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Abstract

The in vitro and in vivo degradation behavior of an experimental Mg alloy with high corrosion resistance has been investigated and
compared with that of a commercial AZ31 Mg alloy with a similar chemical composition. In vitro tests indicated that the experimental alloy
is >2.5 times more resistant to degradation than AZ31 during immersion in HBSS at 37 °C for 72 h. In vivo tests in the femoral vein
of a mouse confirmed that the former degrades much more slowly and uniformly in the biological environment than the latter. Compared
with WE43 and JDBM alloys, which are currently considered promising candidates for Mg-based biodegradable materials, the experimental
alloy in this study showed better degradation resistance with a similar level of biocompatibility. Microstructural and electrochemical factors

affecting the degradation behavior of the alloys in this study are also discussed.
© 2025 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

Keywords: Magnesium alloy; Corrosion resistance; Microstructure; Degradation; Biocompatibility.

1. Introduction

Non-biodegradable implants, typically based on stainless
steels, Ti alloys, or Co—Cr alloys, can cause various side
effects after implantation in the human body [1-3]. This is
considered even more serious for stent-type implants, which
cannot be easily removed by secondary surgery after recov-
ery. In the case of a cardiovascular stent, the foreign body
reaction between the permanent stent material and the sur-
rounding tissue can cause restenosis and thrombosis [4—10].
In light of this, research has been actively conducted to de-
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velop biodegradable metal implants, which inherently do not
have to be removed via secondary surgery.

Among various metallic elements, readily corrodible ele-
ments such as Mg, Fe, and Zn are candidate materials for
biodegradable implants [11-18]. Mg is regarded as one of
the most feasible materials for this purpose since it can be
easily excreted in the urine after degradation in the body
[2,14,19-22]. In addition, Mg-based alloy materials have
higher strength compared to biodegradable polymers and are
free from ferromagnetism-induced interference in the body
during MRI examination [23]. However, conventional com-
mercial Mg alloys, such as Mg-3Al-1Zn-0.3Mn (AZ31)
(Wt.%), generally undergo rapid and localized degradation
in aqueous environments containing salt such as seawater or
blood, resulting in premature decay after implantation [24—
30]. Furthermore, H, gas bubbles generated during Mg degra-
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Fig. 1. Optical micrographs of the (a) AZ31 and (b) AZ31-GS alloys in the cast condition after immersion in 0.6 M NaCl solution at 25 °C for two weeks.

Table 1

Analyzed compositions (wt.%) of the Mg alloys investigated in this study.
Alloy Al Zn  Mn Gd Sc Fe Si Mg
AZ31 3.15 1.02 0346 <0.001 <0.001 0.0051 0.0244 Bal.
AZ31-GS 3.12 1.00 0.330 0.281 0.091 0.0041 0.0251 Bal.

dation can cause inflammation by creating cavities in the tis-
sue [26,27,31,32].

Recent reports on stent-type Mg-based implants indi-
cated that a Mg-Nd—Zn-Zr alloy for a JDBM stent main-
tained its structure and properties during in vivo implanta-
tion for roughly six months [1]. WE43-based alloys for the
BIOTRONIK AMS stent were implanted into the coronary
artery of a patient and showed stability for approximately
four months [33]. Despite such prolonged degradation peri-
ods, these Mg alloys still provide insufficient degradation re-
sistance in their bare metal condition [34,35]. In particular,
non-uniform degradation behavior that occurs in the absence
of a surface coating layer during long-term clinical trials is
the most critical disadvantage of the existing biodegradable
Mg alloy stents [35,36]. As an alternative to the current Mg
alloy candidates for biodegradable applications, the authors
propose an experimental Mg alloy with enhanced degrada-
tion resistance with a nominal composition of Mg-3Al-1Zn—
0.3Mn-0.3Gd-0.1Sc (AZ31-GS) in wt.%. This alloy incorpo-
rates primary intermetallic particles containing two rare-earth
(RE) elements that can capture noble impurity elements such
as Fe to effectively suppress microgalvanic corrosion caused
by impurities in the conventional Mg—Al-Zn—Mn-based al-
loy system. Depending on the ratios of Gd to Sc added to
this experimental alloy, the formation temperature and vol-
ume fraction of the primary particles can change.

The new type of Mg alloy with RE micro-addition has
a ten times slower corrosion rate than that of a commer-
cial AZ31 alloy in a typical saline solution. As presented
in Fig. 1, average corrosion rates based on weight-loss ob-
tained after immersion in a 0.6 M NaCl solution at 25 °C for

two weeks were 1.9 and 0.18 mm year~! for the AZ31 and
AZ31-GS alloys, respectively. In terms of the content of ma-
jor alloying elements, the AZ31-GS alloy can be considered
a highly corrosion-resistant version of AZ31 alloy, which is a
representative Mg alloy having balanced mechanical proper-
ties appropriate for biodegradable stent applications. It should
be noted that neurotoxicity in biological environments is a
possible concern for Mg alloys containing Al. However, a car-
diovascular stent made from commercial AZ31 alloy leaches
<1% of the Temporary Tolerable Weekly Intake (PTWI) of
Al proposed by the FAO/WHO Expert Committee on Food
Additives (JECFA) [37,38], and the highly corrosion-resistant
AZ31-GS alloy is expected to leach even smaller amounts
of Al into the human body than its commercial counterpart.
In this study, based on the corrosion-proof performance of
the experimental alloy in a saline solution, the in vitro and
in vivo degradation behaviors and biocompatibility of the ex-
perimental and conventional Mg alloys were comparatively
investigated to explore the possibility of employing the new
type of Mg alloy in future biodegradable implant applications.

2. Experimental
2.1. Sample preparation and microstructural characterization

The analyzed chemical compositions of the AZ31 and
AZ31-GS alloys are provided in Table 1. Alloys were pre-
pared by induction melting with purging of a CO, and SFg
mixture. During casting, molten metal was held at 750 °C
for 15 min and then poured into a steel mold pre-heated to
200 °C. The cast samples are 12 mm in thickness, 50 mm
in width, and 100 mm in height. To prepare thin sheets for
in vitro and in vivo degradation tests, the rectangular cast
samples were heat-treated at 420 °C for one hour, followed
by water quenching, and then hot-rolled at 350 °C to pre-
pare sheets. The rolling process was repeated with a thick-
ness reduction ratio of 20 % per pass until the final thickness
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reached 1.1 mm. This thin-gauged sheet was finally annealed
at 345 °C for one hour.

Samples for microstructural characterization were prepared
by mechanical grinding and surface polishing. Mechanical
grinding was carried out in a water atmosphere with SiC
papers up to 1200 grit. Surface polishing was performed in
an ethanol atmosphere with 1.0 pm diamond paste and a
0.04 nwm colloidal silica solution. Microstructural investiga-
tions were performed with a Keyence VHX-6000 optical mi-
croscope (OM), a FEI Quanta 200 field-emission scanning
electron microscope (SEM), an EDAX Apollo X energy-
dispersive spectrometer (EDS), and a Tecnai 2 G F20 X-
Twin transmission electron microscope (TEM). Samples for
the TEM analysis were prepared with Quanta 3D FEG fo-
cused ion beam equipment. The Volta potential difference be-
tween the w-Mg matrix and intermetallic phases in the alloys
was measured by scanning Kelvin probe force microscopy
(SKPFM). All SKPFM measurements were performed in at-
mospheric conditions at room temperature with a Bruker
Dimension ICON atomic force microscope and the sample
preparation method for SKPFM corresponded with that used
for the OM and SEM analyses. X-ray diffraction (XRD) anal-
ysis was conducted with a Rigaku D/MAX-2500/PC in back
reflection mode with Cu-K, radiation.

2.2. In vitro degradation tests and electrochemical analysis

In vitro tests were conducted by immersing sheet-type
samples (10 x 10 x 1 mm?®) in deaerated Hanks’ Balanced
Salt Solution (HBSS) at 37 °C for up to 72 h. The surface
condition of the samples was the same as that for the mi-
crostructural characterization. To exactly measure weight loss
during immersion in HBSS, surficial oxide products formed
by degradation were cleaned using a solution consisting of
200 g L7! CrO3, 10 g L™! AgNO;, and 20 g L~! Ba(NO3),
at 25 °C. Statistical analysis was conducted to evaluate the
difference in degradation rates between the alloys. A two-
tailed p-value was calculated using an unpaired f-test with
three samples for each alloy. A Gamry Reference 600 po-
tentiostat was used for potentiodynamic polarization tests and
electrochemical impedance spectroscopy (EIS) measurements
after immersing the alloy samples in HBSS at 37 °C for one
hour before any local damage to the oxide layer occurred. A
conventional three-electrode cell composed of a working elec-
trode (sample), a saturated calomel reference electrode (SCE),
and a Pt plate counter electrode was used. During polarization
tests, the exposed area of the sample was 0.1256 cm? and the
potential sweep rate was 1 mV s~!. EIS measurements were
performed with AC perturbation amplitude of 10 mV over
a scanning frequency range of 100 kHz to 10 mHz for the
Nyquist plots.

2.3. In vivo degradation tests
In vivo tests were conducted with C57BL/6 (male, 10-

week-old) mice supplied by KOATECH, Korea. The tests
were approved by the Animal Care Committee of the Uni-

versity of Ulsan. The mice were anesthetized by intramus-
cular injection and an incision was made in the skin on the
side of one leg to expose the femoral vein. The leg side of
the femoral vein was tied to block blood flow while the im-
plantation was in progress, and a wire-shaped alloy sample
was implanted after the outer wall of the blood vessel was
scratched. The incised skin was sutured and the mice were
left on a heating pad while under anesthesia. The alloy sam-
ples for in vivo testing were prepared by cutting and grinding
the hot-rolled sheet to produce thin cone-shaped wires with
diameters ranging from 0.35 to 0.45 mm to allow insertion
into the blood vessel. The weight and health conditions of
each mouse were checked weekly after implantation and there
were no abrupt weight changes or visible side effects up to
12 weeks. The in vivo degradation behavior of the implanted
Mg alloy samples was observed every week with a Bruker
Skyscan 1176 micro-computed tomography (micro-CT) scan-
ner. X-ray exposure with anesthesia time per shot was limited
to <10 min. The mice were euthanized after 12 weeks and
then the implanted samples were retrieved. The in vivo degra-
dation rate of the retrieved wire samples was evaluated using
the same method as employed for the in vitro weight loss
tests. Three mice were provided per alloy wire sample.

2.4. Cell viability tests

Human umbilical vein endothelial cells (HUVECs) were
used to evaluate the biocompatibility of the AZ31 and
AZ31-GS alloys. Endothelial Cell Basal Medium-2 (EBM-2,
LONZA) enriched with an EGM-2 Single QuotsTM kit (con-
taining 1 % penicillin/streptomycin) provided supplements and
growth factors required for HUVEC culture. The cell culture
medium was changed every other day. To determine the cy-
totoxicity of the Mg alloy extract, in vitro cell viability tests
were performed by Live/Dead cell staining and an MTT as-
say. The sheet-type alloy samples (12.5 x 12.5 x 1 mm?®)
were immersed in 3 mL of a cell culture medium and then
incubated at 37 °C in 5% CO,. The conditioned media
with extracted Mg and alloying elements were collected af-
ter three days. Cells were seeded in each well of a 96-well
plate with 20,000 cells/well density. After the cells were in-
cubated overnight to fully cover the plate, the cell culture
medium was replaced with a 50% concentration of condi-
tioned medium and cultured for another 24 h to confirm their
cytotoxicity. For Live/Dead cell staining, the cell viability was
evaluated by the percentage of live cells from the total cells
after treating the conditioned medium. The live cells were
fluorescently visualized with calcein-AM (green) and dead
cells were labeled with ethidium homodimer-1 (red) (Thermo
Fisher Scientific LIVE/DEAD® Viability/Cytotoxicity Assay
kit). For the MTT assay, the cells were treated with 0.5 mg
mL~! of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (Sigma Aldrich MTT) in the culture medium for
four hours at 37 °C in a 5% CO,. The MTT stop solution
containing 20 % sodium dodecyl sulfate was then added in
equal volume to MTT solution. The absorbance at 570 nm
was measured to quantify reduced MTT by living cells. All
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Fig. 2. Low-magnification optical micrographs of the (a) AZ31 and (b) AZ31-GS alloys in the hot-rolled condition and high-magnification SEM micrographs
showing the major intermetallic particles observed in the low-magnification micrographs of the (c) AZ31 and (d) AZ31-GS alloys with corresponding EDS
maps for the elements Al, Mn, and Fe in AZ31 and Al, Mn, Gd, Sc, and Fe in AZ31-GS.

measurements or tests performed in this study were performed
three times to ensure reproducibility.

3. Results and discussion
3.1. Microstructure

Fig. 2a and b present optical micrographs of the AZ31
and AZ31-GS alloys in the hot-rolled condition. The two
alloys similarly show wrought microstructures consisting of
fine «-Mg grains and sparse second-phase particles. The av-
erage grain sizes of the AZ31 and AZ31-GS alloys measured
8.8 and 8.1 wm, respectively. These results indicate that the
grain size of AZ31 was slightly refined by combined RE mi-
croalloying with Gd and Sc. More dramatic changes in the
microstructure due to the RE microalloying occurred in the
presence of second-phase particles. As shown in the SEM mi-
crographs and corresponding EDS maps provided in Fig. 2¢
and d, the AZ31 alloy contains Al-Mn particles with differ-

ent levels of Fe content, while these Al-Mn particles were
not detectable and instead a core-shell type of particle was
mainly observed in the AZ31-GS alloy. As indicated in the
EDS maps, the core part is richer in Al, Mn, Sc, and Fe
and the shell part has greater chemical intensity for Al and
Gd than the «-Mg matrix. This indicates that the core and
shell parts consist of different types of crystal phase. Based
on the TEM diffraction and EDS analysis results provided in
Fig. 3, the particles present in AZ31 were determined to be
body-centered cubic AlgMns phase regardless of Fe content
in the particles. From the analysis of the core-shell parts in
AZ31-GS, the core part was identified as tetragonal AlgMny4Sc
containing Fe and the shell part coincides with face-centered
cubic Al,Gd, thus confirming that the core and shell parts of
the particle have different crystal structures. It should be noted
here that the AlgMnsSc phase with relatively high Fe inten-
sity is completely encapsulated by the Al,Gd phase where Fe
is not as concentrated. Detailed microstructural observations
indicated that not all particles have a core-shell structure and
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Fig. 3. TEM micrographs showing the major intermetallic particles in the
hot-rolled (a) AZ31 and (b) AZ31-GS alloys with diffraction patterns and
EDS spectra obtained from the particles.

that some AlgMnsSc and Al,Gd phases with low Fe content
exist separately in the AZ31-GS alloy. Image analysis indi-
cated that the total volume fraction of these particles present
in AZ31-GS is about 0.69 %, and the volume fraction of the
core-shell structure particles (0.49% =+ 0.06 %) is >70% of
the total.

3.2. SKPFM analysis

The above microstructural results indicate that the experi-
mental AZ31-GS alloy is free from the well-known detrimen-
tal effect of Fe-rich AlsMns particles on microgalvanic cor-

rosion that is frequently observed in commercial AZ-series
Mg alloys in corrosive environments [32,39-41]. Because the
newly found AlgMn,Sc and Al,Gd phases could provide me-
dia for microgalvanic corrosion in AZ31-GS depending on
their electrochemical nobility, Volta potential maps were ac-
quired by SKPFM for both the AZ31 and AZ31-GS alloys,
as provided in Fig. 4. Regardless of the phase types, the Volta
potential of the particles containing Al was higher than that
of the «-Mg matrix. This indicates that the particles have a
greater level of electrochemical nobility than the «¢-Mg ma-
trix and they can act as micro-cathodes in microgalvanic cou-
pling with the «-Mg. In more detail, the AlgMns particles in
AZ31 showed 300 ~ 430 mV higher Volta potential values
than the «-Mg matrix depending on their Fe content. On the
other hand, the Volta potential of the core and shell parts in
AZ31-GS was measured to be about 290 and 100 mV higher,
respectively, than that of the w-Mg matrix. Since the Volta
potential of a phase has been known to be closely related
to the electrochemical properties of each element constituting
the phase [42], it can be understood that Al,Gd with low Fe
content and high RE content has the lowest Volta potential
difference relative to the o-Mg matrix. Note that the Volta
potential of the shell part, which is in direct contact with the
a-Mg matrix in AZ31-GS, is about four times lower than that
of the Fe-rich AlgMns phase in AZ31. This suggests that the
overall driving force for microgalvanic corrosion in AZ31-GS
without the AlgMns particles containing Fe would be much
lower than that in AZ31.

3.3. In vitro degradation behavior in HBSS

Fig. 5 shows low-magnification optical micrographs of the
AZ31 and AZ31-GS alloys after immersion in HBSS for 12—
72 h. After immersion for 12 h, the AZ31 alloy exhibited
severe filiform-like degradation while only a small part of the
AZ31-GS alloy showed such behavior. While both the AZ31
and AZ31-GS alloys were more damaged after prolonged im-
mersion for 72 h, the latter showed more uniform degrada-
tion behavior compared to the former. Based on the weight
loss values after immersion in HBSS for 72 h, the AZ31 and
AZ31-GS alloys exhibited degradation rates of 1.09 £ 0.15
and 0.40 #+ 0.01 mm year™!, respectively, indicating that the
latter is >2.5 times more degradation-resistant than the former
in the given in vitro conditions. This is supported by a differ-
ence in Al ion release during immersion; the released Al ion
concentrations after immersion in HBSS for 72 h measured
about 0.31 and 0.12 mg L' for the AZ31 and AZ31-GS
alloys, respectively. The statistical significance of this 2.5-
fold improvement was also confirmed by a calculated p-value
of <0.0012. It should be noted that the degradation rate of
the AZ31-GS alloy in this study is lower than the degrada-
tion rate values found in the literature (0.5-1.9 mm year™')
under a HBSS environment for JDBM or WE43, which are
currently considered candidates for Mg-based biodegradable
alloys [43-46].

Detailed surficial conditions of the alloys immediately af-
ter immersion in HBSS for 12 h are provided in Fig. 6.
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Fig. 5. Optical micrographs of the alloy samples in the hot-rolled condition before and after immersion in HBSS at 37 °C for 12 ~ 72 h; (a) alloy before
immersion, the (b) AZ31 and (c) AZ31-GS alloys after immersion for 12 h, and the (d) AZ31 and (e) AZ31-GS alloys after immersion for 72 h. The same
scale bar applies to all subfigures.
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Fig. 6. SEM micrographs and EDS line profile results of the (a) AZ31 and (b) AZ31-GS alloys after immersion in HBSS at 37 °C for 12 h.

When comparing the overall surficial degradation products
formed on the two alloys, the AZ31-GS alloy was found to
be much less degraded than the AZ31 alloy after immersion.
Degradation-induced scales formed on AZ31 appeared to be
interlinked, similar to the corrosion patterns frequently ob-
served in the commercial alloy immersed in an aqueous NaCl
solution [39-41,47]. In contrast, the degraded parts of AZ31-
GS were smaller and more isolated than those of AZ31, thus
reinforcing that the former is more resistant to degradation in
HBSS than the latter. An EDS analysis performed along the
lines in the SEM micrographs indicated that elements of O,
Ca, and P are mainly incorporated in the degradation products
of both alloys and the contents of Ca and P along the lines
vary almost equally in each alloy. This suggests that surficial
scales containing both Ca and P are formed during immer-
sion in HBSS. The AZ31-GS alloy presented higher Ca and
P content and lower Cl content than the AZ31 alloy, which
can be attributed to the relatively slow Mg degradation rate
of the former [32]. From the EDS analysis, the atomic Ca/P
ratios measured about 1.0 and 1.2 for the AZ31 and AZ31-

GS alloys, respectively, indicating the latter has a higher Ca/P
ratio. These differences in the surface oxide composition are
a phenomenon often observed in Mg alloys that have differ-
ent degradation resistance in HBSS [32]. Although hydrox-
yapatite, generally known as Ca;o(PO4)¢(OH),, is one of the
possible products in HBSS [48,49], the surface scale formed
on the alloys may not be solely explained by its formation
because its Ca/P ratio (1.67) is considerably higher than the
Ca/P ratio values noted above. The conversion of Mg(OH); to
Mg3(POy); and Caz(POy),, as reported by Kalb et al. [50], or
the formation of Ca,P,0O; can be another plausible explana-
tion for the surface scales formed on the AZ31 and AZ31-GS
alloys. Although further analysis is needed, however, current
XRD analysis suggests that the degradation products of the
alloys are most likely composed of both hydroxyapatite and
Ca,P,0, as shown in Fig. S1.

Fig. 7a—d present SEM micrographs and corresponding
depth profiles of the AZ31 and AZ31-GS alloys after remov-
ing the surficial degradation products following immersion
in HBSS for 12 h. As expected, the AZ31 alloy revealed
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Fig. 7. (a and b) Low-magnification SEM micrographs and corresponding (c and d) depth profiles obtained after removing corrosion products from the (a and
¢) AZ31 and (b and d) AZ31-GS alloys immersed in HBSS at 37 °C for 12 h and magnified SEM micrographs of the rectangular regions of the (e) AZ31
and (f) AZ31-GS alloys with corresponding EDS maps for the elements Al, Mn, and Fe in AZ31 and Al, Mn, Gd, Sc, and Fe in AZ31-GS.
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Fig. 8. (a) Potentiodynamic polarization curves and (b) Nyquist plots of the
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extensive damaged areas with the maximum damage depth
approaching ~10 wm whereas the AZ31-GS alloy showed
a relatively smooth surface with damage depths of less than
~5 pm, relative to the nearly undamaged part. As shown in
Fig. 7e, AlgMns particles containing Fe can be seen in the
deeply damaged parts of AZ31, suggesting they contribute
to the occurrence of microgalvanic corrosion in HBSS. In
contrast, the SEM micrograph in Fig. 7f indicated that mi-
crogalvanic corrosion is not as distinct in AZ31-GS, which
does not have such Fe-rich particles in the microstructure.

3.4. Electrochemical analysis

Fig. 8a shows the potentiodynamic polarization curves of
the AZ31 and AZ31-GS alloys after immersion in HBSS for
one hour. The AZ31-GS alloy has a slightly lower corrosion
potential than the AZ31 alloy; the average corrosion poten-
tials are —1.437 and —1.501 Vgcg for the AZ31 and AZ31-
GS alloys, respectively. This decrease in corrosion potential
has been frequently reported in Mg alloys with enhanced cor-

rosion resistance and in many cases is mainly associated with
a reduction in cathodic current density [40,51]. As for the
anodic branch of the polarization curves, both alloys showed
narrow passive potential ranges with considerable scattering,
suggesting that they did not sufficiently retain the passivity
of the surficial oxide film [25,49,52-54]. Unlike the alloy
cases in this study, Mg alloys containing a large amount of
RE have been known to have an appreciable passive potential
range even under their bare alloy conditions [52,53]. With re-
spect to the cathodic branch of the curves, the AZ31-GS alloy
consistently showed lower cathodic current density than the
AZ31 alloy in the investigated potential range. For instance,
the current density values at —1.6 Vgcg were 32.6 and 8.9
WA cm? for the AZ31 and AZ31-GS alloys, respectively, in-
dicating that the latter has about 3.5 times smaller cathodic
current density than the former. This appreciable difference in
the cathodic current density between the alloys is analogous
to their dissimilar degradation rates observed during in vitro
immersion testing.

To further study the electrochemical response of the alloys
in HBSS, Nyquist plots were obtained from the EIS mea-
surements. The Nyquist plots in Fig. 8b mostly show high-
frequency capacitive loops regardless of the alloy types. The
charge transfer resistance values obtained using the equiva-
lent circuit for EIS data fitting were 5.1 and 6.5 kQ cm? for
the AZ31 and AZ31-GS alloys, respectively, indicating that
they have marginally different EIS behaviors in the corrosive
conditions. This is consistent with the above-mentioned re-
sults for the surficial degraded products, which show a slight
difference in the Ca/P ratio between the two alloys.

3.5. In vivo degradation behavior

Fig. 9a show an optical micrograph taken during wire im-
plantation in the femoral vein of a mouse. Successful wire
implantation in this study was confirmed via CT imaging,
as provided in Fig. 9b. The initial shape and surface condi-
tion of the wire immediately after implantation is presented
through a 3D-reconstructed CT image in Fig. 9c. The tis-
sues and degradation products surrounding the wire have rel-
atively low X-ray permeability compared to the Mg alloys
and are not expressed in this image. The surface morpholo-
gies of each alloy wire with various degradation periods can
be seen in Fig. 9d—g. During implantation for up to 12 weeks,
the AZ31 alloy wire showed an overall faster degradation rate
than the AZ31-GS alloy wire. Although asperities and pitting
were observed in both alloys, they were more pronounced in
AZ31. The AZ31 alloy wire became significantly thinner af-
ter 12 weeks with non-uniform wire diameter at each site. In
contrast, the AZ31-GS alloy wire showed a relatively gradual
reduction of diameter without significant surface damage. Af-
ter exposure to the biological environment for 12 weeks, only
about 48 % and 75 % of the original volume remained for the
AZ31 and AZ31-GS alloy wires, respectively, indicating that
the latter is about twice as resistant to degradation in vivo as
the former.
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Fig. 9. (a) Optical micrograph showing the wire implantation procedure in
this study, (b) a micro-CT image showing an implanted wire in a mouse,
and 3D-reconstructed micro-CT images showing the alloy wires implanted
in the femoral vein of a mouse for up to 12 weeks; (c) an as-implanted wire,
the AZ31 alloy wires after implantation for (d) 3 and (e) 12 weeks, and the
AZ31-GS alloy wires after implantation for (f) 3 and (g) 12 weeks.

Fig. 10. Optical micrographs of the (a) AZ31 and (b) AZ31-GS alloy wires
after implantation in the femoral vein of a mouse for 12 weeks.

Optical micrographs of the AZ31 and AZ31-GS alloy wires
retrieved after implantation for 12 weeks are shown in Fig. 10.
It can be seen that the surface of the AZ31 alloy wire is no
longer smooth and some parts of the wire have already frag-
mented due to localized damage. In contrast, the AZ31-GS
alloy wire mostly maintains its initial shape and metallic lus-
ter. This clearly shows that AZ31-GS has better resistance to
in vivo degradation than AZ31, as similarly observed through
in vitro degradation tests in HBSS. The detailed surface con-
ditions of the alloy wires after implantation for 12 weeks can
be seen in the SEM micrographs in Fig. 11. The AZ31-GS
wire appears to be covered with non-metallic products on the

surface while such protection against the degradation products
is not as distinct on the surface of the AZ31 wire. This is sug-
gestive of relatively active localized degradation in the case
of AZ31 during the in vivo testing in the femoral vein of a
mouse. The in vivo degradation rates were obtained based on
the weight loss of the samples placed in the femoral vein for
12 weeks after removing the degradation products and were
found to be 0.43 £ 0.07 and 0.20 & 0.09 mm year~' for the
AZ31 and AZ31-GS alloys, respectively. They revealed about
twofold different degradation rates and both showed relatively
lower rates compared to the in vitro environment evaluation.

3.6. Cell viability tests

The biocompatibility of the AZ31 and AZ31-GS alloys
was evaluated by measuring the cytotoxicity of HUVECs
treated with conditioned media prepared by incubating the
AZ31 or AZ31-GS alloys in the cell culture media for three
days. Fig. 12a shows fluorescent microscopic images of cells
stained green remaining in the medium after exposure to each
alloy’s conditioned medium for one day. Dead cells stained
red indicate cell metabolism activity has stopped. There was
a remarkable decrease in the number of HUVECs with green
fluorescence after being exposed to the AZ31 alloy condi-
tioned media and the reduction of cell density was partic-
ularly severe. It appears that the ionic components extracted
from the AZ31 alloy have a negative effect on the cell growth
environment. In comparison, HUVECs exposed to AZ31-GS
conditioned media show a homogeneous (similar level of) cell
distribution as the control with a minor effect of observing
some dead cells.

Another biocompatibility test based on the MTT analysis
was conducted to quantitatively compare the biocompatibility
of each alloy extract, as shown in Fig. 12b. The cell via-
bility properties of each alloy extract were 69.3% =+ 2.55%
for AZ31 and 89.0% =+ 5.87 % for AZ31-GS, indicating that
extract from AZ31-GS has a higher degree of cell viability
than that from AZ31. It should be noted here that the cell
viability result of the AZ31 alloy does not exceed the tox-
icity criteria suggested by the ISO-10993 cell viability test
standard [55,56]. On the other hand, the AZ31-GS alloy, in
which the extraction of Mg and other alloying elements was
effectively inhibited, had only a slight negative effect on the
activity of HUVEC, indicating that this alloy does not have
significant toxicity to HUVECsS in vitro. This is supported by
the additional results in Fig. 12b showing that the cell via-
bility of the AZ31-GS alloy in this study was similar to that
of biodegradable WE43 and JDBM alloys available in the
literature [56-58].

3.7. Factors affecting degradation and biocompatibility

This study shows that the corrosion-resistant AZ31-GS al-
loy containing novel second-phase particles with reduced elec-
trochemical nobility provides much slower degradation behav-
ior than the commercial AZ31 alloy in both in vitro and in
vivo tests. Generally, corrosion of Mg-based materials in an
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Fig. 11. SEM micrographs and EDS spectra of the (a) AZ31 and (b) AZ31-GS alloy wires implanted in the femoral vein of a mouse for 12 weeks.
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Fig. 12. (a) Fluorescent microscopic images of live (green) and dead (red) HUVECs after culture for 24 h in a medium conditioned with the AZ31 or
AZ31-GS alloy with an unconditioned medium denoted as a control. (b) Cell viability results from MTT analysis for the Mg alloys in this study and other

biodegradable Mg alloys available in the literature.

aqueous saline solution is greatly affected by CI” ions, which
readily penetrate surface oxide layers [59-63]. Since CI ions
are available in HBSS in vitro as well as in blood in vivo,
their role in decomposing the alloy materials is considered
to be similarly influential and thus should not be overlooked
in terms of degradation behavior [64]. Mg alloys with excel-
lent corrosion resistance thus could be candidates for delayed

degradation properties. In addition to the overall enhancement
of degradation resistance, the in vivo test results in the mouse
femoral vein clearly demonstrated that the degradation behav-
ior of AZ31-GS was much more uniform than that of AZ31 in
the biological environment. If the former is employed to fab-
ricate a vascular stent, for instance, such sluggish and uniform
degradation behavior would extend its functional maintenance
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period since locally damaged parts in the stent due to non-
uniform degradation would not provide an initial dilatation
force to the blood vessel [24,35].

This difference in the degradation behavior between the
two Mg alloys investigated here can be understood from their
electrochemical properties. The potentiodynamic polarization
curves of the alloys in HBSS revealed that there is not a
remarkable difference in the anodic branch of the polariza-
tion curves. This suggests an anodic reaction is not a de-
cisive factor affecting the aforementioned difference in their
degradation behavior. However, in the cathodic branch of the
polarization curves, a clearly detectable difference between
the alloys can be found. Retardation of the cathodic reac-
tion thus may be the underlying mechanism mainly respon-
sible for the slower and more uniform degradation behavior
of the AZ31-GS alloy, as compared to the AZ31 alloy. This
can be interpreted as a reduction of the cathodic H, evolu-
tion rate by microalloying with Gd and Sc, which leads to
both microstructural and electrochemical changes that reduce
the rate of microgalvanic corrosion between the o-Mg matrix
and nearby secondary intermetallic particles in the simulated
physiological environment [28,40].

As shown in the cell viability tests, the AZ31-GS alloy
yielded better results in the evaluation of cell formation and
metabolic activity than the AZ31 alloy. Possible changes in
ionic strength and pH associated with the decomposition by-
products from the alloys increase the osmotic imbalance be-
tween the intracellular and extracellular environments and this
osmotic shock can cause significant disruption of cellular
metabolism, even resulting in apoptosis [65,60]. Therefore,
it is important to minimize the amount of decomposition by-
products of Mg alloys under the aqueous physiological envi-
ronment to maintain biocompatibility. As indicated in the po-
larization curves and EIS results, the AZ31-GS alloy shows
a lower degree of Mg dissolution and OH- generation com-
pared to the AZ31 alloy. This can result in better biocompat-
ibility when used as a biomaterial, similar to the previously
mentioned effects of extractant exposure on HUVEC home-
ostasis. Despite the relative superiority of AZ31-GS, it is also
desirable to conduct monitoring studies on the long-term bi-
ological effects of Gd and Sc, which contribute to reducing
decomposition by-products.

4. Conclusion

The microstructure and the degradation behavior of an ex-
perimental corrosion-resistant AZ31-GS Mg alloy have been
investigated and compared with those of a commercial AZ31
Mg alloy having a similar chemical composition. Novel core-
shell particles were observed in AZ31-GS while typical Al-
Mn particles with different levels of Fe content were found
in AZ31. In vitro degradation rates obtained after 72 h-
immersion in HBSS were 0.40 and 1.09 mm year~! for the
AZ31-GS and AZ31 alloys, respectively. In vivo tests in the
femoral vein of a mouse indicated that the AZ31-GS alloy
degrades more slowly and uniformly than the AZ31 alloy.
Microstructural and electrochemical analyses suggested that

the unique degradation behavior of AZ31-GS is a result of
retardation of the cathodic reaction in the biological corrosive
conditions, which is originally associated with the presence of
second-phase particles with reduced electrochemical nobility.
Compared with WE43 and JDBM, which have been actively
studied as Mg-based biodegradable alloys, the experimental
AZ31-GS alloy in this study showed better degradation resis-
tance with a similar level of cell viability, satisfying the basic
requirements for use in Mg-based biodegradable implants.
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