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ABSTRACT: Ternary magnesium alloys with low combined addition of
elements gadolinium and zinc were developed in the present work, with
their microstructures, mechanical properties, in vitro degradation
behaviors, and cytotoxicity being systematically studied. Furthermore,
the Mg−1.8Zn−0.2Gd alloy, with the best in vitro performance, was
implanted into Sprague Dawley rats to examine its in vivo degradation
performance for up to 6 months. It was found that Mg−1.8Zn−0.2Gd,
composed of a single α-Mg phase, owned excellent strength and toughness
that were comparable to the CE marked MAGNEZIX, the mischmetal
added Mg alloy. Owing to the uniform single-phased microstructure, the
degradation rate of this alloy was around 0.12 mm/y measured by
electrochemical testing, which was comparable to high purity magnesium.
Moreover, the Mg−1.8Zn−0.2Gd alloy exhibited no cytotoxicity to L929,
MG63, and VSMC cells. In vivo degradation characterized by micro-
computed tomography revealed that the Mg−1.8Zn−0.2Gd implant could maintain structural integrity in the first 2 months, and
serious degradation could be observed after 6 months. A remarkable 100% survival rate of experimental animals was observed
with no negative effects on bone tissues. The implant and the surrounding bone were well integrated within 2 months, implying
good biocompatibility and osteoconductivity of the experimental alloy. On the basis of the above findings, the feasibility of Mg−
Zn−Gd alloys for use as orthopedic implants was systematically discussed. This study provides a new strategy for development of
high-performance Mg-rare earth (RE)-based alloys with superior mechanical properties and corrosion resistance while effectively
avoiding the possible standing toxic effect of RE elements.
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1. INTRODUCTION

Magnesium-based biodegradable metals have recently received
increasing attention because of their acceptable biodegrad-
ability, good cytocompatibility, unique antibacterial properties,
and superior performance of osseointegration.1−4 For ortho-
pedic implant applications, the stress-shielding effect can be
well eliminated/decreased, as degradable magnesium alloy bone
implants share a similar specific density and Young’s modulus
with the human bone.5,6 In addition, Mg is an essential element
for human health, and it can promote new bone formation.7−10

Industrial WE43 magnesium alloy series (W represents
yttrium and E refers to the mischmetal) were referred during

the research and development of biomedical magnesium alloys.
The motivation lied in their excellent performances in the
industry, that is, decent mechanical properties and good
corrosion resistance. For medical devices used for the bone,
magnesium-based alloy compression screw (MAGNEZIX,
Syntellix AG) was given the CE mark in 2013 as the first,
class III medical device made of Mg alloys.11 Its material
composition was chemically similar to the commercial WE43
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magnesium alloy.12 Also, the first clinically proven magnesium-
based biodegradable stent (Magmaris, BIOTRONIK, Berlin,
Germany) received the CE mark approval in 2016, and the
material design was also the modified WE43 magnesium alloy
series.13,14 The negative concern about these alloys is about the
long-term biosafety of the mischmetal elements, including the
body’s metabolism on these metal ions and their possible
accumulation in the organs.
Apart from the WE series alloys, gadolinium (Gd)-containing

magnesium alloys are another kind of material, which own the
most promising ultrahigh strength and very good thermal
stability. Recent studies on Mg−Gd-based alloys revealed that
they exhibit excellent strength, toughness, and formability, as
depicted in Table 1.
Gadolinium is a ductile rare earth (RE) metal, which

possesses unusual metallurgic properties. The maximum
solubility of Gd in Mg is 23.49 wt %, which is much higher
than those of the commonly used RE yttrium (Y, 11.4 wt %)
and neodymium (Nd, 3.6 wt %).25 Besides, its solubility
dramatically reduces with decreasing temperature, which means
the mechanical properties of Mg−Gd based alloys can be
adjusted in a wide range through solid solution and aging
strengthening.18 From the perspective of corrosion, introduc-
tion of Gd into magnesium can generally slow down its
corrosion. This is mainly attributed to the so-called “scavenger
effect” of RE on impurities (Ni, Fe, or Cu). Moreover, Gd
incorporated into the corrosion product layer is also beneficial
to the film compactness and stability, thus protecting the
matrix.26 The superior combination of mechanical properties
and corrosion resistance in Mg−Gd-based alloys makes them
promising candidates for future biodegradable metals.
Element Gd has no known native biological role, and its

biocompatibility is still controversial.27,28 Although the free Gd
ion was reported to be toxic, different Gd-chelated agents have
been approved for use as magnetic resonance imaging contrast
agents for a long time.29,30 Some early research has disclosed
that the intraperitoneal median lethal dose (LD50 dose) of
GdCl3 was 550 mg/kg in mice, whereas GdNO3 induced acute
toxicity at the concentration of 300 mg/kg in mice and 230
mg/kg in rats.28,31 Recent studies found that Gd showed better
tolerability for the tumor-derived mouse macrophage cell line
and the human umbilical cord perivascular cells. The
production of inflammatory markers of Gd was lower than
that of Y, and Gd seemed more suitable than Y as an alloying

element in magnesium.32 In another study, the 100% original
extract of Mg−3Gd induced toxicity to MG63 cells. Never-
theless, the 10% extract was reported to increase the alkaline
phosphatase activity of MG63 cells, which might promote
mineralization, accelerate bone regeneration, and shorten the
healing time.33 Seriously, biocompatibility of Gd-containing
biodegradable metals still needs to be clarified.
As a single alloying element, considerable amounts of Gd are

needed to achieve sufficient mechanical strength and qualified
corrosion resistance. It was reported that up to 10 wt % of Gd
in binary Mg−Gd alloys could guarantee a slow degradation
velocity.18,34 Unfortunately, too much Gd addition is harmful to
the biocompatibility of materials.33,35 Excessive release of Gd
may cause possible toxic effects, and this deviates from the
design criteria of Mg-RE-based biomaterials.36 According to a
recent study, a high Gd-dosed alloy (Mg−10Gd) disturbed the
bone remodeling, and striking adverse results about the Gd
accumulation in the main organs of Sprague Dawley rats (SD-
rats) was reported.35

To maintain the superior properties of Mg−Gd-based alloys
while eliminating the possible toxic effects of overdosed Gd
addition, another supplementary alloying element is needed.
Zinc (Zn) is one of the most abundant essential metal elements
in the human body, and it has been proven to be beneficial for
the mechanical property and corrosion resistance of magne-
sium.37,38 Mg−Zn−Gd ternary alloys have already showed
promising high strength−toughness properties, as revealed in
Table 1. Accordingly, Zn was chosen to be the second alloying
element. For toxicity and corrosion concerns, the Zn content
should also be strictly controlled because Zn2+ at a high
concentration is detrimental to cell differentiation and
mineralization.39 Zn content should be limited to 4 wt % to
achieve the best maximum strength and elongation.36

On the basis of the general consideration of elemental
toxicity, mechanical property, and corrosion resistance, three
magnesium alloys with a low combined addition of Gd and Zn
were designed and fabricated in the present work. The total
alloying addition was restricted to no more than 3 wt %. The
actual composition selection was based on our previous
experience on this Mg−Zn−Gd alloy system. At those typical
compositions, good combinations of strength and toughness
could be possibly obtained after rolling. We expect that these
alloys could own decent mechanical properties and proper
corrosion resistance (retaining the good performances of Mg-

Table 1. Mechanical Properties of Gd-Containing Magnesium Alloys Compared to those of Pure Magnesium and Commercial
WE43 Alloy Dedicated for Structural Applications or for Biomedical Purposesa

tensile mechanical property

material working condition
target

application
TYS
(MPa)

UTS
(MPa)

elongation
(%) references

high purity magnesium as-extruded biomedical 149 199 8.1 15
WE43 as-extruded biomedical 217 298 21.7 16
Elektron WE43 as-extruded-T5 industrial 195 303 6 17
Mg−15Gd as-cast + artificial aging biomedical 201 251 0.7 18
Mg−2Gd−1Zn as-rolled industrial 130 233 40.3 19
Mg−3Gd−1Zn as-rolled industrial 131 220 40.3 19
Mg−11Gd−1Zn as-extruded-T6 industrial 235 416 7.2 20
Mg96.5Zn1Gd2.5 as-extruded industrial 345 >370 6.9 21
Mg−14Gd−0.5Zr combined extrusion + rolling + aging industrial 445 482 2.0 22
Mg−11.8Gd−1.9Er−0.4Zr repeated plastic working process + hot extrusion industrial 455 500 12.0 23
Mg−8.2Gd−3.8Y−1.0Zn−0.4Zr rolling + aging industrial 426 517 4.5 24

aT6, T5: peak-aged.
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RE alloys) while exhibiting good biocompatibility by reducing
the RE content and total alloy elements. The feasibility of these
alloys to be used as orthopedic applications was systematically
investigated, mainly focusing on the microstructure, mechanical
property, corrosion behavior, and in vitro biocompatibility. On
the basis of the in vitro results, Mg−1.8Zn−0.2Gd alloy was
chosen as the experimental material to conduct in vivo
experiments in SD-rats because it owned the best combination
of mechanical properties, corrosion resistance, and cytocompat-
ibility. In vivo degradation of the implant was characterized by
the micro-computed tomography (CT) analysis, and tissue
responses were examined by hard tissue slicing. Eventually, the
feasibility of this alloy system to be used as orthopedic implants
was comprehensively discussed.

2. EXPERIMENTAL DETAILS
2.1. Materials and Specimen Preparation. Cast billets were

prepared with 99.9 wt % Mg, 99.9 wt % Zn, and 99.95 wt % Gd
through resistance melting under the protection of a mixed gas
atmosphere of SF6 (1 vol %) and CO2 (99 vol %). Afterward, they
were rolled into thin plates with a final thickness of 2 mm. Details
about the preparation procedures can be found in our previous work.40

Because high purity magnesium (HP-Mg) owns excellent corrosion
resistance and biocompatibility,28 a commercial HP-Mg (as-rolled,
99.99 wt %, DongGuan EONTEC Co., Ltd, China) was adopted as a
control material. Nominal and actual compositions of the materials are
listed in Table 2. Tensile specimens were machined parallel to the

rolling direction according to ASTM-E8-04.41 Specimens were cut into
10 mm × 10 mm slices for microstructural characterization and in vitro
evaluations. Cylindrical rods with a diameter of 0.8 mm were also
machined parallel to the rolling direction for the in vivo test.
Specimens were mechanically polished with SiC abrasive papers from
400 grit to 2000 grit gradually.
2.2. Microstructural Characterization. Specimens for micro-

structural observation were further polished with a 5 μm diamond
polishing paste into a mirrorlike surface. After being etched in 4%
nitric acid alcohol solution, the samples were observed under an
optical microscope (Leica DM2500, Germany) and a scanning
electron microscope (Hitachi S-4800, Japan) equipped with an energy
dispersive spectrometer. An X-ray diffractometer (Rigaku DMAX
2400, Japan) was employed to identify the constituent phases using Cu
Kα radiation at a scan rate of 4°/min, operated at 40 kV and 100 mA.
Samples for transmission electron microscopy (TEM, JEM-2100F,
Japan) observation were cut into 50 nm-thick flakes on an
ultramicrotome (EM UC6, Leica) and preserved in vacuum before
observation. Elemental distribution in the microregions and selected
area electron diffraction (SAED) were performed to help identify the
constituent phases.
2.3. Mechanical Test. Tensile tests were performed at a cross-

head speed of 1 mm/min on a universal material testing machine
(Instron 5969, USA) at an ambient temperature. Three measurements
were taken for each material. The stress at which 0.2% plastic
deformation occurs was defined as tensile yield stress (TYS). Stress at
the highest point of the stress−strain curve was the ultimate tensile
strength (UTS).

Microhardness test was carried out on a digital microhardness tester
(HMV-2T, Shimadzu, Japan) with a load of 49.3 mN and a holding
time of 15 s. Eight measurements were performed for each alloy at
random sites far from each other.

2.4. Electrochemical Test. Electrochemical measurements were
carried out in a three-electrode cell system by using a platinum foil as
the counter electrode, a saturated calomel electrode (SCE) as the
reference electrode, and experimental materials with an exposed area
of 0.45 cm2 as the working electrode. The test was conducted in
Hank’s solution on an electrochemical workstation (PGSTAT 302N,
Metrohm Autolab). The composition of Hank’s solution can be found
elsewhere.42 Open circuit potential (OCP) was continuously
monitored for 3600 s. Electrochemical impedance spectroscopy
(EIS) was measured from 100 kHz to 10 mHz at the OCP value.
Then, the potentiodynamic polarization measurement was conducted
from −0.5 to 1 V (vs SCE) at a scan rate of 0.001 V/s. Three duplicate
samples for each material were tested for statistical analysis.

2.5. Immersion Test. Different from the electrochemical corrosion
test, immersion tests were performed to observe the long-term
corrosion behaviors. Samples were immersed in Hank’s solution at 37
± 1 °C, according to ASTM-G31-72,43 with an exposure ratio of 20
mL/cm2. The pH value during immersion was monitored, and the
volume of emerged hydrogen was recorded. The evolved hydrogen
was collected through an inverted funnel and guided into a calibrated
burette; then its volume was recorded in accordance with ref 44. The
ion concentration of the corrosion medium after immersion was
measured by using an inductively coupled plasma mass spectrometer
(DRC-II, PerkinElmer). Surface morphology after immersion was
characterized using scanning electron microscopy (SEM). Corrosion
products on the sample surface were characterized by X-ray diffraction
(XRD) and energy dispersive spectroscopy (EDS) analysis. Weight
loss was also measured after removing the corrosion products in
chromic acid, according to ASTM-G1-90.45 Corrosion rate was
calculated from the weight loss by using the following equation, CR =
3.65ΔW/ρ;46 where ΔW is the metal weight loss rate (mg/cm2/d)
and ρ is the metal density (g/cm3). At least three samples were tested
in each group.

2.6. Cytotoxicity. In the indirect cell assay, four kinds of cells,
namely murine fibroblast cells (L929), human osteosarcoma cells
(MG63), vascular smooth muscle cells (VSMC), and human umbilical
vein endothelial cells (ECV304), were used. MG63 is a bone-related
cell line and fibroblast is related to the fibrosis of the orthopedic
implant. These two common cell lines are suitable for cytotoxicity
evaluation of materials, which are proposed to be used in the bone
environment. Ions derived from the magnesium-based implant during
in vivo degradation will enter into blood circulation and interact with
vascular endothelial cells and smooth muscle cells. So, VSMC and
ECV304 cells were also included in the cytotoxicity evaluation. All cells
were cultured under standard cell culture conditions at 37 °C in a
humidified atmosphere of 5% CO2. The cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplied with 10%
fetal bovine serum, 100 U/mL penicillin, and 100 μg/mg
streptomycin.

Alloy extracts were prepared by using a serum-free DMEM with an
extraction ratio of 1 cm2/mL in a humidified atmosphere with 5% CO2
at 37 °C for 72 h. The original 100% extracts were diluted into 50 and
10% concentrations with DMEM before use. Ion concentrations and
pH values of the extracts were measured as well.

Methylthiazol tetrazolium (MTT) assay was adopted to evaluate the
cytotoxicity of the alloy extracts according to ISO 10993-5:2009(E).47

Cells were seeded onto 96-well culture plates at a density of 3−5 × 104

mL−1 and incubated for 24 h to allow attachment. Then, the medium
was replaced by alloy extracts (100, 50, and 10%), with normal culture
medium as the negative control and medium supplied with 10%
dimethylsulfoxide as the positive control. After incubating for 1, 3, and
5 days, 10 μL of MTT was added into each well for 4 h. The extracts
were replaced by fresh medium before the addition of MTT.
Thereafter, 100 μL of formazan solubilizing solution (10% sodium
dodecyl sulfate in 0.01 M HCl) was added to each well and left
overnight in an incubator. The spectrophotometric absorbance of each

Table 2. Chemical Compositions of the Experimental
Materials Measured by Inductively Coupled Plasma Optical
Emission Spectroscopy (Agilent)

material Zn (wt %) Gd (wt %) Mg (wt %)

HP-Mg 99.99
Mg−1.0Zn−2.0Gd 1.04 2.15 bal.
Mg−1.8Zn−0.2Gd 1.81 0.18 bal.
Mg−1.8Zn−0.8Gd 1.85 0.75 bal.
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well was measured by using a microplate reader (Bio-Rad 680) at 570
nm with a reference wavelength of 630 nm.
LIVE/DEAD cell assay was performed according to the

manufacturer’s protocol (LIVE/DEAD staining kit, BestBio). Briefly,
the cells were cultured in 48-well culture plates with alloy extracts
(details about the cell culture are described before in the MTT assay),
and at the end of the incubation period, the medium was removed and
200 μL of the staining reagent was added after the cells were gently
washed with phosphate-buffered solution (PBS). The staining reagent
was removed after incubation for 30 min at 37 °C in darkness. Then,
100 μL of normal culture medium was added into the well after the
cells were gently washed with PBS. The cells were then photographed
under a fluorescence microscope (Leica DMI4000B, Germany). Cell
morphology was captured at the same site in individual plate wells to
make a reliable and valid comparison.
2.7. Animal Test. 2.7.1. Animal Model and Surgery. Eighteen

female SD-rats weighing 200−250 g were provided by the Laboratory
Animal Center of Peking University People’s Hospital (SPF level,
animal use permit no. SYXK (jing) 2011-0010). The rats were
anaesthetized by intraperitoneal injection of pentobarbital sodium at a
dosage of 30 mg/kg. Operation sites around the left knee joint were
shaved and sterilized, followed by decortication. A predrilled hole, 0.8
mm in diameter, was made on the lower edge of the tibial plateau by
using an orthopedic drill. A Mg−1.8Zn−0.2Gd pin (Φ 0.8 mm) was
inserted into the predrilled hole on the left tibia. Following insertion,
the pin was cut at the tibial cortical surface. The implant length varied

between 7 and 9 mm depending on the actual implantation position
and animal bone size. The normal right tibia without implantation was
used as the control. After surgery, the animals were kept under normal
conditions and provided with plenty of food and water. The anesthetic,
surgical, and postoperative care protocols were examined by the Ethics
Committee of Peking University People’s Hospital and their
requirements were fulfilled.

2.7.2. Postoperative Observation, Micro-CT, and Histological
Evaluation. All animals were clinically examined for general condition
and in particular for significant signs of lameness, infection,
subcutaneous emphysema formation, and loss of appetite. Six animals
were sacrificed by overdosage anesthesia at each time point post
operation (1, 2, and 6 months). Rat tibias were retrieved and scanned
by using a self-built micro-CT device at a spatial resolution of 35 μm.
Three-dimensional (3D) reconstruction was performed using Amira
software (Amira 5.4.1, Visage Imaging). Bones with magnesium
implants were fixed in 10% formalin and dehydrated in gradient
ethanol/distilled water mixtures. Then, they were embedded in
methacrylate and sectioned into 150 μm slices on an EXAKT system
(EXAKT Apparatebau, Norderstedt, Germany). The hard tissue
sections were further grounded to 50−80 μm before staining with
hematoxylin−eosin (H&E) or toluidine blue (Guge Biological
Technology Co., Ltd.). Details about the hard tissue slicing process
can be found in our previous work.48

2.8. Statistical Analysis. Data in this work are expressed as means
± standard deviation. Statistical analysis was performed with SPSS 18.0

Figure 1. (a) Microstructures of HP-Mg and Mg−Zn−Gd alloys observed under an optical microscope; black arrow indicates the elongated
direction of grains in the Mg−1.8Zn−0.8Gd alloy; (b) microstructures under SEM; (c) elemental distribution on the sample surface corresponding
to the selected areas in (b); (d) EDS results corresponding to particles in (b). High contents of Si, C, and O in particle C are contaminations derived
from the polishing process.
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software (SPSS Inc., Chicago, USA). Differences between groups were
analyzed using one-way analysis of variance, followed by the Tukey
test. A p-value < 0.05 was considered a statistically significant
difference.

3. RESULTS

3.1. Microstructure. Figure 1 displays the microstructures
and the corresponding elemental analysis of the experimental
materials. HP-Mg was composed of a single α-Mg phased
microstructure with a number of twins inside the equiaxed
grains. Mg−1.8Zn−0.2Gd owned the finest grains with
abundant twins inside. Mg−1.0Zn−2.0Gd exhibited a fully
recrystallized microstructure with only limited twins in the
interior of the equiaxed grains. In the Mg−1.8Zn−0.8Gd alloy,
elongated grains could still be found, and the black arrow in
Figure 1a indicates the elongated direction. Some particles with
size less than 5 μm could be found in Mg−1.0Zn−2.0Gd and
Mg−1.8Zn−0.8Gd. Much more particles in the Mg−1.0Zn−
2.0Gd alloy were in accordance with its highest content of total
alloying elements among the three alloys. These particles were
rich in Zn and Gd, as revealed by area scanning and point
scanning in the EDS analysis (Figure 1c,d).
Typical microstructures of Mg−1.0Zn−2.0Gd and Mg−

1.8Zn−0.8Gd using TEM are presented in Figure 2a. Because
the microstructures of the two alloys are quite similar under
TEM, only one typical microstructural image is displayed here.
Second phases rich in Gd (particle A) or Zn and Gd (particle
B) could be detected, as depicted in Figure 2b. High-resolution
transmission electron microscopy (HRTEM) images of typical
areas in particle A and particle B revealed that their interplanar

spacings (d) are 0.4287 and 0.2102 nm, respectively. In the
SAED patterns, besides the diffraction rings of the α-Mg matrix,
several rings corresponding to the second phases could also be
observed. With the help of the XRD analysis, besides the α-Mg
matrix, Mg5Gd and Mg3Gd2Zn3 phases were also detected in
Mg−1.0Zn−2.0Gd and Mg−1.8Zn−0.8Gd alloys, as shown in
Figure 2d. On the basis of the above analysis, particle A could
be identified as the Mg5Gd phase and particle B should
correspond to the Mg3Gd2Zn3 phase.

3.2. Mechanical Property. Figure 3 displays the
mechanical behaviors of Mg−Zn−Gd alloys with the as-rolled
HP-Mg as the control. Compared to the as-rolled HP-Mg, Mg−
1.8Zn−0.8Gd and Mg−1.8Zn−0.2Gd exhibited significantly
improved TYS and UTS with comparable tensile elongation.
On the contrary, Mg−1.0Zn−2.0Gd showed a significant
higher tensile elongation (>30%) while at the same strength
level of HP-Mg, as shown in Figure 3a,b. The microhardness
followed a similar trend with the UTS, as depicted in Figure 3c.
Not much difference could be found on the tensile fracture
morphologies among HP-Mg, Mg−1.8Zn−0.2Gd, and Mg−
1.8Zn−0.8Gd, all showing a composite fracture mode with
limited dimples and tearing edges. However, a ductile fracture
morphology with quite abundant deep dimples and tearing
ridges was observed on Mg−1.0Zn−2.0Gd, in good agreement
with its largest elongation among all experimental materials. In
general, Mg−1.8Zn−0.2Gd and Mg−1.8Zn−0.8Gd alloys
exhibited a favorable combination of strength and toughness,
with UTS around 300 MPa and elongation higher than 14%.

3.3. In Vitro Degradation. 3.3.1. Electrochemical Corro-
sion Behavior. During the corrosion process, a protective/

Figure 2. (a) Typical second phases found in Mg−1.0Zn−2.0Gd and Mg−1.8Zn−0.8Gd under TEM (bright-field HRTEM images were taken at
specific sites marked with letter A and B); (b) elemental (Mg, Zn, and Gd) distribution analysis corresponding to those second-phase particles in
(a); (c) selected area diffraction image showing the presence of the α-Mg matrix and second phases; (d) XRD patterns of the experimental materials.
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partially protective Mg(OH)2 layer was formed with the
dissolution of magnesium, leading to the OCP increase. From
the perspective of thermodynamics, a higher OCP value meant
the matrix was more stable. OCP values of Mg−Zn−Gd alloys

were all improved compared to that of HP-Mg, as shown in
Figure 4a. Mg−1.0Zn−2.0Gd and Mg−1.8Zn−0.8Gd pre-
sented more positive and more stable OCP values compared to
HP-Mg and Mg−1.8Zn−0.2Gd.

Figure 3.Mechanical performances of Mg−Zn−Gd alloys with as-rolled HP-Mg as the control: (a) typical stress−strain curves, (b) mechanical data,
(c) microhardness, and (d) their corresponding fracture morphologies. *p-value < 0.01.

Figure 4. Electrochemical corrosion behaviors of the experimental materials in Hank’s solution: (a) OCP curves, (b) potentiodynamic polarization
curves, (c) Nyquist plots, and (d) electrochemical data illustrated in the histogram. Ecorr represents the corrosion potential and icorr represents the
corrosion current density.
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Figure 5. Immersion corrosion behaviors in Hank’s solution at 37 °C: (a) volume of the evolved hydrogen, (b) pH monitoring during static
immersion, (c) corrosion rate calculated from the weight loss, and (d) ion-releasing behavior during immersion.

Figure 6. (a) Typical corrosion morphologies of the experimental materials after immersion for 2 and 15 days (insets showing the localized
corrosion and peeling-off of the corrosion product layer on Mg−1.0Zn−2.0Gd and Mg−1.8Zn−0.2Gd alloys after 15 day-immersion, respectively);
(b) EDS results of specific areas in (a); (c) XRD patterns of samples after 15 day-immersion.
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Figure 7. Characterization of the extract media: (a) pH value and (b) magnesium and alloying element concentrations in the extracts.

Figure 8. Cytotoxicity tests of (a) L929, (b) MG63, (c) ECV304, and (d) VSMC cells in HP-Mg and Mg−Zn−Gd alloy extracts.
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The cathodic polarization current reflected the severity of
hydrogen evolution reaction on the platinum electrode. HP-Mg
and Mg−1.8Zn−0.2Gd exhibited a significantly lower cathodic
current density compared with Mg−1.0Zn−2.0Gd and Mg−
1.8Zn−0.8Gd, suggesting better corrosion resistance. It is well-
known that a larger loop in the EIS spectra (Nyquist plots)
means better corrosion resistance,49 and hence HP-Mg and
Mg−1.8Zn−0.2Gd were more anticorrosive than Mg−1.0Zn−
2.0Gd and Mg−1.8Zn−0.8Gd, corresponding to the polar-
ization curves, as illustrated in Figure 4b,c.
Electrochemical corrosion parameters, including corrosion

potential (Ecorr) and corrosion current density (icorr), derived
directly from the polarization plots by using Tafel region
extrapolation are listed in Figure 4d. Ecorr values of all three
Mg−Zn−Gd alloys were apparently higher than that of HP-Mg,
and furthermore, Mg−1.8Zn−0.2Gd exhibited even a lower
corrosion rate than HP-Mg.
3.3.2. Immersion Corrosion Behavior. Figure 5 displays the

volume of evolved hydrogen, pH value variation, corrosion rate,
and ion-releasing behavior with immersion time. In the first few
hours, there was no obvious difference of evolved hydrogen and
pH value among all experimental materials. Afterward, the
corrosion behaviors differed with different alloys. During the
whole immersion period, HP-Mg had the least hydrogen
evolution and the slowest pH increase, implying the best
corrosion resistance. The corrosion behaviors of Mg−1.8Zn−
0.2Gd and Mg−1.8Zn−0.8Gd were quite similar within 200 h,
however, a slight increase in the hydrogen volume was found in
Mg−1.8Zn−0.8Gd afterward. Mg−1.0Zn−2.0Gd exhibited
constantly aggravated corrosion with prolonged immersion
time. Corrosion rates calculated from the weight loss revealed
that HP-Mg owned the best corrosion resistance; meanwhile,
corrosion of Mg−1.8Zn−0.2Gd was at a relatively low level,
<0.28 mm/y.
The Mg releasing behavior during immersion showed a

variation trend similar to that of the weight loss, as depicted in
Figure 5c,d. Ion concentration (Mg2+) increased with
immersion time, suggesting the continuous dissolution of all
samples. HP-Mg exhibited the lowest corrosion rate as it
released the least amount of Mg. Mg−1.8Zn−0.2Gd was more
anticorrosive than the other two Mg−Zn−Gd alloys.
Concentrations of Zn, Gd, Ca, and P in the corrosion medium

are displayed in the Supporting Information, Figure S1. Briefly,
Gd concentration continuously increased with prolonged
immersion time, yet Ca and P concentrations showed an
opposite trend. There was no apparent regular pattern in the
Zn concentration variation, possibly due to its complex
dissolution and deposition on the corrosion product layer
with time. The faster a material was corroded, lower Ca and P
concentrations could be detected in its corrosion medium. The
decreasing concentration of Ca and P was closely related to
their deposition on the corroded sample surface.
Typical corrosion morphology, surface composition analysis,

and phase identification of the corrosion product layer are
presented in Figure 6. Corrosion of HP-Mg, Mg−1.8Zn−
0.2Gd, and Mg−1.8Zn−0.8Gd were macroscopically homoge-
neous, nevertheless, severely localized corrosion was found on
the Mg−1.0Zn−2.0Gd sample, as depicted in Figure 6a. With
increasing immersion time (15 d), peeling-off of the corrosion
product could be observed, possibly derived from the
dehydration process and thickening of this layer. A corrosion
product layer, mainly composed of Mg(OH)2, was formed on
the sample surface, as shown in Figure 6c. Some white
particles/clusters were deposited on this layer, and they were
rich in Ca, P, and O. A small amount of C and Na was also
detected in the corrosion product layer.

3.4. Cytotoxicity. Figure 7 presents the pH values and ion
concentrations in the extract media. There was no significant
difference in the pH values of the 100% extracts, all
approximating to 9. Because of the buffer effect of the medium,
pH values only slightly decreased after dilution to 50%. The pH
values would be reduced to as low as 7.81 for a further dilution
to 10%. Mg2+ releasing during the extraction process could
reflect the corrosion rate in DMEM. Mg−Zn−Gd alloys
showed lower corrosion rates compared to HP-Mg. Mg−
1.8Zn−0.2Gd exhibited the lowest Mg2+ concentration,
suggesting the best corrosion resistance. In addition, Gd
concentration in the Mg−1.8Zn−0.2Gd extract was well below
the minimum detection limit (<0.1 μg/mL) of inductively
coupled plasma atomic emission spectroscopy (Leeman).
Cell viability was expressed as a percentage of the optical

density of cells cultured in the negative control, as displayed in
Figure 8. Except for the 100% Mg−1.0Zn−2.0Gd extract, all
remaining extracts improved the L929 cell viability on day 1.

Figure 9. LIVE/DEAD staining of various cells after culturing in HP-Mg and Mg−Zn−Gd alloy extracts (100% extract, without dilution) for 3 days,
with normal culture medium as the control (red represents dead cells and green represents live cells).

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.7b15498
ACS Appl. Mater. Interfaces 2018, 10, 4394−4408

4402

http://pubs.acs.org/doi/suppl/10.1021/acsami.7b15498/suppl_file/am7b15498_si_001.pdf
http://dx.doi.org/10.1021/acsami.7b15498


However, L929 cell viability was reduced later on, as shown in
Figure 8a. The 100% Mg−1.0Zn−2.0Gd extract led to a
significant decrease of MG63 cell viability with increasing
culture time. Toxic effects of the Mg−1.0Zn−2.0Gd extract to
MG63 cells could be mitigated by dilution. Extracts of HP-Mg,
Mg−1.8Zn−0.2Gd, and Mg−1.8Zn−0.8Gd exhibited no
cytotoxicity to MG63 cells, all showing high cell viability
(>100%). For ECV304 cells, all experimental extracts showed
no toxicity on day 1, with cell viability higher than 80%. Cell
viability of 10% HP-Mg extract was stabilized in the range of
110−120% during the whole culture period. Cell viability of the
three Mg−Zn−Gd alloys decreased to a certain degree on day
3, but it had a certain rise on day 5. The Mg−1.8Zn−0.2Gd
extract showed no cytotoxicity to VSMC cells during the whole
incubation period. The 100% extracts of HP-Mg and Mg−
1.0Zn−2.0Gd both caused a continuous decrease of VSMC cell
viability with prolonged culture time.
Cell viability and attachment were also examined through the

LIVE/DEAD staining assay, as shown in Figure 9. All four
kinds of cells cultured in alloy extracts were well-attached to the
well-plate bottom, and their spreading morphologies were
similar to those of the normal controls on day 3. Quite limited
dead cells (red color) could be randomly observed in all groups
and in all kinds of cells. The main difference between the
experimental groups and the normal control group was the cell
density (number of cells). Specially, L929 cells in the HP-Mg
group, MG63 cells in the Mg−1.0Zn−2.0Gd group, and VSMC
cells in the Mg−1.0Zn−2.0Gd group were obviously less in
number than their own controls. Although the MG63 cell
density in the Mg−1.0Zn−2.0Gd extract was lower than its
counterparts, a higher proportion of dead cells was still found.
After 5 day-culturing, MG63 cells of the Mg−1.0Zn−2.0Gd
group was in poor condition, with many dead cells and limited
living cells in abnormal morphologies, as shown in the
Supporting Information, Figure S2. Dilution of the extract
could effectively mitigate the cytotoxicity, and this is also
depicted in the Supporting Information, Figure S2. On the basis
of the MTT and LIVE/DEAD staining results, it could be
basically concluded that cytotoxicity of the extracts was closely
related to the inhibition of cell proliferation.
3.5. In Vivo Performance. All animals that received

implantation survived, and no obvious signs of lameness and

loss of appetite were observed. No infection was found through
autopsy and micro-CT examination.

3.5.1. Micro-CT Assessment. In vivo degradation of Mg−
Zn−Gd implants was characterized by the micro-CT analysis,
as depicted in Figure 10a here. Continuous degradation of the
implant could be found and signs of localized corrosion could
also be observed, as indicated by red arrows in Figure 10a.
Although localized corrosion occurred, the implant was intact
with its structure in the first 2 months. After 6 months, only
some residual parts of the implant could be detected. In some
areas, full degradation of the implant was observed, and the
place where the implant was previously held was filled with
newly formed bone tissues. Continuous bone-implant osseoin-
tegration could also be observed along with implant
degradation. In the first month, the implant was surrounded
by a low-density circular shadow, as revealed from the micro-
CT examination, implying the weak bonding between the bone
and the implant. Two months later, the implant was in direct
contact with the surrounding bones, as shown in the 3D
reconstructions and two-dimensional slices in Figure 10a.

3.5.2. Histological Analysis. Figure 10b,c shows the tissue
response adjacent to the Mg−1.8Zn−0.2Gd implant at 1, 2, and
6 months post surgery. Gradual degradation of the Mg−
1.8Zn−0.2Gd pin could be observed, and mildly localized
corrosion happened, as indicated by the white arrows. In the
first 2 months, the implant kept its structural integrity as the
degradation continued. However, only some residual parts were
found at 6 months. Along with degradation, new bone
formation was found closely adjacent to the Mg−1.8Zn−
0.2Gd implant, as marked by the red arrows in Figure 10b,c. In
specific areas, as marked by a red circle in Figure 10b, the space
where the implant previously occupied was replaced by newly
formed bones. With prolonged implantation time, better
integration between the bone tissues and implants was
observed. No abnormality was found with bone tissues
surrounding the implant material, showing good histocompat-
ibility.
Bone-implant interfaces were closely related to the

osseointegration and bonding strength. Different parts of the
implant were located in totally different local environments.
Both ends were embedded in the cortical bones while the
middle section of the implant was exposed to the bone marrow,

Figure 10. (a)Typical micro-CT characterization of rat tibias after implantation for 1, 2, and 6 months, with normal bone as the control (white
arrows indicate the implantation sites and red arrows indicate the signs of localized corrosion. ROI: region of interest); (b,c) typical histological
staining of the hard tissue sections with toluidine blue and H&E, respectively. White arrows indicate the site of localized corrosion, and red arrows
point out the newly formed bone. The inset in (c) shows some tiny particles or debris derived from the implants in the adjacent bone tissues.
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as illustrated in Figure 11a. So, even in the same sample, details
at the bone-implant interface differed greatly at different sites.

In the cortical zones, the implant was directly integrated with
the surrounding bones after 6 months, showing good bonding.
In the medullary cavity, some newly formed trabecular bones
could be observed surrounding the implant, as indicated by
blue arrows in the histological and SEM images. Some of these
trabecular bones were directly in contact with the implant while
some had a certain distance to the implant. Wherever localized
corrosion happened (either in the cortical bone or in the
marrow cavity), nonbonding or delayed osseointegration
between the bone and implant developed, as marked by the
white arrows both in Figures 10b and 11a.

4. DISCUSSION
4.1. Possibility of Using Mg−Zn−Gd Alloys as

Orthopedic Implants. 4.1.1. Mechanical Property and
Corrosion Resistance. The as-rolled Mg−1.0Zn−2.0Gd
exhibited a fully recrystallized microstructure with abundant
second-phase particles throughout the matrix. However, the
strengths of the Mg−1.0Zn−2.0Gd alloy were similar to those
of HP-Mg, showing no obvious solid solution strengthening or
precipitation strengthening. The excellent formability of this
alloy could be attributed to the nonbasal texture and low
texture intensity, as proved in our previous research.19 No
obvious second-phase particles were found in Mg−1.8Zn−
0.2Gd both under SEM and TEM. Improved strength of the
Mg−1.8Zn−0.2Gd alloy was mainly derived from its fine
microstructure accompanied by homogeneous subgrain micro-
structures (twins could act as barriers in the dislocation slip and
thus improve the strength) and solid solution strengthening
effect. Precipitations and textures derived from the rolling
process also contributed to the mechanical strength of Mg−
1.8Zn−0.8Gd. From the perspective of thermodynamics, the
combined addition of Gd and Zn into magnesium stabilized the
matrix, as confirmed by the OCP improvement. However, the
dynamic equilibrium among the alloy matrix, corrosion product
layer, and electrolyte determined the corrosion rate. Fast

degradation of Mg−1.0Zn−2.0Gd in Hank’s solution should be
ascribed to the galvanic corrosion between the α-Mg matrix and
second phases. Besides, drastic galvanic corrosion also led to
severely localized corrosion and further increased the corrosion
rate. In the Mg−1.8Zn−0.8Gd alloy, second-phase particles
were less in amount and smaller in size, and the galvanic
corrosion was mitigated. Galvanic effects were greatly depressed
or possibly eliminated, as Mg−1.8Zn−0.2Gd was composed of
a single α-Mg phase and galvanic couples could not form.
Impacts of different electrolytes on the corrosion behaviors

were also observed in this study. In Hank’s solution, HP-Mg
exhibited the most impressive corrosion resistance; on the
contrary, it owned the highest corrosion rate in DMEM.
Compared to DMEM, Hank’s solution only contains inorganic
salts. The high amount of chloride (Cl−) in Hank’s solution
leads to high corrosion rates.50,51 In addition to inorganic salts,
DMEM also includes amino acids and vitamins, much closer to
the practical physiological condition.52 Besides, the environ-
ment under standard cell culture conditions has a continuous
and stable CO2 supply (HCO3

− as a buffer). These
components significantly alter the corrosion behaviors probably
by protein adsorption on the surface and their involvement in
the corrosion process and construction of the corrosion
product layer.53,54 In our study, compositions of the alloy
matrix and their dissolution during degradation also have an
impact on the corrosion behaviors. The combined addition of
Gd and Zn was prone to be beneficial for the corrosion
resistance in DMEM.

4.1.2. Cytotoxicity. According to ISO 10993-5, cytotoxicity
of biomaterials should be grade 0 or grade 1, which means cell
viability should exceed 80%.47 The released ions and the
improved pH value should be responsible for the cytotoxicity of
magnesium-based biomaterials. Differences among the alloy
extracts mainly lie in their ion concentrations because pH
values of the extracts (at the same concentration level) are
almost the same. Mg−1.8Zn−0.2Gd exhibited no cytotoxicity
to L929, MG63, and VSMC cells because concentrations of
Mg, Zn, and Gd were well under their tolerance limits.
Tolerance limits varied with different cells as L929, MG63, and
VSMC cells showed better tolerance to Mg−Zn−Gd alloy
extracts than ECV304 cells.
In the pH range of 7.5−9.0, 63.27 μg/mL Mg in the extract

exhibited no cytotoxicity to L929 cells, but Mg concentration at
316.34 μg/mL induced toxicity. Mg concentration at 632.67
μg/mL did not induce any cytotoxicity to MG63 cells, and the
combined ion concentrations of 232.67 μg/mL Mg + 38 μg/
mL Zn + 0.58 μg/mL Gd also had no cytotoxicity. A much
higher Mg content in the Mg−1.0Zn−2.0Gd extract should be
mainly responsible for the severe toxicity to MG63 cells. Mg
concentration at 316.34 μg/mL caused cytotoxicity to ECV304
cells, and ECV304 cells might bear the Mg−1.8Zn−0.2Gd and
Mg−1.8Zn−0.8Gd extracts with a prolonged culture time. Mg
concentration lower than 316.34 μg/mL did not cause
cytotoxicity to VSMC cells. However, accompanied with
13.42 μg/mL Zn and 0.59 μg/mL Gd, even at the same Mg
level, obvious cytotoxicity occurred. It can be inferred that
cytotoxicity of alloying elements in the extracts interacted with
each other, and the tolerance limit of a specific element could
be reduced by other elements.
Table 3 lists the performances of our Mg−Zn−Gd alloys

compared to those of previously reported binary Mg−Zn and
Mg−Gd alloys and also some of the most promising
magnesium-based biomaterials in orthopedics. Generally, the

Figure 11. (a) Illustration of the relative locations of different parts of
the implant in the bone environment and the corresponding
histological observation at 6 months (blue arrows indicate the bones
surrounding the implant in the medullary cavity, and white arrows
mark the locally corroded site); (b) SEM images showing the newly
formed bone tissues surrounding the implant in the medullary cavity
and the details at the bone-implant interface (good bonding).
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mechanical properties and corrosion resistance of our Mg−
1.8Zn−0.2Gd and Mg−1.8Zn−0.8Gd alloys were mainly
superior to those of other binary Mg−Zn and Mg−Gd alloys.
In addition, the mechanical properties of the Mg−1.8Zn−
0.2Gd alloy were comparable to those of MgYREZr alloy
(matrix of MAGNEZIX screw), and the corrosion rate of this
alloy was at a relatively low level (<0.28 mm/y in Hank’s
solution), as shown in Table 3. In vitro biocompatibility and in
vivo tissue response of Mg−1.8Zn−0.2Gd has been well-
guaranteed in our study. Total alloying additions in Mg−
1.8Zn−0.2Gd were 2.0 wt %, and RE addition was minimized
to as low as 0.2 wt %, significantly lower than that of WE43 (4
wt % Y + 3 wt % mischmetal). Possible biosafety problems with
high RE-dosed alloys and uncertainties in mischmetal (complex
RE compositions) strengthened alloys could be basically
avoided. It can be concluded that mechanical strength,
degradation behavior, and in vitro and in vivo biocompatibility
of our Mg−1.8Zn−0.2Gd alloy could basically fulfill the
requirements for nonload-bearing orthopedic implants.
4.2. Concerns and Cautions. Severely localized corrosion

is detrimental to implant mechanical efficiency. Localized
corrosion that happens in vivo should call for prompt attention.
The nonuniform corrosion in vivo should be ascribed to
impurities (Fe, Ni, Cu, and Co derived from raw materials or

introduced from the production processes) or inhomogeneous
composition at local regions44 and also might be caused by the
implant surface defects. In addition, residual second phases or
nonuniform distribution of second-phase particles could also
lead to localized corrosion. Thus, uniform corrosion in vivo
could be achieved by purification (reduce/eliminate adverse
effects of impurities on corrosion), proper heat treatment, and
plastic working process (microstructure control), to obtain
well-controlled implant surface quality in the future.
The biocompatibility of Mg−Zn−Gd alloys mainly depends

on the ion release and pH increase during implant degradation.
The pH value surrounding the implant can be balanced by the
host itself and adjusted by degradation control. Then, the
dosage of the released metallic ions dominate the possible
toxicity. Because the biocompatibility of Mg and Zn has been
verified in many publications, possible toxicity of Mg−Zn−Gd
alloys mainly depends on excessive Gd release. Accumulation of
Gd in rat organs and disturbed bone remodeling were reported
in a latest research, in which a magnesium alloy with a high Gd
content (Mg−10Gd) was used.35 Seriously, Gd addition in
magnesium-based implants in the premise of enhancing
mechanical properties and corrosion resistance should be
controlled to as little as possible.

Table 3. Mechanical Properties and Corrosion Rates of Mg−Zn−Gd Alloys Compared to those of Previously Reported Binary
Mg−Zn and Mg−Gd Alloys Developed for Biomedical Applications and Also to the Most Promising Magnesium-Based
Biomaterials for Orthopedics

material condition TYS (MPa) UTS (MPa) elongation (%) corrosion medium vcorr
a (mm/y) CRb (mm/y) reference

Mg−1Gd as-cast 9 g/L NaCl 24.50 55
Mg−3Gd as-cast 9 g/L NaCl 0.21 55
Mg−5Gd as-cast 9 g/L NaCl 0.32 55
Mg−2Gd as-cast 38.0 103.7 6.4 1% NaCl 12.90 18
Mg−5Gd as-cast 54.8 128.5 6.6 1% NaCl 3.52 18
Mg−10Gd as-cast 84.1 131.2 2.5 1% NaCl 1.10 18
Mg−15Gd as-cast 127.6 175.2 1.0 1% NaCl 16.76 18
Mg−2Gd as-aged 41.3 101.4 5.7 18
Mg−5Gd as-aged 42.6 78.7 4.3 18
Mg−10Gd as-aged 85.4 132.3 2.2 18
Mg−15Gd as-aged 201.4 250.9 0.7 18
Mg−3Gd as-extruded SBF 1.87 33
Mg−1Zn as-cast 9 g/L NaCl 1.27 56
Mg−3Zn as-cast 9 g/L NaCl 2.51 56
Mg−0.5Zn as-cast 38 95 4.2 SBF 2.34 1.04 57
Mg−1.0Zn as-cast 42 99 6.1 SBF 3.95 1.14 57
Mg−1.5Zn as-cast 51 109 5.9 SBF 8.30 1.36 57
Mg−2.0Zn as-cast 65 121 5.3 SBF 9.37 1.32 57
Mg−1Zn as-cast 60.6 187.7 13.8 Hank’s 0.53 2.01 58
Mg−5Zn as-cast 75.6 194.6 8.5 Hank’s 0.26 1.26 58
Mg−7Zn as-cast 67.3 135.5 6.0 Hank’s 1.17 3.18 57
Mg−0.5Zn as-extruded 62 145 17.2 SBF 0.44 0.49 57
Mg−1.0Zn as-extruded 91 169 18.7 SBF 0.63 0.54 57
Mg−1.5Zn as-extruded 101 190 17.2 SBF 0.61 0.58 57
Mg−2.0Zn as-extruded 111 198 15.7 SBF 0.64 0.61
Mg−6Zn as-extruded 169.5 279.5 18.8 SBF 0.16 0.20 38
Mg−1Ca as-extruded ∼135 240 10.6 Hank’s 2.1 59 60,
MAGNEZIX powder metallurgy >250 >275 10 12
HP-Mg as-rolled 156.3 225.8 13.9 Hank’s 0.19 0.13 present work
Mg−1.0Zn−2.0Gd as-rolled 168.0 225.8 33.5 Hank’s 0.39 0.31 present work
Mg−1.8Zn−0.2Gd as-rolled 272.2 288.1 16.1 Hank’s 0.12 0.16 present work
Mg−1.8Zn−0.8Gd as-rolled 250.1 318.1 14.2 Hank’s 0.32 0.19 present work

avcorr: corrosion rate calculated from polarization plots by using Tafel region extrapolation. bCR: corrosion rate calculated from the weight loss.
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5. CONCLUSIONS
Motivated by the attractive mechanical properties and
corrosion resistance of Mg−Gd-based alloys, three magnesium
alloys with a low combined-addition of Gd and Zn were
developed. Mg−1.8Zn−0.2Gd was composed of a single α-Mg
phase. Besides α-Mg phase, Mg5Gd and Mg3Gd2Zn3 were also
detected in Mg−1.0Zn−2.0Gd and Mg−1.8Zn−0.8Gd. The
mechanical properties of our Mg−1.8Zn−0.2Gd alloy were
comparable to those of MgYREZr alloy (matrix of MAGNEZIX
screw), with a decent corrosion rate. In addition, Mg−1.8Zn−
0.2Gd exhibited no cytotoxicity to L929, MG63, and VSMC
cells. Continuous degradation of the Mg−1.8Zn−0.2Gd
implant in vivo could be found, and signs of localized corrosion
could also be observed from the micro-CT analysis. The
implant could maintain its structural integrity in the first 2
months, and only some residual parts could be detected after 6
months. All animals that received implantation survived, and no
negative effects were observed histologically on bone tissues.
The Mg−1.8Zn−0.2Gd implant showed fast osseointegration
with the surrounding bones in the first 2 months and did not
disturb bone remodeling. In summary, Mg−Zn−Gd alloys
exhibit great potential for use as orthopedic implant materials
on the condition that Gd content should be carefully
controlled.
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