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ARTICLE INFO ABSTRACT

Keywords: Most acute ischemic stroke patients with large vessel occlusion require stent implantation for complete recan-
Magﬂefium ) alization. Yet, due to ischemia-reperfusion injury, over half of these patients still experience poor prognoses.
Acute ‘SChem}C stroke Thus, neuroprotective treatment is imperative to alleviate the ischemic brain injury, and a proof-of-concept study
N_euumtemOfl . was conducted on “biodegradable neuroprotective stent”. This concept is premised on the hypothesis that locally
Biodegradable implantation 24 s e . .

Hydrogen released Mg“"/Hy from Mg metal within the bloodstream could offer synergistic neuroprotection against

reperfusion injury in distant cerebral ischemic tissues. Initially, the study evaluated pure Mg’s neuroactive po-
tential using oxygen-glucose deprivation/reoxygenation (OGD/R) injured neuron cells. Subsequently, a pure Mg
wire was implanted into the common carotid artery of the transient middle cerebral artery occlusion (MCAO) rat
model to simulate human brain ischemia/reperfusion injury. In vitro analyses revealed that pure Mg extract aided
mouse hippocampal neuronal cell (HT-22) in defending against OGD/R injury. Additionally, the protective ef-
fects of the Mg wire on behavioral abnormalities, neural injury, blood-brain barrier disruption, and cerebral
blood flow reduction in MCAO rats were verified. Conclusively, Mg-based biodegradable neuroprotective im-
plants could serve as an effective local Mg?*/H, delivery system for treating distant cerebral ischemic diseases.

1. Introduction AIS cases [5], with most patients requiring stent implantation

post-thrombectomy for complete recanalization. Therefore, integrating

The quest for effective neuroprotection on acute ischemic stroke
(AIS) has long plagued clinicians [1-3]. Due to the ischemia/reperfusion
(I/R) injury, over half of these patients continue to face poor prognosis
after the recanalization therapy [4]. Among them, intracranial
atherosclerosis-induced large vessel occlusion accounts for 15-35 % of
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recanalization therapy with neuroprotective treatments to alleviate I/R
injury is essential. Biodegradable Mg metals, capable of producing and
releasing neuroprotective agents like magnesium ions and hydrogen
molecules, are promising candidate materials to make neuroprotective
brain stent.
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Magnesium ion supplementation can reduce cerebral ischemia via
three primary mechanisms: reducing intracellular calcium overload,
enhancing cerebral blood flow, and sustaining energy metabolism post-
cerebral ischemia [6]. Direct infusion of Mg?' into target organs
through proximal arteries can amplify their neuroprotective effects [7]
and minimize blood-brain barrier damage [8]. Furthermore, hydrogen
gas has been identified as a neuroprotective therapeutic agent, safe-
guarding against oxidative harm [9-11]. Influenced by Shigeo Ohta’s
pivotal 2007 study [9], H, administration through inhalation, injectio-
n/infusion, and ingestion has demonstrated significant therapeutic po-
tential for various brain disorders, including I/R injury, traumatic
injury, and subarachnoid hemorrhage [11,12]. The safety and efficacy of
molecular hydrogen have been explored in patients with ischemic
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strokes [13-16]. Given its high hydrogen production capacity (41.7
mmol/g), significantly surpassing that of hydrogen-rich saturated water
(0.8 pmol/mL), Mg can serve as a long-term hydrogen source [17].
Moreover, a recent clinical trial suggests that the combination therapy of
Mg?" and hydrogen has a synergistic protective effect on cerebral dis-
ease [18]. Hence, Mg-based cerebrovascular implants could act as
localized Mg?* and H, delivery systems, treating remote neurological
damage in AIS patient after reperfusion.

Magnesium and its alloys, explored extensively as biodegradable
cardiovascular stents (such as DREAMS and DREAMS 2G stents) [19,
20], have shown promise in BIOSOLVE-I [19] and BIOSOLVE-II [20]
clinical trials. These findings have opened new research pathways for
Mg-based alloys as cerebrovascular stent implants. However, there
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Fig. 1. The proof-of-concept of the biodegradable neuroprotective stent and the implementation strategies to validate this concept. Biodegradable neuroprotective
stent refers to stents that could locally produce neuroprotective substances (like Mg?"/H,) during the degradation of stents within blood flow to the damaged brain
tissue, thereby rescuing distal cerebral ischemic tissues. To verify this concept, a middle cerebral artery occlusion rat model was employed, implanting an Mg wire

representing Mg stent in the common carotid artery.
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remains uncertainty regarding the neurological impacts of Mg degra-
dation products. In one study, a bare Mg-Nd-Zn-Zr stent was implanted
in the common carotid artery of healthy New Zealand white rabbits for
20 months, with no observed Mg?" ion accumulation in major organs,
including the brain [21]. In addition, an in vivo study involved subcu-
taneous implantation of Mg-Zn alloy plates in rats to examine Mg?*
homeostasis within 24 h, revealing no elevated Mg>* levels in healthy
rat brains [22]. Nonetheless, given the compromised blood-brain barrier
in pathological conditions, the potential effects of Mg implant degra-
dation products in blood vessels on distant ischemic brain tissues remain
uncertain.

In this study, we introduced the innovative concept of a “biode-
gradable neuroprotective stent” and hypothesized that locally released
Mg%*/H, from Mg metal within blood flow could synergistically protect
remote cerebral ischemic tissues. The scientific premises and imple-
mentation plan for this study are depicted in Fig. 1. To test this hy-
pothesis, the corrosion behavior of Mg wire in the common carotid
artery (CCA) under blood flow was simulated through computational
modeling. Subsequently, healthy and oxygen-glucose deprivation/
reoxygenation (OGD/R) injured neuron cells were cultured in Mg
extract to assess its in vitro cytocompatibility and neuroprotective
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characteristics. Finally, pure Mg wires were implanted in the CCA of the
middle cerebral artery occlusion (MCAO) rat model to investigate the
underlying neuroprotection mechanisms and in vivo corrosion behavior.
The impact of Mg wires on behavior, neurorescue, blood-brain barrier
(BBB) integrity, and cerebral blood flow recovery were evaluated.
Additionally, the time-dependent effects of Mg wire implantation on ion
and molecule concentrations in blood and brain tissue were further
examined.

2. Results
2.1. Computational modelling of Mg wire corrosion within CCA

Prior to any experimental procedures, assessing the corrosion
behavior and the time-dependent release of Mg?>" and H, from the Mg
wire implanted in the CCA was imperative. Fig. 2A displayed the
modeling of blood vessels with inserted Mg wires, based on the CCA
model and material implantation [23], along with the associated blood
flow velocity distribution. Post-implantation, the blood flow rate around
the Mg wire diminished, yet the blood vessels remained open. The
fastest flow rate was proximal, followed by the wire surface, with the
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Fig. 2. Computational modeling of Mg wire corrosion within the common carotid artery. (A) The modeling of blood vessels and inserted Mg wires, alongside the
corresponding distribution of blood flow velocity within the vessel. (B) The calculated changes in Mg wire diameter over time and the concentration of released Mg>*
and H, around the wire surface on day 7. (C) The simulated morphological features of the Mg wire over time and the associated contour plots of Mg?* concentration.
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distal flow rate being the lowest, all slightly below the central blood flow
rate. Fig. 2B revealed changes in the Mg wire’s diameter over time. Due
to uniform corrosion, the Mg wire diameter linearly decreased with
time, exhibiting a corrosion rate of approximately 2 mm/year [24].
Concentrations of magnesium ion and hydrogen released on the wire’s
surface by day 7 are also presented in Fig. 2B. The high flow rate at the
proximal end of the magnesium wire, which induced a higher corrosion
rate, led to a rapid initial increase in Mg?* and Hy concentrations.
However, as corrosion rate decreased with increased wire length, the
rate of concentration increase gradually slowed, influenced by the
diffusion mechanism, which lessened surface concentrations on the Mg
wire. Eventually, the concentrations of Mg2t and Hj on the wire’s sur-
face rapidly increased initially and then stabilized.

2.2. In vitro cytotoxicity and neuroprotection analysis

Following computational modeling, the cytotoxicity and neuro-
protection of pure Mg degradation were assessed in vitro. Cytotoxicity
for vascular cells and neurons was evaluated using HUVECs, HASMCs,
and HT-22. Initially, cell counting kit (CCK)-8 assays were conducted
(Fig. S1, A to C), demonstrating minimal cytotoxicity of various con-
centration Mg wire extracts on HUVECs, HASMCs, and HT-22 in vitro.
Concurrently, live/dead cell staining reinforced CCK-8 results (Fig. S1, D
and E), showing that compared to control medium, different concen-
tration extracts of pure Mg did not alter live cell ratios. These findings
suggest that substances produced during Mg wire degradation do not
exert toxic effects on blood vessels and nerve cells.

Subsequently, the in vitro neuroprotection of graded Mg?" was
evaluated. OGD/R was utilized to mimic I/R injury in vitro. Based on
CCK-8 and lactic dehydrogenase (LDH) release experiment outcomes,
concentrations ranging from 0.4 to 10 mM Mg?" appeared to provide
neuroprotection (Fig. S2). Considering substantial neuroprotective ca-
pacity of magnesium ion, the impact of Mg extract on neurons was
further examined. The Mg extract contained high levels of Mg?" and Hy,
exceeding control culture medium amounts (Fig. 3A and B). Addition-
ally, the Mg?* concentration fell within the neuroprotective range
(Fig. S2). While both Mg2+ and Hj offered neuroprotection, the potential
synergistic neuroprotective effect of Mg extract’s Mg?* and Hj required
confirmation. In this study, Mg extract underwent ultrasonic treatment
to remove Hp, facilitating a comparison of neuroprotective effects with
and without ultrasonication. We measured hydrogen content of the
extract after ultrasound and confirmed that the hydrogen was
completely removed. The experimental procedure is depicted in Fig. 3C.

First, neuron viability was assessed using the CCK-8 test, while cell
death was evaluated through the LDH release test. Post-OGD/R treat-
ment, neuron viability significantly decreased, and cell death increased.
These indicators of neuron damage were reduced by 100 % and 50 % Mg
extract, but not by 25 % Mg extract. The reversal effect of 100 % Mg
extract surpassed that of 50 % Mg extract. Additionally, although 100 %
Mg extract post-ultrasonication still exhibited neuroprotection, its effi-
cacy was less than 100 % Mg extract without ultrasonication. Mean-
while, 50 % and 25 % Mg extract after ultrasonication demonstrated no
neuroprotection and showed no difference compared to their non-
ultrasonicated counterparts, respectively (Fig. 3D and E).

Since Hj is known as a reactive oxygen species (ROS) scavenger and
Mgt as a natural calcium antagonist inhibiting cellular Ca?* overload,
intracellular ROS and Ca" levels were measured to assess whether Mg
wire extract’s neuroprotection was due to reduced intracellular ROS
production and Ca®t overload. Following OGD/R treatment, both
intracellular ROS and Ca?™" levels increased. Intriguingly, the effect of
different Mg wire extracts on intracellular ROS and calcium mirrored
their protective effect on neural cells. 100 % and 50 % Mg extract, and
100 % Mg extract post-ultrasound significantly reduced intracellular
ROS and Ca?". However, 25 % Mg extract and ultrasonically treated 50
% and 25 % Mg extract did not. Moreover, 100 % Mg extract was more
effective in inhibiting ROS and Ca®" than 100 % Mg extract post-
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ultrasound and 50 % Mg extract (Fig. 3F-H).

The results indicate that Mg extract provides dose-dependent neu-
roprotection, with its neuroprotective effect stemming from the syner-
gistic inhibitory impact of Mg?* and Hy on ROS production and Ca**
overload.

2.3. In vivo neuroprotection of Mg wires

Given the outstanding in vitro neuroprotection by Mg degradation
products, Mg wires were implanted in rat CCAs post-ischemia and at the
onset of reperfusion to evaluate their neuroprotective effect on reper-
fusion injury in vivo. Concurrently, Ni-Ti wires, commonly used in stent
fabrication, were also implanted as a control for the impact of foreign
material on blood flow, with their neural effects compared to those of
Mg wires. The microstructural characterization and mechanical prop-
erties of pure Mg wires were analyzed and presented in Fig. S3. One day
post-surgery, compared to the sham group, the MCAO group exhibited
severe neurological deficits, with no improvement in the MCAO + Ni-Ti
group. However, significant neuroprotection was observed in the MCAO
-+ Mg group (Fig. 4A-C). Notably, the MCAO + Mg group had a lower
Longa score, indicating reduced brain motor area damage (Fig. 4A). The
elevated body swing test (EBST) score, assessing asymmetry in body
movement, was also lower in the MCAO + Mg group compared to the
MCAO and MCAO + Ni-Ti groups (Fig. 4B). Furthermore, the rotarod
test showed improved locomotor ability recovery post-MCAO in rats
with Mg wire implants, evidenced by increased fall latency (Fig. 4C).
Although no difference was noted one day post-surgery, the adhesive
removal test revealed significantly better sensorimotor function in the
MCAO + Mg group compared to the MCAO and MCAO + Ni-Ti groups
three days post-surgery, as reflected by decreased removal time
(Fig. 4D). The neuroprotective effect of Mg wire implantation persisted
for 14 days (Fig. 4A-D).

Seven days post-surgery, an open field experiment was conducted
(Fig. 4E). The total movement distance and duration in the MCAO + Mg
group exceeded those in the MCAO and MCAO + Ni-Ti groups, indi-
cating greater spontaneous movement engagement in the MCAO + Mg
group (Fig. 4F). Additionally, rats in the MCAO + Mg group traversed
more and spent more time in the internal peripheral and central areas,
suggesting reduced post-infarction anxiety in these rats (Fig. 4F).
Therefore, behavioral test results indicated that Mg wire implantation
could preserve damaged neurological functions.

2.4. In vivo brain integrity effect of Mg wire

Given the positive neuroprotective effects of Mg wires in vivo, rat
brains were extracted 7 days post-surgery for ex vivo histological ex-
aminations. Initially, infarction volume was evaluated using triphe-
nyltetrazolium chloride (TTC) stain. Compared to the sham group, the
MCAO group exhibited significant infarction, while the MCAO + Ni-Ti
group showed no effect on the infarction area. However, Mg wire im-
plantation demonstrated an inhibitory effect (Fig. SA and B). Next, Nissl
stain, which highlights the Nissl bodies in neurons, was utilized to assess
neurocyte integrity. Nissl stain results indicated that in both the cortex
and striatum, neuron integrity in the MCAO + Mg group was superior to
that in the MCAO and MCAO + Ni-Ti groups (Fig. 5C and D).

BBB disruption is another common consequence of ischemic stroke,
potentially worsening prognosis. BBB damage allows water and other
harmful macromolecules to infiltrate brain tissue. Therefore, brain
water content and brain albumin concentration were measured to gauge
BBB leakage. As depicted in Fig. 5E, the MCAO + Mg group exhibited
lower water content in the infarcted hemisphere compared to the MCAO
and MCAO + Ni-Ti groups. Evans blue staining, which colors albumin
passing through the BBB blue, showed that albumin leakage in the
MCAO + Mg group was less than in the MCAO and MCAO + Ni-Ti groups
(Fig. 5F and G). These histological findings of the brain suggest that Mg
wires can effectively preserve brain integrity following ischemic/
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‘p < 0.001 vs. OGD/R group; #p < 0.05, ##p < 0.01, ###p < 0.001.



Y. Zhang et al. Bioactive Materials 42 (2024) 124-139
A - F
B MCAO 1 Internal
—&— MCAO+Ni-Ti Wall f Center
@ o MCAO+Mg periphery Total
) :
Q9 34 » = 6000 r 300
@ . '
. o =
o0 24 wkk opp f
g x pr _
a9 14 *ik sun 5000 s - 275
0 E b 3 -
T T T T T y — = g 4000 F250 §
pre 1 3 5 710 14 v 5 E
Day after MCAO K - L &
B 3000 225
0.804 —®- sham
= MCAO
0.75- —& MCAO+Ni-Ti
® - MCAO+Mg
S 0.704 2000 T T T 200
MCAO MCAO+Ni-Ti MCAO+Mg
o Internal periphery
<
; 1500 r 60
pre 1 3 3 T 10 ]I4
Day after MCAO
C = 1000 L 40
= i .
200_ ?{ m *kk E
= 150 z =
S o a2 500
= [l
; 100 o i
15} z
5 -
& 50 o (= 0 : : 0
« - I T T
e —&— MCAO+Ni-Ti < sham MCAO MCAO+Ni-Ti MCAO+Mg
4+ MCAO+Mg O
04— : - . . , . s
pre 1 3 5 7 10 14 Center
Day after MCAO
D 250 - 10
=~ 1507
N’
o 200 - -8
>
= =
g 1001 %” 5 150 L6 =
b= ' g bt 2
o & =
= C 2 100 L4 Z
5 501 < A
g @)
504 L2
5 . ’
0 T . ki T B T -0
Day after MCAO sham MCAO MCAO+Ni-Ti MCAO+Mg

Fig. 4. In vivo neuroprotection of Mg wires after ischemic injury. (A) Longa score, (B) elevated body swing test (EBST), (C) rotarod test, and (D) adhesive removal
Test were administered before the operation and at 1, 3, 5, 7, 10, and 14 days post-operation. (E) The open field test was conducted 7 days after the operation. (F) The
walking distance and time in the open field. The sample size for each group was n = 6 for the sham group and n = 12 for the Middle Cerebral Artery Occlusion
(MCAO), MCAO + Ni-Ti, and MCAO + Mg groups. Statistical significance is denoted by * p < 0.05, **p < 0.01, ***p < 0.001 for MCAO + Mg vs. MCAO group; ##p

< 0.01, ###p < 0.001 for MCAO + Mg vs. MCAO + Ni-Ti group.
reperfusion injury.

2.5. In vivo cerebral blood flow effect of Mg wire

Prior studies have shown that both Mg?" and Hj can dilate vessels
post-ischemic/reperfusion injury [6,25]. Consequently, cerebral blood
flow (CBF) was monitored before, during, and at 1 and 7 days
post-operation. Initially, baseline CBF was consistent across the MCAO,
MCAO + Ni-Ti, and MCAO + Mg groups. Upon initiating the MCAO
model, CBF on the injured side dropped to about 40 % of the contra-
lateral CBF and recovered to roughly 65 % after 30 min of reperfusion
(Fig. 5H and I). Sham surgical procedures and metal wire implantation
did not impact CBF (Figs. S4 and S5). On the first day post-reperfusion,
CBF in the MCAO and MCAO + Ni-Ti groups remained at approximately
66 %, whereas in the MCAO + Mg group, CBF significantly increased to
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81.0 %. Additionally, 7 days post-reperfusion, CBF in Mg wire-treated
rats recovered to 95.8 %, markedly higher than in the MCAO and
MCAO + Ni-Ti groups (Fig. 5H and I). These CBF results suggest that Mg
wire implantation may dilate cerebral vessels, thereby enhancing CBF
after ischemic/reperfusion injury.

2.6. In vivo corrosion evaluation for Mg wires

The Mg wires implanted in rats were carefully extracted for detailed
analysis. Fig. 6A reveals the 3D reconstruction of the remaining Mg
wires in the CCA. One day post-implantation, a distinct oxide layer (red)
formed on the wire’s surface, which was uniform and devoid of tiny
corrosion pits. Over time, the oxide layer’s thickness increased, and a
few pits appeared on the Mg wire matrix, indicating a shift from uniform
to localized corrosion with time, possibly due to the oxide layer’s
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degradation. The residual volume of Mg wire gradually decreased with
time, from 80.55 + 1.65 % on the first day to 66.64 + 0.91 % on the
28th day (Fig. 6B), suggesting a decreasing corrosion rate in rats.
Nevertheless, the Mg wires maintained structural integrity a month after
implantation. Fig. 6B and C, display the residual volume during Mg wire
corrosion and the release of hydrogen and magnesium ions into the
physiological environment. The release rate of hydrogen and magne-
sium corresponded with Mg wire corrosion, gradually decreasing over
time. Besides the magnesium released into the physiological environ-
ment, magnesium also remained in the corrosion layer. Hence, the
amount of magnesium ions released (red line in Fig. 6C) is estimated
based on the magnesium content in the corrosion layer (Fig. 6A). The
estimations indicate that on the first day post-implantation, approxi-
mately 1.00 + 0.085 pmol of magnesium and 1.11 + 0.094 pmol of
hydrogen gas were released into the blood. Over one month of im-
plantation, about 1.7 pmol of magnesium and 1.9 pmol of hydrogen
were released, highlighting that the release was concentrated in the
early stages of implantation. Fig. 5D displays the surface morphologies
of the Mg wires and corresponding energy-disperse spectrometer (EDS)
element mapping, revealing a thin degradation product layer composed
of Ca, P, O, and Mg on the Mg wires. The Mg content in this layer was
found to decrease with increased corrosion time (Fig. 6E), aligning with
prior research [21]. In general, Mg wires in the CCA exhibited uniform
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corrosion in vivo, with the fastest corrosion rate observed on the first
day, which gradually diminished over the duration of implantation.

2.7. Invivo Mg?*, Hy, ROS and Ca?* concentration and biosafety tests

The Mg?" concentration in blood and various organs, including the
heart, liver, spleen, lung, kidney, infarction contralateral brain (ICB),
and infarction ipsilateral brain (IIB), was measured in different rat
groups at 1 and 7 days post-operation. On day 1 post-operation, the
Mg%" concentration in the MCAO + Mg group’s blood was higher than in
the sham, MCAO, and MCAO + Ni-Ti groups, and this concentration
decreased by day 7 (Fig. 7A). The concentration of Mg?* in rat carotid
blood and infarction brain was measured to have increased by about 18
ug/g, which is on the same order of magnitude as in vitro. Except for the
IIB on day 1, Mg?* levels in all tested organs showed no significant
differences (Fig. 7B, and Fig. S6). The concentration of Mg2+ in rat CCA
blood and infarction brain was measured to have increased by about 18
ug/g, which is on the same order of magnitude as in vitro. Additionally, a
small but detectable amount of Hy was found in the blood on day 1 post-
operation (Fig. 7C and D). Hydrogen gas in the brain was also measured
after take out the brain from rats, but H, was not detected. In the future,
Hydrogen-1 magnetic resonance spectroscopy may be used for detection
at the in vivo level [26].
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Fig. 6. In vivo corrosion evaluation for Mg wires. (A) 3D reconstructions of the residual Mg wires and corrosion products at 1, 7, 14, and 28 days post-implantation,
based on micro-computed tomography analysis. (B) The residual Mg wire volume and the volume of released hydrogen over time. The residual Mg wire volume is
derived from simulation results, while the volume of released hydrogen is calculated based on this residual volume. (C) The residual Mg wire volume and the
magnesium dissolved/released into the physiological environment over the course of implantation. (D) Scanning electron microscope images and energy-disperse
spectrometer (EDS) element mapping of the Mg wires after 1, 7, 14, and 28 days of implantation. The black and white scale bars represent 50 and 10 pm,
respectively. (E) The EDS point analysis results of the degradation products on the Mg wires’ surface.

From these results, it is inferred that the implantation of Mg wires led
to the release of Mg?* and H, into the blood during Mg wire degrada-
tion, most notably on the first day. Although this release slowed over
time, substantial Mg?* and H, were still present in the blood on day 7.
Regarding brain tissue in the damaged area, the severe BBB disruption
on day 1 allowed a large influx of blood-borne Mg?* into the brain pa-
renchyma. By day 7, some BBB recovery had occurred, reducing the
influx of Mg?" into the IIB, thus reaching a balance with Mg?" elimi-
nation. Since BBB does not impede hydrogen, the hydrogen levels in the
IIB were likely proportional to those in the blood (Fig. 7E).

In addition to Mg2+ and Ha, concentrations of cerebral ROS and Ca®*
were also measured. Mirroring the in vitro findings, ROS and Ca®" levels
in the ICB did not differ among the four groups. However, in the IIB, ROS
and Ca®" levels were elevated in the MCAO and MCAO —+ Ni-Ti groups,
while Mg wire implantation significantly inhibited this increase (Fig. 7F
and G). Furthermore, rats were euthanized after 1, 7, 14, and 28 days of
Mg wire implantation for histological analysis. The main organs were
excised and stained with H&E, which showed no apparent acute or
chronic pathological toxicity, nor adverse effects in either control or
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treatment groups (Fig. S7). Moreover, Mg content in the brain had
returned to the normal range by the seventh day after implantation,
which may be due to BBB recovery and rapid metabolism of Mg?*, and
in our observation, the rats still maintained a state of neurological
function recovery at 14 days after operation, so we speculated that the
temporary increase in Mg?*in the brain was unlikely to have long-term
adverse effects on neurological function.

3. Discussion

This study explored the neuroprotective effects of Mg implants using
OGD/R-induced HT-22 cells and MCAO rat models to simulate human
brain ischemia. Pure Mg extract was found to play a protective role in
aiding HT-22 cells in defending against OGD/R injury. Additionally, a
pure Mg wire was implanted into the CCA of MCAO rats, analogous to
inserting a biodegradable neuroprotective Mg stent into cerebral vessels.
Observations revealed that pure Mg wire implantation facilitated
various benefits, including neurorescue, BBB protection, and CBF
improvement (Fig. 8). Based on the findings of this study, the innovative
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matography. (E) The map and inference of the distribution of Mg2+ and H, in blood and brain tissue. The relative fluorescence intensity of cerebral (F) ROS and (G)
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vs. MCAO + Ni-Ti group.

concept of “biodegradable neuroprotective stents” appears promising
and warrants further investigation in future research endeavors.

3.1. Mg alloy in neuroscience

Mg and its alloys are gaining recognition as promising alternatives to
permanent biomedical materials, thanks to their adjustable mechanical
strength and biodegradability [27,28]. However, the use of Mg-based
biomedical devices in neuroscience is still in its early stages [29-31].
Potential applications include nerve guidance conduits [27,32], major
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components of nerve electrodes for neural recording or monitoring [33,
34], cerebral aneurysm coil-assisted stents [35], and common carotid
artery stents [36].

The biodegradable Mg alloy cardiovascular stent named Magmaris
(DREAMS 2G), achieved its CE mark in 2016, demonstrating clinical
safety and efficacy [37]. The cerebrovascular system, characterized by
its tortuosity and lack of perivascular tissue support, is more susceptible
to rupture under hemodynamic stress compared to cardiovascular ves-
sels. The hydrodynamic characteristics of the stent’s deployment site
also significantly influence Mg alloy degradation behaviors [38].
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Fig. 8. Illustration of the effect of Mg wire in the ischemic brain. The Mg>* and hydrogen generated by the degradation of Mg wires travel to the damaged site and
cross the BBB into the brain. Mg?" and hydrogen primarily inhibit the influx of Ca®>" and the production of ROS, respectively, and exhibit a synergistic relationship,

ultimately leading to neuron rescue, BBB protection, and enhanced CBF.

Varying wall shear stresses are observed in different blood vessels in the
human body, such as 0.68 + 0.03 Pa in the coronary artery, 1.23 + 0.21
Pa in the carotid artery, and 1.62-2.29 Pa in the cerebral artery [39,40].
Therefore, ensuring the mechanical compatibility and uniform corrosion
of Mg alloy stents is crucial for their potential application in cerebral
scenarios. Moreover, our research is to investigate the neuroprotective
effects of degradation products of Mg metal materials, providing theo-
retical support for the development of neuroprotective Mg alloy stent
and also providing new ideas for Mg based neural implant devices
(degradable nerve electrodes, coils). The corrosion rate of Mg alloys is
related to their surface area and local fluid environment [41]. Thus, it is
necessary to recalculate the Mg release concentration of Mg alloy stents,
nerve electrodes, and coils based on specific circumstances.

3.2. Intracranial stenting and reperfusion injury

Intracranial atherosclerotic stenosis is a leading cause of stroke
worldwide. The SAMMPRIS and VISSIT randomized controlled trials
(RCTs) showed that intracranial stenting was less effective than drug
therapy, primarily due to high complication rates associated with
stenting [42]. Furthermore, combining stenting with medical therapy
did not significantly reduce stroke or death risks in patients with
symptomatic intracranial stenosis compared to medical therapy alone
[43].

A potential explanation for these suboptimal stenting outcomes
could be related to cerebral ischemia-reperfusion injury or cerebral
hyperperfusion syndrome [44]. Recanalizing occluded vessels and
restoring blood supply in ischemic strokes often triggers various mo-
lecular and cellular responses. Among these, Ca?" overload and ROS
production are key factors in reperfusion neural injury development.
The BBB comprising endothelial cells, basement membrane, pericytes,
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and astrocyte end feet, plays a vital role in maintaining cerebral ho-
meostasis. Intracellular Ca>" and ROS in endothelial cells are critical
mediators that affect BBB permeability [45]. Disruption of the BBB in-
creases vascular permeability, leading to further brain damage [46].
Thus, neuroprotective strategies are crucial for addressing ischemic
brain injury post-recanalization. Although over 1000 potential neuro-
protectants have shown promise in preclinical studies, they often fail in
clinical trials [47], underscoring the need for novel treatments.

3.3. Neuroprotection of Mg " and H,

Magnesium ion supplementation offers various neuroprotective
mechanisms in cerebral ischemic diseases [6]. Mg2+ reduces intracel-
lular calcium overload mediated by the N-methyl-d-aspartate receptor
and acts as a natural calcium antagonist. It also dilates cerebral vessels,
enhancing blood flow post-cerebral ischemia, stabilizes mitochondrial
function and regulates enzymes critical for energy metabolism in the
brain post-ischemia. Mg?" can be administered intraperitoneally,
intravenously, arterially, and intracranially. Carotid artery injection, in
particular, can rapidly increase drug concentration at the target site with
a lower dose [48].

Additionally, molecular hydrogen has emerged as a therapeutic
medical gas effective in treating various brain diseases by eliminating
cytotoxic oxygen radicals. This was first demonstrated in 2007, where
inhaling hydrogen was shown to attenuate brain injury by reducing
neural ROS damage in an I/R injury rat model [9]. Similar neuro-
protective effects of hydrogen were observed in a global cerebral I/R
mouse model [49] and in OGD/R-damaged hippocampal neurons,
where hydrogen was found to promote mitophagy via the PINK1/Parkin
signaling pathway, preserving mitochondrial membrane potential [50].
Hydrogen administration methods include non-invasive approaches like
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inhalation of hydrogen gas and drinking hydrogen-rich water, which are
portable, safe, and simple, but deliver limited doses to the target area. In
contrast, invasive methods like hydrogen dissolved saline injections into
the peritoneum or blood vessels can deliver enough hydrogen to the
injured area [11].

According to these findings, beyond the individual effects of mag-
nesium and hydrogen, their combined use may offer enhanced neuro-
protection. A recent clinical trial demonstrated that intracisternal
MgSO4 infusion coupled with intravenous hydrogen therapy improved
patient rehabilitation following severe aneurysmal subarachnoid hem-
orrhage more effectively than either MgSO,4 infusion alone or control
treatments [18]. These results suggest that combination therapy using
Mg?* and hydrogen could be more effective in treating ischemic stroke
synergistically compared to monotherapy. This hypothesis aligns with
the in vitro experiment in the current study. Additionally, while Hy
primarily protects against ROS overproduction, its deprivation from Mg
wire extract also reduced its inhibitory effect on Ca?* overload. This
could be due to the complex interplay between ROS and Ca®" signaling,
where abnormalities in one can affect the other, destabilizing both
pathways. Conversely, protecting one pathway might safeguard the
other, thus stabilizing both [51].

Besides its direct neuroprotective impact, this study’s in vivo research
also found that Mg wire implantation protected the BBB and promoted
CBF recovery post-cerebral infarction. Ca®" overload and ROS are
known factors in EC damage, leading to increased BBB leakage [46].
Concerning CBF, Ca?* overload and ROS are principal causes of pericyte
contraction, reducing vascular diameter and CBF [52,53]. It is specu-
lated that these effects are achieved through the synergistic inhibition of
Mg?" and Hy on Ca®* overload and ROS in ECs and pericytes. However,
further research is necessary to confirm this hypothesis.

It is worth noting that we could not separate Mg2+ and Hj in vivo,
and currently it is also difficult to fully simulate the process of degra-
dation of Mg wires in vivo through continuous injection of Mg?* or Hy. If
the filtration of Mg2" or H, in blood in vivo can be achieved in the future,
we will further explore their respective roles. Meanwhile, at present, we
could not determine which is more important, Mg2+ or H,, as their
protective effects are regulated by multiple factors in vivo, such as con-
centration [7,9], injection method [54,55], intervention timing [6,12].
If we can determine in the future, coating Mg wires/stents with polymer
loaded with soluble Mg salt to release more Mg?" or alloying to release
more Hy [56,57] to improve the implanted Mg wires/stents seems to be
a promising direction.

3.4. Neuroactivity of pure Mg metal and Mg alloys

Direct studies on the neuroactivity of pure Mg metal or Mg alloys are
relatively scarce, but the neuroprotective properties of Mg ions, typi-
cally in the form of MgSO4 or MgCl, solutions, have been extensively
researched. Our previous work revealed that Mg?*, sourced from a pin
containing ultrapure magnesium implanted in the intact distal femur of
rats, promoted new bone formation and significantly increased neuronal
calcitonin gene-related peptide (CGRP) in the ipsilateral dorsal root
ganglia (DRG) and the peripheral cortex of the femur [58]. Further,
isolated rat DRG neuron experiments indicated that elevated extracel-
lular Mg?* could trigger Mg?* influx through specific channels, enhance
intracellular adenosine triphosphate (ATP) levels, and accumulate ter-
minal synaptic vesicles containing CGRP. This might boost osteogenic
differentiation of periosteum-derived stem cells, suggesting that Mg>*
from pure Mg metal could enhance neural energy metabolism.

Additionally, research found that diluted extracts of Mg-Zn-Nd-Zr
magnesium alloy stimulated the proliferation of astrocytes and neural
stem cells [59]. This extract also encouraged differentiation from neural
stem cells into astrocytes and neurons [59]. These effects might largely
be due to Mg?* in the extract, as Mg?" is known to promote the pro-
liferation and differentiation of neural stem cells [60,61].

In conclusion, while research on the neuroprotective effects of pure
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Mg metal and Mg alloys is limited, the existing studies provide valuable
insights. The protective effect of pure Mg wire on nerves following AIS
might also be attributed to the improvement of energy metabolism in
nerve cells and the facilitation of neuronal regeneration.

Moreover, neurotoxicity aspect also deserves attention. According to
in vivo animal study, the complete degradation of Mg wire in the CCA of
rats takes about 3-4 months [62,63]. During this period, we did not
observe the related adverse reactions such as small vessel occlusion or
neural activity and behavior change. The speculated reason is that the
Mg?* and H, produced by the degradation of Mg wire can be safely
metabolized in the body.

3.5. In vivo activity of Hy from the metal source

The in vivo effects of Hy derived from metal implants have been a
focus of recent research. For instance, Yang et al. developed Mg-based
galvanic cells (MgG) for implantation into tumors. Their study found
that MgG could produce Hjy, inducing mitochondrial dysfunction and
disrupting intracellular redox homeostasis in tumors, thereby inhibiting
tumor growth [64]. Similarly, Liu et al. leveraged the anti-inflammatory
properties of Hp by constructing a Zn-Fe battery. This battery, when
orally delivered to the stomachs of diabetic model mice, enhanced Zn
hydrolysis, producing H, which then reduced systemic inflammation
[65]. In another study, Nan et al. incorporated Mg particles into mi-
croparticles for injection into the knee joint. The Hy generated during
Mg degradation was found to inhibit ROS production, thereby reducing
joint inflammation [66]. These studies demonstrate the versatile in vivo
activities of Hp from Mg sources, with our research further extending
this field into neuroprotection. Moreover, the safety of producing
hydrogen gas in the blood is worth exploring, as gas can form gas clots in
the blood. However, due to the flowing state of the blood around the Mg
wire, the hydrogen gas produced by the Mg wire will continuously flow
with the blood flow and will not accumulate locally. Moreover, our
study did not find any adverse consequences similar to gas embolism,
which is sufficient to prove the vessel safety of the Mg wires.

3.6. Stent with “remote” neuroprotection

The concept of “remote” is well-established in medicine. For
example, remote ischemic lesion refers to ischemic injuries occurring
distally from an intracranial hemorrhage site, potentially due to vaso-
spasm caused by a hematoma [67]. The remote bioactivity of materials
or techniques is also being explored. Peng et al. discovered that local
implantation of polypropylene and silk fibroin in the abdomen could
lead to remote liver fatty deposition [68]. Remote ischemic condition-
ing, involving repeated transient ischemia of the limbs using blood
pressure cuffs, has been shown to protect distant organs like the heart or
brain from further ischemic damage [69]. This technique has been
validated in multi-center RCTs [70,71]. Drawing on these principles, our
research proposes the concept of a “biodegradable remote neuro-
protective stent.” This concept is based on the finding that locally
released Mg?*/H, from Mg metal within blood flow can offer synergistic
neuroprotection to distant cerebral ischemic tissues. Future stent de-
signs could benefit from this innovative approach to endow the stent
with neuroprotective function.

There are many branches of arteries in the rats and this phenomenon
is consistent with the human environment. However, we did find an
increase in Mg2+ concentration in the infarction brain of rats (Fig. 7B),
which is sufficient to prove the targeted therapeutic potential of stent
with neuroprotective materials.

3.7. Future development
The current study lays the groundwork for future research in the

development of biodegradable Mg alloy stents, particularly for neuro-
vascular applications. Several key areas are suggested for further
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exploration.

1) In this research, pure Mg wires were utilized to isolate the neuro-
protective effects from other metal elements. However, pure Mg’s
inadequate mechanical properties and uncontrolled corrosion rate
make it unsuitable for stent fabrication [72]. These issues can be
addressed through alloying and surface modification. The alloying
process, which involves adding other metal elements, opens the
possibility of investigating the neuroprotective effects of these
additional elements. Moreover, surface modifications, typically
through coatings, present opportunities to incorporate drugs like
edaravone [73] or butylphthalide [74], which have been shown to
aid in cerebral infarction recovery.

2) Stroke treatment is time-sensitive, making it crucial to align the
degradation rate of Mg alloys with the treatment window. This
alignment could be achieved through surface engineering tech-
niques, such as plasma immersion ion implantation and deposition
(PIIID) technology, which could create stents with tailored corrosion
rates for specific timeframes [37].
Currently, magnesium alloy biodegradable stents are only approved
for coronary diseases. Given the common pathogenic factors shared
by cardiovascular and cerebrovascular diseases [75], it is crucial to
investigate the potential protective effects of coronary magnesium
alloy stents on cerebrovascular diseases during their degradation.
Besides cerebral infarction, strokes also include subarachnoid hem-
orrhage, often resulting from aneurysm rupture [76]. Stent-assisted
coil embolization is a common treatment for ruptured aneurysms
[77]. Thus, Mg alloy stents could potentially be used in treating ce-
rebral aneurysms, and the impact of stent degradation on neural
functions post-subarachnoid hemorrhage represents another
research avenue.
Based on this study, when Mg alloy stents can be applied in the ce-
rebral vessel in the future, clinicians can not only focus on the impact
of Mg stents on in situ blood vessels compared to traditional stents,
but also conduct RCTs to explore whether Mg alloy stents have
additional neuroprotective effects, providing direct evidence for the
clinical application of neuroprotective stents.

3

-
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-
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-

. Conclusions

In summary, this study investigated the use of Mg metal as an
endovascular device in neuroscience. The Mg extract was found to
protect mouse hippocampal neuronal cells against OGD/R injury. The
locally released Mg>*/H, from the Mg wire implanted in the MCAO rat
model offered synergistic neuroprotection to remote cerebral ischemic
tissues. Mg?" and H, primarily inhibited Ca®* influx and ROS produc-
tion, respectively, with a mutual enhancement of their effects, leading to
neuron rescue, BBB protection, and improved cerebral blood flow. These
findings introduce an innovative stent design concept: “biodegradable
neuroprotective stents".

5. Materials and methods
5.1. Implanted materials

Pure Mg wires with a diameter of 0.10 mm were created using a cold-
drawing process from Mg bars of 10.0 mm diameter. These bars were hot
extruded at 200 °C with an extrusion ratio of 25:1. All samples used in
the experiment underwent ultrasonic cleaning in acetone, absolute
ethanol, and distilled water, each for 10 min. The microstructures and
morphology of the samples were then analyzed using an X-ray diffrac-
tometer (XRD, Rigaku DMAX 2400, Japan) and a scanning electronic
microscope (SEM, S-4800, Hitachi, Japan). Tensile strength measure-
ments were conducted using a universal material test machine (Instron
5969, USA) at a displacement rate of 1 mm/min at room temperature.

To evaluate the evolution of magnesium ions and hydrogen gas in
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vitro, Mg wires of ¢0.1 mm diameter and 10 mm length were immersed
in SBF at 37 °C. The solution volume to sample surface area ratio was
maintained at 20 ml/cm? as per ASTM G31-72 standard. Five parallel
samples were used for each group. Post-immersion, magnesium ions
concentrations in SBF were measured using Inductively Coupled Plasma
Optical Emission Spectroscopy (ICP-OES, iCAP6300, Thermo).

5.2. Computational modelling of in vivo corrosion

The corrosion behavior of the implanted Mg wire within the rat CCA
was simulated using COMSOL Multiphysics® software. A 2D axisym-
metric simplified method was applied, focusing on mass transfer related
to flow-induced corrosion in a constructed rational swept surface. The
laminar flow module within Computational Fluid Dynamics was utilized
to simulate the relative flow velocity of blood around the Mg wire in the
vessel. The velocity field for this simulation was solved using the Navier-
Stokes equation:

p(0-V)o=V-[-pl+K]+F +pg
V(pv)=0
where.

p is the density (kg/m%)

v is the velocity vector (m/s)
p is the pressure (Pa)

K is the viscous stress tensor
F is the volume force vector

The conservation calculation of convection mass transfer in this
study is based on the previously calculated convection velocity. This
approach ensures adherence to the requirements of the transport of the
diluted species interface module. The mass transfer process is simulated
using a diffusion equation:

V- (-DVc)+veVc=0
where.

¢ is the concentration (mol/m3)
D is the diffusion rate (m?/s)

This model primarily focuses on surface reactions rather than bulk
reactions, adhering to Fick’s laws of diffusion. Within this equation, the
variable v represents the convective term. Additionally, the surface mass
flux of the Mg wire is calculated under the surface electrochemical re-
action rate. This calculation is crucial for simulating the boundary
movement, which is achieved using the moving grid method. The speed
of grid movement on the Mg wire surface is considered indicative of the
corrosion rate of Mg, which is calculated using the following equation:

Vn= k M"’g/pmg
Where.

k is the surface reaction rate (mol/m?/s)
M, is the molar mass of Mg (g/mol)
Pmg is the density of Mg (kg/m®)

As for physical field boundary settings, the relative inlet boundary of
the fluid is 12.23 mL/min, and the Mg inlet concentration is 0.46 mmol/
L.
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5.3. Cell experiments

5.3.1. In vitro cytotoxicity assays with pure Mg extracts

The cytotoxicity effects of pure Mg on ECs, smooth muscle cells, and
neurons were evaluated. Human umbilical vein endothelial cells
(HUVECs), human artery smooth muscle cells (HASMCs), and HT-22
(mouse hippocampal neuronal cell line) served as the instrumental
cells for these experiments. Pure Mg wires were immersed in DMEM
supplemented with 10 % fetal bovine serum and 1 % penicillin/strep-
tomycin to prepare the extracts. Cells were cultured in a humidified
atmosphere with 5 % CO- at 37 °C. The culture periods were set at 1, 3,
and 5 days using either the control medium (DMEM) or Mg extracts at
concentrations of 100 %, 50 %, and 25 % (diluted with DMEM). The
viability of the cells was evaluated using the CCK-8 assay (Beyotime,
China). The spectrophotometric absorbance of each well was measured
using a microplate reader (ThermoFisher Scientific, USA) at a wave-
length of 450 nm. In addition, after one day of culture, cells were stained
using the LIVE/DEAD® assay (Invitrogen, USA), following the manu-
facturer’s instructions. A mixed solution of Calcein-AM and PI was
added to each cell well and incubated for 30 min. Subsequently, the
solution was removed, and the cells were observed under a fluorescence
microscope (EVOS, AMG). Living cells were stained green with Calcein-
AM, while dead cells were stained red with PIL.

5.3.2. In vitro neuroprotection assessments with pure Mg extracts

To simulate I/R injury in vitro, cells were subjected to OGD/R injury
[78]. HT22 cells were maintained in a glucose-free culture medium and
transferred to a 37 °C anaerobic chamber containing 5 % CO, and 95 %
N, for a 4-h incubation. Subsequently, the medium was replaced with
regular DMEM containing glucose, and the cells were returned to a
normoxic environment for 24 h of reoxygenation at 5 % CO2/95 % air.
As a control, normal DMEM with glucose was used, incubated under
identical conditions. Following the OGD technique, DEME with gradient
Mg?" concentrations, both ultrasonically treated and untreated (100 %,
50 %, and 25 %) Mg extracts containing glucose, served as the medium
for incubating HT22 cells for 24 h at 37 °C. Post-incubation, cell
viability, LDH release, ROS production, and Ca®* influx were evaluated.

Cell viability was first assessed using the CCK-8 kit as previously
described. LDH, released from cells when plasma membrane integrity is
compromised, indicates the degree of cell death. We measured LDH
release using an LDH assay kit (Beyotime, China). The cell supernatants
were incubated with the assay kit solution, and the resultant color
change was quantified by spectrophotometry at 490 nm. Secondly, ROS,
produced during oxidative stress, were detected using DCFH-DA
(Beyotime, China). Cells were incubated with 10 pM DCFH-DA in a
serum-free medium, washed thrice, and lysed with 50 % methanol
containing 0.1 M NaOH. After detaching and centrifuging the cells, the
supernatants were collected, and fluorescence at 488/525 nm was
measured using a fluorescence microplate reader. Lastly, intracellular
Ca%* influx, indicative of oxidative stress damage, was assessed with the
Fluo-4 calcium assay kit (Beyotime, China). Cells were incubated with
Fluo-AM solution, imaged using a fluorescent microscope, and the
fluorescent intensity of Fluo-4 AM was quantified using Image J
software.

5.4. Animal experiments

The study involved adult male Sprague-Dawley (SD) rats, each
weighing between 280 and 320 g. The Institutional Animal Investigation
Committee of Capital Medical University approved all experimental
methods, ensuring that all animal treatments adhered strictly to the
National Institutes of Health’s guidelines for the Care and Use of Labo-
ratory Animals.

5.4.1. MCAO model and material implantation
Rats were grouped as follows: Sham Group (underwent only
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preoperative anesthesia and vascular separation surgery); MCAO Group
(underwent the MCAO procedure without any material implantation);
MCAO + Ni-Ti Group (underwent MCAO with Ni-Ti wire implantation);
MCAO + Mg Group (underwent MCAO with Mg wire implantation). Rats
received aspirin (10 mg/kg/day) and clopidogrel (7.5 mg/kg/day)
regimens starting three days before the procedure and continuing until
sacrifice. The MCAO procedure, as previously described [79], involved
anesthesia with 5 % enflurane, maintained with 1 %-3 % enflurane. The
rat’s neck skin was shaved and disinfected, followed by a longitudinal
incision to expose the right CCA, external carotid artery (ECA), and in-
ternal carotid artery (ICA). After isolating the ECA’s main trunk, a small
opening was created in the ECA, through which a thread was inserted up
to the beginning of the right MCA. The MCA was occluded for 120 min,
followed by the removal of the thread to induce reperfusion. Depending
on the group, either pre-sanitized 1 cm Ni-Ti or Mg wires were inserted
through the ECA opening into the CCA and fixed with the ECA. We
determined the implantation length of Mg wires based on the maximum
length of the exposed common carotid artery which was about 1 cm.
According to previous studies, a larger implantation length indicates a
higher release of Mg?* *!, but the protective relationship still needs
further investigation. Post-surgery, the rats were sutured, returned to
their cages, and provided with adequate water and food.

5.4.2. Neurological behavioral tests

Five neurological behavioral tests were conducted to assess neuro-
logical deficits in rats. Four tests, Zea-Longa scoring [79], EBST [80],
rotarod test [81], and adhesive removal test [82] were performed before
surgery and on days 1, 3, 5, 7, 10, and 14 post-surgery. The open field
test was conducted 7 days after surgery.

Zea-Longa scoring included five levels: O scale, indicating no
neurological deficits; 1 scale, where the left front limb could not fully
extend; 2 scale, showing rotation towards the left side while walking; 3
scale, involving leaning to the left while walking; 4 scale, representing
inability to walk autonomously with loss of consciousness. In the EBST,
rats were lifted by their tails at the center of a 100 cm x 100 cm box. The
rat’s head swing to the left or right was observed. A swing angle
exceeding 10° to one side was considered significant. The test concluded
after 30 total swings, with the EBST score being the proportion of left
swings to total swings. The rotarod test involved placing rats on an
accelerating rotating rod, timing their latency to fall. Speed increased
from 4 to 40 rpm within 5 min. In the adhesive removal test, the average
time taken by rats to remove a piece of sticky tape from their left paw
was recorded. If the tape remained after 2 min, the removal time was
logged as 2 min. Lastly, the open field test involved placing each rat in
the center of an open field for 5 min in a quiet room. Behavior was
recorded with a video monitoring device connected to a computer (RWD
Science Co., China), and the video was analyzed to calculate walking
distance and time spent in different areas by the rats.

5.4.3. Infarct volume and neuron damage evaluation

Infarct volumes and neuron damage in rats were assessed 7 days
post-surgery. Rats underwent transcardial perfusion with phosphate-
buffered saline (PBS), followed by brain extraction. For infarct volume
assessment, brains were sliced into five 2-mm sections, stained with 2 %
TTC (wt/vol in PBS) for 20 min at 37 °C. The slices were photographed,
and infarct volumes were calculated using Image J software as the ratio
of (contralateral hemisphere area - noninfarcted area of the ipsilateral
hemisphere) to contralateral hemisphere area. Neuron damage was
estimated by fixing brains in 10 % formaldehyde for over 24 h. After
embedding in paraffin, sectioning, and Nissl staining, the Nissl-stained
sections were photographed. Nissl-positive cells were counted using
Image J software. The Nissl body ratio was determined as the number of
Nissl-positive cells in the ipsilateral hemisphere divided by the number
in the contralateral hemisphere.
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5.4.4. Brain edema and evans blue leakage

For blood-brain barrier (BBB) integrity evaluation, brain edema and
Evans blue leakage were assessed 7 days after surgery. Brain edema was
evaluated by measuring the wet weight of rat brains, followed by drying
the tissue at 90 °C for 24 h to obtain the dry weight. Brain tissue water
content percentage was calculated as (wet weight - dry weight)/wet
weight x 100 %. For the Evans blue leakage test, a 2 % Evans blue dye
solution (wt/vol in PBS, 3 mL/kg) was injected into the tail vein. Two
hours later, rats were sacrificed via cardiac perfusion with saline. Brains
were removed and photographed to assess Evans blue extravasation.
Ischemic half-brain tissue was homogenized in 1 ml of formamide so-
lution to create a cell suspension. After incubation at 60 °C for 24 h, the
sample was centrifuged at 5000 rpm for 10 min. The optical density of
the supernatant was measured at 635 nm with a spectrophotometer, and
Evans blue content was determined using a standard curve.

5.4.5. Measurement of cerebral blood flow

Relative CBF was measured using laser speckle imaging (LSI, RWD
Science Co., China), following the methodology reported previously
[83]. Rats were anesthetized with 5 % enflurane, maintained with 1 %-—
3 % enflurane via a facemask. After shaving and disinfecting the cra-
nium with iodophor, the rats were positioned prone and the head
secured in a stereotaxic device. A longitudinal incision was made in the
skin over the cranium. Using a dental drill under a dissecting micro-
scope, the cranium from bregma to lambda was carefully thinned until
CBF was clearly measurable by LSI. The mean CBF on both damaged and
contralateral sides was measured, with the damaged side CBF presented
as a percentage of the contralateral side’s value.

5.4.6. In vivo Mg?" distribution

The method for detecting released trace metals in vivo was based on
Matusiewicz [84]. Blood from the right CCA was collected on days 1 and
7 post-implantation using a polymer needle. Subsequently, rats were
sacrificed, and organs including the heart, liver, spleen, lung, kidney,
ICB, and IIB were removed with Teflon-coated tweezers and ceramic
scissors. The organs were weighed, placed in Teflon digestion vials,
digested with HNO3 and Hy05 using a microwave system, and Mg
concentration was determined via ICP-OES (iCAP6300, Thermo).

5.4.7. In vivo ROS detection

Brain tissue was homogenized in a 1:10 w/v RIPA buffer. Post-
homogenization, brain tissue samples were centrifuged at 12,000 rpm
for 20 min at 4 °C. According to Genmed Scientifics Inc., USA, lucigenin
was incubated with the supernatant. After a 15-min acclimation, lumi-
nescence was measured every second for 10 s using a luminometer
(ThermoFisher Scientific, USA). Luminescence was expressed in relative
light units per second.

5.4.8. Invivo Ca®" detection

Following the manufacturer’s instructions (Beyotime, China), Ca**
content in brain tissue was determined. Initially, brain tissue was
dissected into small pieces. Sample lysis solution was then added at a
ratio of 1000 pl per 20 mg of tissue, and the mixture was homogenized.
Subsequently, the samples were centrifuged at 10000-14000 g for 5 min
at 4 °C to extract the supernatant. Finally, the supernatant was incu-
bated with Ca?" testing working solution for 10 min at room tempera-
ture. Absorbance at 575 nm was measured using an enzyme-linked
immunosorbent assay, and Ca?* concentration was calibrated based
on the standard curve.

5.4.9. In vivo biosafety tests

Healthy rats, weighing 280-320 g, were divided into five groups. The
control group received no treatment, while the other four groups were
implanted with Mg wires in the right CCA for 1, 7, 14, and 28 days,
respectively. Post-implantation, rats were sacrificed, and their organs
(heart, liver, spleen, lung, and kidney) were extracted for histological
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analysis through H&E staining.

5.4.10. In vivo Mg wire degradation experiment

Mg wires were retrieved after 1, 7, 14, and 28 days of implantation,
with three wires collected at each time point. They were pressure-
perfused with saline to remove blood and then immersed in 2.5 %
glutaraldehyde for 12 h. Subsequently, dehydration was carried out
using graded ethanol (20 %, 40 %, 60 %, 80 %, 95 %, 100 %; 30 min for
each grade). The Mg wires were then examined under a micro-CT
scanner (Skyscan1076, Bruker) at a spatial resolution of 9 pm. Three-
dimensional reconstruction of the Mg wires was conducted, and the
volumes of the corrosion layer and remaining magnesium matrix were
calculated using Mimics software (Mimics 10.01, Materialise Mimics®).
The remaining volume of the magnesium matrix was calculated using
the following formula.

VR = Vmg / (Vmg + Vcorrosion)

Where.

Vg is the volume proportion of the uncorroded part of the magnesium
wire after being extracted

Ving is the volume of the uncorroded part of the magnesium wire after
being extracted

Veorrosion 1S the volume of the corrosion layer volume of the magne-
sium wire after being extracted

After sputtering with gold, the longitudinal direction of the Mg wires
was observed under SEM (S-4800 cold-cathode field-emission scanning
electron microscope, Hitachi) with EDS attachment. The magnesium
element content of the corrosion layer is tested by EDS surface scanning.

5.5. Hydrogen gas concentration measurements

Hydrogen gas dissolved in rat blood and Mg-immersed cell culture
medium was quantitatively detected by gas chromatography (Zhejiang
FULI Analytical Instrument Co., Ltd, China). For H; level measurement
in blood, rats were pre-treated with heparin, and blood was immediately
collected and injected into a 10 ml glass bottle pre-filled with fresh air.
To measure Hy levels in the medium, the medium was directly trans-
ferred into a bottle. All bottle tops were secured with a hard plastic plug
and an additional screw top. The bottles were then ultrasonically treated
for 30 min to ensure the release of dissolved Hj. Subsequently, the vapor
was aspirated and injected into a gas chromatograph device.

5.6. Statistical analysis

All results were expressed as mean + standard deviation. Statistical
analyses were performed using SPSS 17.0. Differences between groups
were analyzed using one-way ANOVA and nonparametric tests.
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