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Magnesium alloys, noted for their substantial mechanical strength and exceptional biocompatibility, are
increasingly being considered for use in biodegradable implants. However, their rapid degradation and signifi-
cant hydrogen release have limited their applications in orthopaedics. In this study, a novel Mg-RE-Sr alloy was
created by friction stir processing to modify its microstructure and enhance its degradation performance.
Through microstructural characterization, the friction stir processing effectively refined the grains, accelerated
the re-dissolution of precipitates, and ensured a uniform distribution of these phases. The processed alloy
demonstrated improved comprehensive properties, with an in vitro corrosion rate of approximately 0.4 mm/y
and increases in ultimate tensile strength and elongation by 37 % and 166 %, respectively. Notably, in vivo
experiments involving a rat subcutaneous implantation model revealed a slower degradation rate of 0.09 mm/y
and a uniform degradation process, basically achieving the requirements for ideal performance in orthopaedic
applications. The superior degradation characteristics were attributed to the synergistic effect of attenuated
galvanic corrosion and the formation of a dense Y(OH)3/Y203 film induced by an exceptional microstructure
with a highly solid-soluted matrix and uniformly refined precipitates. Meanwhile, the alloys exhibited excellent
biocompatibility and did not cause undesirable inflammation or produce toxic degradation products. These
improvements in biocompatibility and degradation characteristics indicate great promise for the use of this
friction stir processed alloy in osteosynthesis systems in the clinical setting.

1. Introduction effectively prevent stress shielding of the bone caused by the mismatch

of Young’s modulus [8,9]. Furthermore, various in vivo studies have

Magnesium (Mg) and its alloys are increasingly recognized as
promising materials in the field of biodegradable materials, due to their
sufficient mechanical strength and biocompatibility [1,2]. Crucially, Mg
is not only essential for human health, playing several vital physiological
roles [3,4], but Mg alloys also demonstrate mechanical characteristics
similar to those of human bone, with Young’s modulus around 45 GPa
[5,6], which closely matches that of human bone (20-27 GPa) [7]. This
similarity provides a superior load-bearing capacity, which can
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shown that Mg?" ions, released during the degradation of these alloys,
can enhance osteogenesis [10,11]. Therefore, the amalgamation of these
distinctive benefits makes Mg alloys a highly preferable option for or-
thopedic implant applications.

Over the last two decades, significant progress has been made in the
development of Mg-based alloys for biodegradable implants. Initially,
researchers employed pure Mg in cardiovascular and orthopedic im-
plants to repair damaged tissues and organs [12]. However, the primary
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limitation of pure Mg in these applications is its low mechanical
strength, which is insufficient to withstand physiological loads on the
human body [13]. To address this, various alloying elements, such as
zinc (Zn) [2], calcium (Ca) [14,15], strontium (Sr) [16], silicon (Si)
[17], zirconium (Zr) [18], and rare earth (RE) [19], have been inte-
grated into the Mg matrix to enhance its mechanical properties. Among
these, Mg-RE alloys have garnered substantial interest owing to their
superior mechanical strength, castability, and other comprehensive
properties [20]. A notable milestone was achieved in 2013 when the
MAGNEZIX® (WE43) screw, an Mg alloy device, received the Confor-
mity with European (CE) mark, achieving the first clinical approval of a
Mg alloy medical device, thereby broadening the scope of Mg-RE alloys
in biomedical engineering [21]. However, these biomedical Mg-RE al-
loys, containing elements such as Nd, Y, and Ce, introduce intermetallic
phases by these RE elements, which in turn accelerate degradation rates
through micro-galvanic corrosion [22,23]. Feng et al. [24] investigated
the impact of the secondary phase on the micro-galvanic corrosion of the
as-cast WE43 alloy. Their findings confirmed that the secondary phases,
acting as micro-anodes, significantly accelerated the galvanic corrosion
process, resulting in a severe non-uniform corrosion process. Sudholz
et al. [22] presented a report on the anti-corrosion properties of a series
of Mg-Y alloys with varying concentrations of Y. Their results indicated
a substantial increase in the corrosion rate corresponding to an increase
in Y content. In general, Mg-RE alloys exhibit rapid degradation rates
(approximately 1-15 mm/y), which fall short of the requirements for
implant applications in biological systems. Such rapid corrosion can
compromise the mechanical integrity of implants before bone or organ
healing, and excessive hydrogen production can lead to tissue inflam-
mation and subcutaneous swelling [1,12]. For orthopedic biodegradable
implants, an ideal degradation period of 12-24 months is anticipated
[25,26].

Uniform degradation and superior corrosion resistance are essential
qualities of Mg matrices and are considered fundamental to the
advancement and popularization of biological Mg alloys. Achieving
these characteristics requires precise control of the microstructure of the
Mg alloy matrix. Severe plastic deformation (SPD) is well known for its
ability to produce Mg alloys with evenly distributed precipitates and
refined grains, which is advantageous for achieving more uniform
corrosion in bio-Mg alloys. This uniformity is attributed to the reduced
galvanic corrosion and formation of dense surface films [27,28]. Prior
studies have explored the application of SPD methods to modify the
microstructure and improve the overall properties of biomedical Mg
alloys [29,30]. Among SPD techniques, friction stir processing (FSP)
exhibits advantages in generating fine-grained structures and uniform
precipitates [31-33]. Mansoor et al. [34] reported a ZK60 alloy with an
ultrafine grain microstructure, finer precipitates, and strong basal
texture by multi-pass FSP. The processed Mg alloy exhibited high yield
strength (>300 MPa) and adequate ductility (>10 %). Similarly, Zhu
et al. [35] achieved synergistic optimization of the strength (increased
by 41.3 %), ductility (increased by 21.8 %), and corrosion (decreased by
64.5 %) in a Mg-Li-Al-Zn alloy through cross-pass FSP. Liu et al. [36]
examined the effects of microstructure on the corrosion resistance of
AZ91 Mg alloys post-FSP treatment, including galvanic corrosion and
surface passivity. Similarly, Shunmugasamy et al. [37] successfully
engineered a microstructure with uniformly distributed precipitates and
refined grains of a biodegradable Mg-Zn-RE-Zr alloy after FSP, which
simultaneously enhanced both the corrosion resistance and mechanical
properties of the alloy. The in vivo corrosion rate of the alloy after FSP
was measured at 0.7 mm/y, which was lower than that of numerous
conventional Mg alloys. In fact, the FSP technique holds considerable
promise for creating the desired microstructural and property gradients
in Mg alloys, potentially enabling the processing of large-scale materials
in the biomedical field using a horizontal multi-pass approach [38-40].

Recently, strontium (Sr), recognized as an osteopromotive element,
has been the subject of extensive research, owing to its biological and
mechanical benefits. The addition of minor Sr can refine the grains of Mg
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alloys, which effectively enhances both the mechanical and anti-
corrosion properties owing to grain refinement [41,42]. Moreover, it
has been validated that Sr can enhance cell replication and inhibit bone
resorption [16,43]. In this study, we innovatively incorporated addi-
tional Sr into an Mg-RE alloy to augment its biocompatibility. Specif-
ically, an alloy with 1 wt% Sr was integrated into the established
biomedically safe WE43 Mg alloy, serving as the foundational material.
Subsequently, this alloy underwent FSP, leading to a novel microstruc-
ture containing refined grains, a highly solid-soluted matrix, and a ho-
mogenous distribution of the precipitated phases. This processing
resulted in the alloy exhibiting remarkable improvements in strength,
both in vitro and in vivo degradation rates, and in biological
compatibility.

2. Experimental
2.1. Preparation of materials

In this study, pure Mg, Mg-30 wt% RE (Y, Nd, and Gd), Mg-20 wt%
Zr, and Mg-20 wt% Sr master alloys were utilized to prepare the implant
base material, denoted as the WE43-1 wt%Sr alloy (designated as
WEJ431). The material synthesis involved smelting these alloys using an
electrical resistance furnace, conducted under a protective atmosphere
of COy and 0.5 % SFg mixed gas within a graphite crucible to obtain
ingot casting. The specific chemical composition of the WEJ431 alloy
was meticulously analyzed using inductively coupled plasma optical
emission spectroscopy (ICP-OES), and the results are presented in
Table 1. Subsequently, the cast ingot underwent precision machining via
wire electrical discharge machining (EDM) to produce flat plates
measuring 200 mm x 65 mm x 4 mm, which served as the starting
material for further processing. Before the FSP, a thorough preparation
step was performed. This involved meticulous polishing of all plate
surfaces using abrasive paper up to a fineness of #4000 to eliminate any
oxidation layers generated during the EDM process. The FSP procedure
was executed using a specialized tool with a shoulder diameter of 15 mm
and a probe length and diameter of 2.8 mm and 6 mm, respectively. To
investigate the impact of the heat input, FSP was conducted at tool
rotation speeds of 300, 500, 800, and 1200 rpm. The FSP operations
were consistently performed at a constant processing speed of 50 mm/
min. For ease of reference, the samples derived from the base metal, with
tool rotation speeds of 300, 500, 800, and 1200 rpm, were denoted as
“BM”, “FSP-300”, “FSP-500”, “FSP-800”, and “FSP-1200”, respectively.
To facilitate subsequent microstructural, mechanical, in vitro, and in vivo
degradation assessments, the test specimens were extracted along the
processing direction from the center in the stir zone of the processed
samples. A schematic illustration of the FSP procedure and corre-
sponding configurations of the test specimens is presented in Supple-
mentary Fig. S1. All the samples were polished to approximately 1 mm
from the top surface to ensure a uniform structure of the FSP-processed
surface.

2.2. Microstructural and mechanical characterization

The microstructure characterization of the alloys before and after
FSP was conducted using scanning electron microscopy (SEM, Zeiss,
Gimini-300) with a back-scattered electron microscope. Chemical
compositions were tested by energy-dispersive X-ray spectroscopy (EDS,
Oxford). Before examination, the samples underwent a meticulous
metallographic preparation process. This involved mechanical grinding
with SiC paper up to 4000 grit, followed by polishing with a colloidal
silica suspension (Struers OPS, 0.25 pm). Chemical etching was per-
formed using a solution composed of 10 g picric acid, 25 mL acetic acid,
175 mL ethanol, and 25 mL distilled water prior to SEM observation and
EDS analysis. The size statistics were measured by the intercept pro-
cedure using Image-Pro Plus 6.0 to estimate the distribution of the
precipitated particles. The crystal orientation and grain size of the
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Table 1
Chemical composition of as-prepared WEJ431 alloy.

Bioactive Materials 41 (2024) 293-311

Alloy Chemical composition (in wt.%)
Y Nd Gd Sr Zr Zn Ca Mg
WEJ431 3.702 2.028 1.124 0.707 0.355 0.244 0.0718 Bal.

samples were statistically analyzed using electron back-scattered
diffraction (EBSD). For EBSD, an electrolytic polishing step was per-
formed using a solution of perchloric acid and ethanol at a voltage of 15
V and —30 °C for 15 s. The crystal structures of the samples were
determined by X-ray diffraction (XRD, Bruker D8) at 40 kV and 30 mA
using a rotating Cu Ka X-ray source. The scan range was 20°-90° at a
scanning speed of 0.5°/min. Tensile testing was performed using a
universal tensile testing machine (Shimazu, AGX-10kNX) under tensile
strain rates of 3.33 x 10~%/s. Each alloy was tested three times to ensure
consistency of the results.

2.3. Electrochemical measurements

Electrochemical measurements were performed using an electro-
chemical workstation (Zahner, Zennium) equipped with a three-
electrode electrolyte cell. A platinum foil served as the counter elec-
trode and an Ag/AgCl electrode (saturated KCl) was employed as the
reference. The test specimens were sealed in epoxy resin to serve as
working electrodes. The samples were subsequently immersed in 500
mL of Hanks’ solution. Electrochemical impedance spectroscopy (EIS)
measurements were performed with a sinusoidal potential of 5 mV
amplitude at the open-circuit potential (OCP), sweeping the frequency
range from 100 kHz to 10 mHz. EIS spectra were recorded at various
intervals (30 min, 1d, 3d, 7 d, 14 d, and 30 d), and the data were curve-
fitted using Z-Simple software. A potentiodynamic polarization curve
was tested at a scanning rate of 1 mV s~! from —2.2 V to —1.1 V versus
the reference electrode, following immersion in Hanks’ solution for 60
min. All electrochemical tests were performed in duplicate to ensure
repeatability of the results.

2.4. In vitro degradation

The in vitro degradation rate of the samples was assessed to conduct
initial screening through an immersion test in Hanks’ solution con-
ducted over a period of 30 d at room temperature. The corrosion rate
was determined using the hydrogen collection method [44]. The elec-
trolyte volume in the container was maintained at 500 mL and the
evolved hydrogen was continuously collected. The mass loss of the
samples was quantified in both the pre- and post-immersion tests using
an analytical balance. Subsequently, the morphologies and corrosion
products were examined using SEM, EDS, and XRD. After a 30-day im-
mersion period, the corrosion products were removed using CrOs and
AgNOg3 solutions for 10 min, ultrasonically cleaned in ethanol, and
air-dried. The surface roughness and corrosive depth of the degraded
samples after the removal of the corrosion products were estimated
using a three-dimensional laser scanning confocal microscope system
(Zeiss, LSM900).

2.5. Biocompatibility

2.5.1. Cell culture

Murine calvarial preosteoblasts (MC3T3-E1) purchased from ATCC
were used to evaluate the cytocompatibility of the alloys, which had a
behavior similar to that of primary calvarial osteoblasts. To better mimic
the in vivo situation, the incubation intervals were set to 24 h, and sol-
uble degradation products were regularly removed from the circulatory
system at the local implantation site.
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2.5.2. Cell viability and cytotoxicity evaluation

The evaluation of cell viability and cytotoxicity were conducted
utilizing a cell counting kit-8 (CCK-8) assay. The cells were seeded in 96-
well plates at a density of 1 x 10* cells/well and cultured for 24 h.
Extracts were added to the culture medium, and normal culture medium
was used as a negative control. After 24, 48, and 72 h of incubation, 20
pL of the CCK-8 detection reagent was added to each well and incubated
for 1 h. Absorbance was subsequently measured at a wavelength of 450
nm using a microplate spectrophotometer (Thermo Scientific).

The live/dead cell assay was performed according to the protocol of
the BestBio manufacturer. Briefly, the cells were stained for 30 min with
a 1:10000 diluted calcein-AM solution and 5 min with a 1:5000 dilution
of PI solution. Viable cells stained green with calcein-AM, while dead
cells stained red with PI, were visualized using fluorescence microscopy
(Leica, SP8).

2.5.3. Cell adhesion and morphology

Confocal laser scanning microscopy (CLSM) was used to observe the
adhesion and morphology of the actin cytoskeleton in cells co-cultured
with the samples after 24, 48, and 72 h. The cells were then washed
with PBS, fixed with 4 % paraformaldehyde, and permeabilized with 0.1
% Triton X-100. The nuclei were stained using 4’,6-diamidino-2-phe-
nylindole dilactate, while F-actin was stained with Actin-Tracker Green.
Cellular imaging was performed using a CLSM system to capture images
of the cells on the glass substrate and the sample surface. Additionally,
the spread of cells on the sample was investigated using SEM. The SEM
procedure involved the immersion of the samples in 2.5 % glutaralde-
hyde, dehydration with graded ethanol, and tertiary butanol. Finally,
the morphologies of the attached cells were observed using SEM.

2.5.4. Invitro degradation of the alloys in DMEM
Invitro degradation of the alloys was assessed by measuring the pH of
the collected media after 24, 48, and 72 h of culture.

2.5.5. Quantitative real-time polymerase chain reaction assay

BMSCs were cocultured with small disks of control, BM, FSP-300,
and FSP-800, each with a thicknesses of 0.5 cm and diameters of 3 cm
in a 6-well plate. DMEM-F12 was added to the cultured BMSCs, and the
expression of cell attachment-related genes (integrins al and f1) was
assessed. The initial detection time was set to 1 d after co-culture with
the samples.

RNA was extracted at each time point by using a total RNA kit
(Omega Bio-Tek, Norcross). Complementary DNA was synthesized using
a PrimeScript RT Reagent Kit (Takara, Shiga, Japan). SYBR premix Ex
Taq reagent (Takara) and a CFX Connect Real-Time PCR Detection
System (BioRad) were used for quantitative reverse transcriptase poly-
merase chain reaction (qQRT-PCR) detection. Primer sequences were
synthesized by Sangon Biotech Co. Ltd. by Primer Premier software.
Glyceraldehyde-3-phosphate dehydrogenase was used as the internal
control. The relative expression of the target gene was calculated using
the 2—Ct method [45].

2.6. In vivo animal studies

2.6.1. Animal model and experimental process

The Animal Care and Experiment Committee and Animal Ethics
Committee of the First Affiliated Hospital of Chongqing Medical Uni-
versity (No. 20187801) approved all the animal experiments conducted
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in this study. Fifteen 12-week-old Sprague-Dawley (SD) rats were
randomly divided into five groups (control, 7d, 15d, 30d, and 60d), with
three rats in each group. Prior to the procedure, all rats were anes-
thetized with an intraperitoneal injection of pentobarbital sodium (30
mg/kg). Four longitudinal incisions parallel to the spine were made on
both sides of the back of the rats. A sample of size 5 mm x 5 mm x 1 mm
was implanted into a subcutaneous pocket through one of the incisions.
The control group underwent only skin incision and did not have any
specimens implanted.

The in vivo degradation samples were analyzed using high-solution
three-dimensional (3D) X-ray computed tomography (Zeiss, Xradia620
Versa). The voltage and power were set to 90 kV and 10 W, respectively.
Each scan produced approximately 998 tomographic images with a pixel
size of approximately 6 pm at an exposure time of 1 s. The 3D recon-
struction of the tomographic images was visualized using the Amir-
aAvizo3D software. This study focused on 3D rendering and
segmentation of the material matrix, corrosion pits, and corrosion
products to assess the overall degradability of the implanted materials.
Segmentation was performed by distinguishing the grayscale values of
different materials, and small noises were removed to ensure result ac-
curacy [46].
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2.6.2. Blood testing

Blood samples were collected from each rat before implantation and
at 3, 7, 15, 30, and 60 d after implantation, with a volume of 1 mL per
collection. Hematological parameters, such as alanine aminotransferase
(ALAT), aspartate aminotransferase (ASAT), creatinine (CREA), and
serum magnesium ion concentration, were measured using an IDEXX
Catalyst One hematological autoanalyzer.

2.6.3. Histological evaluations postsurgery

On days 7, 15, 30, and 60 of implantation, the rats were euthanized,
and subcutaneous tissues containing the samples along with vital organs
(such as liver, heart, and kidney) were harvested. Harvested tissues were
fixed in 4 % paraformaldehyde, dehydrated, and embedded in paraffin.
Histological sections were prepared and stained with hematoxylin-eosin
(H&E) for general tissue morphology assessment. In addition, immu-
nohistochemical staining was performed using specific antibodies
(CD206 and CD86). A chromic acid solution (200 g of CrO3 and 10 g of
AgNO3) was used to clean the samples. The surface morphology was
characterized using an optical camera.

2.7. Statistical analyses

Continuous data were expressed as mean =+ standard deviation. To
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Fig. 1. SEM and elemental mapping images of (a-d) BM, (e, g, h) FSP-300, (i, k, 1) FSP-500, (m, o, p) FSP-800, and (q, s, t) FSP-1200. Precipitated phase distributions

of (f) FSP-300, (j) FSP-500, (n) FSP-800, and (r) FSP-1200.
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determine the statistical significance of different groups, a single-factor
one-way analysis of variance (ANOVA) with a post-hoc test was used. A
p-value less than 0.05 was considered to be statistically significant. All
statistical analyses were conducted using the SPSS software.

3. Results
3.1. Surface morphology, microstructure, and chemical composition

Fig. 1 illustrates the microstructure and chemical composition of
WEJ431 alloys before and after FSP. As shown in Fig. 1a, the BM sample
exhibited coarse and dendritic precipitated phases that were randomly
distributed in the a-Mg matrix. These phases primarily consisted of Y,
Nd, Gd, Zr, and Sr (Fig. 1c and d). The presence of Y-rich and Nd-rich
particles in the BM was confirmed by EDS analysis (Fig. S3).
Combining the XRD spectra shown in Fig. 2a, the two precipitated
phases are referred to as the Mgy4Ys and Mg41Nds precipitates. These
rare-earth elements (Y, Nd, and Gd) were also soluted in the precipitates
(Fig. 1c). As shown in Fig. S3, Y element was partially soluted in the
a-Mg matrix, but few Nd and Gd elements could be identified in the
matrix. The Y content near the precipitates was higher than that in the
a-Mg matrix phase far from the precipitates. In addition, most Sr
element was detected in the precipitated phases, indicating that Sr was
soluted in the precipitates. Zr element was evenly distributed
throughout the material. After FSP, refined grains and uniformly
distributed precipitates can be observed in Fig. le-t and Figs. S2a-d.
Notably, at low heat input (rotation speeds of 300 and 500 rpm), most of
the coarse precipitated phases were replaced by finer equiaxed spherical
particles smaller than 100 nm in size. However, some micron-sized
particles were still observed on the surface (Fig. 1e and i). The FSP-
800 sample exhibited the finest and most uniformly distributed
precipitated phases (compared with Fig. 1e-i, and q). With further in-
creases in the rotation rate, the size of the precipitated phases increased
slightly owing to the increase in the heat input. According to the XRD
results, the shift in the a-Mg phase suggests the formation of a Y-satu-
rated Mg phase during FSP [47] (Fig. 2b). Among them, the FSP-800
exhibited a higher solid solution content of alloying elements after
thermal-mechanical processing.

EBSD analysis of the alloys, both before and after FSP, was conducted
on a longitudinal section parallel to the PD. Inverse pole figure (IPF)
maps of the samples under different conditions are shown in Fig. 3. All
the samples exhibited fully recrystallized and equiaxed grains. The
average grain sizes of the BM were 53.2 pm, which were dramatically
refined to 2.6 pm in FSP-300, 2.7 pm in FSP-500, 3.4 pm in FSP-800, and
6.1 pm in FSP-1200. The grain sizes significantly decreased after the
FSP. Meanwhile, the grain sizes increased marginally but still main-
tained in the same order of magnitude with increasing heat input during
FSP. The measured (0001), (10-10), and (11-20) pole figures are shown
in Fig. S4, revealing that all WEJ431 alloys before and after FSP

o a-Mg

+ MgyYs @ Mg,Nds
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exhibited a relatively strong (0001) basal texture, with the texture
strength maintained at the same level. The kernel average misorienta-
tion (KAM) distribution maps shown in Fig. 4 can be used to qualita-
tively characterize the density distribution of dislocations and the strain
magnitude in different grains. As shown in Fig. 4b, most areas of the FSP-
300 sample are blue, and a few areas are green, indicating that the
surface of the sample is almost free of dislocations. With a further in-
crease in the tool rotation speed, a high KAM value was observed near
the grain boundaries and inside the grains (Fig. 4c—e). The KAM results
shown in Fig. 4e indicate that the FSP-1200 sample had a high dislo-
cation density and was more prone to strain concentration.

3.2. Mechanical properties

Fig. 5 shows the mechanical properties of the WEJ431 alloys before
and after FSP, including the ultimate tensile strength (UTS), yield
strength (YS), and elongation (EL) to failure. The UTS and YS of the BM
were only 135.7 MPa and 188.1 MPa, respectively. After FSP, the
strength and elongation of the alloys were significantly enhanced. Based
on the microstructural results, it can be inferred that grain refinement
and precipitation hardening contributed to the strength of the FSP-
treated samples, as illustrated in Fig. 1. Meanwhile, the Y element has
been proven to provide an obvious solid solution strengthening effect for
Mg alloys owing to serious lattice distortion caused by the significant
diameter difference between Mg and Y atoms [48,49]. As a result, grain
refinement, precipitate strengthening, and solid solution strengthening
collectively increased the strength of the FSP-treated WEJ431 alloys.
According to the EBSD results shown in Fig. 3, the grain sizes increased
with increasing tool rotation. The tensile strength of the alloys increased
with increasing tool rotation speed, as shown in Fig. 5. When the rota-
tion speed was increased to 1200 rpm, the YS and UTS improved to
190.5 MPa and 267.6 MPa, respectively. EI reached its maximum value
(8.0 %) at a rotation speed of 800 rpm and then decreased to 6.4 % at a
rotation speed of 1200 rpm. Among these samples, FSP-800 exhibited a
higher solid solution content of Y element after FSP. Meanwhile, the
peak offset in the a-Mg phase for the FSP-1200 sample showed a certain
right shift compared with that of the FSP-800 sample. This indicates that
a large number of fine precipitates gradually precipitated from the
soluted matrix during the cooling of the FSP process at higher input
conditions. During the process of tensile deformation, these fine pre-
cipitates can effectively pin dislocations and grain boundary movement,
substantially enhancing the precipitation strengthening in the FSP-1200
sample. As reported in Ref. [50], grain refinement would improve the
plasticity by enhancing the homogeneity of plastic deformation in the
metallic materials with a strong basal texture. Thus, the elongation after
FSP was increased by the grain refinement compared to the BM sample,
as depicted in Fig. 3. However, the precipitates in FSP-1200 may pin
dislocations or hindered their movement, thereby reducing the elonga-
tion with increasing the tool rotation speed to 1200 rpm [51,52].
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Fig. 2. (a) XRD patterns of BM, FSP-300, FSP-500, FSP-800, and FSP-1200. (b) Detailed XRD patterns from 31° to 33°.
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Fig. 4. Kernel average misorientation (KAM) distribution maps of (a) BM, (b) FSP-300, (c) FSP-500, (d) FSP-800, and (e) FSP-1200. KAM values are indicated by

color bands ranging from 0° (minimum) to 5° (maximum).
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Fig. 5. Tensile mechanical properties of BM, FSP-300, FSP-500, FSP-800, and
FSP-1200.
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3.3. Invitro degradation

3.3.1. Electrochemical impedance spectroscopy

EIS tests were performed to evaluate the in vitro degradation of the
samples. After immersion in Hanks’ solution for 7 d, the BM sample
collapsed and shattered, making it challenging to continuously monitor
stable EIS data. The impedance modulus of BM decreased sharply during
the immersion period (Fig. 6a). For the FSP-treated samples, EIS
remained stable during the 30-day immersion period. In addition, the
alloys exhibited different corrosion behaviors during the immersion
period. Specifically, in the Bode plots of the BM, FSP-300, FSP-500, and
FSP-1200 samples, a plateau that changed to a positive slope in the low-
frequency range corresponded to the inductance of the Mg alloys. This
was related to the unstable dissolution of the surface film. The induc-
tance can be regarded as a pseudo-element that represents the self-
catalytic electrochemical processes. The equivalent circuit of Model A
in Fig. 7a was used to fit the EIS results of the samples. However, the
FSP-800 sample in the initial period did not show inductance charac-
teristics. Hence, the local autocatalytic reaction was negligible. The
model B equivalent circuit in Fig. 7a was applied to fit the EIS results of
the FSP-800 sample in the first 3 d, which was similar to the model for a
surface-coated Mg alloy [53]. The EIS corrosion process of FSP-800
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Fig. 6. Typical Nyquist and Bode plots for (a—c) BM, (d-f) FSP-300, (g-i) FSP-500, (j-1) FSP-800, and (m-o) FSP-1200 after immersion in Hanks’ solution for

different durations.

suggested local breakdown of the surface film and exposure of the alloy
substrate, which was fitted by equivalent circuit A. In these circuits, R
represents the solution resistance, CPE; represents the constant phase
element, Ry is the surface film resistance, and R.; and CPEq are the
charge transfer resistance and double-layer capacitance, respectively. Ry,
and L correspond to resistance and inductance, respectively. The fitting
electrochemical parameters of the samples are presented in Tables 2-6.
In this study, the capacitance of the surface film Cf was calculated from
the fitted CPE¢ based on Equation (1) [1]:

Cf: Yol/an(l—n)/n (1)

where Yy and n are the admittance of a non-ideal capacitor and an
empirical constant ranging from O to 1, respectively, and Ry is the surface
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film resistance. The capacitance of the double layer (Cqy) was calculated
using Equation (2) [1]:

1 1 (n-1)/n
Ca=Yq'" (— + —)
dl dl R.  R.

(2)
where Yy represents the admittance of the double layer, and R¢ and Rt
are the surface film and charge transfer resistances, respectively.
According to the circuit, the polarization resistance (Rp), which is
proportional to the corrosion rate, can be calculated using Equation (3):
RctRL

(

R =R ¥ R + R, Model A)

3)
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Table 2

Fitting EIS parameters of BM.
Immersion time (d) R, (Q-cm?) C (F/cm?) R¢ (Q-cm?) Cq (F/cm?) Re (Q-cm?) Ry, (Q-cm?) L (H/cm?) R, (Q-cm?)
0 20.73 1.22 x 1075 3.64 x 10° 3.77 x 107* 1.48 x 10° 5.48 x 10% 4.98 x 10* 4.04 x 10°
1 19.13 7.18 x 10°° 1.67 x 10° 1.69 x 107> 1.35 x 10° 4.35 x 10% 4.43 x 10* 2.00 x 10°
3 15.47 3.97 x 107° 6.23 x 102 1.18 x 1072 4.72 x 10? 3.65 x 102 2.31 x 10° 8.29 x 102
7 19.34 2.59 x 1075 1.29 x 102 1.41 x 107° 3.71 x 10% 1.66 x 102 2.37 x 10° 2.43 x 10%

Table 3

Fitting EIS parameters of FSP-300.
Immersion time (d) Ry (Q-cmz) Ce (F/cmz) R¢ (Q-cmz) Ca (F/cmz) Rt (Q-cmz) Ry, (Q~cm2) L (H/cmz) R, (Q-cmz)
0 16.13 1.33 x 107° 4.52 x 10° 1.41 x 107 5.38 x 10° 8.75 x 10° 4.86 x 102 7.85 x 10°
1 14.52 1.50 x 1075 1.56 x 10* 4,52 x 107° 7.42 x 10° 3.24 x 10* 7.43 x 10° 2.16 x 10*
3 19.20 9.39 x 107° 1.11 x 10* 1.30 x 107° 4.79 x 10° 5.23 x 10° 2.21 x 10° 1.36 x 10*
7 14.21 1.53 x 107° 4.89 x 10° 2.90 x 107° 5.08 x 10° 3.47 x 10° 4.22 x 10° 6.95 x 10°
15 22.99 9.01 x 107° 2.30 x 10° 8.31 x 107° 1.86 x 10° 2.12 x 10% 5.94 x 10° 2.49 x 10°
30 20.51 8.96 x 107° 1.81 x 10° 3.73 x 107* 1.46 x 10° 1.54 x 10? 6.73 x 10% 1.95 x 10°

R —R.+R ( @ Fig. 7c and d. R, serves as an indicator to evaluate the corrosion prop-
p = Rp + Rat Model B) erties of the materials. According to the results in Fig. 7d, the Ry, values

of the FSP-treated samples were higher than those of the BM throughout
The R and calculated R;, values of these samples are summarized in P & &
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Table 4

Fitting EIS parameters of FSP-500.
Immersion time (d) Ry (Q-cmz) Ce (F/cmz) R¢ (Q-cmz) Ca (F/cmz) Ret (Q-cmz) Ry, (Q~cm2) L (H/cmz) Ry (Q-cmz)
0 18.84 1.60 x 107> 5.63 x 10° 5.44 x 10°° 3.21 x 10° 8.83 x 10° 7.42 x 10° 7.98 x 10°
1 17.68 1.31 x 107° 1.43 x 10* 5.41 x 107° 1.34 x 10* 1.02 x 10* 1.04 x 10° 2.31 x 10*
3 21.66 1.53 x 107° 1.15 x 10* 2.98 x 107° 3.42 x 10° 4.38 x 10° 1.16 x 10° 1.74 x 10*
7 16.74 6.88 x 107° 5.71 x 10° 4.50 x 107 3.65 x 10° 5.75 x 10° 4.52 x 10° 7.94 x 10°
15 18.27 7.82 x 107° 5.40 x 10° 1.37 x 107° 3.16 x 10° 2.83 x 10° 2.10 x 10° 6.89 x 10°
30 22.85 7.99 x 107° 2.21 x 10° 3.64 x 107° 1.11 x 10° 5.39 x 10% 1.22 x 10° 2.57 x 10°

Table 5

Fitting EIS parameters of FSP-800.
Immersion time (d) R, (Q-cm?) C¢ (F/cm?) R¢ (Q-cm?) Cal (F/cm?) Ry (Q-em?) Ry, (Q-cm?) L (H/cm?) R, (Q-cm?)
0 20.39 1.49 x 107° 6.66 x 10° 418 x 107* 1.78 x 10° - - 8.44 x 10°
1 16.83 3.19 x 107° 3.43 x 10* 5.20 x 107° 2.34 x 10* - - 5.77 x 10*
3 19.32 9.93 x 107° 4.41 x 10* 1.22 x 107 2.43 x 10* - - 6.84 x 10*
7 23.04 7.18 x 10°° 2.57 x 10* 5.04 x 10°° 2.10 x 10* 1.24 x 10° 2.11 x 10° 2.69 x 10*
15 24.40 7.56 x 107° 6.12 x 10° 3.39 x 107° 1.93 x 10° 1.15 x 10° 1.64 x 10* 6.84 x 10°
30 21.74 1.31 x 107 3.50 x 10° 5.17 x 107° 1.82 x 10° 1.11 x 10° 2.67 x 10* 4.19 x 10°

Table 6

Fitting EIS parameters of FSP-1200.
Immersion time (d) R, (Q-cm?) C¢ (F/cm?) R¢ (Q-cm?) Cal (F/cm?) Ry (Q-em?) Ry, (Q-cm?) L (H/cm?) R, (Q-cm?)
0 17.22 1.79 x 107° 6.12 x 10° 2.37 x 107° 4.65 x 10° 1.38 x 10* 1.23 x 10° 9.59 x 10°
1 21.89 1.71 x 107° 1.22 x 10* 5.46 x 10°° 2.01 x 10* 8.71 x 10° 1.68 x 10° 1.83 x 10*
3 16.71 1.88 x 107° 6.02 x 10° 2.01 x 107° 2.54 x 10* 7.48 x 10° 8.86 x 102 1.18 x 10*
7 14.17 1.49 x 107° 5.21 x 10° 2.30 x 107 4.86 x 10° 1.12 x 10? 1.42 x 10° 5.32 x 10°
15 16.23 4.57 x 107° 2.42 x 10° 113 x 10°° 2.15 x 10° 4.89 x 102 3.43 x 10* 2.82 x 10°
30 22.58 2.18 x 107° 1.94 x 10° 8.76 x 107° 1.91 x 10° 4.20 x 10% 3.07 x 10* 2.28 x 102

the immersion period, indicating superior corrosion resistance.
Concurrently, the R, values of the BM sharply decreased during the 7-
day immersion period, suggesting that the sample experienced severe
corrosive erosion. As shown in Fig. 7c and Tables 2, 3, 4, 5 and 6, the R
values of the alloys after FSP were larger than those of the BM, implying
a more protective film deposited on the surface of the FSP-treated alloys.
Moreover, the Rf and R, values of the FSP-treated samples slightly
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increased during the initial immersion stage, decreased after 7 d of
immersion, and then remained stable at a high level throughout the
entire immersion process. This indicates that the alloys after FSP can
achieve long-term stability of the surface film and more stable corrosion
resistance. Similarly, the Cf values are also related to the properties of
the surface films on alloys [54]. The C¢ values of the FSP-treated samples
remained relatively stable during degradation. Among these FSP-treated
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Fig. 8. (a, b) Hydrogen evolution volumes and (c) corrosion rates of BM, FSP-300, FSP-500, FSP-800, and FSP-1200 in Hanks’ solution for 30 d. (d) Potentiodynamic
polarization curves of BM, FSP-300, FSP-500, FSP-800, and FSP-1200 in Hanks’ solution.
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samples, the Cf values of the FSP-800 sample were relatively small,
which indicates that the surface film on this sample was smoother and
denser, thereby inhibiting electrochemical corrosion reactions between
the substrate and solution [53]. Moreover, Ry, Ret, and R, of the FSP-800
sample were relatively higher than those of the other samples during the
degradation period, indicating the significantly enhanced corrosion
protection of this sample.

3.3.2. Hydrogen evolution test

Hydrogen evolution is a crucial factor in evaluating biodegradable
Mg alloys because it can help intuitively predict the production of
hydrogen during in vivo biodegradation. Fig. 8a and b displays the
hydrogen (Hy) evolution of the BM, FSP-300, FSP-500, FSP-800, and
FSP-1200 samples in Hanks’ solution. As expected, BM exhibited the
highest H, evolution volume and fastest Hy evolution rate (Fig. 8a). The
amount of Hy accumulated over time and the Hj evolution rate of the BM
increased slowly in the early stage and then accelerated sharply after
immersion for 7 d. This implies that for the casting sample, once the
surface underwent uneven corrosion, the corrosion rate significantly
increased, eventually leading to severe damage to the sample [53,55].
As shown in Fig. 8a and b, the amount of Hy in the alloys after FSP
decreased significantly compared to that in the as-cast alloy, while the
order of the Hy amount for the FSPed alloys was FSP-300 > FSP-500 >
FSP-1200 > FSP-800. Interestingly, the total hydrogen evolution of
FSP-800 was lower than 1 mL/cm? after 30 d of degradation in Hanks’
solution. The corrosion rate calculated based on the mass loss was
consistent with that of the hydrogen evolution. The corrosion rate of the
alloys after FSP significantly decreased by 82.9%-93.9 % compared to
that of the BM. Moreover, the FSP-800 sample exhibited the best
corrosion resistance with an in vitro corrosion rate of only 0.4 mm/y.

Fig. 8d presents the potentiodynamic polarization curves of the BM,
FSP-300, FSP-500, FSP-800, and FSP-1200 samples after immersion in
Hanks’ solution for 60 min. The corresponding corrosion potential
(Ecorr) and corrosion current density (icorr) estimated from the polari-
zation curves are listed in Table 7. BM exhibited the highest icopr,
whereas the alloys after the FSP treatment had a lower icoy. For the BM
sample, a sudden increase in current was observed in the anodic po-
larization curve. This suggests that the surface film formed during the
corrosion process had a minimal protective effect, leading to the rapid
dissolution of Mg alloys. Notably, both samples after FSP treatment
exhibited a slight pseudo-passive region on their anodic polarization
curves, which can be attributed to the formation of a protective film in
Hanks’ solution. The subsequent rapid increase in the current corre-
sponded to the breakdown of the surface films. The breakdown potential
of the FSP-800 sample was relatively positive, indicating greater pro-
tectiveness of the surface film. Additionally, the FSP-800 sample had the
lovs;est corrosion current density among these samples (icorr = 3.38 pA/
cm®).

3.3.3. Corrosion morphology and product analysis

Fig. 9 depicts the typical corrosion surface morphology evolution
with constituents of corrosion products on the BM- and FSP-treated al-
loys after immersion in Hanks’ solution for varying periods of time. As
shown in Fig. 9a, the BM exhibited numerous loose corrosion products
and a rough surface after immersion for 7 d. With the extension of the

Table 7
Corrosion potential (Eco) and corrosion current density (icor) estimated from
the polarization curves.

Samples Ecorr (V vs Ag/AgCl) icorr (A/cm?)
BM ~1.59 3.96 x 107°
FSP-300 -1.72 6.92 x 10°°
FSP-500 -1.65 6.31 x 10°°
FSP-800 -1.64 3.38 x 10°°
FSP-1200 ~1.66 4.16 x 107°
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immersion time, the corrosion of the BM gradually intensified, and the
corrosion products accumulated quickly (Fig. 9f). When the immersion
time reached 30 d, large amounts of corrosion products were deposited
on the cracked corrosion surface, which were composed of Mg, O, C, Ca,
P, and a small amount of rare earth elements, according to the EDS re-
sults in Fig. 9p. Deep corrosion pits appeared on the surface of the BM,
indicating severe damage to the sample (Fig. 9k). This phenomenon
corresponded to the results observed in the polarization curves shown in
Fig. 8d. The non-protective effect of the surface film on the BM surface
led to rapid dissolution of the Mg alloy in the early corrosion stage,
resulting in the formation of some localized corrosion pits. The corrosion
surfaces of the Mg alloys after FSP were relatively smooth compared
with those of the BM, and there were no obvious large corrosion pits. In
addition, more RE elements, including Y, Nd, and Gd, were detected on
the corroded surface after the FSP treatment. As depicted in Fig. 9b-g, 1,
and q, FSP-300 suffered relatively slight corrosion destruction during
the entire immersion period, with only a few corrosion product films
formed on the surface with a mixture of Mg hydroxides and phosphates.
After immersion for 15-30 d, the corrosion products gradually accu-
mulated on the surface of FSP-300 (Fig. 9g and 1). The corrosion
morphological characteristics of FSP-500 were similar to those of the
FSP-300 sample (Fig. 9c-h, m, and r), with the specific performance
being the accumulation of corrosion products appearing in the later
stage of corrosion. As shown in Fig. 9d-i, n, and s, FSP-800 maintained a
smooth surface and a dense surface film deposited without the accu-
mulation of corrosion products after immersion in Hanks’ solution. The
entire surface suffered more uniform corrosion than that of the other
materials. The FSP-1200 sample exhibited a relatively more serious
corrosion phenomenon (Fig. 9e—j, o, and t) than the FSP-800 sample.
Notably, the slight pseudo-passive region in the anodic polarization
curves of the FSPed samples can also reflect the formation of a protective
surface film during corrosion.

3.4. In vitro biocompatibility

The biocompatibility of representative group of BM, FSP-300 and
FSP-800 materials was preliminarily evaluated in vitro through co-
culturing the materials with bone marrow mesenchymal stem cells
(BMSCs). Among them, the BM as the contrast material, FSP-300 and
FSP-800 are typical materials with the highest corrosion rate and the
lowest corrosion rate after processing, respectively. Live/dead staining
was performed to assess the cytotoxicity of the materials visually. The
live/dead staining images in Fig. 10 of BMSCs co-cultured with extracts
for 72 h indicate the presence of live cells in all groups, with only a few
dead cells. The control and FSP-800 groups exhibited diverse live cells
that almost filled the entire field, while dead cells were scarce. In
contrast, the BM group had significantly more dead cells than the other
groups did. These results confirmed the excellent cytocompatibility of
the FSP-800 alloy (Fig. 10f).

To further evaluate the effect of the materials on cell proliferation, a
CCK-8 assay was performed (Fig. 10e). The results demonstrated good
cytocompatibility of both FSP-300 and FSP-800 alloys, with the latter
showing the strongest ability to promote cell proliferation, possibly
owing to its superior anti-corrosion properties. Moreover, the cytotox-
icity of FSP-800 alloys should fall within Grade 0 or Grade 1, according
to ISO 10993-5 [56].

The initial adhesion, morphology, and viability of BMSCs were
evaluated to explore the in vitro cytocompatibility of the samples.
Integrins al and p1 are crucial for cell adhesion and their gene expres-
sion reflects the level of cell adhesion. As demonstrated by the PCR re-
sults (Fig. 11f and g), gene expression analysis of integrins ol and p1
showed that their expression in the BM and FSP-300 groups was
significantly lower than that in the control groups. However, the
expression of integrins al and 1 in the FSP-800 group was closed in the
first 3 d and significantly increased at the 7-day time point compared to
the control group. In addition, the morphology of BMSCs observed
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Fig. 9. Surface morphologies and corresponding EDS analysis of (a, f, k, and p) BM, (b, g, 1, and q) FSP-300, (c, h, m, and r) FSP-500, (d, i, n, and s) FSP-800, and (e, j,
o, and t) FSP-1200 after immersion in Hanks’ solution for different periods.
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Fig. 10. (a—d) Live/dead staining of BMSCs after co-culture with the control, BM, FSP-300, and FSP-800 extracts. (e) Cell viability of BMSCs evaluated using the CCK-
8 assay. (f) Dead cell numbers after co-culture with the control, BM, FSP-300, and FSP-800. Error bars represent mean + SD for n = 6 (*p < 0.05).

through cytoskeleton staining revealed that the cells on FSP-800 (Fig. 11a—d). In contrast, the FSP-800 group did not show a significant

exhibited more spreading and pseudopodia than the other groups, decrease in cell roundness compared with the control group (Fig. 11e),

indicating enhanced cell attachment and spreading (Fig. 11a—d). indicating better biocompatibility. This finding was consistent with the
Cell roundness analysis showed that the BM and FSP-300 groups results of live/dead staining.

induced cell deformation and death, as evidenced by a significant Overall, the findings suggest that the FSP-800 alloy demonstrated

decrease in cell roundness compared with the control group excellent cytocompatibility, promoted cell proliferation, enhanced cell

303



Y. Zhu et al.

(a)
Control
(c) (d)

FSP-300 | 100um

C

Q
& Control NS
I e
BM
6r == FSP-300

Em FSP-800

Relative normalized
Integrin a1 expression

Bioactive Materials 41 (2024) 293-311

(e) s -
o o [ NS
g 1
3 4 "
S 4
]
O 2+

0

Control BM FSP-300 FSP-800

(9 .

= . Control NS
B2 BM
N ® 6 &3 FsP-300
E s 8 FSP-800

X
224
o3
2 £
© =

0

7d

Fig. 11. (a-d) Initial BMSC adhesion and cytoskeleton staining of BMSCs from different groups; (e) calculated roundness of cells. Error bars represent mean =+ SD for
n = 30 (*p < 0.05). Integrins (f) a1 and (g) p1 of BMSCs grown on different substrates after culturing for various periods. f-actin was used as a control. Error bars

represent mean + SD for n = 3 (*p < 0.05).

attachment, and maintained cell morphology, indicating its superior
biocompatibility compared to the other materials evaluated.

3.5. In vivo degradation

The in vivo degradation processes of BM, FSP-300, and FSP-800 im-
plants were evaluated based on pCT investigations. Fig. 12a shows the
3D reconstructions of the in vivo-degrading implants after different pe-
riods. The corresponding digital photographs and screenshots in
different directions of the 3D micro-CT images of the in vivo degraded
implants are shown in Figs. S3 and S4. The BM implants exhibited
several surface pits within the first 7 d of degradation, whereas almost
no corrosion was observed on the FSP-300 and FSP-800 implants.
Meanwhile, some larger corrosion pits were easily observed in the 3D
reconstructed BM images after implantation for 14 and 30 d (Fig. 12a).
Unfortunately, rapid degradation of the BM implant occurred after 30 d,
making it difficult to distinguish the initial shape, and there were

numerous permeable corrosion pits on the BM surface. The FSP-300
implants maintained their original morphologies within 14 d of im-
plantation, and slight corrosion traces were detected after being
implanted for 30 d after implantation. Notably, almost no corrosion of
the FSP-800 implants was observed, which preserved their integrity
during the 30-day implantation period. When the degradation time was
extended to 60 d, the FSP-800 implants began to degrade slowly,
exhibiting 3D morphological characteristics of uniform degradation.

Implant volume loss was analyzed based on pCT measurements, and
the in vivo corrosion rate (C;) of these materials was calculated using
Equation (5):

NG
"TTAxt

)

where AV represents the implant volume loss (mm®), and A and t are the
surface area (mm?) and implantation time (year), respectively. The
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Fig. 12. (a) Representative 3D reconstructions of the implanted BM, FSP-300, and FSP-800 at different time periods. (b) Volume loss at different degradation times
and (c) corrosion rate calculated for the samples after degradation for 60 d, as assessed by pCT measurements.
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implant volume loss and corresponding in vivo corrosion rate are pre-
sented in Fig. 10b and c. Regarding the BM implants, the volume loss
exhibited a relatively consistent growth rate in the initial 30 d, which
then sharply increased with the extension of implantation duration. By
the time the degradation period was extended to 60 d, the volume loss of
the BM implant reached 12.3 mm?, and the associated in vivo corrosion
rate escalated to 1.04 mm/y. The in vivo degradation trend mirrored that
inferred from in vitro weight loss tests. However, the in vitro degradation
reached the stage of accelerated degradation earlier, and the overall in
vivo corrosion rate was lower than that of the in vitro degradation. For
the samples treated with FSP, the implant volume loss slightly increased
and remained low throughout the degradation period. Remarkably, the
FSP-800 implant achieved an impressively low in vivo corrosion rate of
approximately 0.09 mm/y. This demonstrates that the processed alloy
that we designed has significant potential for orthopaedic clinical
applications.

3.6. Biosafety

The biological safety of the materials was comprehensively assessed
using a combination of methods including histological sections, blood
tests, and immunohistochemistry. The degradation products from the
BM, FSP-800, and FSP-300 alloys were monitored as they entered the
bloodstream, and the serum biochemical indices associated with liver
and kidney functions were closely monitored. The results from Fig. S7a
indicated that there were no significant differences in body weight
among all SD rats throughout the experimental period, suggesting that
the implanted materials did not have a negative impact on the feeding
and nutrition of the SD rats. Because implanted materials undergo
degradation reactions inside the body, some degradation products enter
the circulatory system. By assessing the biological safety through
measuring the Mg content in circulation, the results presented in
Fig. S5b showed that in the early stage of material implantation (24 h
and 7 d), the blood Mg levels were higher in the BM and FSP-300 groups
than in the other groups. This correlation was linked to the degradation
rate of materials implanted in the body. However, in the later stage of
implantation (14 d), because of the stabilization of the degradation rate
of the materials and the body’s self-regulation, there were no significant
differences in blood Mg levels among the groups, confirming the bio-
logical safety of the FSP-800 and FSP-300 samples. In addition, histo-
logical analysis of the liver, kidneys, and heart of the experimental SD
rats showed no pathological damage or adverse effects on these organs
at either 30 or 60 d after implantation (Fig. 13b).

To further validate the degradation and histocompatibility of the
alloys, a subcutaneous implantation animal model was further
employed. The in vivo degradation of Mg alloys was observed to be
relatively rapid, leading to the accumulation of Hy, which could affect
the surrounding tissues and effectiveness of the implants. The situation
during tissue sampling is shown in Fig. S8, where no obvious gas
accumulation was observed in any of the groups during the early stages,
likely because of inadequate tissue encapsulation. As tissue encapsula-
tion gradually occurred around the materials, the gas was confined to
the vicinity of the materials. At 15 d, the FSP-800 material exhibited the
least gas accumulation compared with the other groups. At 30 d, gas
accumulation significantly decreased around the FSP-300 and FSP-800
materials, whereas it progressively increased in the BM group. At 60
d, owing to a decrease in the degradation rate, no gas cavities were
formed around the FSP-300 and FSP-800 materials, whereas the BM
material remained enveloped by gas. Therefore, the FSP-800 sample
demonstrated the highest biocompatibility, exhibiting negligible nega-
tive effects on the organism. Observations of the subcutaneous tissues
surrounding the implanted samples (Fig. 13a) revealed that all implants
underwent degradation, producing Hs that accumulated in the subcu-
taneous tissue and formed bubbles. Histological analysis of the sur-
rounding tissues of the implanted materials in each group, as shown in
Fig. 13a, demonstrated that local tissue inflammation was induced in all
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Fig. 13. (a) Photomicrographs of subcutaneous tissue sections of BM, FSP-300,
and FSP-800 after subcutaneous implantation for 7, 14, 30, and 60 d. (b) H&E
staining of the liver, kidney, and cardiac organs after implantation of alloys for
30 and 60 d.

samples in the early stages of implantation but gradually subsided over
time. Importantly, the FSP-800 samples exhibited milder inflammatory
reactions and a thinner fibrous layer than the other groups, indicating
the superior in vivo histocompatibility of FSP-800 implants.

M1 macrophages (CD86) play a significant role in inflammatory re-
sponses, whereas M2 macrophages (CD206) are crucial for tissue repair.
Therefore, immunohistochemical staining of the soft tissue surrounding
the alloy can facilitate the evaluation of the degree of inflammatory
response, thereby assessing biosafety (Fig. 14). Immunohistochemical
staining quantification results were adopted to detect the effects of in-
flammatory tissue on the expression of the angiogenesis-related markers
CD86 and CD206 in the tissue surrounding the alloys. The results indi-
cated that at the 7- and 14-day time points, the number of cells
expressing CD86 in the tissues surrounding the BM was significantly
higher than that in FSP-300 and FSP-800. However, at the 30- and 60-
day time points, there was no significant difference in the expression
of CD86 in the tissues surrounding the alloy between the groups. At the
7- and 14-day time points, there was no obvious difference in the
expression of CD206 in the tissues surrounding the alloy. However, the
expression of CD206 in FSP-800 was significantly higher than that in the
other samples at the 30- and 60-day time points.

4. Discussion

4.1. Roles of FSP in the formation of surface film during the
biodegradation of WEJ431 alloys

It is well established that factors such as grain size, precipitated
phases, and dislocation density directly affect the corrosion of Mg alloys
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Fig. 14. Macromorphological and immunohistochemical (CD86 and CD206) observations of BM, FSP-300, and FSP-800 implants located in subcutaneous tissue at

different time points.

[22,57]. In this study, subjecting the WEJ431 alloy to FSP resulted in
grain refinement, which promoted the formation of a denser surface film
to enhance corrosion resistance. Nevertheless, the degradation behavior
of the cast WEJ431 Mg alloy system with numerous dendritic precipi-
tated phases may be affected more by the differences in the precipitates.
The volume, size, and distribution of the precipitated phases signifi-
cantly influence the evolution of the surface film during corrosion pro-
cess [58-60]. Cross-sectional SEM images of corroded samples were
investigated. As shown in Fig. 15a and b, a thick and nonuniform
corrosion product film was generated on the BM surface with diverse

Corrosion
product film

Alloy matrix 10 ym

FSP-800

Alloy matrix

local detachments and cracks. The corrosion cross-section of the BM was
uneven with many large corrosion pits on the surface, leading to the
collapse of the BM sample in the later stage of the corrosion process.
After the FSP, a denser corrosion product film was deposited on the
surface (Fig. 15c—f). Although there were some slight corrosion pits at
the interface between the product film and the substrate after immersion
for 30 d, a uniform degradation process was achieved on the FSP-treated
alloys. Notably, the surface of the corroded FSP-800 sample was quite
flat with almost no corrosion depression at the interface, indicating a
uniform and slow degradation process. Simultaneously, a dense film
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Fig. 15. SEM images of cross-sections of (a, b) BM, (c) FSP-300, (d) FSP-500, (e) FSP-800, and (f) FSP-1200 after immersion in Hanks’ solution for 30 d.
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with a thickness of 14 ym was generated on the surface of the FSP-800
sample (Fig. 15e). To gain a deeper understanding of the corrosion
behavior, the XRD patterns of these alloys after immersion for 30 d were
obtained to identify the chemistry of the surface film. As shown in
Fig. 16a, the characteristic peaks of Mg(OH), were detected using XRD.
Meanwhile, a large amount of calcium phosphate was deposited on these
alloys during degradation. New peaks of Y(OH)3 appeared in the XRD
patterns of the FSP-treated alloys after degradation, indicating that the
deposition rate of Y(OH)3 in the FSP-treated WEJ431 alloy was much
faster than that in the BM (Fig. 16b). Y203 and Nd(OH)3 were also
detected in the XRD patterns. In fact, oxides or hydroxides containing
rare earth elements have stronger passivity and protection than mag-
nesium hydroxide, which can effectively prevent severe attacks on the
alloy matrix [61]. The FSP-800 sample exhibited the strongest charac-
teristic peaks of Y(OH)3/Y203 and Nd(OH)3, which promoted the for-
mation of a protective layer that resisted corrosion.

4.2. Roles of FSP in the galvanic corrosion of WEJ431 alloys

In Mg-RE alloys, the second phase acts as a cathodic site for the a-Mg
phase, resulting in anodic dissolution and the loss of precipitates [54].
Generally, the volume, size, and distribution of the precipitated phases
significantly affect the galvanic corrosion of an alloy [62]. The surface
roughness of these alloys after corrosion was investigated using laser
microscopy, and the corrosion products generated on the surfaces were
cleaned. As depicted in Fig. 17a, localized corrosion attacks and pits
extend in depth, leading to severe non-uniform corrosion of the BM. The
profile results suggested that the maximum corrosion depth was nearly
784.4 pm after immersion in Hanks’ solution for 30 d (Fig. 17f). Fig. 17b,
¢, e, and f show that the corrosion depths of FSP-300, FSP-500, and
FSP-1200 decreased to approximately 199.5 pm, 107.8 pm, and 61.4 pm,
respectively. FSP-800 exhibited a very uniform and flat surface after the
long-term corrosion process (Fig. 17d), with the corrosion depth
decreasing to 12.9 pm. This clearly illustrates that the FSP-800 sample
exhibited the best corrosion resistance and achieved a uniform degra-
dation process. In the FSP process, the precipitates were refined and
distributed uniformly, and some alloying RE elements were dissolved
back into the Mg matrix as an a-Mg solid solution. This unique micro-
structure of the FSP-treated alloy endowed it with the ability to resist
micro-galvanic corrosion between the precipitates and Mg matrix.

4.3. Biosafety and biocompatibility in vitro and in vivo

In this study, the researchers also placed emphasis on evaluating the
in vivo biosafety and biocompatibility of the biomaterials. Degradation
of Mg alloys can result in the generation of hydrogen gas (Hy), hydroxide
ions (OH™), free magnesium ions (Mg2+), rare earth (RE), and strontium

O Mg ¢ Mg(OH), o Cay(PO,), © Mg,Nds
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(Sr) ions. These byproducts have the potential to cause damage to sur-
rounding tissues or the body as a whole. To investigate whether the
samples induced liver toxicity, the plasma levels of ASAT and ALAT were
measured. An increase in the levels of these enzymes can be considered
as a key indicator of hepatocellular injury.

The ALAT and ASAT levels returned to normal in all groups after 14
d, as compared to those in the control group (Figs. S9a-c). The ASAT and
creatinine levels of BM were significantly higher than those of the FSP-
300 and FSP-800 alloys after 24 h, suggesting that, at least within the
first 24 h, the biosafety of BM was not satisfactory and affected the
function of the liver and kidney. Although these levels returned to the
lower level at 7 d, indicating no long-term liver dysfunction and kidney
function damage, there was no significant damage to liver and kidney
function at any time point in FSP-300 and FSP-800. This indicates that
these alloys had better biological safety than the control group. Based on
the characteristics of the degradation curves of the materials in vivo and
in vitro, their biological safety was positively correlated with the mate-
rial degradation rate. This indicates that materials with slower degra-
dation rates may exhibit better biological safety profiles.

The potential inflammatory effect of the biomaterial was evaluated
by monitoring plasma levels of IL-6. The IL-6 values remained below the
toxicity threshold and aligned with normal function, as reported in the
literature (30 pmol/L) [63]. Compared with the control group, IL-6
levels exhibited no significant changes at 24 h, 7 d, and 14 d (Fig. S9d).

These findings, along with histological analysis, indicate that even
with the accumulation of Mg, RE, and Sr in the liver, there was no
discernible impact on hepatic function. The results confirmed that FSP-
800 implantation was the safest option compared to the control group,
as it did not induce acute or chronic toxicity or cause weight loss in the
animals (Fig. S8). Additionally, the temporary increase in IL-6 levels can
be attributed to surgery and then returned to normal values after 7 d,
suggesting the absence of prolonged inflammation. Taken together,
these results provide evidence that the accumulation of small amounts of
metal ions (Mg, RE, and Sr) in the liver and kidney during alloy
degradation did not affect organ function.

Macrophage polarization plays a crucial role in tissue inflammation.
Polarization states from M1 to M2 have been verified through in vitro
studies by investigating morphological phenotype markers (CD86 or
CD206), which can help assess the degree of tissue inflammation and
indirectly reflect the biosafety of the encapsulated biomaterials. Because
of the rapid early degradation of the alloy in the body, chemical stim-
ulation of the surrounding tissues by the alkaline products produced and
physical stimulation of the surrounding tissues by the accumulation of
hydrogen are important reasons for the inflammatory state (high CD86
expression) of the tissues surrounding the alloy. Therefore, the expres-
sion of local inflammatory responses in various materials is positively
correlated with their degradation rates. FSP-800, which degraded the
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Fig. 16. XRD patterns of BM, FSP-300, FSP-500, FSP-800, and FSP-1200 after immersion in Hanks’ solution for 30 d.
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slowest in vitro and in vivo, showed the best biosafety in the early stages
of implantation (7 and 14 d), with minimal inflammatory response in the
surrounding tissues. At 60 d, because the degradation rate of the Mg
alloys in all groups dropped to similar levels, there was no significant
difference in the inflammatory response among the groups. Macro-
phages that express CD206 are generally thought to promote tissue
repair. Immunohistochemistry showed no significant changes in each
group at the 7-, 14-, and 30-day time points; however, only at 60 d in the
FSP-800 group did the tissue show higher expression of CD206 than the
other groups. Although it was difficult to conclude that the FSP-800
alloy played a definite role in inducing tissue repair, the early low-

level inflammatory response in the surrounding tissues was crucial for
tissue repair and better biosafety. This suggests that the FSP-800 alloy is
a promising material for biomedical applications owing to its superior
biosafety profile.

4.4. Degradation mechanism

Traditional commercial Mg alloys, particularly Mg-RE alloys, exhibit
severe micro-galvanic corrosion because of the presence of numerous
cathodic phases, which are known to be more passive than the anodic
Mg matrix [64,65]. The dissolution of the anodic a-Mg phases gradually
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forms a Mg(OH),/MgO surface film during the immersion period.
However, the loose and porous Mg(OH), film struggles to provide suf-
ficient protection to the metallic substrate, which can exacerbate
galvanic corrosion [66]. Microstructural evolution, including grain size,
crystal orientation, and changes in precipitated phases, plays a signifi-
cant role in corrosion behavior [9,24,67]. Based on the above in vitro and
in vivo degradation analyses, the degradation mechanism in this study
was generalized and summarized as follows (Fig. 18). In the BM, coarse
Mg-RE-precipitated phases in the Mg matrix significantly contributed to
the severe galvanic corrosion. In the initial stage of degradation, the
Mg-RE precipitates were less active than the a-Mg phases, and degra-
dation began with the a-Mg matrix (Fig. 18a). As illustrated in Fig. 18b,
with the continuous dissolution of the o-Mg matrix, the corrosion
gradually extended along the boundary of the precipitated Mg-RE pha-
ses. The extension of the micro-galvanic corrosion resulted in a large
shedding area for the matrix, and further corrosion caused the precipi-
tated phases to peel off. Subsequently, the loose Mg(OH), surface film
barely provided a barrier effect, leading to large corrosion pits on the BM
surface during the last stage of degradation (Fig. 18c). Similarly, the in
vivo degradation of BM was relatively fast, and the resulting hydrogen
accumulation affected the surrounding tissue or influenced the effect of
the implant through precipitation at the implant-tissue interface when
used as orthopedic implants.

FSP modified the microstructure of the alloy, resulting in refined
grains, finer and homogenized precipitates, and a Mg matrix with a high
dissolution of RE elements. In fact, research has confirmed that when the
precipitated phases become very fine (below the critical size or near the
nanometer level), their dispersed distribution can mitigate galvanic
corrosion [35,68]. Finer and re-distributed precipitates can create a
more “electrochemically homogenous” microstructure [36]. Simulta-
neously, the high content of solute RE elements in the Mg matrix played
a key role in forming a dense surface film. When exposed to in vivo
conditions, the solutes Y that initially dissolved in the Mg matrix formed
Y(OH)3/Y,03 deposited on the surface, providing strong protection for
the underlying metallic substrate (Fig. 18d-f). However, the Y and Nd
atoms in the precipitates hardly dissolved because they served as cath-
ode phases protected by the Mg matrix. Therefore, it was difficult to
form a dense surface film with a high RE content in BM. For the
FSP-treated alloys, slight galvanic corrosion and dense surface film
jointly endowed the samples with a low degradation rate and uniform
degradation. Its specific performance is as follows. On the one hand,
little Hy accumulated in the FSP-treated alloys during degradation. In
vivo degradation showed no obvious Hy cavity formation around the
FSP-800 and FSP-300 samples at the 30 and 60 d observation time
points; only a few bubbles were observed at 15 d. Song [9] reported that
the daily hydrogen release rate of 0.01 mL cm? can be tolerated by the
human body without causing damage. Therefore, we inferred that the Hy
evolution rate of the FSP-treated samples in vivo was lower than 0.01
mlL/cm? per day. Witte et al. [69] demonstrated that the corrosion rate
at subcutaneous implantation was significantly higher than that in the
bone. Therefore, we speculated that the amount of Hy evolution in
FSP-800 and FSP-300 alloys in the bone would be further reduced. On
the other hand, the FSP-800 implant incredibly achieved a superior in
vivo corrosion rate of approximately 0.09 mm/y, which was much lower
than almost all of the candidate Mg implant materials reported before
[12,28,37,43,70,71].

The samples underwent varying degrees of in vitro and in vivo
degradation over time, with the corrosion rate in vivo being lower than
that in vitro. Compared with in vitro degradation (immersion in Hank’s
solution), Mg alloys or other implant materials faced a very complex
environment during the in vivo degradation process. In vitro, Mg alloys
dissolved in corrosive media and gradually released large amounts of Hj.
Because there was no dense packaging in this environment, the corro-
sion process of the exposed Mg alloys was continuously aggravated. This
also explained why the hydrogen evolution rate of BM increased rapidly
in the later stages of corrosion (Fig. 8a). For the FSP-treated samples, the
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alloys formed a dense protective film to decelerate material degradation,
although this feature was weakened. Factors such as body fluid im-
mersion, inflammatory response, tissue wrapping, and air cavity for-
mation all affected the degradation of Mg alloys in vivo. The implant in
the body was wrapped with biological tissue; thus, the alloys were not
completely exposed to the environment. Compared with in vitro degra-
dation, in vivo degradation can initiate uniform degradation more easily
after the formation of a stable surface film on the implant surface
(Fig. S10). Therefore, the degradation rate of the implanted materials in
vivo was lower than that in vitro. FSP-treated implants, with their denser
surface films and lower immune and inflammatory responses, showed
greater advantages during in vivo degradation. Consequently, the in vivo
degradation rate was very low.

4.5. Future developments and research directions

This study demonstrated significant improvements in the in vitro and
in vivo degradation properties of biodegradable Mg alloys using the FSP
technique. These advancements in biocompatibility and degradation
characteristics indicate great potential for the clinical application of
FSPed alloys. Nevertheless, several unresolved issues remain that war-
rant attention in future research. This study preliminarily demonstrated
the potential of the FSP technique to enhance the in vivo degradation
performance of Mg alloys. However, the actual orthopaedic clinic
environment is complex. Further in vivo implant tests, such as intra-
medullary nail studies, are necessary to validate degradation perfor-
mance. Additionally, long-term biotoxicity monitoring is essential to
establish the biosafety of these materials. Moreover, although FSP can
process large-scale implants in the biomedical field through a horizontal
multi-pass process, intensive research is required to characterize the
interfaces between these layers. These issues will require careful
investigation in future studies.

5. Conclusions

In this study, a WEJ431 alloy was designed and subjected to friction
stir processing (FSP) to obtain an ideal biodegradable Mg alloy for
implant applications. The microstructure, mechanical properties, in vitro
and in vivo degradation processes, and biocompatibility of the alloys
were thoroughly investigated. The main findings of this study can be
summarized as follows:

(1) The application of FSP to the WEJ431 alloy resulted in a modi-
fication of the microstructure, leading to refined grains, high-
solute RE elements in the matrix, and a uniform distribution of
finer precipitates. The grain size of the alloy was effectively
refined from 53.5 pm to 3.4 um after FSP with a rotation speed of
800 rpm. Additionally, the FSP-800 sample exhibited a higher
solid solution content of Y/Nd.

The mechanical strength and elongation of the alloys were

significantly enhanced after the FSP. The tensile strength of the

alloys increased with increasing tool rotation speed. When the
rotation speed was increased to 1200 rpm, the YS and UTS
improved to 190.5 MPa and 267.6 MPa, respectively. The EI
reached its maximum value (8 %) at a rotation speed of 800 rpm.

The grain refinement, precipitate strengthening, and dislocation

strengthening collectively increased the strength and elongation

of the FSP-treated alloy.

(3) In vitro experiments demonstrated that after FSP, the alloy
exhibited an extremely low corrosion current density, hydrogen
evolution volume, and corrosion rate. Specifically, the in vitro
corrosion rate of the alloys after FSP significantly decreased by
82.9 %-93.9 % compared to that of the BM. The FSP-800 variant
exhibited the best in vitro corrosion resistance and the most uni-
form degradation behavior, with the corrosion depth decreasing
to 12.9 pm.
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(4) Invivo degradation tests were performed on the BM, FSP-300, and
FSP-800 by implanting these samples into rats (12 weeks old).
The 3D micro-CT results showed that FSP led to superior uniform
in vivo degradation behavior for the WEJ431 alloys. More
importantly, the FSP-800 implants exhibited an extremely low in
vivo degradation rate of 0.09 mm/y, which was lower than most
of the candidate Mg implant materials reported before. These
samples exhibited excellent biocompatibility and did not cause
undesirable inflammation or produce toxic corrosion products.
The homogeneous distribution of finer precipitates in the
WEJ431 alloy after FSP effectively hindered the micro-galvanic
corrosion. Additionally, the solutes of the Y atoms in the matrix
contributed to the formation of a dense and passive Y(OH)3/Y203
surface film. The synergistic effect of the slight galvanic corrosion
and dense surface film resulted in a superior degradation
behavior.
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