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Magnesium Oxide/Poly(l-lactide-co-𝝐-caprolactone)
Scaffolds Loaded with Neural Morphogens Promote Spinal
Cord Repair through Targeting the Calcium Influx and
Neuronal Differentiation of Neural Stem Cells

Jile Xie, Jiaying Li, Jinjin Ma, Meimei Li, Xingran Wang, Xinya Fu, Yanxia Ma, Huilin Yang,
Bin Li,* and Saijilafu*

Because of the limited regenerative ability of the central nervous system
(CNS), effective treatments for spinal cord injury (SCI) are still lacking. After
SCI, neuron loss and axon regeneration failure often result in irreversible
functional impairment. The calcium overload induced by the
N-methyl-D-aspartate receptor (NMDAR) overactivation is critical for cell
death in SCI. It has been reported that the magnesium ion (Mg2+) can
competitively block the NMDAR and reduce the calcium influx, and that sonic
hedgehog (Shh) and retinoic acid (RA) are the critical regulators of neuronal
differentiation of endogenous neural stem cells (NSCs). Here, magnesium
oxide (MgO)/poly (l-lactide-co-𝝐-caprolactone) (PLCL) scaffold loaded with
purmorphamine (PUR, a Shh signaling agonist) and RA is developed and its
feasibility in SCI repair is tested. The results showed that the Mg2+ released
from MgO attenuated cell apoptosis by blocking the calcium influx, and the
PUR/RA promoted the recruitment and neuronal differentiation of
endogenous NSCs, thereby reducing the glial scar formation at the SCI lesion
site. Furthermore, implantation of PUR/RA-loaded MgO/PLCL scaffold
facilitates the partial recovery of a locomotor function of SCI mouse in vivo.
Together, findings from this study imply that PUR/RA-loaded MgO/PLCL
scaffold may be a promising biomaterial for the clinical treatment of SCI.
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1. Introduction

Spinal cord injury (SCI) often leads to par-
tial or complete loss of sensory, motor, and
autonomic functions below the lesion site,
which seriously affects the patient’s qual-
ity of life and brings a substantial medical
burden on the patient’s family and society.
It is estimated that about 27 million peo-
ple live with disabilities because of SCI, and
there are as many as 0.92 million new cases
each year worldwide.[1] Because of the lim-
ited regenerative ability of the central ner-
vous system (CNS), most injuries are per-
manent, and effective treatments for SCI
are still lacking. According to clinical guide-
lines, methylprednisolone is currently the
only available drug for treating SCI; how-
ever, it has an ambiguous efficacy, strict
dosing time, and a high risk for inducing
complications.[2]

Because of the blood-spinal cord barrier
and the complex pathophysiological process
after SCI, it is not easy to achieve ideal ef-
ficacy in treating SCI with drugs or phar-
macological agents. However, advances in

biomaterial engineering techniques have brought a consider-
able promise for SCI treatment. After SCI, the primary injury
leads to a series of cascade events, including excitatory amino
acid release, cellular ion imbalance, cellular calcium overload,
mitochondrial dysfunction, and immune and inflammatory
responses. This further initiates a secondary injury cascade
that aggravates the tissue damage, causes more cell death, and
forms glial scars around the lesion site, which markedly hinders
axon regeneration and growth.[3] Among these complex patho-
physiological cascades, it is considered that the cell apoptosis
caused by calcium overload is critical to the secondary injury
in SCI. The overactivation of the N-methyl-D-aspartate receptor
(NMDAR) induced by excitatory amino acids released from dead
cells is key in mediating this process.[4] Therefore, blocking this
step may interrupt the secondary injury loop of SCI and protect
more neurons from apoptosis. It has been reported that the
magnesium ion (Mg2+) can competitively block NMDAR and
voltage-gated calcium channels to reduce the calcium influx and
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Figure 1. Schematic illustration of the study design. A) Demonstration of the fabrication of MgO/PLCL+PUR/RA scaffold with electrospun. B) The
scaffold was implanted in mouse T9 spinal cord hemisection model. C) Demonstration of the mechanisms by which the scaffold works, the magnesium
released from the scaffold blocks the cellular calcium influx by binding with NMDAR, and PUR and RA promote the neuronal differentiation of NSCs.

prevent calcium overload.[5] Magnesium has also been used for
neuroprotection in the clinic, including eclampsia, preeclampsia,
traumatic CNS injury, cerebral ischemia, stroke, and Parkinson’s
disease.[6] In addition, it was demonstrated that the decrease of
Mg2+ after brain injury was directly linked to the deterioration of
secondary injury.[7] Administration of magnesium within 8 h of
SCI injury also showed the neuroprotective effect in an animal
model.[8] Therefore, the local release of Mg2+ from the implanted
biomaterials in SCI may be a more effective strategy to take ad-
vantage of because of the associated neuroprotective effect.

Studies have shown that some subsets of ependymal cells in
the central canal of the spinal cord can be activated after SCI, ac-
quiring the proliferation, migration, and differentiation abilities
of neural stem cells (NSCs).[9] These endogenous NSCs are po-
tentially powerful tools for reconstructing functional neural con-
nections. However, most NSCs tend to differentiate into glial cells
in the pathophysiological condition of SCI, which, together with
the activated astrocytes, macrophages, and inhibitory extracellu-
lar matrix, form glial scars surrounding the lesion area.[10] At the
early stage of SCI, the glial scars isolate the area of injury, prevent-

ing the spread of cytotoxic molecules and inflammatory factors
to the adjacent area.[11] While in the chronic stage, these dense
glial scars become barriers to axon outgrowth. Thus, inhibiting
endogenous NSCs differentiation into glial cells is another valu-
able strategy for SCI repair. Sonic hedgehog (Shh) and retinoic
acid (RA) are the critical regulators of neuronal differentiation
in development and are also involved in endogenous self-repair
after SCI.[12] However, the expression of Shh and RA is signifi-
cantly declined in adults.[13] Thus, as biomaterial supplements,
Shh and RA may be beneficial candidate factors for spinal cord
regeneration.

Here, we prepared mesoporous magnesium oxide (MgO)
nanoparticles to load purmorphamine (PUR, a Shh signaling
agonist) and RA, followed by electrospinning with poly (l-lactide-
co-𝜖-caprolactone) (PLCL) to fabricate aligned fibrous scaffolds
(Figure 1A). PLCL is a biocompatible, degradable, and elastic
polymer that has been reported to be a good candidate for tissue
engineering.[14] The electrospun fibrous scaffold has high poros-
ity and specific surface area, allowing nutrient exchange, cell
penetration, and migration. At the same time, aligned scaffolds
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prevent the regenerating axons from developing tortuous trajec-
tories, instead directing their outgrowth along linear paths over
the lesion site, facilitating functional connections with down-
stream targets. We found that MgO nanoparticles improved the
biocompatibility of PLCL and exerted neuroprotective effects in
acidic and NMDA-induced cytotoxic environments. Moreover,
adding PUR and RA in MgO/PLCL promoted the neuronal
differentiation of NSCs in vitro. More importantly, the implanta-
tion of PUR/RA-loaded MgO/PLCL scaffolds in a mouse spinal
cord hemisection defect significantly promoted the recruitment
of endogenous NSCs and their neural differentiation. At the
same time, apoptotic cells around the scaffold were significantly
reduced. Then, there was a marked decrease in glial scars and an
increased number of neurons around the lesion site. In addition,
these neurons sprout axons that grow along the orientation of
the implanted scaffold, dramatically promoting motor function
recovery.

2. Results

2.1. Characterizations of MgO Nanoparticles and MgO/PLCL
Scaffolds

The porous MgO nanoparticles were synthesized via the com-
plexation combustion method (Figure 2A). Transmission elec-
tron microscopy (TEM) imaging clearly showed the porous struc-
ture in MgO nanoparticles (Figure 2B), and elemental mapping
confirmed the uniform distribution of metal species throughout
the materials (Figure S1A, Supporting Information). The porous
structure endows the MgO with adsorption capacity, which was
further confirmed by the drug loading experiment. We found that
the MgO could be loaded with 2.1% (w/w) PUR and 1.7% (w/w)
RA simultaneously (Figure S1B, Supporting Information).

The scanning electron microscopy (SEM) imaging showed
aligned fibers of MgO/PLCL scaffolds (Figure 2C). PLCL fibers
were bead-free with a smooth surface. However, the MgO/PLCL
fibers had spotted protrusions and rough surfaces (Figure 2C).
The TEM imaging further confirmed that the MgO nanoparticles
were incorporated in the PLCL fibers (Figure 2D). The fiber’s di-
ameter decreased with the increase in the MgO proportion. The
diameters of MgO/PLCL fibers with a MgO:PLCL ratio of 0:100,
10:100, 25:100, and 50:100 were 1.30 ± 0.19 μm, 0.88 ± 0.15 μm,
0.94 ± 0.23 μm and 0.71 ± 0.17 μm, respectively, with a relatively
uniform distribution (Figure 2E,F).

Further, tensile tests were performed to check the effect of
MgO content on the mechanical properties of MgO/PLCL scaf-
folds (Figure 2G). The stress-strain curves in Figure 2H show
that the tensile strength and modulus of scaffolds increased with
MgO/PLCL ratio. The tensile modulus of MgO/PLCL at 0:100,
10:100, 25:100, and 50:100 ratios were 1.37 ± 0.17 MPa, 5.46 ±
0.95 MPa, 13.75 ± 1.17 MPa, and 16.20 ± 1.16 MPa, respectively
(Figure 2I).

The MgO nanoparticles incorporated in PLCL improved the
hydrophilicity of the scaffolds. The water contact angle was
113.40 ± 3.78° for the PLCL scaffold, and 95.28 ± 12.05°, 78.48 ±
4.61°, and 68.62 ± 4.21° for the MgO/PLCL scaffolds with a ratio
of 10:100, 25:100 and 50:100, respectively (Figure 2J).

The Mg2+ release profile was detected using a commercial kit,
and the MgO/PLCL scaffolds of all three ratios showed similar

initial burst release within 1 h (Figure 2K). The Mg2+ concentra-
tion of the MgO/PLCL (50:100 and 25:100) increased smoothly
and reached a saturation concentration of 2.34 ± 0.07 mM at 2
weeks. In contrast, MgO/PLCL (10:100) scaffold released Mg2+

more slowly and did not reach saturation even after 4 weeks
(Figure 2K). The dissolution profile of the MgO/PLCL (25:100)
scaffold showed that 8.87% (w/w) of MgO was dissolved after 4
weeks, at a relatively uniform rate, reflecting its degradation char-
acteristic (Figure 2L).

2.2. Biocompatibility of MgO/PLCL Scaffolds in Vitro

The scaffolds were seeded with bone marrow mesenchymal stro-
mal cells (BMSCs) to evaluate their biocompatibility. The BM-
SCs adhered to the scaffolds in each group and extended along
the fiber direction (Figure 3A). Because of the hydrophobicity,
the spreading area of BMSCs on PLCL was less than the control
group. However, the spreading area increased slightly by adding
MgO until the ratio reached 50:100. Quantitative analysis showed
that the spreading area of BMSCs on MgO/PLCL (25:100) scaf-
folds was better than the other groups (Figure 3B). It is reason-
able to infer that the MgO changed the morphology of PLCL
fibers and improved its hydrophilicity, which was conducive to
the adhesion and spreading of cells. Too much MgO (50:100)
seemed to excessively reduce the fiber diameter, which hindered
the lateral spread of cells. Thus, considering the physical proper-
ties and cell adhesion, a MgO/PLCL ratio of 25:100 was adopted
in our subsequent experiments.

2.3. MgO/PLCL Scaffolds Protected Neurons in the Acidic
Environment

The culture medium (pH 6.5) was neutralized to pH 7.35 upon
contact with MgO/PLCL (25:100) scaffolds for as short as 3 min,
and then the rise in pH value reached a plateau and stabilized at
weak alkaline (Figure 3C,D). This is in accordance with the na-
ture of MgO as a strong electrolyte that is very slightly dissoluble
in water. From this, we can infer that MgO endowed the PLCL
scaffold with the ability to rapidly neutralize acids in the environ-
ment. Further, we verified the effect of the MgO/PLCL scaffold on
neuronal protection via live/dead cell staining (Figure 3E). The
culture medium of pH 6.5 was used to mimic the acidic envi-
ronment after SCI.[15] After culturing in the pH 6.5 medium for
48 h, the survival rate of cortical neurons decreased from 61.96 ±
3.45% to 42.35 ± 2.57% (p = 0.0092), with similar results in PLCL
group (66.68 ± 11.38% to 43.93 ± 2.66%, p = 0.0027) (Figure 3F).
However, the addition of MgO to scaffolds significantly improves
neuronal survival in acidic environments, and the cell viability
was not statistically different from that in the normal medium (p
= 0.91 in MgO/PLCL group) (Figure 3F).

2.4. MgO/PLCL Scaffolds Suppressed NMDA-Induced Cell
Apoptosis

We used N-methyl-D-aspartate (NMDA, 50 μM), a specific ago-
nist of NMDAR, to simulate the excitotoxic environment caused
by glutamate-induced cellular Ca2+ influx after SCI.[16] The
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Figure 2. Characterization of MgO/PLCL scaffolds. A) Schematic illustration of the synthesis of mesoporous MgO nanoparticles. B) TEM image of
synthesized mesoporous MgO nanoparticles. C) SEM images of MgO/PLCL scaffolds with different proportions of MgO nanoparticles. D) TEM image
of MgO/PLCL (25:100) fiber. E) Diameter comparison of MgO/PLCL fibers. F) Diameter frequency distribution of MgO/PLCL fibers. G) Tensile test of
scaffolds. H) Tensile stress-strain curve of scaffolds. I) Young’s modulus of scaffolds. J) Water contact angle test of scaffolds. K) Mg2+ release property
of scaffolds with different ratios. L) MgO degradation profile of MgO/PLCL (25:100). **p < 0.01, ****p < 0.0001.

Fluo-4 AM validated the increased neuronal Ca2+ influx induced
by NMDA (Figure 4A,B). After being treated with NMDA for 24
h, cortical neurons showed 30.66 ± 7.15% apoptosis in the con-
trol group and 28.57 ± 8.87% cell apoptosis in the PLCL group.
In contrast, the proportion of apoptotic cells was 8.16 ± 2.27%
in MgO/PLCL group, significantly lower than control and PLCL
groups (p < 0.05 for both) (Figure 4C,D). Therefore, because
NMDA can induce the Ca2+ influx, thus it can be inferred that
the MgO in scaffolds reduced the NMDA-induced cell apoptosis
via blocking Ca2+ influx.

2.5. PUR/RA-Loaded MgO/PLCL Scaffolds Promoted Neuronal
Differentiation of NSCs and Axons Extension in Vitro

The NSCs of E14 fetal mice were isolated and cultured to exam-
ine the effect of scaffolds on their differentiation potential (Figure
S2, Supporting Information). The cell differentiation was identi-
fied via neuron marker 𝛽-Tubulin (Tuj1) and the astrocyte marker
glial fibrillary acidic protein (GFAP) after coculturing with scaf-
folds for 7 days (Figure 5A). Our results showed that NSCs tended
to differentiate into astrocytes rather than neurons in control,
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Figure 3. Cytocompatibility tests of MgO/PLCL scaffolds. A) Cytoskeleton staining of BMSCs seeded on MgO/PLCL scaffolds with different ratios. B)
Quantification of cell area of BMSCs seeded on scaffolds. C-D) pH response of MgO/PLCL (25:100) in acidic environment. E) Live/dead cell staining
of cortical neurons co-cultured with scaffolds in normal and acidic culture medium. F) Quantification of live/dead cell staining. *p < 0.05, **p < 0.01,
***p < 0.001.

PLCL, and MgO/PLCL groups. The percentage of neurons in
each group was 5.66 ± 1.42%, 6.10 ± 3.11%, 6.83 ± 2.88%, re-
spectively (p > 0.05 compared with each other). While loading
PUR/RA on the MgO/PLCL scaffold, the proportion of astrocytes
was markedly reduced, and the number of neurons significantly
increased (14.18 ± 1.61%, compared with the other three groups,
p = 0.0099, p = 0.0133, p = 0.0220, respectively) (Figure 5E). The
results indicated that PUR/RA enhanced the differentiation of
NSCs into neurons, which is more beneficial for nerve repair.
The morphological characteristics of axons of differentiated neu-
rons were evaluated using a concentric circle (Sholl’s) analysis.
We found that beyond 140 μm away from the soma, the den-
sity of neurites on MgO/PLCL and PUR/RA-loaded MgO/PLCL
scaffolds was higher than that of the control group, reflecting
the guidance of scaffolds on axons (both p < 0.05) (Figure 5D).
The farthest linear distance of axon extension on the PUR/RA-
loaded MgO/PLCL scaffold was up to 380 μm, much higher than
that of 260 μm in the control group (Figure 5D). Moreover, we
noted that the axons sprouting from a particular neuron extended
along the scaffold for a surprising length, demonstrating the fa-
vorable support of the scaffold on axonal extension (Figure 5B).
In addition, since the Nestin-labeled intermediate filament are in-
volved in the migration of cells, the aligned distribution of Nestin
suggested that the scaffolds guided the migration of NSCs (Fig-
ure 5C). The EdU staining and CCK-8 assay demonstrated that

the proliferation rate and viability of NSCs were not affected by
the addition of MgO or the loading of PUR/RA on the scaffolds
(Figure 5F,G).

2.6. PUR/RA-Loaded MgO/PLCL Scaffolds Promoted Spinal Cord
Repair in Vivo

2.6.1. PUR/RA-Loaded MgO/PLCL Scaffolds Recruited Endogenous
NSCs to the Lesion Site

The PLCL and PUR/RA-loaded MgO/PLCL scaffolds were im-
planted into a hemisection defect injury at the T9 level of the
adult mouse spinal cord (Figure 6A). Two weeks later, endoge-
nous NSCs recruitment was found by immunostaining of Nestin,
a well-known marker of NSCs. The presence of Nestin+ cells
around the lesion site indicated the activation of endogenous
NSCs. Unfortunately, the endogenous NSCs stumped at the edge
of the lesion site in the control group had no scaffold implanta-
tion (Figure 6C). In contrast, activated NSCs gathered around the
scaffolds in both PLCL and PUR/RA-loaded MgO/PLCL groups
(Figure 6C). Moreover, the endogenous NSCs were much more
activated in the central canal of the spinal cord in PUR/RA-
loaded MgO/PLCL group compared with the other two groups. A
Nestin+ cell migrating path from the spinal cord central canal to

Adv. Healthcare Mater. 2022, 11, 2200386 2200386 (5 of 15) © 2022 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH



www.advancedsciencenews.com www.advhealthmat.de

Figure 4. Neuroprotective effect of MgO/PLCL scaffold in vitro. A) Cellular calcium imaging by Fluo-4 AM. B) Quantification of Fluo-4 AM+ cells. C)
Immunofluorescence (IF) imaging of NMDA-induced cell apoptosis marked by CASP3. D) Quantification of CASP+ cells in each group. *p < 0.05, **p
< 0.01.

the implanted scaffold was observed, revealing that the PUR/RA
promotes the migration of endogenous NSCs to the scaffolds
(Figure 6C).

2.6.2. The Neuroprotective Effect of PUR/RA-Loaded MgO/PLCL
Scaffolds at the SCI

Our in vitro experiments have confirmed that the MgO in scaf-
folds has a protective effect on cell apoptosis via blocking calcium
influx. Thus, we attempted to further confirm this effect in vivo.
Two weeks after SCI, the apoptotic cells (labeled by CASP3) were
observed around the lesion site in the control group (33.75 ± 7.68
cells per visual field) and the PLCL group (26.00 ± 5.77 cells per
visual field). In comparison, the number of CASP3+ cells around
the PUR/RA-loaded MgO/PLCL scaffolds (11.25 ± 5.74 cells per
visual field) was significantly reduced compared with the other
two groups (p = 0.0021, p = 0.0253, respectively; Figure 6D,E).
This suggests that the Mg2+ released from the scaffolds also pre-
vents neuronal death in vivo. In addition, we also observed more
mature neurons labeled by NeuN around the PUR/RA-loaded
MgO/PLCL scaffolds compared with the other two groups, indi-
cating the improved survival of neurons (Figure 6D).

One concern about MgO implantation is the influence of its
alkalinity on the local environment. To address this issue, we
quantified the RNA expression of the acid-sensing ion channel

3 (ASIC3) gene and alkaline sensing channel (PKD2L1) gene of
the spinal cord via real-time polymerase chain reaction (RT-PCR)
during the acute period (3 days) and chronic period (4 weeks)
after SCI. The results showed that the expression of the ASIC3
gene in the PLCL group was upregulated in both the early and
late stages after SCI, while the group with MgO incorporated
had no significant difference from the control group (Figure 6F).
From this finding, we inferred that the presence of MgO counter-
acted the effect of acid products generated by PLCL degradation
in the spinal cord. The expression of PKD2L1 was upregulated
in the PUR/RA-loaded MgO/PLCL group 3 days after SCI and
decreased to a normal level 4 weeks later, suggesting that the al-
kaline products of MgO degradation affected the spinal cord at
an early stage, but this effect was temporal (Figure 6F).

2.6.3. PUR/RA-Loaded MgO/PLCL Scaffolds Reduced Glial Scar
Formation and Promoted Axon Regeneration

To examine the effect of PUR/RA-loaded MgO/PLCL scaffolds
on endogenous NSCs differentiation, Tuj1 and GFAP immunos-
taining were conducted at 8 weeks after implantation surgery.
In the control group, massive astrocytic glial scars (GFAP)
formed hypertrophic processes that densely overlap and pack
around the lesion area, and only a few scattered, disordered
axons were observed at the epicenter of the lesion (Figure 7A).
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Figure 5. NSCs differentiation assay on scaffolds. A) IF staining of NSCs differentiation on scaffolds. B) Axons grow along the MgO/PLCL+PUR/RA
scaffold with a long distance. C) NSCs proliferation labeled by EdU and Nestin on scaffolds. D) Sholl’s analysis of axons of neurons differentiated from
NSCs (#MgO/PLCL versus control, p < 0.05, ##MgO/PLCL+PUR/RA versus control, p < 0.05). E) Quantification of neurons differentiated from NSCs
on scaffolds. F) Quantification of EdU+ cells in Figure 5C. G) NSCs proliferation assay via CCK-8. *p < 0.05, **p < 0.01.
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Figure 6. Evaluations on the NSCs recruitment and neuroprotective effect of MgO/PLCL+PUR/RA scaffold in vivo. A) Preparation (a-d) and implantation
(e-g) of the scaffold, (h) integration of scaffold with spinal cord. B) Schematic diagram of the in vivo experiments. C) IF staining of the recruitment of
NSCs marked by Nestin at 2 weeks after surgery. D) IF staining of CASP3-labeled apoptotic cells (white arrowhead) and NeuN-labeled survival neurons
(yellow arrowhead) at 2 weeks after surgery. E) Quantification of CASP3+ cells around the injury site. F) RT-PCR study of ASIC3 gene and PKD2L1 gene
of the spinal cord at 3 days and 4 weeks after the surgery. *p < 0.05, **p < 0.01, ****p < 0.0001.

In contrast, the GFAP+ area was mild and restricted in the PLCL
and MgO/PLCL+PUR/RA scaffolds, indicating a suppressed
astrocytosis (Figure 7A,B). In addition, scattered GFAP was ob-
served to penetrate PLCL scaffolds but not MgO/PLCL+PUR/RA
scaffolds (Figure 7A). The Tuj1-labeled neurons were observed
in both scaffolds, corroborating the recruitment of endogenous
NSCs to scaffolds at an early period (Figure 7A, Figure S3,
Supporting Information). Interestingly, it is evident that nu-
merous neuronal clusters were observed inside the edge of the
PUR/RA-loaded MgO/PLCL scaffolds, which sprouted axons
with long-distance growth (Figure 7g, Figure S3, Supporting

Information). Given that the mature neurons lacked migration
ability, it is reasonable to infer that the PUR and RA may pro-
mote the neuronal differentiation of recruited NSCs. We further
examined the chondroitin sulfate proteoglycans (CSPG) and
microglia cells (CD68) and found that similar to GFAP, CSPG
was restricted around the scaffolds and CD68+ microglia cells in
MgO/PLCL+PUR/RA group were less than the other two groups
(Figure S4, Supporting Information).

The motor function recovery of the hind limb was evaluated
weekly via the Basso Mouse Scale (BMS) score after surgery (n =
10). The typical locomotion defect after SCI in mice is the dorsal
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Figure 7. Nerve repair of MgO/PLCL+PUR/RA scaffold in vivo. A) GFAP-labeled glial formation (yellow arrowhead) and Tuj1-labeled neuronal differ-
entiation (white arrowhead) around the injury site and scaffolds at 8 weeks after surgery. B) Quantification of neurons in each group. C) Locomotion
recovery assessment. *p < 0.05, ***p < 0.001, ****p < 0.0001.

placing of paws without active motion. Here, 4 points of the BMS
score represent plantar stepping, which indicates the recovery
of leg muscles. The locomotion recovered slightly in both the
control and PLCL groups; however, it did not reach 4 points
during the 8-weeks follow-up. Surprisingly, compared with the
PLCL group, PUR/RA-loaded MgO/PLCL implantation showed
a better functional recovery with statistical differences at 6 weeks

after surgery (p = 0.042). The BMS score reached 4.2 ± 1.3 points
at 8 weeks after surgery, significantly higher than the other two
groups (p = 0.048 and 0.012, compared with the control and
PLCL group, respectively) (Figure 7C). These results indicate
that the implantation of PUR/RA incorporated MgO/PLCL
scaffolds significantly promoted the locomotion recovery
of SCI.
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Figure 8. Biosafety of scaffolds in vivo. A) Serum Mg2+ concentration. B) Serum creatinine concentration. C) Serum alanine transaminase activity. D)
Serum aspartate transaminase activity.

2.7. Biocompatibility of Scaffolds in Vivo

The continuous release of Mg2+ from MgO-incorporated scaf-
folds raises concerns about its long-term in vivo biosafety. There-
fore, the serum Mg2+ level and blood biochemical indicators were
measured weekly after implantation surgery. The serum Mg2+

concentration in each group was maintained in the normal range
during the follow-up, indicating that PUR/RA-loaded MgO/PLCL
scaffolds did not induce a higher blood Mg2+ concentration (Fig-
ure 8A). In addition, the serum creatinine (Cre), alanine transam-
inase (ALT) activity, and aspartate transaminase (AST) activity
were all within the normal range during the follow-up, suggest-
ing that the Mg2+ release from the scaffolds did not impair renal
and liver function and were safe for in vivo implantation (Fig-
ure 8B,C,D).

3. Discussion

The pathophysiological processes involved in SCI include a pri-
mary injury and a subsequent cascade of insults. The primary
injury is irreversible, but the secondary injury cascade is theoret-
ically treatable, although it persists for a long time and results
in morbidity.[17] Emerging evidence suggests that magnesium
could ameliorate traumatic brain injury.[6c] Additionally, mag-
nesium can support neuronal survival after traumatic brain in-
jury through various mechanisms, including inhibition of presy-
naptic excitatory neurotransmitter release, blocking of NMDA

channels and voltage-gated calcium channels, and potentiation
of presynaptic adenosine.[18] Both laboratory and clinical studies
have documented that serum Mg2+ is decreased after traumatic
brain injury, and this Mg2+ decrease is associated with the devel-
opment of neurological dysfunction.[7,19] In addition, its neuro-
protective effects were only demonstrated following high doses of
Mg2+, and lower doses were less effective in providing significant
physiological or functional benefits.[20] However, the Mg2+ trans-
port capacity of the blood-spinal fluid-barrier is limited; high-
dose intravenous Mg2+ administration only leads to a modest
increase (16%–18%) of Mg2+ in cerebrospinal fluid.[21] Several
studies applied Mg2+ intravenously for traumatic brain injury
but yielded conflicting results.[18,22] Given this condition, some
studies tried to combine Mg2+ with polyethylene glycol (PEG),
a hydrophilic polymer used as an excipient for many drugs, to
reduce the dosage needed and have achieved relatively positive
results.[23]

This study developed a bioengineered scaffold for the topical
release of Mg2+ in the spinal cord. MgO has been used as an
antacid and magnesium supplement in the clinic and incorpo-
rated into orthopedic materials to promote osteogenesis.[24] The
properties of MgO make it a favorable candidate as a source of
Mg2+ in vivo. First, MgO is slightly soluble in water (0.009%,
PubChem CID 14 792) and reaches saturation at an Mg2+ concen-
tration of 2.1 mM, which is close to the therapeutic serum Mg2+

concentration.[20] Second, the dissolved MgO forms Mg(OH)2,
a strong electrolyte that may quickly neutralize the SCI-induced
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acidic microenvironment without over-alkalinization. These
features of MgO were preserved in MgO/PLCL fibers, and they
conferred the scaffolds with an appropriate response in an acidic
environment and mild Mg2+ release properties in the liquid
environment. In this study, the MgO/PLCL scaffold properties
were also compatible with neural cell survival and proliferation
in vitro. In addition, the combustion method enhanced porosity
to MgO, giving it the adsorption capacity to load drugs. Since
both PUR and RA are insoluble in water, the release properties of
drugs could not be modeled in the liquid environment; however,
the degradation rate of MgO could indirectly reflect the release
rate of the drugs.

Different proportions of MgO in fibers modified the physical
properties of MgO/PLCL scaffolds. Increasing the proportion of
MgO would yield finer fibers, probably because the presence of
MgO nanoparticles increased the electrical conductivity of the
solution, which further increased the acceleration of the jet, re-
sulting in decreased fiber diameters.[25] The MgO/PLCL (25:100)
had diameters similar to that of MgO/PLCL (10:100) but a higher
Young’s modulus and ultimate tensile strength. We speculate
that the MgO nanoparticles incorporated in the polymers resisted
the elongation of fibers, resulting in a higher modulus. In ad-
dition, the presence of MgO nanoparticles increased the rough-
ness of the fiber surface on the nanoscale, which improved the
hydrophilicity and contributed to better cell adhesion compared
with the pure PLCL scaffold. After assessing the properties of
MgO/PLCL scaffolds with different proportions, we determined
that a ratio of 25:100 for MgO/PLCL is a relatively reasonable
candidate, as it combines good hydrophilicity and Mg2+ release
characteristics. Various polymer-based scaffolds, including poly-
lactic acid (PLA), poly (lactic-co-glycolic acid) (PLGA), and poly-𝜖-
caprolactone (PCL), have been investigated for SCI repair. How-
ever, the degradation products were acidic and detrimental to
nerve repair.[26] Fortunately, this problem could be solved by the
MgO nanoparticles used in this study. The MgO nanoparticles
modified the acidic microenvironment of SCI and neutralized the
acidic products generated by polymer degradation.

One of the primary mechanisms by which Mg2+ performs neu-
roprotection is via its interaction with NMDAR. In the acute to
the subacute period of SCI, ischemia and excitotoxicity lead to
disturbances of intracellular and extracellular ionic homeostasis,
with intracellular calcium dysregulation being a pivotal mediator
of cell death.[27] High levels of glutamate are released from dy-
ing cells, causing NMDAR overactivation, which subsequently re-
sults in calcium influx, triggering mitochondrial dysfunction and
excitotoxic cell death. The excitotoxic cell death, combined with
ischemia and inflammation, cyclically propagates the secondary
injury cascade.[17] Magnesium can bind to a specific site on NM-
DAR to block the calcium channel, reducing the accumulation of
cytotoxic levels of intracellular calcium.[28] In this study, we simu-
lated the increased cellular calcium influx by NMDAR overactiva-
tion in vitro and demonstrated the neuroprotective effect of Mg2+

released by scaffolds both in vitro and in vivo. The concentration
of Mg2+ around the MgO/PLCL scaffold was approximately twice
the physiological concentration, which was right in the optimal
range for neuroprotection (2.0–2.5 mM).[20] Moreover, the Mg2+

released by the scaffold did not increase serum Mg2+, and this
could be explained by the stable and slow degradation rate of
MgO and the limited ion transport capacity of the blood-spinal

fluid barrier. This is important to reduce the burden on the kid-
neys because Mg2+ is mainly metabolized by these organs.

Recent studies have revealed that a subpopulation of spinal
cord ependymal cells can be activated after SCI to possess neural
stem cell properties.[9a] In this study, although activation and re-
cruitment of NSCs were observed in all groups at 2 weeks after
surgery, a higher proportion of Nestin-labeled NSCs was noted
in the ependymal zone around PUR/RA-loaded MgO/PLCL scaf-
fold. This is supposed to be the effects of RA and PUR. Pfen-
ninger et al. reported that ependymal cells express several RA-
regulated genes, and RA promoted the survival and proliferation
of ependymal cells via binding to PPAR𝛽/𝛿, which functions as
a heterodimer with RXR.[29] Previous studies have shown that
RA and Shh are involved in neuronal differentiation and the sur-
vival and proliferation of NSCs.[30] The absence of RA signifi-
cantly reduces the survival of NSCs in vivo.[31] Considering the
importance of NSCs in neural regeneration, the multiple biolog-
ical functions of RA and PUR may provide additional advantages
for repairing SCI.

The cell differentiation fate of NSCs was further tracked by
immunofluorescence staining of the protein marker Tuj1 and
GFAP. After SCI, studies have reported that endogenous NSCs
tend to differentiate into astrocytes and oligodendrocytes.[10b]

Our strategy for manipulating the differentiation was inspired
by the natural developmental pattern of the spinal cord. Studies
in the developing spinal cord have demonstrated that the vary-
ing levels of Shh secreted by the floor plate and notochord, and
RA produced by somite, result in graded levels of the Gli tran-
scription factors along the dorso-ventral axis of the neural tube,
allowing the morphogen gradient to be translated into the tran-
scriptional control of neuronal differentiation.[32] The ventral re-
gions with higher Shh and RA concentrations form five ventral
progenitor cell domains (p0, p1, p2, pMN, and p3) and eventu-
ally differentiate into neural cells, including motor neurons.[33] In
this study, the neuron clusters around the scaffold incorporated
with PUR and RA validated the effect of the functional scaffold
in directing the neuronal differentiation of NSCs in vivo. These
neurons sprout plenty of axons that grow along the scaffold with
long distances and through the injury area, making it possible
to reconstruct functional connections in long-range defects in
SCI. More importantly, a small number of Tuj1-labeled neurons
were observed in the middle of the scaffold, acting as neural re-
lays for the axons. Furthermore, substantial axon growth was ob-
served only in PUR/RA-loaded MgO/PLCL groups, suggesting
that regulating the cellular environment and signaling pathways
may play a more critical role in axon regeneration, while the scaf-
fold structure alone is not sufficient to support nerve repair.

While most studies placed the promotion of neuronal and
axonal regeneration as the primary target, we considered that
promoting the survival of nerve cells is as crucial as nerve re-
generation. This is because the spinal cord has automatic ex-
ecution centers that produce stereotypical motor patterns that
allow for complex movements without supraspinal inputs.[34]

The survival of neurons around the lesion site implies an in-
creased possibility of preserving spinal cord execution centers.
Even minor axon regeneration across the injury area may result
in meaningful improvements in functional recovery. Consider-
ing the complex pathophysiology and the poor intrinsic recov-
ery potential of neurons after SCI, the strategy used in this study
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may have a better cost-effectiveness ratio. Taken together, the pri-
mary goals of the PUR/RA-loaded MgO/PLCL scaffold designed
in this study were to rescue neurons from the calcium influx and
acidic microenvironment-induced death in SCI, to promote the
neuronal differentiation of endogenous NSCs at the lesion site,
and to promote the extension of regenerated axons along linear
paths to bridge the injured spinal cord.

4. Conclusion

In this study, we have verified the efficacy and safety of topical
application of magnesium in SCI repair. The MgO neutralized
the acidic environment and released Mg2+ to inhibit nerve cell
apoptosis by blocking Ca2+ influx. Subsequently, the loading of
PUR and RA promoted the neuronal differentiation of endoge-
nous NSCs and decreases glial cell differentiation. Finally, im-
plantation of PUR/RA-loaded MgO/PLCL scaffolds into spinal
cord defects significantly protected nerve cell death and inhibits
glial scar formation around the SCI lesion site. Furthermore,
implantation of PUR/RA-loaded MgO/PLCL scaffolds promoted
partial locomotor functional recovery of the hind limb of the SCI
mouse without renal and liver function impairment in vivo. To-
gether, findings from this study have suggested that PUR/RA-
loaded MgO/PLCL scaffolds might be promising transplantation
material for treating SCI in clinics.

5. Experimental Section
Synthesis and Characterizations of MgO Nanoparticles: Mesoporous

MgO nanoparticles were synthesized based on previous research.[35]

Briefly, magnesium nitrate hexahydrate (Mg(NO3)2.6H2O) (99%,
LingFeng, China) and fuel glycine (99%, BioFroxx, China) at a mass
ratio of 1:1.5 were completely dissolved in distilled water. This mixture
was heated to evaporate the water and obtain wet powder, and then the
heating was continued up to 300 °C for 1 h to dehydrate and obtain a
combusted metal precursor. The metal precursor was then calcined at 400
°C for 5 h to obtain a white porous foamy substance (mesoporous MgO
nanoparticles). The microstructure of MgO nanoparticles was observed
via transmission electron microscopy (TEM) (Hitachi, HT7700, Japan)
with elemental mappings.

All the drug loading performances were carried out under yellow light.
The procedure was carried out by adding MgO nanoparticles (25 mg) into
1 mL of DMSO solution with PUR (200 μM, Selleck, S3042, USA) and RA
(200 μM, Solarbio, 302 794, China). Next, the mixture was placed in a con-
stant shaker at 100 rpm and 37 °C for 24 h, then centrifuged at 5000 rpm
for 20 min. After this step, the DMSO was removed, and the remaining
MgO was washed with distilled water three times and then dried at 37 °C.
A spectrophotometer (ThermoFisher, NanoDrop2000, USA) was used to
measure the absorption peaks of the remaining DMSO at a wavelength of
between 320 and 350 nm to calculate the concentration of PUR and RA,
respectively. The doses of loaded drugs were calculated by the residual
concentration.

Preparation of MgO/PLCL Scaffolds via Electrospinning: The MgO
nanoparticles were mixed with PLCL (50:50, Daigang, Jinan, China) at
weight ratios of 0:100, 10:100, 25:100, 50:100, and then dissolved in hex-
afluoroisopropanol (HFIP) (Aladdin, H10751, China) with the PLCL:HFIP
ratio at 10% (w/v). The mixture was homogenized ultrasonically for
30 min and fully dissolved by magnetic stirring at room temperature. The
MgO/PLCL solution was placed in a 5 mL syringe and pumped out through
a 22G needle tip at a jet speed of 1.0 mL h–1. Direct current with a voltage
of 12 kV was applied, with a positive electrode connected to the needle tip
and the ground wire connected to a pair of parallel metal rods 15 cm away
from the needle. After the current was turned on, uniform and parallel mi-

crofibers were formed between metal rods. The microfibers were collected
repeatedly with glass slides or 12 mm cell slides to form an aligned fiber
membrane used for in vitro experiments. The MgO nanoparticles loaded
with PUR and RA were used to fabricate PUR/RA-loaded MgO/PLCL scaf-
fold.

Physical Characterizations of the MgO/PLCL Scaffolds: The microstruc-
ture of the scaffolds was imaged via scanning electron microscope (SEM)
(Hitachi, S4800, Japan) and TEM. All samples were sputter-coated with
gold for 60 s in the coating device (Quorum Technologies, SC7620, UK)
and then observed under SEM at a voltage of 10 kV. The diameter of scaf-
fold fibers was quantified via ImageJ (USA) based on the SEM images.

The hydrophilicity of the MgO/PLCL scaffolds at different ratios was
characterized via a Drop Shape Analyzer (Krüss, DSA25, Germany) by
measuring the contact angle after 30 s of a water drop on the scaffold
surface.

The mechanical properties of scaffolds were measured using a univer-
sal testing machine (Shanghai Precision Instrument, HY10000, China).
The MgO/PLCL (ratio of 0:100, 10:100, 25:100, 50:100) samples were
molded into a strip with an original length of 100 mm and a width of
10 mm. The thickness of samples was measured via SEM. During tests, the
samples were subjected to a constant tensile strain rate mode at 50 mm
min–1. The stress-strain curves were recorded for each group of scaffolds,
and Young’s modulus was calculated.

The Mg2+ Release Characteristics of MgO/PLCL Scaffolds: The Mg2+

release property was measured via a commercial kit (Solarbio, BC2795,
China) after immersing samples in phosphate-buffered saline (PBS) for
the indicated time. The cumulative Mg2+ release was calculated as follow:

Er =
Ve

∑n−1
1 Ci + V0Cn

m
(1)

Er is the Cumulative release of ions, Ve is the volume of replaced buffer
every time, V0 is the total volume of buffer, Ci is the ion concentration at
the i-th replacement, m is the total amount of ions in fiber membrane, n
is the times of buffer replacement

The Responses of MgO/PLCL Scaffolds to the Acidic Environment: A cell
culture medium (pH 6.5) simulated the acidic cerebrospinal fluid environ-
ment after SCI. The PLCL and MgO/PLCL (25:100) scaffolds fabricated on
12 mm cell slides were immersed in the medium (pH 6.5), and the pH
value was detected every minute via pH meter (Leici, PHS3C, China).

Cell Culture: Isolation and culture of mouse bone marrow mesenchy-
mal stromal cells (BMSCs) on MgO/PLCL scaffolds: The MgO/PLCL
(0:100, 10:100, 25:100, 50:100) scaffolds were disinfected with 75%
ethanol and ultraviolet radiation. Mouse BMSCs were isolated from 4-
week-old ICR mice using a method provided by Huang et al.[36] BMSCs
were cultured and passaged to P3, then seeded on the MgO/PLCL scaf-
folds at a density of 25 000 cells cm–2 in 24 well plates and cultured for
3 days. The cytoskeleton was observed via fluorescence microscope (Carl
Zeiss, AX10, Germany) after being stained with Phalloidin-Alexa Fluor 488
(Beyotime, C2201S, China) and Hoechst 33 342 (Beyotime, C1022, China).
Cell spreading area was quantified using ImageJ 2.3 (USA) based on three
images for each group.

Isolation and culture of mouse neural stem cells (NSCs): The NSCs
were isolated from the fetus of a pregnant E14 mouse. Briefly, the brain
was isolated from a fetal mouse and was rinsed and immersed in PBS at
4 °C. Then the meningeal layer containing vessels was carefully stripped,
and the anterior-middle 1/3 of the brain, including the subventricular zone
and the subgranular layer of the dentate gyrus of the hippocampus, was
isolated and digested with 0.125% Trypsin-EDTA (Gibco, 25200-056, USA)
at 37 °C for 5 min to obtain NSCs. The NSCs were cultured in a complete
NSC culture medium containing DMEM/F12 medium (Biosharp, BL305A,
China), B27 supplement (2%, Gibco, 17 504 044, USA), EGF (20 ng mL–1,
PeproTech, 31 509, UK), and bFGF (20 ng mL–1, PeproTech, 45 033, UK)
in 24-well plates at a density of 100 000 cells cm–2. The formation of neu-
rospheres was observed after about 3 to 5 days of culture, and then the
cells were passaged for further use. The NSCs were identified through im-
munofluorescence staining of Nestin (1:250, Sigma, MAB353, USA) and
Sox2 (1:250, CST, 23 064, USA).
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Isolation and culture of mouse cortical neurons: The procedures were
similar to isolating NSCs, except that the cerebral cortex of fetal mouse was
isolated. The cortical neurons were cultured in a neuronal culture medium
containing Neurobasal medium (Gibco, 21 103 049, USA), B27 supple-
ment (2%), and GlutaMAX supplement (1%, Gibco, 35 050 061, USA) in
24-well plates at a density of 20 000 cells cm–2.

NSCs proliferation assay: Mouse NSCs were seeded on various
scaffolds (PLCL, MgO/PLCL, MgO/PLCL+PUR/RA) coated with Poly-D-
lysine hydrobromide (PDL) (Sigma, P6407, USA) and Laminin (Gibco,
23 017 015, USA) in 24-well plates at a density of 20 000 cells cm–2 to mea-
sure proliferation via commercial EdU kit (Beyotime, C0071S, China) and
CCK-8 kit (Beyotime, C0038, China). The EdU-labeled samples were co-
stained with Nestin (1:250, Sigma, MAB353, USA).

Neuron protection in the acidic environment: The neuron culture
medium was adjusted to pH 6.5 to mimic the acidic environment of
SCI.[15] Mouse cortical neurons were seeded on 12 mm slides coated
with PDL and Laminin in 24-well plates at a density of 20 000 cells cm–2

with normal culture medium for 3 days, then the medium was changed
to pH 6.5, and a 0.5 cm×0.5 cm scaffold membrane (PLCL, MgO/PLCL,
MgO/PLCL+PUR/RA) was also added. After 48 h of coculture, the cell
viability was evaluated via a live/dead cell staining kit (Keygen Biotech,
KGAF001, China). Lastly, quantitative analysis was performed by counting
the percentage of live cells on three images in each group.

Neuron protection in NMDA-induced cytotoxic environments: The
neuron culture medium with NMDA (50 μM, Selleck, S7072, USA)
was prepared to simulate the cytotoxic environment of SCI.[16] Corti-
cal neurons were seeded on scaffold membranes (PLCL, MgO/PLCL,
MgO/PLCL+PUR/RA) in 24-well plates at a density of 20000 cells cm–2

with normal culture for 9 days, then replaced with medium with NMDA
and cultured for another 24 h. Cell apoptosis was evaluated via im-
munofluorescence staining of CASP3 (1:400, Sigma, AB3623, USA) and
Tuj1 (1:1000, Biolegend, 801 202, USA). The quantitative analysis was per-
formed by counting the CASP3+ cells on three images in each group.

Detection of neuronal Ca2+ influx induced by NMDA: Cortical neurons
were seeded in 24-well plates at a density of 20 000 cells cm–2 with nor-
mal culture medium for 9 days, then replaced with medium with NMDA
(50 μM), and the 0.5 cm×0.5 cm scaffold membrane (PLCL, MgO/PLCL)
was also added in for a 24 h coculture. Then the cells were rinsed with PBS
and incubated with Fluo-4 AM (4 μM, Beyotime, S1060, China) for 45 min,
replaced with normal medium for another 30 min, and observed via a flu-
orescence microscope. The cellular Ca2+ concentration was proportional
to the fluorescence intensity. The percentage of Fluo-4 AM+ cells in each
group was analyzed.

NSCs differentiation on scaffolds: The scaffold membranes (PLCL,
MgO/PLCL, and MgO/PLCL+PUR/RA) were fabricated on 12 mm cell
slides and coated with PDL and Laminin. The NSCs at P1 generation were
seeded on membranes in 24-well plates at a density of 20 000 cells cm–2

and cultured with neuronal differentiation medium containing Neurobasal
medium, 2% B27 supplement, 1% GlutaMAX supplement, and cultured
for 7 days. Then the cells were fixed and subjected to immunofluores-
cence staining with GFAP (1:1000, CST, 80 788, USA) and Tuj1 (1:1000,
Biolegend, 801 202, USA). The images were taken via fluorescence micro-
scope. The proportion of Tuj1-labeled neurons was analyzed using Graph-
Pad Prism 7.0 (USA). The morphological characteristics of axons of neu-
rons differentiated from NSCs (20 neurons from each group) were ana-
lyzed through Sholl’s analysis using ImageJ 2 (USA).[37]

Immunofluorescence (IF) staining of cells: Cell samples were fixed with
4% paraformaldehyde (PFA) for 15 min, then blocked with 2% bovine
serum albumin (BSA) for 1 h. Samples were then incubated with primary
antibody for 2 h at room temperature, followed by species-specific fluores-
cent secondary antibody incubation for 1 h at room temperature. Nuclei
were stained with Hoechst 33 342 for 15 min at room temperature. The
images were taken via a fluorescence microscope.

Animal Experiments: Six-week-old ICR female mice (25 g ± 5 g) were
used in animal experiments. All animals were provided by the Experimen-
tal Animal Center of Soochow University (Suzhou, China), and the experi-
ments were approved by the Ethics Committee of the First Affiliated Hos-
pital of Soochow University (2012).

Mouse spinal cord hemisection model and scaffolds implantation: The
mice were anesthetized intraperitoneally (ketamine 100 mg kg–1, xylazine
10 mg kg–1). The back skin was shaven and disinfected by povidone-iodine.
A 2 cm incision was made longitudinally on the back, and the paraspinal
muscles were separated to expose the T9 lamina. The spinal cord was ex-
posed after T9 laminectomy, and then a 1 mm long hemisection defect
injury was performed on the left half of the spinal cord with a sharp lancet.
The scaffold membrane (PLCL, MgO/PLCL+PUR/RA) was curled along
the fiber direction, cut into 1 mm cylinders, and then implanted into the
defect site. The control group was subjected to injury but received no im-
plantation. The muscle and skin were sutured separately, then the mice
were resuscitated in a 37 °C incubator and reared in clean cages at room
temperature. Mice were free to access food and water, and the urine was
squeezed out every day after the surgery until the urinary function recov-
ered or they were sacrificed.

Forty mice underwent SCI surgery in each group. At 3 days and 4 weeks
after the surgery, three mice from each group were sacrificed by euthanasia
to harvest fresh spinal cord for RT-PCR. Throughout the whole study, the
unexpected death in each group was less than 10 mice. The remaining
mice were sacrificed at 2 weeks (n = 10) and 8 weeks (14 ≤ n < 24) after
surgery to obtain spinal cord samples for IF staining.

Behavioral assessment: The locomotion recovery of the left hind limb
of the mouse was evaluated via the Basso Mouse Scale (BMS) scoring
system[38] weekly after surgery (n = 10). The test was carried out in an
open-field box of 50 cm × 40 cm. The mouse was adapted to the environ-
ment for 30 min, and the urine of each mouse was squeezed out before
the test. The test time was 4 min, with video recorded.

Immunofluorescence (IF) staining of the spinal cord: The spinal cord
samples were fixed with 4% PFA for 24 h, then dehydrated using 10%,
20%, and 30% sucrose solution sequentially. Then the samples were
sliced with a thickness of 20 μm by cryomicrotome (Leica, CM3050S,
Germany). The cryosectioned samples were immersed in sodium citrate
buffer (10 mM sodium citrate, pH 6.0) for 30 min at 80 °C for antigen
retrieval, then incubated with blocking buffer (0.01 mM PBS, 10% Fe-
tal bovine serum, and 0.3% TritonX-100) for 1 h at room temperature.
After that, the sections were incubated with the primary antibody at 4
°C overnight, then incubated with species-specific fluorescent secondary
antibody (1:500) for 1 h at room temperature. Nuclei were stained with
Hoechst 33 342 for 15 min at room temperature. Lastly, the sections were
fixed with an anti-fade mounting medium. The images were taken via a
fluorescence microscope. Primary antibodies included: Tuj1 (mouse mAb,
1:400, Biolegend, 801 202, USA), Tuj1 (rabbit mAb, 1:400, Sigma, T2200,
USA), GFAP (1:400, CST, 80 788, USA), CS-56 (1:400, Sigma, C8035, USA),
Nestin (1:250, Sigma, MAB353, USA), CD68 (1:400, CST, 97 778, USA),
and CASP3 (1:200, Sigma, AB3623, USA). Secondary antibodies included:
goat anti-mouse IgG (Alex 488, Invitrogen, A11001, USA), goat anti-mouse
IgG (Alex 594, Invitrogen, A11005, USA), goat anti-rabbit IgG (Alex 488,
Invitrogen, A11008, USA), and goat anti-rabbit IgG (Alex 594, Invitrogen,
A11012, USA).

In vivo biosafety tests: Mouse blood was collected from the medial
canthus vein at 1 day, 3 days, and 1, 2, 3, 4, 6, and 8 weeks after
surgery. The blood was kept at 37 °C for 1 h, then at 4 °C overnight, cen-
trifuged at 1000 rpm for 10 min, and then the serum was obtained. The
serum Mg2+ was detected via a commercial kit (Solarbio, BC2795, China).
The renal function was assessed via serum creatinine (Cre, ShengGong,
D799853, China) concentration, and the liver function was assessed via
alanine transaminase (ALT) (ShengGong, D799580, China) and aspartate
transaminase (AST) (ShengGong, D799582, China) activity.

Real-time PCR (RT-PCR) of spinal cord tissues: The expression of acid-
sensing ion channel (ASIC3) genes and alkaline sensing channel (PKD2L1)
genes on the spinal cord were quantified via real-time polymerase chain
reaction (RT-PCR). The reverse transcription of total RNA was performed
via the RevertAid First Strand cDNA Synthesis Kit (ThermoFisher, K1622,
USA), and the PCR reaction system was prepared with SYBR Green qPCR
Master Mix (Bimake, B21202, USA) and primers. The primers are listed in
Table 1.

Statistical Analysis: All quantified data were presented as mean ±
standard deviation (SD). Statistical analysis was performed using Graph-
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Table 1. Primers for quantitative real-time PCR.

Gene Forward (5′-3′) Reverse (5′-3′)

ASIC3 TTCACCTGTCTTGGCTCCTC TGACTGGGGATGGGATTTCTAAG

PKD2L1 TACCTCAGCAGCGTCTGGAACA CTGCATACGTGTCTGGCTGTTG

Actin CATTGCTGACAGGATGCAGAAGG TGCTGGAAGGTGGACAGTGAGG

ASIC3: acid sensing ion channel 3; PKD2L1: polycystic kidney disease-protein-2-like
1.

Pad Prism 7.0 software (USA). One-way or two-way ANOVA coupled
with Tukey’s multiple comparison test were used to evaluate differences
between groups. Unpaired two-tailed t-test was used to compare two
groups. A probability value p< 0.05 was considered statistically significant.
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