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ARTICLE INFO ABSTRACT

Keywords: Rare earth elements (REEs) have been long applied in magnesium alloys, among which the mischmetal-
Biodegradable magnesium containing WE43 alloy has already got the CE mark approval for clinical application. A considerable amount
Rare earth

of REEs (7 wt%) is needed in that multi-phased alloy to achieve a good combination of mechanical strength and
corrosion resistance. However, the high complex RE addition accompanied with multiple second phases may
bring the concern of biological hazards. Single-phased Mg-RE alloys with simpler compositions were proposed to
improve the overall performance, i.e., “Simpler alloy, better performance”. The single-phased microstructure can
be successfully obtained with typical high-solubility REEs (Ho, Er or Lu) through traditional smelting, casting and
extrusion in a wide compositional range. A good corrosion resistance with a macroscopically uniform corrosion
mode was guaranteed by the homogeneously single-phased microstructure. The bimodal-grained structure with
plenty of sub-grain microstructures allow us to minimize the RE addition to <1 wt%, without losing mechanical
properties. The single-phased Mg-RE alloys show comparable mechanical properties to the clinically-proven Mg-
based implants. They exhibited similar in-vitro and in-vivo performances (without local or systematic toxicity in
SD-rats) compared to a high purity magnesium. In addition, metal elements in our single-phased alloys can be
gradually excreted through the urinary system and digestive system, showing no consistent accumulation of RE
in main organs, i.e., less burden on organs. The novel concept in this study focuses on the simplification of Mg-RE
based alloys for biomedical purpose, and other biodegradable metals with single-phased microstructures are
expected to be explored.

Bimodal grain structure
Mechanical property
Corrosion resistance

1. Introduction metallurgical addition in magnesium (Mg) to adjust or improve the
castability, workability, mechanical properties, corrosion resistance,
It has a profound history to use rare earth elements (REEs) as a and some other properties [1-3]. During the last 20 years, Mg-RE based
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alloys have been extensively explored to be used as biodegradable
metals for biomedical applications, owning to their superior mechanical
properties and corrosion resistance [4,5]. The first two clinically-proven
Mg-based implants, one for orthopedic screw (MAGNEZIX®, Syntellix
AG, Germany) and the other for cardiovascular stent (Magmaris®,
BIOTRONIK, Germany), are all based on RE containing alloys, i.e., the
WE43 modified ones [6-8].

The term REEs, as defined by the International Union of Pure and
Applied Chemistry, applies to 17 elements, including scandium (Sc),
yttrium (Y), and the lanthanide series of 15 elements [9]. Basic prop-
erties, including atomic radius, crystal structure, solid-solubility, etc., of
all the RE elements are listed in Table 1 for comparison [10-12].
Generally, REEs can be roughly classified into two categories consid-
ering their solubilities in Mg, i.e., the high-solubility group including Y,
Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu, and the low/limited-solubility group
including La, Ce, Pr, Nd, Sm and Eu. RE elements with high solubility
can be entirely dissolved into the Mg matrix in a wide composition
range, so as to get a uniformly single-phased microstructure.

Some unique properties could be possibly obtained in Mg-RE alloys
with single-phased microstructures. On the one hand, the corrosion
behavior of single-phased Mg-RE alloys is worth expecting. Galvanic
corrosion between the a-Mg matrix and the second phases could be
basically avoided in single-phased alloys [13,14]. Dissolved REEs in the
crystal lattice might improve the corrosion potential of the alloy matrix,
and stabilize the matrix from the thermodynamic aspect. In addition,
effects of dissolved REEs on the formation and stability of the degra-
dation product layer are interesting to explore [15,16]. A good corrosion
resistance with a uniform corrosion mode is hopefully expected. On the
other hand, mechanical properties of single-phased Mg-RE alloys can be
substantially improved compared to those of pure Mg, owing to the
grain refinement strengthening and solid solution strengthening effects
of dissolved REEs [3,17]. Apart from the above two aspects, the puzzle
whether the second phases can be corroded/degraded, and how those
second phases can be metabolized in multi-phased Mg alloys should no
longer be a concern in single-phased Mg-RE alloys. Thus, single-phased
Mg-RE alloys seem to be suitable for biomedical applications.

Among the high-solubility REEs, the maximum solubility of Ho, Er,
Tm or Lu in Mg is extremely high (>28 wt%) [10]. They can be added
into Mg to form single-phased alloys in a wide concentration range by

Table 1
Basic physicochemical properties of REEs [10,11].
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traditional smelting and casting, even without extra solid solution
treatment. Ho is a moderately hard, silvery white metal that is relatively
stable in air. It owns a hexagonal close-packed structure with similar
atomic radius and standard electrode potential compared to those of Mg
(Table 1). Ho has been used as a component of some electronic and
optical devices, and it has been explored to be used in biomedical ap-
plications [18]. In the present study, Holmium (Ho) was chosen as a
typical high-solubility RE to obtain a series of single-phased alloys, since
Ho is convenient to get at a relatively low price. The highest Ho content
was set at 7 wt%, which was equivalent to the total RE contents in WE43
alloy according to DIN EN 1753 [19]. Minor Zirconium (Zr) as an
effective grain-refinement element was also added to further refine the
grains, and to improve microstructural homogeneity [20,21]. The total
amount of Zr was limited to <0.4 wt% (similar to the Zr content in
WE43), and no extra phases would be generated at this concentration
during a rapid cooling process. This Zr concentration was normally
found in biodegradable Mg alloys, and would not induce local or sys-
tematic toxicity [22-24].

The single-phased microstructures of as-obtained Mg-Ho based al-
loys were examined via metallographic observation, electron back-
scattered diffraction (EBSD), X-ray diffraction (XRD), and transmission
electron microscopy (TEM). Mechanical properties, in-vitro degradation
behaviors and in-vitro biocompatibility of those alloys were generally
investigated, and compared with a high purity Mg (denoted as HP-Mg,
the most typical a-Mg single-phased microstructure with an excellent
corrosion resistance and a uniform corrosion mode). Based on the in-
vitro results, one typical single-phased alloy was chosen and implanted
into rat femoral condyle, with a HP-Mg implant as control. In-vivo
degradation behaviors, local tissue responses, potential local and sys-
temic toxicities were systematically evaluated by performing micro-CT
scanning, histopathological observation and overall biochemical anal-
ysis. The time-relevant distribution & concentration of metal elements in
different tissues, body fluids and excreta were characterized, to reveal
the possible metabolic pathways of Mg implant. The concept and
feasibility of developing single-phased biodegradable metals with high
solubility REEs were comprehensively discussed, pursuing the goal of
“simper alloy, better performance”. In the end, future work on this topic
was also proposed.

Atomic Element Symbol  Density Melting/ Crystal structure Atomic Maximum Standard Phase diagram

No. (g/cm®) boiling point (RT)* radius (nm) solubility in Mg electrode type (Mg-rich
9] (Wt.%) potential (V)" corner)

21 Scandium Sc 2.985 1541/2830 HCP 0.1620 ~24.5 —2.077 Peritectic

39 Yttrium Y 4.472 1526/3336 HCP 0.1800 12.4 —2.372 Eutectic

57 Lanthanum La 6.146 920/3470 Hexagonal 0.1620 0.23 -2.379 Eutectic

58 Cerium Ce 6.689 795/3360 FCC 0.1818 0.74 —2.336 Eutectic

59 Praseodymium Pr 6.640 935/3290 Hexagonal 0.1824 ~0.6 —2.353 Eutectic

60 Neodymium Nd 6.800 1024/3100 Hexagonal 0.1814 3.6 —2.323 Eutectic

61 Promethium Pm 7.264 1100/3000 BCC 0.185 4.5 (proposed)* —2.30 Eutectic

62 Samarium Sm 7.353 1072/1803 Rhombohedral 0.1804 ~6.4 —2.304 Eutectic

63 Europium Eu 5.244 826/1527 BCC 0.2084 0 —1.991 Eutectic

64 Gadolinium Gd 7.901 1312/3250 HCP 0.1804 23.49 —2.279 Eutectic

65 Terbium Tb 8.219 1356/3230 HCP 0.1773 24.0 -2.28 Eutectic

66 Dysprosium Dy 8.551 1407/2567 HCP 0.1781 25.8 —2.295 Eutectic

67 Holmium Ho 8.795 1461/2720 HCP 0.1762 28.08 —-2.33 Eutectic

68 Erbium Er 9.066 1529/2868 HCP 0.1761 33.8 —2.331 Eutectic

69 Thulium Tm 9.321 1545/1950 HCP 0.1759 31.8 —2.319 Eutectic

70 Ytterbium Yb 6.570 824/1196 FCC 0.1933 8.0 -2.19 Eutectic

71 Lutetium Lu 9.841 1652/3402 HCP 0.1738 ~41 -2.28 Eutectic

@ HCP: hexagonal close-packed structure, FCC: face-centered cubic structure, BCC: body-centered cubic structure.

b Reaction: RE>* + 3 e = RE, referred to standard hydrogen electrode.

¢ There is no experimental study on the Mg-Pm phase diagram. The current existing Mg-Pm binary phase diagram was assumed. Different from other REs, Pm is

radioactive.
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2. Materials and methods
2.1. Materials

Alloys were prepared by using a commercial pure Mg (99.97 wt%), a
Mg-30Ho master alloy and a Mg-30Zr master alloy in the laboratory of
ERC for Revolutionizing Metallic Biomaterials (North Carolina A&T
State University). The melt was stirred for 20 min in a resistance furnace
with Ar gas as protective atmosphere before pouring into a graphite
mold, which has been preheated at 300 °C. The cast ingots were directly
extruded at 350 °C with an extrusion ratio of 15 to obtain the finished
12 mm-diameter rods. The single-phased alloys were denoted as SPMg-
xHo with different Ho content hereinafter. The raw pure magnesium
(Mg, 99.97 wt%) and a high purity magnesium (HP-Mg, 99.99 wt%)
were adopted as control materials. The nominal and actual compositions
of the experimental materials were listed in Table 2.

Specimens for microstructural characterization, corrosion test and
in-vitro biological evaluation were cut into ®12 mm x 1 mm disks (as-
extruded rod) and 10 mm x 10 mm x 1 mm square pieces (as-cast
ingot). Tensile specimens were machined according to ASTM E8/E8M-
16a [25]. Samples for compression test were machined into ® 3.5 mm x
7 mm cylinders parallel to the extrusion direction, according to ASTM
E9-19 [26]. Cylindrical pins (®1.0 mm x 6.5 mm) were cut along the
extrusion direction for in-vivo experiment. All the samples were me-
chanically polished up to 2000 grit with SiC sandpapers, and then ul-
trasonically cleaned in acetone and absolute ethanol, respectively.
Samples for cell assays were sterilized under ultraviolet radiation for 2 h
of each side. Cylindrical pins for animal test were separately encapsu-
lated and sterilized under Co60 y ray radiation at 25 kGy.

2.2. Microstructural characterization

Specimens for microstructural observation were further polished
into a mirror-like surface with 5 pm diamond polishing paste. After
being cleaned in absolute ethanol, the polished samples were etched in
4% HNO3/ethanol or 4% HNOs/H2O solution. An optical microscope
(Olympus BX51M, Japan) was employed to observe the microstructure.
The average grain size was calculated in ImageJ software (ImageJ 1.43
u, USA) through a linear intercept method according to ASTM E112-13
[27]. EBSD test was performed to dissect more microstructural details.
Samples were further polished on an argon (Ar) ion milling system
(IM4000 Plus, Hitachi, Japan), and they were observed under a scanning
electron microscope (Gemini SEM 300, ZEISS, Germany) equipped with
an Oxford C-nano detector. EBSD data were processed with Channel 5
software (HKL Technology, USA). An X-ray diffractometer (XRD, Rigaku
DMAX 2400, Japan) was employed to identify the constituent phases, by
using Cu Ka radiation at a scan rate of 2°/min operated at 40 kV and 100
mA. For TEM analysis, samples were first treated with mechanical
thinning, then followed by ion milling (GATAN 691, USA).
High-resolution transmission electron microscopy (HR-TEM) images
and selected area electron diffraction (SAED) were acquired on a scan-
ning transmission electron microscope (Talos F200X, Thermo Fisher
Scientific, USA).
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2.3. Mechanical behaviors

Mechanical tests were performed on a universal testing machine
(Instron 5969, USA) at room temperature (25 °C). An extensometer was
used during tensile test, and the strain rate was set at 5 x 10™* s71.
Tensile mechanical parameters including elastic modulus (E), tensile
yield strength (TYS), ultimate tensile strength (UTS), and elongation
(El.) can be derived from the tensile stress-strain curves. During
compressive test, the compressive crosshead speed was 1 mm/min. Pa-
rameters including compressive yield strength (CYS), ultimate
compressive strength (UCS), uniform strain (US) and total compressive
strain (CS) before failure can be acquired from the compressive stress-
strain curves. Five parallel specimens were adopted for each material.

2.4. In-vitro degradation behaviors

2.4.1. Electrochemical test

Electrochemical test was carried out in a traditional three-electrode
cell system by using a platinum foil as counter electrode (CE), a satu-
rated calomel electrode (SCE) as reference electrode, and the test sample
with an exposed area of 0.45 cm? as working electrode. The test was
performed in Hank’s solution on an electrochemical workstation
(PGSTAT 302N, Metrohm Autolab, Switzerland). Chemical composi-
tions and preparation procedures of Hank’s solution can be found else-
where [28]. Open circuit potential (OCP) was continuously monitored
for 3600 s, then electrochemical impedance spectroscopy (EIS) was
measured. The potentiodynamic polarization (PDP) test was performed
at a scanning rate of 1 mV/s. Electrochemical corrosion parameters,
including corrosion potential (E.o) and corrosion current density (icorr),
were estimated from the polarization curves by means of Tafel analysis,
according to ASTM-G102-89 [29]. Five duplicate samples were
measured for each material.

2.4.2. Immersion test

The immersion test was carried out to observe the long-term corro-
sion behaviors without external interferences. Samples were immersed
in Hank’s solution at 37 + 0.5 °C with an exposure ratio of 20 mL/cm?,
according to ASTM F3268-18a and ASTM G31-72 [30,31]. The pH value
during immersion was daily recorded. After immersion for 3 and 15
days, samples were taken out of the solution, gently rinsed with distilled
water, and dried in open air, respectively. Surface morphology was
recorded both under a digital camera (EOS 70D, Canon, Japan) and
under a scanning electron microscope (SEM, Hitachi S-4800, Japan).
Surface chemical compositions were characterized by using energy
dispersive spectroscopy (EDS) under SEM and through an imaging X-ray
photoelectron spectrometer (XPS, Axis Ultra, Kratos Analytical Ltd., UK)
with Al Ko radiation. High resolution narrow scanning was performed to
determine the binding states of existing elements. Fourier transform
infrared spectroscopy (FTIR, Nicolet iS 50, Thermo Scientific, USA) was
utilized to identify the functional groups in the degradation products in
the range of 4000 to 500 cm™!. Crystalline phases in the degradation
products were identified by XRD. Cross-sectional morphology was also
observed under SEM. The elemental distribution in the degradation

Table 2

Chemical compositions of the experimental materials.
Sample Chemical compositions (wt.%)

Ho Zr Fe Cu Ni Co Si Mn Al Mg

Mg / / 0.0012 0.00087 0.00089 0.00058 0.0026 0.0028 0.0037 Bal.
HP-Mg / / 0.0010 0.00040 0.00030 0.00020 0.0020 0.0011 0.0002 Bal.
SPMg-0.5Ho 0.52 0.38 0.0012 0.00051 0.00072 0.00043 0.0025 0.0021 0.0031 Bal.
SPMg-1.0Ho 0.92 0.42 0.0013 0.00054 0.00075 0.00044 0.0027 0.0022 0.0033 Bal.
SPMg-3.0Ho 2.51 0.41 0.0014 0.00055 0.00076 0.00046 0.0028 0.0023 0.0032 Bal.
SPMg-5.0Ho 4.58 0.39 0.0012 0.00057 0.00080 0.00050 0.0026 0.0025 0.0033 Bal.
SPMg-7.0Ho 6.65 0.26 0.0013 0.00061 0.00081 0.00051 0.0030 0.0025 0.0034 Bal.
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product layer was scanned by performing EDS mapping analysis.

Sample weight loss was also measured after removing the degrada-
tion products in chromic acid, according to ASTM G1-03 [32]. Corrosion
rate was calculated by using the following equation, v.orr = 3.65AW/p;
where AW is the metal weight loss rate (mg/cm?/d), and p is the metal
density (g/cm®) [33]. A total of six parallel samples were employed for
each material, among which one sample was used for cross-section
analysis, and the remaining samples were used for corrosion surface
analysis, afterwards, they were cleaned in chromic acid for weight loss
measurement.

2.5. In-vitro biocompatibility

2.5.1. Preparation of alloy extracts

The alloy extracts were prepared by soaking the sample in minimum
essential medium alpha (a-MEM, Gibco, Thermo Fisher, USA) supple-
mented with 10% fetal bovine serum (FBS, Gibco, Thermo Fisher, USA),
with an extraction ratio of 1.25 cm?/mL in a humidified atmosphere
supplied with 5% COs at 37 °C for 24 h. The supernatant was withdrawn
and stored at 4 °C before use. The extract was discarded if the storage
time exceeded 5 days.

2.5.2. Cell cytotoxicity

Cytotoxicity of the experimental materials was evaluated through
indirect cell assay, according to ISO 10993-5:2009(E) [34]. Murine
pre-osteoblast cells MC3T3-E1 (ATCC, CRL-12424) were cultured in
a-MEM medium containing 10% FBS at 37 °C in a humidified atmo-
sphere supplied with 5% CO,. Cells were seeded onto 96-well culture
plates at a density of 2 x 10* m1~! (100 pl in each well). After incubation
for 24 h to allow attachment, the medium was replaced by different alloy
extracts. Normal cell culture medium (a-MEM+10% FBS) was set as
blank control. The extracts/medium were refreshed every 3 days. After
incubation for 1, 3 and 5 days, cells were gently rinsed with
phosphate-buffered saline (PBS) for 3 times. Afterwards, 10 pL Cell
Counting Kit-8 (CCK-8, DOJINDO, Japan) solution was added, and cells
were further incubated for another 4 h. The spectrophotometric absor-
bance of each well was measured at 450 nm by using a microplate reader
(Bio-Rad 680, USA). Each experiment was carried out with 5 parallel
wells.

LIVE/DEAD cell assay was also performed according to the manu-
facturer’s protocol (LIVE/DEAD staining kit, BestBio, China). Cells were
cultured according to the protocols as described in the CCK-8 assay.
LIVE/DEAD staining reagent (100 pL) was added after the cells were
gently rinsed with PBS solution. After incubation for 30 min at 37 °C in
darkness, the remaining dye was removed. Then, 100 pL of normal
culture medium was added after the cells were gently washed with PBS.
Live and dead cells were then captured under a fluorescence microscope
(Leica DMI4000B, Germany).

2.5.3. Alkaline phosphate (ALP) activity

MC3T3-E1 cells were seeded at a density of 1 x 10* cells per well in
24-well plates. After incubation for 24 h, the culture medium was
replaced by alloy extracts added with 0.01 pM dexamethasone, 10 mM
sodium-p-glycerophosphate and 50 pg/mL ascorbic acid (Sigma, USA).
The extracts/medium were refreshed every 2 days. After 7 and 14 days
of culture, the medium was removed, and cells were lysed. The intra-
cellular ALP activities were measured by using the Alkaline Phosphatase
Assay Kit (Beyotime Biotechnology, China). Three duplicate samples
were measured for each material.

2.5.4. Osteogenesis-related gene expression

MC3T3-E1 cells were cultured in different alloy extracts supple-
mented with 0.01 pM dexamethasone, 10 mM sodium-p-glycer-
ophosphate and 50 pg/mL ascorbic acid for 14 days. Then, total RNA
was isolated using the Trizol reagent (Thermo Fisher, USA). The RNA
concentrations were quantified with the Nanodrop 2000 UV-Vis
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Spectrophotometer (Thermo Fisher, USA). Quantitative real time-
polymerase chain reaction (QRT-PCR) was carried out using 1 pg of
total RNA, which was reversely transcribed into complementary DNA
using the Reverse Transcription Kit (Takara, Japan), according to the
user guide. The qRT-PCR was performed by using the SYBR Green RT-
PCR Kit (Takara, Japan), and the qRT-PCR assays were performed on
Rotor gene Q (Qiagen, Germany). All reactions were carried out in
triplicate and the qRT-PCR results were analyzed by using the Rotor-
Gene Real-Time analysis software 6.0. Then, relative gene expression
was calculated using the 2722 method. The primer sequences of
osteogenesis-related genes were listed in Table S1.

2.6. In-vivo animal trial

2.6.1. Animal model and surgery

Thirty male Sprague Dawley rats (SD-rat, SPF level) weighing
200-250 g were provided by the Laboratory Animal Center of Guangz-
hou General Hospital of Guangzhou Military Command of PLA. Animals
were randomly and evenly divided into two groups. One group received
implantation of the experimental single-phased alloy, and the other
group received HP-Mg implantation. Animals were anaesthetized by
intraperitoneal injection of pentobarbital sodium at a dosage of 40 mg/
kg. Operation sites around the knee joint were shaved and sterilized,
followed by decortication. A hole (1 mm) was drilled through the
femoral condyle by using an orthopedic electro-drill after exposure of
the joint. Then, a ®1.0 mm X 6.5 mm pin was inserted into the hole. The
implantation was performed on both legs. After surgery, animals were
kept in separated cages with free access to food and clean drinking
water. Five animals in each group were sacrificed at 1, 3 and 7 m post-
operation, respectively. The surgical procedures and postoperative care
protocols were fulfilled the requirements of the Ethics Committee of
Guangdong Provincial People’s Hospital (Animal Trial Permit No. KY-D-
2021-175-02).

2.6.2. Postoperative observation

All animals were clinically examined for general conditions and in
particular for significant signs of lameness, infection, subcutaneous
emphysema formation and loss of appetite. Any difference between the
two groups should be carefully noted.

2.6.3. Blood analysis

At the scheduled time for sacrifice, animals were deep anaesthetized
by using overdosed pentobarbital sodium, and animal blood was
collected from the abdominal aorta. Blood samples (1 mL) for routine
examination (XT-2000iv, Sysmex Corporation, Japan) were anti-
coagulated with EDTAK2. The 5 mL blood without any anticoagulant
additions was used for blood biochemistry analysis (Hitachi 7100,
Japan). Blood samples (2 mL) anticoagulated with heparin sodium were
used for coagulation analysis (Sysmex CA510, Japan). All the blood
analysis was performed in Guangzhou General Pharmaceutical Research
Institute Co.,Ltd.

2.6.4. Micro-CT analysis

Rat femurs were retrieved and scanned under a micro-CT scanner
(LaTheta LCT-200, Japan) with a spatial resolution of 48 pm. High
resolution scanning was performed on a Skyscan1172 (Bruker, Belgium)
micro-CT scanner with a spatial resolution of 20 pm (n = 5). The bone
mineral density (BMD) and bone volume/tissue volume ratio (BV/TV)
around the implant (~1 mm range) were calculated. Three-dimensional
(3D) reconstruction and two-dimensional (2D) slices were performed in
Amira software (Amira 6.0.1, Visage Imaging). The remaining implant
was reconstructed, and volume of the implant was quantified.

2.6.5. Histopathological analysis
Retrieved rat femurs and main organs (heart, liver, spleen, lung,
kidney, pancreas, intestine, brain and muscle adjacent to the
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implantation site) were fixed in 4% paraformaldehyde/PBS solution
(Servicebio, China). Rat femurs were decalcified with ethylene diamine
tetraacetic acid solution (EDTA, 0.5 M, Servicebio, China). Soft tissues
and decalcified bones were dehydrated in gradient ethanol/distilled
water mixtures, embedded in paraffin, cut into 4 pm sections, and
stained with hematoxylin-eosin dye (H&E, Servicebio, China) sequen-
tially. Histological observation was performed under an inverted
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microscope (Olympus [X73, Japan).

2.6.6. Metal element analysis

Inductively coupled plasma mass spectrometry (ICP-MS, DRC-II,
PerkinElmer, USA) and inductively coupled plasma optical emission
spectrometry (ICP-OES, iCAP 6000, Thermo, England) were employed
for element analysis. Blood serum after the blood biochemical test was
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Fig. 1. (a) Optical microstructures of as-cast Mg/HP-Mg and two typical SPMg-xHo alloys (x = 1.0, 7.0) in as-cast condition; (b) band contrast (BC) maps and
corresponding inverse polar figure (IPF) maps of two typical SPMg-xHo alloys in as-extruded condition compared to those of as-extruded HP-Mg, average grain sizes
of the alloys were also listed; (c) Pole figures corresponding to (0001), (11-20) and (10-10) planes of as-extruded HP-Mg and SPMg-1.0Ho; (d) XRD patterns of the

experimental materials both in as-cast condition and in as-extruded condition.
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used for element analysis. Main organs were retrieved for element
analysis. Fresh organs were carefully dissociated, and any adipose tis-
sues or connective tissues were stripped. Then, 200 mg tissues were
weighed and smashed before use. Animal urine and feces were also
collected for element analysis. Animal feces were dried and grinded,
then 500 mg was used for the analysis. All the biological samples were
digested in nitric acid (GR level) with the assistance of microwave, and
proper diluted before test.
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DRXed
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2.7. Statistical analysis

Quantitative results are expressed as mean =+ standard deviation.
Statistical differences were analyzed by using the analysis of variance
(ANOVA) followed by Tukey test, and a p-value < 0.05 was considered
as statistically significant. Symbol * means significant difference at the
0.01 level, meanwhile, symbol e means significant difference at the 0.05
level.

HR-TEM
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Fig. 2. (a) Microstructural details of two as-extruded SPMg-xHo alloys (x = 1.0, 7.0) showing typical bimodal grained structures with corresponding SAED patterns
and HR-TEM atomic arrangements. Red arrows indicate the elongated direction of the un-DRXed regions; (b) HR-EDS mapping analysis at typical sites, including
second phases (green circle in Fig. 2 (a)), typical grain boundaries at DRXed and un-DRXed regions.
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3. Results
3.1. The single-phased microstructure

Fig. 1 displays the typical microstructures of SPMg-xHo series alloys
and their corresponding XRD patterns. As-cast Mg and as-cast HP-Mg
owned a similar microstructure with a little difference in grain size.
Microstructures of the SPMg-xHo series alloys were similar, so only
SPMg-1.0Ho and SPMg-7.0Ho were displayed. The as-cast SPMg-xHo
series alloys exhibited uniform microstructures with equiaxed grains,
and no second phases were found. There was no significant difference in
the grain size among different SPMg-xHo alloys. The average grain size
of SPMg-xHo alloys (<50 pm) was significantly smaller than that of Mg
or HP-Mg (both >5 mm in as-cast condition).

After extrusion, the microstructures were substantially refined. The
average grain size of as-extruded HP-Mg was reduced to 52.3 &+ 33.8 pm,
and plenty of twins existed (Fig. 1 (b) and Fig. S1 (b)). As-extruded
SPMg-xHo alloys exhibited fine-grained microstructures with an
average grain size of less than 2.5 pm, and they were composed of
dynamically recrystallized (DRXed) zones (fine and equiaxed grains)
and un-dynamically recrystallized (un-DRXed) zones (twisted and
elongated grains), showing the typical morphology of a bimodal grain
structure. Within the un-DRXed zones, the coarser grains were prone to
own similar crystal orientations. However, within the DRXed zones, the
fine equiaxed grains owned random orientations (Fig. 1 (b)). The
average grain sizes of SPMg-1.0Ho and SPMg-7.0Ho were 2.4 + 1.9 pm
and 1.8 + 1.3 pm, respectively. Abundant sub-grain microstructures
(not twins) and deformed zones were found in the as-extruded SPMg-
xHo alloys, and no extra second phase was detected through EBSD
analysis. Textures in Mg were modified after alloying and extrusion.
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Basal textures were found in HP-Mg, however, the texture direction was
changed, and the texture intensity was enhanced in SPMg-xHo alloys
(Fig. 1 (c)). The single-phased microstructures were also proved through
the XRD patterns (Fig. 1 (d)), as only diffraction peaks from a-Mg were
detected both in as-cast and as-extruded alloys.

The single-phased microstructure in as-extruded alloys was further
approved by performing TEM analysis, as shown in Fig. 2. Clean grain
interiors and grain boundaries were found, and few small particles could
be barely found at nanoscale. SAED patterns corresponding to the a-Mg
phase could be identified, with typical HR-TEM images showing the
atomic arrangements (Fig. 2 (a)). Some tiny Ho-rich particles (<15 nm)
could be observed both inside the grains and at grain boundaries in
SPMg-7.0Ho, and their numbers are still very limited (Fig. 2 (b)).
Meanwhile, Zr-rich particles were rarely found. The bimodal grain
microstructure was composed of alternately arranged DRXed zones and
un-DRXed zones, with partially DRXed transitional zones between them.
A high density of dislocations and sub-grain boundaries were found
within the un-DRXed zones. However, only a few traces of dislocations
could be found in the equiaxed grains adjacent to the un-DRXed zones.
There was no appearance of dislocations in the fully recrystallized
grains. The Ho element was found to be segregated at grain boundaries
or sub-grain boundaries (both at DRXed zones and un-DRXed zones). All
the constituent elements were uniformly distributed inside the grains, as
proved by the EDS mapping (Fig. 2 (b)).

3.2. Mechanical behaviors

Fig. 3 displays the mechanical properties of SPMg-xHo alloys
compared to those of Mg and HP-Mg. The original stress-strain curves
were included in Fig. S2. Mechanical properties of the SPMg-xHo series
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Fig. 3. (a) Mechanical properties of SPMg-xHo alloys derived from the compressive stress-strain curves; (b) mechanical properties of SPMg-xHo alloys derived from

the tensile stress-strain curves, Mg and HP-Mg as controls.
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alloys were significantly improved both in as-cast and as-extruded
conditions. The extrusion processing could substantially improve or
adjust the mechanical properties. All the mechanical parameters, except
for tensile/compressive strains, were remarkably improved after extru-
sion. For the as-cast SPMg-xHo alloys, CYSs and TYSs gradually
increased along with Ho addition, especially during compressive test.
However, the influence of Ho content on CYSs and TYSs became inap-
parent after extrusion. Significant differences in tensile and compressive
yield strengths between the two kinds of pure magnesium were found
after extrusion, showing the significant effects of minor impurities on
TYS/CYS of deformed Mg.

The CYS, UCS, and CS of as-extruded Mg were 83 MPa, 267 MPa, and
16%, respectively. The CYS and UCS were significantly improved to
148-220 MPa and 461-468 MPa for the SPMg-xHo alloys. However, the
CS was decreased to 11-13%. The E, TYS and UTS of as-extruded Mg
were 27 GPa, 107 MPa and 166 MPa, respectively. They were improved
to 36-41 GPa, 223-275 MPa and 247-287 MPa among the SPMg-xHo
alloys, corresponding to the increase rates of 33-52%, 108-157% and
49-73%, respectively. The effect of alloying content on the mechanical
properties is highly related to the processing state. The total alloying
content in our single-phased alloys can be reduced after extrusion.

3.3. In-vitro degradation behaviors

3.3.1. Electrochemical corrosion behaviors

Fig. 4 (a)-(c) shows the OCP, EIS and PDP results, and corresponding
electrochemical parameters were listed in Table S2. When the sample
was in contact with water, corrosion immediately occurred. Then, a
degradation product layer gradually formed, and it would lead to the
evolution of OCP curve. OCP values of all the experimental materials
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increased with time, and they tended to be stabilized after immersion for
3000 s. The OCP curves of as-cast Mg, as-cast HP-Mg and as-cast SPMg-
0.5Ho fluctuated frequently compared to the remaining ones, implying a
poor equilibrium between the formation and dissolution/rupture of the
degradation product layer. The addition of >1.0 wt% Ho helped to
stabilize the dynamic equilibrium. A large fluctuation was still found on
the OCP curve of Mg even after extrusion, although it owned the highest
OCP value, as displayed in Fig. 4 (a).

For PDP curves, the anodic branch represents the dissolution of Mg
while the cathodic polarization current reflects the severity of hydrogen
evolution. The SPMg-xHo alloys exhibited lower cathodic current den-
sities compared to that of the raw Mg, showing the inhibition effect of
dissolved alloying elements in the alloy matrix. Cathodic current den-
sities of as-cast SPMg-xHo alloys (except for the low Ho addition one,
SPMg-0.5Ho) were close to that of as-cast HP-Mg. However, they were
still higher than that of HP-Mg after extrusion, as shown in Fig. 4 (c). On
the anodic branch, potential rise above the E, would cause increase in
the anodic current. Under the same potential perturbation, the anodic
current increase of as-extruded SPMg-xHo alloys was smaller than that
of as-extruded Mg, suggesting inhibited anodic reaction. The i, values
derived from the PDP curves could reflect the corrosion rates. After
alloying with Ho and Zr, corrosion resistance of Mg could be signifi-
cantly improved. The corrosion resistance of SPMg-xHo alloys was
similar to that of HP-Mg. In addition, the extrusion processing also
contributed to the corrosion resistance, as shown in Fig. 4 (e). It is well
known that a larger loop in the EIS spectra (Nyquist plots) means better
corrosion resistance [35]. The loops were enlarged after extrusion, and
sizes of the loops were basically in accordance with their i, values
(Fig. 4 (b)).
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Fig. 4. Electrochemical corrosion results: (a) OCP curves, (b) EIS loops, (c) PDP results, and (e) corresponding ico,r derived from the PDP curves of SPMg-xHo alloys
in Hank’s solution, Mg and HP-Mg as control. Immersion corrosion results in Hank’s solution: (d) pH evolution during immersion, and (f) corrosion rate calculated

from weight loss.
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3.3.2. Immersion corrosion behaviors

Fig. 4 (d) displays the pH evolution during a 15-day immersion.
Generally, there was a rapid pH increase in the initial stage of immer-
sion. Then, the pH value increased slowly and steadily, and finally
reached at a relatively stable value. However, the pH value of Mg (as-
cast/as-extruded) constantly increased, and did not stabilize even after
immersion for 15 days due to intensified local corrosion. For the as-cast
alloys, only as-cast SPMg-7.0Ho exhibited a more drastic pH increase
and a higher pH value compared to those of raw Mg. The pH value and
its increase rate were suppressed after extrusion. In addition, the pH
value got to be stabilized (pH < 9.5) faster than their as-cast counter-
parts, as shown in Fig. 4 (d). There was no much difference in the pH
evolution among different as-extruded SPMg-xHo alloys. HP-Mg
exhibited the lowest pH value among all the experimental materials,
implying its excellent corrosion resistance.

Fig. 4 (f) displays the corrosion rates calculated from weight losses.
For as-cast SPMg-xHo alloys, proper alloying (Ho < 5 wt%) was favor-
able for the corrosion resistance. However, corrosion was apparently
accelerated when Ho content reaching 7 wt%. As-cast Mg, as-cast SPMg-
5.0Ho and as-cast SPMg-7.0Ho suffered from severely localized

surface
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corrosion (Fig. S3). This explained why their 15-day average corrosion
rates were much higher than the 3-day results. Corrosion resistance of
the experimental materials was more or less improved after extrusion,
due to grain refinement and improved microstructural uniformity.
Corrosion rates calculated from the two test methods (weight-loss and
electrochemical test) were compared in Table S2. The differences in test
methods and principles led to different values [36,37]. However, they
all showed that proper alloying (full solid-solution) was favorable for the
corrosion resistance of Mg, especially for the long-term corrosion
resistance. From the perspective of corrosion, the Ho content in
SPMg-xHo alloys could be minimized to 0.5 wt%.

Typical surface and cross-sectional morphologies of the as-extruded
SPMg-xHo alloys are displayed in Fig. 5 (a). Since there was little dif-
ference among various SPMg-xHo alloys, only the corrosion morphol-
ogies of as-extruded SPMg-1.0Ho were shown. A degradation product
(DP) layer was formed during immersion, and this layer became thicker
along with immersion time. The corroded sample surface was composed
of macroscopically uniform corrosion areas and non-uniform corrosion
areas, as shown in Fig. 5 (a) and Fig. S3. Non-uniform corrosion areas
(mildly localized corrosion areas) occurred on all the experimental
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Fig. 5. (a) Typical corrosion morphologies (surface, both with degradation products and after removal of degradation products) and corresponding cross-sectional
morphologies and EDS mapping of as-extruded SPMg-xHo alloys compared to those of as-extruded Mg (only as-extruded Mg and as-extruded SPMg-1.0Ho were
shown. Red triangles marked the sites where non-uniform corrosion or mildly localized corrosion happened. Red arrows marked the sites where severely localized
corrosion (filiform corrosion) happened.); (b) Chemical compositions on the corroded sample surface characterized by EDS; (c) XRD patterns of the corroded samples.
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materials. However, severely localized corrosion (the filiform corrosion)
was only observed on as-extruded Mg. Degradation products above the
localized corrosion areas were incompact and with widespread cracks.

The actual morphology of the matrix was revealed after removing the
degradation products. SPMg-xHo alloys and pure Mg all suffered from
pitting corrosion on the microscopical level. Tiny pits could be found in

(a) 3d 5d

SPMg-1.0Ho
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non-uniform corrosion areas, severely localized corrosion areas, and
also in the macroscopically uniform corrosion areas. Severely localized
corrosion was only found on as-extruded Mg. Surface and cross-sectional
DES analysis revealed that the degradation products were mainly
composed of Mg, O, Ca and P. A small amount of Ho was also detected on
the corroded SPMg-xHo samples, as depicted in Fig. 5 (a) and (b). Fig. 5
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Fig. 6. (a) LIVE/DEAD staining of the MC3T3-E1 cells after incubation with material extracts (green for living cells, red for dead cells, only the results of as-extruded
HP-Mg and SPMg-1.0Ho were shown as they were similar for the remaining groups); (b) cell viability characterized through CCK-8 assay at 1, 3, 5 d; (c) ionic
concentrations in typical extracts; (d) ALP activity at 7, 14 d; (e) expression of osteogenesis-related genes at 14 d. Only as-extruded SPMg-1.0Ho and SPMg-3.0Ho
among the series alloys were evaluated for ALP activity and gene expression to reduce workload.
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(c) displays the XRD patterns of all the experimental materials after 3.4. In-vitro cell responses

immersion for 15 days. Diffraction peaks of Mg(OH), were detected on

as-extruded Mg. However, the signals from Mg(OH), were quite weak of 3.4.1. Cytotoxicity and ALP activity

the remaining materials, implying that less degradation products Fig. 6 (a) and (b) show the MC3T3-E1 cell morphology and corre-

existed. sponding quantitative results of cell viability. Cells were well attached
and spread in as-extruded SPMg-xHo extracts, and there were no
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Fig. 7. (a) Micro-CT analysis (2D and 3D) of the rat femurs implanted with as-extruded SPMg-1.0Ho pins during a 7-month follow-up, with as-extruded HP-Mg pins

as control (red arrows indicating the position of the implant); (b) 3D reconstruction of the residual implants, (c) BMD value around the implant, BV/TV value around
the implant, and quantitative analysis of the residual implant volume.
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distinguished differences compared to those of as-extruded Mg/HP-Mg.
Cell viability in the SPMg-xHo extracts was lower than that of Mg/HP-
Mg at the first day, however, it was improved at day 3 and day 5,
showing gradual adaptation to the alloy extracts. There was no cyto-
toxicity of all the materials, since cell viability value was >90% during
the whole culture period. Fig. 6 (c) displays the ionic concentrations in
typical extracts. HP-Mg exhibited the lowest Mg concentration among
all the experimental materials, showing its best corrosion resistance in
cell culture medium. Significantly reduced Ca/P concentration of as-
extruded Mg indicated that more Ca/P was deposited on Mg surface as
it corroded more severe than others, corresponding to the results in
Hank’s solution. The Ho concentration in the extract increased with Ho
addition in the alloy itself. In addition, Ho concentration was signifi-
cantly lower than Zr concentration compared to their initial composition
ratio, which meant Ho was more likely to incorporate into the degra-
dation product layer. Increased ALP activity was observed for cells
treated with Mg, HP-Mg and the SPMg-xHo extracts, compared to the
blank control. However, there was no much difference among the
experimental material groups, as shown in Fig. 6 (d).

3.4.2. Expression of osteogenesis-related genes

Fig. 6 (e) shows the expression of three typical osteogenesis-related
genes, including COL-I, OCN and RUNX2. The high expression of
those genes means cells are prone to osteogenic differentiation, which is
beneficial for bone formation. The HP-Mg and SPMg-xHo groups
exhibited higher gene expression compared to that of the untreated
group (control). However, significant difference was only found in OCN
and in COL-I (between HP-Mg and control). Gene expressions of the HP-
Mg group and SPMg-xHo groups were similar. There was no significant
difference between HP-Mg and SPMg-xHo alloys.

3.5. In-vivo performances

3.5.1. Gross observation

One animal in the HP-Mg group died from abdominal infection
(intraperitoneal injection induced) three days post-operation. Then, a
new animal was supplemented. The remaining animals all survived, and
no obvious signs of lameness and loss of appetite were observed. No
deformity or neoplasm was found on the rat legs. No infection was found
around the wounds or peri-implant tissues through autopsy and X-ray
examination. There was no noticeable difference in the body sizes, main
organ sizes and animal behaviors between those two groups. There was
no abnormity on the appearance of the femoral condyle and the whole
femur of both groups from gross observation.

3.5.2. Implant degradation and bone-related parameters

Fig. 7 displays the micro-CT reconstructions (2D & 3D) and corre-
sponding quantitative results, including BMD, BV/TV and residual
implant volume. There was no noticeable abnormity on the morphology
of the femoral condyle and the whole femur, as shown in the general 3D
reconstruction in Fig. 7 (a). There were no signs of bone destruction or
bone necrosis in both groups. Good osseointegration between the
implant and surrounding cancellous bone was gradually achieved along
with prolonged implantation time. Moderate bonding could be recog-
nized in both groups after 1 month, as there were still some small gaps at
some sites between the implant and adjacent bone tissues. The implant
and surrounding bone tissues were well integrated after 3 months.
Newly formed trabecular bone tissues were in direct contact with the
implant. Furthermore, the good bonding could be maintained along with
implant degradation.

Bone-related parameters, including BMD and BV/TV, were adopted
to evaluate the bone conditions around the implant, as shown in Fig. 7
(c). BMD values were apparently improved at 3 months, and then
remained stable afterwards, showing the maturation of rat bones at 3
months. BMD values of the two groups were quite similar at each time
point. The two groups also exhibited comparable BV/TV values during
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the whole implantation period. Continuous degradation of the implants
(both SPMg-1.0Ho and HP-Mg) could also be observed. The surface of
both implants became rougher after 1 month. Both implants kept intact
at 3 months, even though they became much thinner. The implants were
severely corroded after 7 months as some parts of the implant were fully
corroded, as depicted in Fig. 7 (a) and (b). The implant volume losses of
SPMg-1.0Ho and HP-Mg were similar at 1 month, and then the former
exhibited a faster degradation rate. However, there was no statistical
difference between those two groups, as depicted in Fig. 7 (c).

3.5.3. Histological responses

Fig. 8 shows the histopathological results of bone tissues and main
organs. No necrosis or excessive inflammatory response was found at
local sites in the femurs. After 1 month, fibrous tissues surrounding the
SPMg-1.0Ho implant or HP-Mg implant were found, as indicated by
black arrows. Some osteoid tissues were torn away from their original
position (surrounding the implant) during the section process in the
SPMg-1.0Ho group. The fibrous tissues around the implants were dis-
appeared after 3 months in both groups. Bone morphologies of the two
groups were similar at 7 months. The morphologies of growth plates
adjacent to the implant were displayed in Fig. 8 (b). The range/thickness
of the growth plate significantly decreased at 7 months, showing the
epiphyseal closure (femur won’t grow after that). There were no
observable differences on the growth plates between the two groups at
each time point, and no difference in femoral length was observed. In
addition, similar results were also found in the histological images of
main organs between SPMg-1.0Ho and HP-Mg. Pathological images of
main organs were quite similar, so only the 7-month results were dis-
played in Fig. 8 (c). Overall, SPMg-1.0Ho and HP-Mg exhibited similar
local and systemic histological responses.

3.5.4. Blood analysis

All the blood analysis results were listed in Table S3 in the form of
mean value + standard deviation. Among the 35 testing items
(including 19 for blood routine analysis, 12 for blood biochemistry
analysis, and 4 for blood coagulation analysis), only those which showed
obvious difference between SPMg-1.0Ho and HP-Mg, or those which
exhibited apparent increase/decrease trend with time were displayed in
Fig. S4. The WBC and LYMPH amounts of the two groups showed sig-
nificant difference at 3 months, with SPMg-1.0Ho group exhibiting a
lower value. However, no obvious difference was found after 7 months.
The values of WBC and LYMPH decreased along with time, showing the
postoperative inflammatory reaction gradually subsided. The items of
PDW, MPV, P-LCR, TT and Fbs seemed to share a similar variation trend,
i.e., those values gradually increased with time. Although some differ-
ences might be found between the two experimental groups (SPMg-
1.0Ho and HP-Mg) at some time nodes, the relative differences were
quite small compared to their normal fluctuation ranges. For the blood
biochemistry items, AST value of the SPMg-1.0Ho group at 3 months
was significantly higher than its counterpart (HP-Mg), but, they did not
show statistical difference at 7 months. Even so, it still reminded us that
overmuch alloying elements could possibly gain burden on liver and
kidney. A little discrepancy in Urea and GLU contents did not mean
much difference in clinical features, as food-intake, water-intake, and
the pre-operation waiting time between those two groups could have
influence on that. In general, blood testing items of SPMg-1.0Ho and HP-
Mg were comparable, and SPMg-1.0Ho did not lead to anomalous
changes in hemogram or occurrence of unexpected diseases.

3.5.5. Tissue concentration of metal elements

Fig. 9 (a), (b) and (c) show the metal elements (Mg, Zr and Ho) in
main organs, serums, urine and feces. Elemental concentrations in feces
at 3 months were missing because of that the samples were unfortu-
nately lost during ICP test. Zr concentrations of the HP-Mg group at 1
month were not tested. Except for urinary Mg, the Mg concentrations in
main organs, serums and feces were generally stable, and there were no
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Fig. 8. (a) Histological analysis of the bone tissues surrounding the implants at different time intervals, with black triangles indicating the sites where the implant
held before, and small arrows showing the fibrous tissues surrounding the implants at 1month post-operation; (b) histological images of the adjacent growth plates at
different time points; (c) histological comparison of main organs between SPMg-1.0Ho and HP-Mg.

major differences between the two groups. The Mg concentration in
urine owned a large fluctuation range in both groups, which could range
from single digits to several hundred pg/mL (4.34-753.5 pg/mL)
without following any rules.

Zr element (trace element in human body) was detected in the HP-
Mg group which did not introduce exogenous Zr by the material itself.
The difference of Zr concentrations among various organs was incon-
spicuous in the HP-Mg group. Significantly higher Zr contents were
detected in the main organs of the SPMg-1.0Ho group. The Zr content in
brain tissues exhibited in a different manner compared to those of the
remaining organs. The lowest Zr concentration was detected in brain at
1 month, then it fell into the same level of the HP-Mg group, probably
due to the blood-brain barrier. Zr element tended to be accumulated in
spleen, kidney and liver, as shown in Fig. 9 (b). However, Zr concen-
trations increased first (1-3 m), then gradually decreased after that (3-7
m). The Zr increase in heart (7 m) did not make much sense as Zr con-
centration (in heart) also increased with time in the HP-Mg group. The
clearance of Zr in serum and urine was observed, as Zr concentrations in
those fluids continuously decreased with prolonged implantation time.
The Zr concentration in feces seemed to be stable judged by the limited
results.

The in-vivo distribution and concentration change of Ho with im-
plantation time were generally similar to that of Zr. However, no Ho was
detected in the HP-Mg group (detection limit at 0.01 ng/g). Ho was more
abundant in spleen, liver, lung and kidney, and the least Ho concen-
tration was detected in brain. The difference between the maximum Ho
concentration and the minimum Ho concentration could reach three
orders of magnitude. The tissue concentration of Ho significantly
increased from 1 month to 3 months, then, it dramatically decreased
from 3 months to 7 months. Ho concentration at 7 months was even
close to the result at 1 month. The Ho concentration in serum also fol-
lowed the same rule, which was different from the variation of Zr in
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serum. Ho content in urine decreased with prolonged implantation time,
however, a constant Ho concentration was detected in animal feces. No
detectable Ho was found in the feces of the animals in the HP-Mg group.

3.5.6. Characterization of the retrieved implants

Fig. 10 (a) displays the in-vivo corrosion morphologies of the
retrieved SPMg-1.0Ho and HP-Mg implants, with enlarged images
showing the typical surface details. Both implants kept intact in their
shape before 3 months with implant diameter shrinking. Sample surface
became rougher with prolonged implantation time. Some parts of the
implants were completely degraded at 7 months. The implants were
covered by a thick degradation product layer, and some superficial de-
posits on this layer were detached and adhered to the conducting resin.
Cracks spread throughout this layer, probably due to the dehydration
process.

The degradation product layer was composed of Mg, O, Ca, P, C and
N for both SPMg-1.0Ho and HP-Mg, as shown in Fig. 10 (c). The high
contents of C, O and N indicated that organic components might have
been incorporated onto this layer. FTIR spectrum (Fig. 10 (b)) indicated
the presence of possible functional groups, including H,O, OH™, CO%‘,
PO%’ and possible HoPOy [38]. Fig. 10 (d) shows the high resolution
narrow XPS scanning results. The binding energy of P 2p at 133.5 eV was
related to PO?{ or HPO?{, as also proved in FTIR results. The existence
of Cas(PO4)3(OH) (HA) was confirmed as indicated by the P 2p peak at
133.5 eV and Ca 2p peak at 347.3 eV [39,40]. The Ca 2p peaks (350.9 eV
for Ca 2p; /2, 347.3 eV for Ca 2p3,2) and P 2p peak (133.5 eV) confirmed
calcium phosphate formed at the sample surface [41]. The single Mg 2p
peak at 50.3 eV and one O 1s peak at 532.8 eV suggested the possible
existence of MgO, or the mixture of MgO/Mg(OH), [42,43]. All those
degradation products were compatible with bone tissues. The N 1s
spectra revealed two components, centered at 399.8 eV and 402.4 eV,
which could correspond to organic components in human body [44].
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Fig. 9. (a) Mg concentrations in main organs, serums and feces (from left to right); (b) Zr concentrations in main organs, serums, urea and feces (from left to right),
with magnification of the local area as insert; (c) Ho concentrations in main organs, serums, urea and feces (from left to right, the local area is magnified and

displayed as insert).

Most of those degradation products were in amorphous state examined
with SAED under HR-TEM, and a small amount of crystalline substances
were unstable under electron beam in TEM.

4. Discussion
4.1. General effects of REEs on Mg properties

Significant effects of REEs in Mg could be concluded in the following
paragraphs, considering the perspectives of metallurgy, microstructure,
mechanical properties and corrosion behaviors. The specific roles of Ho
on those aspects in our single-phased alloys will be detailly discussed.
The influence of metal elements on biological safety will be separately
discussed in the next section.

4.1.1. REEs on metallurgy

REEs play an important role in bulk purification by reducing
hydrogen, oxygen and sulfur in the melt, and also by removing impu-
rities (such as Fe, Cu, Ni and Co) during smelting (the so-called “scav-
enger effect”) [2,45]. This effect has been proved in this series alloys, as
the contents of Ni, Cu, Co, Mn and Al were reduced with Ho addition,
meanwhile, Fe and Si contents kept at the same level of raw Mg (Table 2

193

and Fig. S5). The impurity contents were below their tolerance limits,
above which corrosion would be dramatically accelerated (Fig. S5) [11].
The total impurity contents did not constantly decrease with Ho addition
since those impurities also existed in the Mg-30Ho master alloy.

4.1.2. REEs on microstructure and mechanical properties

REEs addition in Mg can normally weaken the strong basal texture,
enhance non-basal slip activities, and improve the deformability [46,
47]. The grain refinement effect of REEs can contribute to strength and
ductility simultaneously [48]. RE atoms which dissolve into the crystal
lattice will lead to lattice distortion, and cause the so-called solid--
solution strengthening. Undissolved RE atoms can form intermetallics
with Mg or other alloying elements, leading to the precipitation
strengthening or second phase strengthening [46,49,50]. Specific mi-
crostructures, such as long period stacking ordered (LPSO) structure,
pre-twinning structures, bimodal grain structure, etc., can be achieved
in RE containing magnesium alloys, and contribute to the mechanical
properties [51].

Bimodal grain structures composed of DRXed regions with fine
grains and un-DRXed regions (coarse grains) with abundant sub-grain
microstructures were achieved in our SPMg-xHo alloys, which were
not reported in binary Mg-Zr alloys. Lately, bimodal-grained structures
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Fig. 10. (a) Surface morphologies of the retrieved SPMg-1.0Ho and HP-Mg implants after implantation for different periods, with typical enlarged images showing
the surface details; (b) FTIR spectra of the retrieved SPMg-1.0Ho and HP-Mg implants, with amplification of specific area at the range of 800-1800 cm™; (c) XPS
spectra of the retrieved implants at 3 months, with quantification results of the constituent elements as insert; (d) high-resolution narrow XPS scanning results of the
retrieved implant.
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consisting of both ultrafine grains (UFGs)/fine grains (FGs) and coarse
grains (CGs) have been proposed as an efficient strategy in achieving a
superior combination of strength and ductility [52]. Incomplete and
heterogeneous dynamic recrystallization resulted in the microstructures
composed of alternately DRXed and un-DRXed regions. Alloying ele-
ments could efficiently refine the microstructure and prevent grain
growth during dynamic recrystallization. Ho addition can effectively
prevent grain growth during dynamic recrystallization during extrusion
(Fig. 1 (b)). The average grain size of as-extruded SPMg-7.0Ho is 1.8 +
1.3 pm, much finer than that of as-extruded SPMg-1.0Ho (2.4 + 1.9 ym)
with lower Ho addition (Fig. S1 (a)). The improved mechanical prop-
erties were mainly derived from grain refinement and solid solution
strengthening. The bimodal grain structures containing textures, twisted
grain boundaries, sub-grains and sub-grain structures (residual dislo-
cations and Ho enriched sub-grain boundaries) formed during extrusion
further contributed to the mechanical properties (Fig. 1, Fig. S1) [51].
Mechanical properties of as-extruded SPMg-xHo alloys did not differ too
much in the Ho addition range. So, Ho content in the alloys could be
minimized to 0.5 wt% or even lower with those microstructural char-
acteristics. With a good combination of strength and ductility, me-
chanical properties of our SPMg-xHo alloys were comparable to those of
current Mg-based products (CE marked) [53,54]. The total 7 wt% REEs
in commercial MAGNEZIX® or Magmaris® (WE43) might be replaced
by the single Ho addition (0.5 wt%), showing that less RE is doing more.
Microstructures and mechanical properties of the SPMg-xHo alloys were
reconfirmed after 3 years, and they were stable, which ensured those
alloys own a long useful life or shelf life.

4.1.3. REEs on corrosion behaviors

The “scavenger effect” of REEs in Mg can reduce the detrimental
effects of impurities to Mg corrosion [45]. RE oxides or hydroxides
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generated during corrosion might incorporate into the degradation
product layer, and contribute to the film completeness and compactness,
thus improve corrosion resistance [55]. The corrosion potentials of REEs
are close to that of Mg, which leads to a reduction in the potential dif-
ference between the intermetallic compounds and a-Mg matrix. This will
play an important role in reducing galvanic corrosion [45].

For our SPMg-xHo series alloys, the scavenger effect has been
proved, which helped to lower the adverse effects of impurities. Without
second phases, galvanic corrosion between different phases could be
basically avoided. Ho was reported to own a slightly higher standard
electrode potential than Mg [12], however, OCP values of SPMg-xHo
alloys were lower than that of the raw Mg, but still higher than that of
HP-Mg. It also implied the significant effects of impurities on OCP value.
Ho was found to be incorporated into the degradation product layer
(Fig. 5 (a)—(b) and Fig. 6 (c)), which was believed to retard the kinetic
process of Mg corrosion.

All the experimental materials were suffered from microscopic
pitting corrosion, since pitting is the first step of Mg corrosion (basic
corrosion mode of Mg). With corrosion proceeding, some non-uniform
corrosion (local corrosion) areas developed (dark areas in the macro-
scopic images shown in Fig. 11 (a) and pockmarks shown in Fig. 11 (c)).
Newly-formed local corrosion areas continued to appear while the pre-
existing ones gradually developed in transverse and longitudinal di-
rections with prolonged immersion time. In general, concentrated
development towards the longitudinal direction (in depth direction)
would lead to aggravated corrosion, which should be avoided for Mg-
based biomaterials. The non-uniform corrosion areas could be distin-
guished and quantified in ImageJ 1.43u software, as shown in Fig. 11 (a)
and (b). At day 3, HP-Mg owned the highest area fraction of non-uniform
corrosion, while SPMg-xHo series alloys exhibited the minimal localized
corrosion. At day 15, the non-uniform corrosion areas on HP-Mg were
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Fig. 11. (a) Schematic steps showing how to distinguish and quantify the non-uniform corrosion areas on as-extruded samples (after removing the degradation
products) in ImageJ software; (b) quantitative results of the non-uniform corrosion areas on corroded samples; (c) surface profiles (2D and 3D) of the corroded
samples characterized through a surface profile measurement system (Talysurf PGI 1230), which is based on the white-light interference measuring technique.
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fully interconnected (100% coverage). However, it exhibited the mini-
mum corrosion rate because of the smallest corrosion depth. The frac-
tions of non-uniform corrosion areas on SPMg-xHo alloys were similar to
that of Mg, but the former exhibited a lower corrosion depth. Ho addi-
tion inhibited the corrosion development in depth due to its beneficial
effects that mentioned before.

4.2. Multi-scale biological safety of the SPMg-xHo alloys

Once implanted in vivo, the bioactive Mg-based implant and the host
cells/tissues participate in local chemical/physiological reactions at the
interface [56]. Elements in the alloy will be released along with degra-
dation in the form of metal ions. Meanwhile, a part of them may be
incorporated into the degradation products layer at the implant surface.
Soluble ions or solid degradation products might be absorbed, metabo-
lized, and transferred by adjacent (local) cells/tissues [57,58]. Metal
elements which entered into blood would be transferred to remote
organs/tissues, and made possible impacts. So, a systemic observation
on those affected organs/tissues is also needed. Proper host responses
without possible local & systemic toxicity are crucial for implantable
materials and devices [59 60]. The biological safety of SPMg-Ho alloys
would be considered on multi-levels, including cellular biocompati-
bility, tissue biocompatibility and whole-body (systemic)
biocompatibility.

4.2.1. Cellular and molecular levels

Biocompatibility or toxicity of a certain element is dose-dependent,
which also relies on its existence form (free ion, chelate or compound)
and intake pathway. Mg is a major element in human body with a total
content of >10 g. However, Ho and Zr belong to the trace elements (with
unknown functions in human body), and their body contents only ac-
count for <1 mg, 10000 times lower than Mg [58]. The 50% inhibitory
concentrations (ICsp) of Mg to various cells are much higher than the
alloying elements (Ho, Zr). Zr is normally found in human tissues, and
ICsp of Zr to MC3T3 cells was reported to be 258.2 pg/mL (2.83 x 1073
mol/L) [61]. In our previous study, A Mg-10Ho alloy with a fast
degradation rate did not show cytotoxicity to MC3T3 cells [17]. So, the
low ionic concentrations (<100 pg/mL Mg, < 1.2 ng/mL Ho and <40
ng/mL Zr) in alloy extracts did not lead to adverse cell responses. Cell
viability, cell morphology, ALP concentration and bone-related gene
expression were all comparable to those of HP-Mg, showing good in vitro
biocompatibility at the cellular and genetic levels.

4.2.2. Tissular and systemic levels

The body has a strong ability to balance Mg. Excessive Mg can be
excreted efficiently through the urinary system. LDsq of MgCly obtained
via oral supplement in mouse was reported to be as high as 5000 mg/kg
[58]. Recommended daily allowance of Mg is 320-400 mg [40]. It
demonstrated that no difference or a slight increase (but still in normal
range) of the Mg concentration could be found in different tissues or
serum after Mg implantation in published literatures and also in this
study [62]. Mg released from the SPMg-1.0Ho alloy would not induce
adverse effects. Zr is regarded as a nontoxic trace element with unknown
function in human body, and its total body content is ~1 mg. It is un-
usually found in bioinert (nonbiodegradable) implant, which exhibit
excellent biocompatibility and corrosion resistance [63]. A small
amount of Zr is also added in two clinically-proven Mg-based bone
screws, which implies that limited Zr in Mg-based implant is tolerable by
the body [24].

On the contrary, there is limited understanding of the biological
impact of REEs. REEs can be detected in human tissues, as the intake
source could be from food and water. The recommended maximum
allowance of REEs in food is 4.2 mg/day [64]. In addition, some REEs
have been investigated as additives for fertilizer and animal feeds [65].
Even so, Ho element is poorly studied [64]. Ho compounds are known to
stimulate the metabolism of the human body, but their biological effects
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are still controversial [66]. Trivalent chloride of Ho below 5 pg/mL did
not show cytotoxicity to human vascular smooth muscle cells [67]. LDsg
for Ho chloride obtained via intraperitoneal supplement in mouse was
reported to be 560 mg/kg [58]. A SPMg-1.0Ho based bone screw
weighing 100 mg (approximate size of ® 3.0 x 10 mm) contains only 1
mg Ho, which is far below that toxicity limit. No abnormality was found
on various tissues (local bone tissue and main organs) between
SPMg-1.0Ho and HP-Mg. New bone could directly lay down onto the
implant and grew along its surface, showing good bone biocompatibility
and osseointegration. Mg, Zr and Ho in animal blood did not lead to
abnormal changes in blood parameters, showing the good hemo-
compatibility. Similar hepatic and renal function indexes between the
two groups meant that Ho and Zr could be well tolerated by local and
remote organs/tissues. Overall, the SPMg-1.0Ho alloy exhibited good
in-vivo biocompatibility without local or systemic toxicity.

4.2.3. Metabolism of metal elements

The metabolic mechanism of degradation products from Mg based
implants is very different from those from oral-administration or intra-
peritoneal supplement. Although the metabolic mechanism of Mg im-
plants has received attention, studies rarely reveal the metabolic
pathway and efficiency of alloying elements, which may be substantially
different from those of Mg element [68]. Constituent elements in the
SPMg-1.0Ho alloy were minor Ho and Zr with balanced Mg. Mg is
well-tolerated by the body, displaying exceedingly low toxicity and
rapid excretion through the urinary system. On the contrary, some REEs
were reported to be accumulated in main organs (such as liver, kidney,
lung, etc.) after taking a large dose or a long-term low dose, which can
lead to pathological changes or even metabolic disorders [64]. The
biological transport pathways appear to differ with atomic radius, with
the lighter lanthanides predominantly fecally excreted, and so processed
through the liver, versus the heavier lanthanides, which are disposed of
through the urinary tract [69]. Regarding this matter, the element
concentration and distribution in various tissues and body fluids were
carefully checked at different time points. Metallic elements (Ho and Zr)
derived from the implant were transferred into different organs through
the blood circulation. Those elements could be gradually eliminated
from the body through the urinary system and digestive system. Gradual
clearance of those heavy metals was observed in our SPMg-1.0Ho alloy,
and this reduced the metabolic pressure of organs and tissues.

Even though the alloying elements would not likely to be accumu-
lated in animal body, REEs are not naturally common in biochemical
processes and, as such, the body has limited specialized mechanisms for
dealing with these elements. For meeting the performance requirements,
REEs in biomedical magnesium alloys should be minimized to avoid
possible biological hazards. The concept and technical approach of
single-phased alloys seem to be feasible.

4.3. Further proof of the concept

The pure a-Mg single-phased microstructure enables high purity
magnesium with excellent biocompatibility and corrosion resistance.
However, due to limited strengthening mechanisms, high purity mag-
nesium exhibits poor mechanical properties. In traditional multi-phased
Mg-RE alloys, mechanical properties can be improved through precipi-
tation of a large amount of RE-containing phases or compounds. To
achieve sufficient improvements in mechanical properties and corrosion
resistance, plenty of REEs are usually needed, which also brings possible
safety concerns. In this study, the single-phased Mg-Ho based alloys
integrate the advantages of high purity magnesium and multi-phased
RE-containing alloys, and at the same time avoid their shortcomings.
Could this rule be extended to other high-solubility REEs?

RE solubility, potential difference and atomic radius difference (vs.
Mg) should be considered when design a single-phased Mg-RE alloy, as
shown in Fig. 12. Except for Sc, the remaining REEs will go through a
eutectic reaction with Mg during cooling of the melt. A fast cooling rate
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this study.

is good for solid-solution of REEs. The limited-solubility REEs will tend
to combine with Mg to form intermetallic compounds, and to form the
coarse eutectic microstructures. The smaller the solid solubility, the
more difficult it is to obtain a single-phased microstructure. The
maximum solubility of Zr in Mg is reported to be 2.65 wt % [70]. Minor
Zr addition, which does not combine with REEs during solidification,
will ensure a single-phased microstructure. To minimize the potential
difference between the second phases and the Mg matrix is an efficient
way to reduce the galvanic corrosion in multi-phased Mg-RE alloys
(Fig. 12 (b)). However, is this applicable to single-phased Mg-RE alloys
still need to be explored. The atomic size within +15% of the atomic size
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of Mg is favorable for the formation of a solid-solution with Mg (Fig. 12
(c)) [10]. All in all, the main concept and technical approach of this
study were generally summarized in Fig. 12 (d).

Two more high-solubility REEs, i.e. Er and Lu (maximum solubility
>30 wt%, with considerable solubility even at room temperature) were
chosen, and single-phased microstructures (with bimodal-grained
characteristics) were successfully achieved in those alloys though the
most common smelting, casting and extrusion procedures. Mechanical
properties and corrosion resistance of as-obtained SPMg-xEr and SPMg-
xLu alloys were significant improved compared to those of the raw Mg.
All the single-phased series alloys showed good biocompatibility to
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MC3T3-E1 cells. In general, the newly developed SPMg-xEr and SPMg-
xLu series alloys exhibited comparable performances to the SPMg-xHo
series alloys (Fig. 13), just as we expected. Unexpected precipitation
of Lu-rich particles in SPMg-7.0Lu led to galvanic corrosion, and
impaired the corrosion resistance (insert in Fig. 13 (c)). It implies that a
pure single-phased microstructure is the basis for good corrosion resis-
tance. Based on all those theoretical rationales and experimental evi-
dences, we believe that the design theory of single-phased Mg-RE alloys
can be applied or refereed during R&D process of other biodegradable
metals.

4.4. Future work

Simpler alloys have already been proposed for engineering applica-
tions to improve sustainability, and it has been proved that the high
performance of alloys can be maintained with compositional “plainifi-
cation” [71]. In the case of Mg-RE alloys for biomedical applications,
simpler alloys (both in alloying compositions and constituent phases)
mean better biological safety. Low alloying or ultra-low alloying (<0.1
wt%) is highly expected in biodegradable metals. High-purity or
ultrahigh-purity raw materials are recommended to fabricate those al-
loys. RE addition in single-phased magnesium alloys might be mini-
mized though playing with defects in metals, such as controlling of
twins, solute clusters, and grain boundary characteristics, etc. [72].
Single-phased alloys seem to be suitable for implant applications with
small size, such as stent and suture applications, so, research on those
aspects could be expected.
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5. Conclusions

In this work, we are trying to introduce the concept of developing
sing-phased magnesium alloys with typical high solubility REEs for
biomedical applications, and prove it with sufficient experimental data.
Fine single-phased Mg-RE model alloys with bimodal microstructures
were successfully fabricated. The microstructural characteristics endow
good corrosion resistance with a uniform corrosion mode, and provide
sufficient strengthening effects. Mechanical properties of our single-
phased alloys are comparable to those of clinically applied Mg-based
products. The typical SPMg-1.0Ho alloy exhibited similar in vitro and
in vivo performances compared with a high purity magnesium, showing
the good corrosion resistance and biocompatibility. In addition, metallic
elements in this alloy were gradually excreted through the urinary sys-
tem and digestive system. Compared to the commercial WE43-based
implant applications, significantly reduced RE addition in our single-
phased alloys is hopefully beneficial to the biocompatibility, and to
lower the potential risks of biological hazards. Other biodegradable
metals with single-phased microstructures are expected to be explored.
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