extracts.

The three 100% extracts significantly reduced the viability of
MC3T3-E1 cells to 45.6–78.1%. Over 40% reduction was observed
when culturing with 100% pure Mg–Ce extract (Fig. 7). After
dilution, the cell viability increased, while nearly 30% reduction
was obtained even after 10 times dilution of Mg–Ce extract, imply-
ing the severe cytotoxicity of Mg–Ce. In addition, higher cell viabil-
ity was seen for the Mg–Nd extracts than for the Mg–La extracts.

3.4. Mg–REE alloys degrade clinically without any harm

All three types of Mg–REE implants caused no clinical health
problems to the animals, indicating no systemic effects of the alloy
components. The rabbits did not show abnormal behaviour and
changes in weight did not indicate any pain. There were no clini-
cally observable signs of inflammation or sterile sinuses eliminat-
ing debris. The incisions healed well. No gas cavities were
observed on the hind legs during the time course of implantation.

3.5. Mg–REE alloys corroded gradually and very slowly

Microtomography is one of the most powerful non-destructive
techniques to follow the corrosion in a physiological environment
in three dimensions. With respect to the remaining metallic
implant volumes, all implant types showed comparable degrada-
tion behaviours. After 4 weeks 81.75% of the Mg–La implant
(Fig. 8a), 86.54% of the Mg–Nd implant (Fig. 8b) and 80.61% of
the Mg–Ce implant (Fig. 8c) were present. This decrease in volumes
is also reflected by the corrosion rates of 1.35 mm year�1 for Mg–La
alloy, 0.91 mm year�1 for Mg–Nd alloy and 1.46 mm year�1 for the
Mg–Ce alloy (Table 1).

3.6. Good biocompatibility of Mg–REE alloys

The Mg–REE cylinders caused no significant harm to their neigh-
bouring tissues. Histologically, no osteolytic changes were observed
around the implant site. Due to technical reasons, the metal parts
were lost during sectioning. However, some scattered and small
metallic remnants could be observed, especially with respect to
the Mg–Ce implants. Overall, no noticeable encapsulation or signs
of a foreign body reaction could be observed (Fig. 9a–c).

3.7. No enhanced bone formation in the vicinity of Mg–REE implants

To investigate the effects of Mg–REE alloys on the immediate
neighbouring tissues, we determined some important histomor-
phometric bone parameters (Fig. 10). Interestingly, there were no
significant differences among the different Mg–REE alloys. The
control group had slightly higher parameter values (BV/TV:
72.53 ± 9.11%; OS/BS: 25.00 ± 11.45%; N.Oc/BS was not deter-
mined) than all of the implants. Among the implants, Mg–La had
the highest values except for OcS/BS (BV/TV: 60.31 ± 13.40%; OS/
BS: 15.45 ± 21.11%; N.Oc/BS: 0.051 ± 0.0711). Mg–Ce had the med-
ian values except for N.Oc/BS, which was the highest among the
implants (BV/TV: 58.42 ± 7.66%; OS/BS: 11.88 ± 13.88%; N.Oc/BS:
0.068 ± 0.054). Mg–Nd had the lowest values (BV/TV:
54.68 ± 7.02%; OS/BS: 6.38 ± 9.34%; N.Oc/BS: 0.031 ± 0.035).

3.8. Osteoid formation in further distance of Mg–REE implants

The patterns of the xylenol orange fluorescence staining results
showed a variation in the amount of new bone formation within



Fig. 4. Typical surface morphologies and EDS spectrum of: (a, c) Mg–Ce and (b, d) Mg–Nd alloys after immersion in SBF for 250 h at 37 �C. Both alloys were covered by the
corrosion product layer mainly containing O, Mg, P and Ca.

Fig. 5. XRD patterns after immersion in SBF for 250 h at 37 �C of Mg–Ce and Mg–Nd
alloys. The diffraction patterns showed strong diffraction signal corresponding to
Mg(OH)2 and relative weak broad signal corresponding to Ca2P2O7.

Fig. 6. The concentrations of magnesium and REE in Mg–REE alloys extraction
media. The Mg concentrations were in the order of Mg–Ce > Mg–La > Mg–Nd and
the REE concentrations were in the order of Nd > Ce > La.
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each type of implant. Qualitatively, many specimens showed little
to no bone growth in the region of interest (Fig. 9e–g), while others
exhibited a remarkable bone growth, but outside of the region of
interest. Only a few specimens had a substantial amount of bone
growth within the region of interest. The results of the xylenol
orange fluorescence staining were comparable to the results of
the toluidine blue staining, validating the OS/BS results obtained
from the toluidine blue staining. The wide variation in the amount
of new bone growth seen from the xylenol orange staining is
consistent with the large standard deviations seen for the OS/BS
values.
4. Discussion

In this study, the three Mg–REE alloys exhibited quite different
corrosion behaviours in the corrosion tests, both in vitro and
in vivo. The typical microstructures of the as-cast Mg–REE alloys
showed coarse grains and bright intermetallic phases identified
as REE-rich precipitates. Similar results were obtained in previous
studies referring to as-cast binary Mg–Ce and Mg–Nd alloys
[11,37,38]. However, the intermetallic in Mg–La was identified as
Mg17La2, which was different from the prior work observing Mg12-

La intermetallic in high pressure die cast Mg–La alloy [37]. Zhao
et al. [12] reported that the corrosion resistance of Nd was inferior
to Mg and Nd would produce more stable Nd(OH)3 in neutral 0.1 M



Fig. 7. Relative cell viability of MC3T3-E1 cells after incubation in Mg–REE alloys
extracts with 100%, 50% and 10% concentrations for 1, 3 and 5 days. Data were
normalized to the control negative control.
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NaCl electrolytes than Mg. The enrichment of surface film with Nd
significantly reduced the film hydration [13] and hindered the
diffusion of chloride ions [39], and thus increased the protective
nature of the surface film. Similarly, the incorporation of Ce and
La in surface film could also improve the protective performance
of surface film since their salts were usually used to produce the
rare earth oxide/hydroxide conversion coatings on Mg [40]. How-
ever, due to the limited solid solubility of the three REEs in Mg
(0.23 wt.% for Ce, 0.74 wt.% for La and 3.6 wt.% for Nd), the precip-
itation of the rare earth intermetallic compounds were observed,
which were more stable than the Mg matrix. As a consequence,
the REEs would influence the corrosion of Mg–REE alloys in two
ways. The incorporation of REE in the surface film increased its
protectiveness and thereby decreased the corrosion rate. REE inter-
metallics induced micro-galvanic corrosion and thus accelerated
corrosion. Both the electrochemical and immersion corrosion
results revealed that Mg–Nd alloy exhibited the slowest corrosion
rate (Table 1). This was interpreted by the lower volume fractions
of Mg12Nd, which led to the smallest area ratio of the cathode-
to-anode. Notably, faster corrosion was observed for Mg–La, with
less volume percent intermetallics, than Mg–Ce. The higher
amount of Ce addition might contribute to provide better
Fig. 8. Microtomographical views used for volume determination of corroding Mg–La (
corrosion pits (black arrows) and normal structure of the surrounding bone. Scale bar:
protective effect with cerium in the surface film. This phenomenon
was also observed in the investigation of Kirkland et al. [32], which
found Mg–La corroded faster than Mg–Ce alloy in DMEM. In con-
trast, Birbilis et al. [37] indicated the corrosion rate of Mg–Ce (with
0.94 wt.% and 1.48 wt.% Ce) was twice or triple that of Mg–La (with
0.54 wt.% and 0.91 wt.%) in 0.1 M NaCl. Interestingly, Mg–Ce alloy
seems to be more susceptible to corrosion in vivo compared to
Mg–La although the in vitro results show the opposite trend. The
reasons for these observations are not known but the extremely
different corrosion of Mg alloys were also reported in previous
work, where AZ91D and LAE442 exhibited totally opposite trends
in solution and bone [35]. The cytotoxicity data indicated that all
three 100% Mg–REE extracts were cytotoxic to MC3T3-E1 cells.
This observation was probably attributed to the high pH (see
Section 3.3) and osmolality [41] resulting from the high ion con-
centration. Such high local accumulations of corrosion products
are unlikely in vivo because of the removal of the ions by the local
blood flow. Thus the Mg–REE extracts were diluted and 10% Mg–La
and Mg–Nd extracts indicated improved cytocompatibility.
Amongst the three Mg–REE alloys, Mg–Ce extract showed the larg-
est influence on cell viability, even with 10% diluted extract. This
observation might be attributed to the Ce releasing. Feyerabend
et al. [27] also found a severe cytotoxicity of cerium chloride,
which significantly reduced the viability of MG63 cells and human
umbilical cord perivascular cells at 60–90 lM. Drynda et al. [42]
reported a much lower threshold level of cerium chloride of
5 lg ml�1 (�36 lM), for human vascular smooth muscle cells.
Notably, the concentration of Ce was �0.05 lM in 10% diluted
extract and induced 20–30% cell viability reduction; this
concentration was far lower than the reported concentration of
cerium chloride [42,43].

In vivo, the animals showed no gas cavities, the operation sites
healed well and the animals were healthy. All three types of
Mg–REE implants were slow-degrading and they showed good
biocompatibility. This is in line with previous observations that ani-
mals tolerated corroding Mg–REE implants generally very well [44].
The implantation of WE43 alloy (containing REE mischmetal based
on neodymium, cerium and lanthanum [31]) into the femora of gui-
nea pigs showed good biocompatibility with the corrosion layer in
direct contact with the surrounding bone [20]. Stents made of
WE43 showed antiproliferative properties and a drastically reduced
restenosis rate compared to conventional stainless steel stents [32]
and stents made of four different Mg–REE alloys improved
endothelial cell attachment [45]. Also, alloy LAE442 (containing
a), Mg–Nd (b) and Mg–Ce (c) cylinders inside the drill hole after 4 weeks. Note the
1200 lm (a, b); 1500 lm (c).



Fig. 9. Reaction of the bone tissue in a 750 lm broad area around the drill hole after 4 weeks as shown by toluidine blue staining and xylenol orange fluorescence around Mg–
La (a, e), Mg–Nd (b, f) and Mg–Ce (c, f) implants (the cylinders are lost during sectioning). The drill holes of the controls (d, h) quickly filled up with a granulation tissue and
ingrowing trabecules. Bar = 750 lm (a–d); 1500 lm (e–h).

Fig. 10. Reaction of the bone tissue in a 750 lm broad area around the drill hole after 4 weeks as shown by the histomorphometric parameters bone volume/tissue volume
(BV/TV (%), (a)), osteoid surface/bone surface (OS/BS (%), (b)) and number of osteoclasts/bone surface (N.OC/BS (mm�1), (c)). N.Oc/BS was not determined in the control group.
Significance level alpha = 0.05.
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REE mischmetal) performed a reduced in vivo corrosion rate when
compared to other gravity cast magnesium alloys, such as AZ91D
[20,31]. However, an alloy based on LAE442 with cerium as single
REE showed unwanted gas formation and fast implant degradation
with subsequent tissue reactions [46]. Released excess magnesium
is normally eliminated very effectively through the kidneys to
assure a constant magnesium level. With respect to the biological
effects of rare earth elements, the situation is not so clear. In vitro,
rare earth oxide additives enhanced osteoblastic differentiation
and collagen production of human mesenchymal stem cells [47]
and the effects of REE ions on the bone resorbing function of osteo-
clasts depended on the concentration [48]. In vitro, lanthanum and
cerium showed toxic effects at lower concentrations than neodym-
ium [27] but generally, high concentrations of REEs were considered
to be toxic [49]. In a feeding experiment in ovariectomized rats
in vivo, REEs showed antiresorptive effects, an activation of osteo-
blasts and positive effects on bone density [50]. Interestingly, in
our study the bone volume was relatively consistent across all
Mg–REE implants whereas bone growth within the immediate area
of the implant was somewhat lesser when compared to previous
studies [20,22] and also lesser than the bone volume of the control
group from the study of Janning et al. [21]. Also, the amount of oste-
oid surface observed was greater for the control group than all of the
implant groups. However, Willbold et al. [16] noted a similarly
decreased level of osteoid after the alloy RS66 alloy was implanted
in rabbit bone for 4 weeks and attributed this finding to the alloy’s
slow corrosion rate. It is important to reiterate that these results
include only the 750 lm ring immediately around the implant.
The reduction in OcS/BS values for the specimens with implants
when compared to the control group was also found in the study
by Janning et al. [21]. However, all implants had high standard
deviations for OS/BS and OcS/BS and a limited number of specimens
so the comparative corrosion rates of the alloys should not be inter-
preted as definitive.

5. Conclusion

This paper demonstrates that Mg–La exhibits the highest
zcorrosion rate in vitro, followed by Mg–Ce and Mg–Nd alloys.
The Mg–Nd alloy also appears to have the lowest corrosion rate
in vivo. In addition, Mg–Ce showed more severe cytotoxicity to
MC3T3-E1 cells than Mg–La and Mg–Nd. All tested Mg–REE (Mg–
Ce, Mg–La and Mg–Nd) corroded slowly in vivo without enhancing
bone growth in a 750 lm broad tissue area around the implant.
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Appendix A. Figures with essential colour discrimination

Certain figures in this article, particularly Figs. 1–7, 9 and 10 are
difficult to interpret in black and white. The full colour images can
be found in the on-line version, at http://dx.doi.org/10.1016/
j.actbio.2014.09.041.
References

[1] Hermawan H, Dubé D, Mantovani D. Developments in metallic biodegradable
stents. Acta Biomater 2010;6:1693–7.

[2] Holzapfel BM et al. How smart do biomaterials need to be? A translational
science and clinical point of view. Adv Drug Deliv Rev 2013;65:581–603.

[3] Staiger MP, Pietak AM, Huadmai J, Dias G. Magnesium and its alloys as
orthopedic biomaterials: a review. Biomaterials 2006;27:1728–34.

[4] Witte F. The history of biodegradable magnesium implants: a review. Acta
Biomater 2010;6:1680–92.

[5] Walker J, Shadanbaz S, Woodfield TB, Staiger MP, Dias GJ. Magnesium
biomaterials for orthopedic application: a review from a biological
perspective. J Biomed Mater Res B Appl Biomater 2014;102:1316–31.

[6] Nuss KM, von Rechenberg B. Biocompatibility issues with modern implants in
bone – a review for clinical orthopedics. Open Orthop J 2008;2:566–78.

[7] Bryers JD, Giachelli CM, Ratner BD. Engineering biomaterials to integrate and
heal: the biocompatibility paradigm shifts. Biotechnol Bioeng 2012;109:
1898–911.

[8] Gu X, Zheng Y. A review on magnesium alloys as biodegradable materials.
Front Mater Sci China 2010;4:111–5.

[9] Persaud-Sharma D, McGoron A. Biodegradable magnesium alloys: a review of
material development and applications. J Biomimetics Biomater Tissue Eng
2012;12:25–39.

[10] Zheng YF, Gu XN, Witte F. Biodegradable metals. Mat Sci Eng R 2014;77:1–34.
[11] Jingli Yan J, Sun Y, Xue F, Xue S, Tao W. Microstructure and mechanical

properties in cast magnesium–neodymium binary alloys. Mater Sci Eng A
2008;476:366–71.

[12] Zhao X, Shi L-l, Xu J. A comparison of corrosion behavior in saline
environment: rare earth metals (Y, Nd, Gd, Dy) for alloying of biodegradable
magnesium alloys. JMST 2013;29:781–7.

[13] Nordlien JH, Nisancioglu K, Ono S, Masuko N. Morphology and structure of
water-formed oxides on ternary MgAl alloys. J Electrochem Soc
1997;144:461–6.
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