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Abstract

Peripheral nerve defects present complex orthopedic challenges with limited efficacy of clinical interventions. The inadequate
proliferation and dysfunction of Schwann cells within the nerve scaffold impede the effectiveness of nerve repair. Our previ-
ous studies suggested the effectiveness of a magnesium-encapsulated bioactive hydrogel in repairing nerve defects. However,
its rapid release of magnesium ions limited its efficacy to long-term nerve regeneration, and its molecular mechanism remains
unclear. This study utilized electrospinning technology to fabricate a MgO/MgCO,/polycaprolactone (PCL) multi-gradient
nanofiber membrane for peripheral nerve regeneration. Our findings indicated that by carefully adjusting the concentration
or proportion of rapidly degradable MgO and slowly degradable MgCO;, as well as the number of electrospun layers, the
multi-gradient scaffold effectively sustained the release of Mg?* over a period of 6 weeks. Additionally, this study provided
insight into the mechanism of Mg>*-induced nerve regeneration and confirmed that Mg?* effectively promoted Schwann cell
proliferation, migration, and transition to a repair phenotype. By employing transcriptome sequencing technology, the study
identified the Wingless/integrase-1 (Wnt) signaling pathway as a crucial mechanism influencing Schwann cell function during
nerve regeneration. After implantation in 10 mm critically sized nerve defects in rats, the MgO/MgCO;/PCL multi-gradient
nanofiber combined with a 3D-engineered PCL nerve conduit showed enhanced axonal regeneration, remyelination, and
reinnervation of muscle tissue 12 weeks post-surgery. In conclusion, this study successfully developed an innovative multi-
gradient long-acting MgO/MgCO,/PCL nanofiber with a tunable Mg>* release property, which underscored the molecular
mechanism of magnesium-encapsulated biomaterials in treating nervous system diseases and established a robust theoretical
foundation for future clinical translation.

Keywords Magnesium - Multi-gradient fibers - Schwann cells - Wnt signaling pathway - Peripheral nerve regeneration

1 Introduction

Peripheral nerve defects are a prevalent and debilitating con-
dition with limited clinical treatment efficacy [1]. The occur-
rence of peripheral nerve defects, predominantly in young
adults, can result in lifelong disability, thereby imposing a
substantial financial burden on patients [2]. Nerve defects
typically require repair through nerve transplantation or
bridging with various biological materials [3, 4]. Although
autologous nerve transplantation remains the preferred
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clinical treatment option, the source of autologous nerves
is limited, and their removal can lead to potential complica-
tions [5]. Therefore, designing and developing novel nerve
grafts while investigating the fundamental mechanisms that
promote nerve regeneration, aiming to enhance the efficacy
of peripheral nerve repair, is of significant clinical impor-
tance [6, 7].

Various biomaterials containing magnesium have gar-
nered significant attention due to their exceptional bio-
compatibility [8], controllable mechanical properties [9],
and degradation characteristics [10]. Research has demon-
strated that magnesium ions (Mg?*) can effectively facilitate
peripheral nerve regeneration [11, 12]. Mg?* administra-
tion was beneficial in promoting Schwann cell proliferation
and axonal growth in vitro by facilitating cell attachment,
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inducing neurite outgrowth, and enhancing nerve growth
factor (NGF) secretion [13]. The implantation of Mg fila-
ments was reported to promote axonal regeneration and
remyelination in vivo [14]. Meanwhile, the deposition of
inflammatory cells (such as macrophages) and the expres-
sion of inflammatory cytokines could be suppressed by
either local or systemic Mg?* treatment [15, 16]. Therefore,
the utilization of magnesium-encapsulated nerve scaffolds
in repairing peripheral nerve defects holds substantial thera-
peutic potential and considerable scientific research value.
In previous research conducted by our group, a novel inject-
able magnesium-encapsulated hydrogel was developed and
validated as a safe and efficacious candidate for peripheral
nerve injury repair through both in vivo and in vitro experi-
ments [17]. However, the rapid release of Mg*" within the
hydrogel has restricted its effectiveness solely to the early
stages of nerve regeneration, as it failed to impact nerve
repair during the intermediate and late stages. Furthermore,
the critical signaling pathways and mechanisms by which
magnesium-encapsulated nerve scaffolds regulate peripheral
nerve defect repair remain unclear. Consequently, compre-
hensively exploring the regulatory effect of Mg>* on pivotal
cells and the local microenvironment during the process of
nerve regeneration while establishing a rational and practi-
cal sustained Mg?* release system will provide an essential
theoretical foundation for the clinical translation of magne-
sium-encapsulated nerve scaffolds.

Schwann cells, being the most crucial functional cells in
the peripheral nerve regeneration process following injury,
play a dominant role throughout the entire process of nerve
regeneration and repair [18]. The limited proliferative capac-
ity and functionality of Schwann cells within the nerve scaf-
fold are key factors contributing to the suboptimal repair of
nerve defects. Following the bridging graft for repairing a
10 mm sciatic nerve defect in rats, which is the most com-
monly used animal model for testing biomaterial efficacy
in nerve injury repair, axonal regeneration can be observed
within 2 weeks. The critical period for axonal myelination
and reinnervation occurs between 4 and 6 weeks post-sur-
gery, and these processes are highly dependent on the func-
tionality of Schwann cells [19]. Hence, the sustained-release
Mg?* system is anticipated to yield a consistent and pro-
longed impact over a 6-week period to enhance the function
of Schwann cells during the middle and late stages of nerve
regeneration and achieve better treatment outcomes.

Although numerous approaches can achieve the sustained
release of Mg?* from a materials science perspective [20],
the design of magnesium-encapsulated nerve scaffolds needs
to consider various requirements [21], including mechanical
properties, the duration of release, and potential neurotoxic-
ity that result from the excessive and premature release of
Mg** [22]. Electrospinning is a versatile and cost-effective
technique that harnesses the electrostatic repulsion between
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surface charges to continuously extrude nanofibers from
a viscoelastic fluid [23]. This approach has been widely
employed for fabricating nanofibers with diameters as small
as tens of nanometers from various materials [24]. Reorgan-
izing the alignment, stacking, and/or folding of electrospun
nanofibers facilitates the formation of ordered arrays or
multi-gradient structures, rendering electrospun nanofib-
ers suitable for various applications [25-27]. Numerous
research studies have opted to utilize Mg-containing mono-
mers, such as MgO and MgCO;, as alternative sources for
achieving a controlled and consistent release of Mg?*. The
distinctive degradation properties of these materials present
both challenges and opportunities. While MgO degrades
rapidly, posing a challenge for long-term release, but also
demonstrates antibacterial properties, MgCOj; dissolves at
a slower rate than MgO but contains relatively lower levels
of effective Mg>*. Adjusting the concentration and ratio of
the Mg monomer makes it feasible to achieve the sustained
release of Mg ions. Although this sustained-release system
has demonstrated efficacy in bone defect models, its poten-
tial application in nerve defects remains unexplored [28].

In this study, electrospinning technology was employed
to fabricate a multi-gradient nanofiber membrane consisting
of MgO/MgCOs/polycaprolactone (PCL), with the objective
of enhancing peripheral nerve regeneration. Adjusting the
concentration and proportion of the Mg monomer and the
number of electrospun layers, integrating both rapidly degra-
dable MgO and slowly degradable MgCOj; into scaffolds,
has proven to be an effective approach for precisely regulat-
ing the release of Mg>* for peripheral nerve regeneration.
A comprehensive evaluation of the nanofibrous structure,
surface properties, and biomolecular composition of the
membrane was performed. The integration of MgO/MgCO,/
PCL multi-gradient fibers with a 3D-engineered PCL con-
duit was employed for the in vivo repair of peripheral nerve
defects. The safety and efficacy of the material for in vivo
implantation were comprehensively assessed, and its effec-
tiveness for axonal regeneration, myelination, and reinnerva-
tion was validated. Finally, a comprehensive investigation
was conducted to elucidate the underlying mechanisms of
Mg-induced nerve regeneration in vitro, leading to a thor-
ough understanding of the pivotal signaling pathways and
regulatory mechanisms of magnesium ions in modulating
Schwann cell function. Building upon previous research,
this study modified the sustained Mg>* release system and
expanded the theoretical foundation of Mg* in peripheral
injury treatment, thus providing an essential theoretical basis
and empirical evidence for the advancement and application
of magnesium-encapsulated neural scaffold materials.
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2 Experimental Section
2.1 Study Design

In this project, PCL was mixed with different concentra-
tions of magnesium monomers (MgO and MgCO;) and
processed into a multi-gradient nanofiber membrane
using electrospinning technology. The material was fur-
ther characterized using scanning electron microscopy to
analyze the fiber size, degradation, and release of magne-
sium ions. A primary culture of dorsal root ganglia (DRG)
and Schwann cells was utilized to screen for the optimal
concentration of Mg?* to further elucidate the mecha-
nism by which Mg?* promotes peripheral regeneration.
Axonal length and Schwann cell proliferation and migra-
tion were measured to determine the effect of Mg** on
axonal growth and Schwann cell behavior. In vitro RSC96
cell line cultures were used to verify the proliferation and
migration of Schwann cells induced by various concen-
trations of Mg*" using the CCK-8 test and cell scratch
test, respectively. Ribonucleic acid (RNA) sequencing
was employed to detect gene expression regulation and
key signaling pathways during Mg>*-induced nerve regen-
eration. Lastly, gene expression in RSC96 cell cultures
was analyzed using western blots. A 10 mm sciatic nerve
defect model was established in 45 Sprague—Dawley (SD)
rats divided into five groups based on the different repair
materials used. In the experimental group, multi-gradient
fibers with varying concentrations of Mg>* were implanted
into a 3D-engineered PCL nerve conduit (autograft, PCL,
10% MgO/MgCO,/PCL, 20% MgO/MgCO,/PCL, and 30%
MgO/MgCO,/PCL). Nerve and muscle samples were col-
lected 6 weeks and 12 weeks post-surgery. Histological
staining, transmission electron microscopy analysis, and
gait analysis were carried out to evaluate nerve regenera-
tion and motor function recovery.

2.2 Preparation of MgO/MgCO,/PCL Multi-gradient
Nanofiber Membrane

The PCL was blended with varying concentrations of
magnesium-containing monomers (MgO and MgCO,)
to produce a highly refined polymer powder. The plastic
powder was then heated until it was transformed into a
molten viscous substance, which was subsequently electro-
spun utilizing a high-voltage electric field (TL-01, Tongli
Technologies Co., China). Three sets of MgO/MgCO,/
PCL membranes were prepared in our study, with a total
weight/weight ratio of Mg monomers to PCL at 10%, 20%,
and 30%, respectively. The MgO/MgCO,/PCL membrane
was fabricated in a trilamellar configuration, where the

weight ratio of total MgO/MgCO; decreased progressively
from inner layer to outer layer. The inner and outer layer
exhibited a respective 20% increase and decrease in the
concentration of Mg monomers when compared to the
intermediate layer. Additionally, the compositions of Mg
monomers exhibited layer-dependent variations, with an
uptrend of MgCO; observed in the inner layer, and a cor-
responding uptrend of MgO in the outer layer. Notably, the
ratios of MgO to MgCO; transitioned from 1:2 at the inner
layer, through 1:1 in the intermediate layer, to 2:1 at the
outer layer. The convergence of these two parameters—
the concentration of Mg monomers and the compositional
makeup of Mg monomers—ultimately culminated in the
development of a multigradient structure. The degradation
properties of MgO/MgCO,/PCL were evaluated through
in vitro degradation tests incubated at 37 °C. The concen-
tration of Mg?* in the solution was determined using an
inductively coupled plasma optical emission spectrometer
(ICP-9820, Shimadzu, Japan), 1 cm X 1 cm MgO/MgCO5/
PCL membranes were immersed in 1 mL of PBS solution,
and a sustained-release curve for Mg** was plotted. MgO/
MgCO,/PCL membranes (2 cm X2 cm) were immersed
in 4 mL of PBS at 37 °C and meticulously weighed. Sub-
sequently, the membranes were rinsed with Milli-QH,0,
dried at 37 °C, and re-weighed at specific time points (day
3; week 1-4) to determine the percentage of weight loss.

2.3 Morphology and Hydrophilicity Analysis
of MgO/MgCO,/PCL Multi-gradient Nanofiber
Membranes

The MgO/MgCO,/PCL multi-gradient nanofiber mem-
branes were treated with 2.5% glutaraldehyde for 6 h, fol-
lowed by three rinses in deionized water (each for 30 min)
and dehydration in a graded alcohol series (30%, 50%, 75%,
and 100% ethanol) for 30 min each. Subsequently, the mem-
branes were dried using a critical point dryer after being
balanced with 100% ethanol. A thin layer of platinum and
gold mixture was applied to enhance conductivity and con-
trast prior to observing the micromorphology observed by
scanning electron microscopy (SEM; S-8010, HITACHI,
Japan) at an accelerating voltage of 5 keV. Image analysis
software (ImageJ; Cybernetics, Bethesda, MD, USA) was
utilized to assess the structural fiber parameters [29]. The
morphologies of the MgO/MgCO,/PCL membranes were
also examined via SEM at the 4-week timepoint to analyze
in vitro degradation. Eventually, the energy dispersive X-ray
spectroscopy (EDS) analysis and mapping were utilized to
validate the variation in Mg elemental proportion from the
inner to the outer layers within each set of MgO/MgCO,/
PCL membrane.

The surface wettability of the MgO/MgCO;/PCL multi-
gradient nanofiber membranes was further characterized by
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determining the contact angles of five groups of materials
using the Modified Wilhelmy Plate method [30]. During
the measurements, the sample surface to be analyzed was
suspended on a force sensor instead of a metal sheet and
gradually immersed into the liquid phase. The change in
force was recorded to calculate the advancing contact angle
value between the liquid and solid surfaces. Subsequently,
the solid sample was slowly withdrawn from the liquid phase
while changes in force were recorded to determine the reced-
ing contact angle value.

2.4 Preparation of 3D-Engineered PCL Conduit

A nerve conduit is necessary for repairing nerve continu-
ity in an animal model with nerve defects. Therefore, the
3D-engineered PCL nerve conduit from our previously pub-
lished article was utilized for this study [17]. The PCL con-
duits were created using a 3D printing technique (Shanghai
Graphic Design Information Co., China) [17]. Specifically,
a 200 pm diameter PCL filament was printed on a rotat-
ing stainless-steel disk with a diameter of 2 mm for 30 min.
Subsequently, the conduits were removed from the disk and
vacuum-dried for 24 h.

2.5 DRG Neuron Neurite Extension Assay

DRGs were collected from 2- to 4-week-old SD rats to elu-
cidate the role of Mg?" in facilitating the axonal outgrowth
of DRG neurons. Bilateral DRGs were cultured in vitro
in a 35 mm culture dish and studied under a microscope.
Next, we removed neuronal fibers connected to the DRGs.
DRGs were plated in Matrigel-precoated (356234, Corning)
35 mm dishes, cultured with Neurobasal medium (A358290,
Thermo Fisher Scientific) containing 2% B-27 supplement
(A3582801, Thermo Fisher Scientific), 0.3% L-glutamine
(25030081, Thermo Fisher Scientific), 100 ng/mL NGF
(N2513, Sigma-Aldrich), and 1% Penicillin—Streptomy-
cin—Neomycin (PSN) antibiotic mixture in a 37 °C incuba-
tor with 5% CO, and 92% humidity [31]. The medium was
changed every day [31]. Additional Mg?* was directly added
to the medium (four groups: Ctrl, 10 mM Mg**, 20 mM
Mg?*, and 30 mM Mg**). DRG neurites with extended neu-
rites were imaged and quantified manually after 5 days of
incubation. The longest neurite extension distance was cal-
culated every 15° in each direction.

2.6 Primary Schwann Cell Culture

Bilateral sciatic nerves were collected from 2- to 4-week-old
SD rats to investigate the effects of Mg>* on the prolifera-
tion, migration, and phenotypic conversion of Schwann cells.
Schwann cells were isolated from the nerves by sequential
digestion in papain and type I collagenase (1.0 mg/mL)
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for 3 h. The isolated cells (5000 cells/mL) were cultured
in Dulbecco’s modified Eagle medium (DMEM)/10% fetal
bovine serum (FBS; 11320033, Thermo Fisher Scientific)
overnight. The medium was replaced with DMEM/10%
FBS supplemented with 10 pM cytosine arabinoside (Ara-
C; 449651000, Thermo Fisher Scientific), and Schwann cells
were cultured for an additional 48 h to remove mitotic cells.
Afterward, the medium was replaced with DMEM/10% FBS
supplemented with 2 uM forskolin and additional Mg>* (four
groups: Ctrl, 5 mM Mg**, 10 mM Mg**, and 15 mM Mg>").
Morphological changes in the Schwann cells were observed
as the culture time increased, and the cell count in different
groups was recorded [32].

2.7 Quantitative Real-Time PCR

Primary Schwann cells were harvested on day 5, and total
RNA was isolated using TRIzol reagent (15596026; Invit-
rogen, Waltham, MA, USA). The concentration and purity
of the RNA were assessed with a NanoDrop 2000 (Thermo
Fisher Scientific, USA), followed by reverse transcription
to cDNA using the First Strand cDNA kit (Takara, Dalian,
China). Real-time quantitative PCR (RT-qPCR) analysis of
the cDNA template was conducted using TF pack power
SYBR Green qPCR SuperMix-UDG. The levels of gene
expression for axon guidance molecules (including netrins,
slits, ephrins, and semaphorins) [17], neurotrophic factors
(NGF, brain-derived neurotrophic factor (BDNF), and vas-
cular endothelial growth factor (VEGF)), the Wingless/
integrase-1 (Wnt) family (Wnt 1, Wnt2, Wnt3a, Wnt5a,
Wnt5b) [33], and C-Jun [34] were evaluated. The primer
sequences used in this study are shown in Table S1 (Sup-
porting Information). A gene expression heatmap was cre-
ated using www.heatmapper.ca/expression/, with the target
gene expression levels normalized to that of GAPDH.

2.8 InVitro RSC96 Cell Culture

RSC96 cell culture was carried out to verify the biocompat-
ibility of the MgO/MgCO,/PCL membrane, and the regula-
tory effect along with its mechanism of Mg?* on Schwann
cells. A frozen 1 mL cell suspension was thawed by vigor-
ously shaking the tube in a water bath at 37 °C; then, it was
mixed with 4-6 mL of complete medium in a centrifuge
tube. The supernatant was decanted after centrifugation, and
the cells were resuspended in a fresh, complete medium. The
cell suspension was transferred to a culture dish contain-
ing 6-8 mL of a complete medium and incubated overnight
at 37 °C. Microscopic examination was performed the fol-
lowing day to assess cell growth and density before con-
tinuing with the culture process. The cells were cultured
in DMEM/10% FBS in an incubator maintained at 37 °C
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with a CO, concentration of 5%, and media changes were
performed every other day[35].

2.9 CCK-8 Assay of Cell Viability and Cell
Proliferation

The CCK-8 assay was conducted to identify the most effec-
tive concentrations of Mg?* for enhancing cell viability and
cell proliferation in Schwann cells. RSC96 cells were sus-
pended in optimal growth conditions, and 100 pL of the
suspension was added to each well of a 96-well cell culture
plate at a density of 2x 10? cells/100 pL. Various concentra-
tions of Mg>* (Ctrl, 1, 2, 5, 10, 15, 20, 25, 30, and 35 mM)
were added to the culture wells and incubated at 37 °C for
either 24 or 48 h. Following this incubation, 10 pL of CCK-8
solution from the kit was added to each well before meas-
uring the absorbance at a single wavelength of 450 nm for
detection purposes [9].

2.10 Cell Scratch Assay

The cell scratch assay was performed to assess the impact of
Mg** on cellular migration. RSC96 cells were seeded in a
six-well plate with 2.0 mL of medium per well and reached
confluence within approximately 24 h. A line was marked
at the bottom of each well to ensure proper alignment, and
caution was taken to maintain the vertical orientation of the
pipette while aspirating the culture supernatant and rins-
ing away any detached cells with PBS. Four experimental
groups were tested: Ctrl, 5 mM, 10 mM, and 15 mM Mngr
[36]. Subsequently, 2 mL of serum-free medium was added
to each well before incubating the plates further. Samples
were collected at 0, 48, and 96 h time points to monitor
changes in cell migration by photography.

2.11 Transcriptome Sequencing of Mg?*-Induced
Peripheral Nerve Regeneration

This study utilized transcriptome sequencing to system-
atically investigate the impact of Mg?* on gene expres-
sion during nerve regeneration. Total RNA was extracted
from two sets of RSC96 cell culture samples (Ctrl and
10 mM Mg**-treated). RNA purity was assessed using the
NanoDrop™ One/OneC by measuring OD260/280 and
0D260/230 ratios. Accurate quantification of RNA was con-
ducted using the Qubit™ RNA HS Assay Kit on the Life
Invitrogen Qubit® 3.0 fluorescence quantitative instrument.
The Agilent 4200 TapeStation system was used to precisely
evaluate RNA integrity.

After determining the quality of the samples, a sample
library was constructed. Since most eukaryotic mRNA con-
tains a polyA structure, magnetic beads with oligo (DT)
were employed to capture mRNA with this structure. The

first cDNA strand was then synthesized using fragmented
mRNA as a template and random oligonucleotides as prim-
ers in the M-MuLV reverse transcriptase system. Ribonucle-
ase H (RNaseH) was used to degrade RNA strands, followed
by the synthesis of second-strand cDNA from dNTPs using
the DNA polymerase I system. The double-stranded cDNA
was subsequently purified and subjected to end repair, A-tail
addition, and sequencing adaptor ligation. Subsequently,
approximately 200 bp cDNA fragments were selected using
AMPure XP beads, followed by PCR amplification and fur-
ther purification of the PCR products using AMPure XP
beads to obtain the sequencing library. Reproducible library
concentration quantification was achieved using Kapa qPCR,
and the Agilent 4200 TapeStation assay was used to accu-
rately determine library fragment size. Following the con-
firmation of library quality, they were pooled based on the
required concentration and the desired data quantity before
undergoing Illumina PE150 sequencing.

2.12 Bioinformatics Analysis

The specific process for bioinformatics analysis involves: (1)
performing data quality control; (2) aligning the clean data
to the reference genome and conducting statistical analy-
sis; (3) quantifying gene expression based on the alignment
results with a focus on sequencing coverage (read count) for
each gene; (4) analyzing the differentially expressed genes
between samples or groups to identify significant differences
in gene expression; (5) performing functional enrichment
analysis and obtaining protein interaction data based on the
differential expression of genes between samples or groups
by leveraging functional annotation databases such as Gene
Ontology (GO), Kyoto Encyclopedia of Genes and Genomes
(KEGG), and STRING:; (6) detecting variants by analyzing
single nucleotide polymorphisms (SNPs), indels, alternative
splicing events, fusion genes and annotations using tran-
scriptome data, which enables the exploration of disease or
phenotype-related information at the transcriptome level;
and (7) gene set enrichment analysis (GSEA) and immune
infiltration analysis using the quantitative gene expression
results[37].

2.13 Western Blotting

The effect of Mg?* on the regulation of the Wnt signaling
pathway was investigated in RSC96 cells cultured for 24 h
in 4 different groups (Ctrl, 5, 10, and 15 mM Mg2+). The
medium was then replaced with the treatment reagents.
In vitro, siRNA transfection (siRNA ID#: 121949, Thermo
Fisher Scientific) was used to knockdown Wnt5a expression
in four groups (Ctrl, 10 mM Mg?*, Mg?* with Lipo:Wnt5a-
siRNA, and Mg?* with Lipo:blank). Finally, nifedipine and
calcium chloride were added to the medium in four other
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treatment groups (Ctrl, 10 mM Mg>*, 10 mM Mg** with
10 mM Ca**, and 10 mM Mg?* with nifedipine). The cells
were cultured for 24 h, followed by treatment with a radio-
immunoprecipitation assay buffer containing a proteinase/
phosphatase inhibitor mixture to extract the proteins. The
isolated intact RSC96 cell proteins underwent western blot
analysis using a previously established protocol [25]. Subse-
quently, these proteins were separated on a sodium dodecyl
sulfate—polyacrylamide gel and further processed according
to a previous protocol [38]. Antibodies against the follow-
ing proteins were employed: Wnt5a (1:500, SAB5300184,
Sigma-Aldrich), protein kinase C (PKC, 1:500, ab32376,
Abcam), B-Catenin (1:500, GB15015-100, Thermo Fisher
Scientific), CREB (1:500, A13819, Abclonal), C-MYC
(1:500, ab32072, Abcam), and C-Jun (1:500, GB111604-
100, Thermo Fisher Scientific). The expression levels of the
target proteins were analyzed and normalized to those of
vinculin (1:500, 700,062, Thermo Fisher Scientific).

2.14 Animals and Surgical Procedures

Forty-five female SD rats (2 months old, weighing
200-250 g) were obtained from Topbio-technology (Shenz-
hen, China) and housed under standard laboratory conditions
with a 12 h light/dark cycle, ambient temperature of 25 °C,
and humidity of 50%. The rats were provided ad libitum
access to food and water. All animal experiments adhered to
the Guidelines for the Care and Use of Laboratory Animals
and were approved by the Animal Care and Use Commit-
tee (IACUC) of Peking University Shenzhen Hospital (No.
2023-616). The rats were randomly allocated to one of five
groups: autograft, PCL nerve conduit, 10% MgO/MgCO,/
PCL, 20% MgO/MgCO,/PCL, and 30% MgO/MgCO,/
PCL. For the experiential groups, the MgO/MgCO,/PCL
membranes were cut into multi-gradient fibers measuring
0.5 mm X 12 mm (total four fibers for each group).

The rats were anesthetized with a combination of pento-
barbital sodium at a dosage of 50 mg per kg of body weight
and isoflurane and then underwent microsurgery performed
by the same experienced surgeon [39]. Initially, the surgical
site (the lateral side of the right thigh) was prepared with
draping and sterilization, followed by creating a roughly
4 cm incision parallel to the lower edge of the femur. The
sciatic nerve was carefully exposed through this incision
using a surgical microscope. In the autograft group, a 10 mm
segment of the sciatic nerve was excised, everted, and rein-
serted. The autografts were secured to the epineurium of
the proximal and distal nerve stumps using 10-0 monofila-
ment nylon sutures. For the PCL nerve conduit, 10% MgO/
MgCO,/PCL, 20% MgO/MgCO,/PCL, and 30% MgO/
MgCO5/PCL groups, the distal end of the exposed sciatic
nerve was initially transected before advancing the nerve
stumps 1 mm toward the proximal end of a 12 mm conduit

@ Springer

(resulting in a gap of 10 mm). They were then anchored in
place with 10-0 nylon sutures. With one end of the nerve
conduit attached to the nerve stump, the multi-gradient fib-
ers containing 10%, 20%, and 30% MgO/MgCO,/PCL were
inserted into the nerve conduit (four fibers in each conduit,
each fiber with a size of 0.5 mm X 12 mm), and the other end
of the nerve conduit was attached to the distal nerve stump.
The conduit diameter (approximately 2 mm) matched that of
the sciatic nerve. Finally, the skin wound was closed using
4-0 silk sutures.

2.15 Histological Evaluation and Transmission
Electron Microscopy Analysis of Regenerated
Nerves

Regenerated nerves were harvested at the 6- and 12-week
follow-up examinations by perfusing a 4% paraformalde-
hyde solution through the circulatory system of the rats [40].
The nerve graft was divided into three equal parts: proxi-
mal, middle, and distal. Cross-sections of the middle region
were sliced to a thickness of 7 pm using a Leica CM3050S
microtome. These sections were then subjected to hematoxy-
lin and eosin (H&E) staining. Subsequently, the images from
five random fields for each section were analyzed, and statis-
tical analysis was performed on 4 samples from each group.
Immunohistochemical analysis of C-Jun (1:200; SRP2088S;
Sigma-Aldrich) expression was performed in nerve samples
at 6 weeks post-surgery.

The distal areas of the nerve grafts were examined by
toluidine blue staining and transmission electron microscopy
(TEM). A 2 mm portion of the regenerated nerve was treated
with 2.5% glutaraldehyde for 2 h, followed by post-fixation
in 1% osmium tetroxide for 1.5 h. The tissue samples were
dehydrated in an ethanol series, embedded in Epon 812 resin
(Ted Pella, Redding, CA, USA), and then cut into semi-thin
sections of 1 pm and ultrathin sections of 50 nm. The semi-
thin sections were stained with a toluidine blue solution,
and the ultrathin sections were examined using TEM (JEOL,
Tokyo, Japan). Five random fields in each section were cho-
sen for image capture. The myelinated axon diameter and
myelin sheath thickness were measured using Photoshop
CS6 software (Adobe Systems). The G ratio was calculated
as the ratio of axon diameter to fiber diameter. Analysis was
conducted on photographs from five random fields in each
ultrathin nerve section, with statistical analysis performed
on five samples from each group.

2.16 Morphometric Examination of Reinnervated
Muscles

The bilateral triceps surae muscles were collected from
each group 12 weeks post-surgery. The muscles were
fixed, embedded in paraffin, and transversely sectioned
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for Masson’s trichrome staining (ab150686, Abcam). Four
samples from each time point in each group were stained,
and five randomly selected fields in each specimen were
photographed [17]. Subsequently, ImageJ software (Media
Cybernetics, Bethesda, MD, USA) was used to measure the
cross-sectional areas of the muscle fibers. The percentage of
collagen fibers was determined by dividing the area occu-
pied by collagen fibers by the total area encompassing both
collagen and muscle fibers.

2.17 Functional Evaluation of Nerve Regeneration

The recovery of regenerated nerves was evaluated first using
the sciatic functional index (SFI). Briefly, rats were trained
to walk on a glass surface to reach food pellets at one end
of a track. Their movements were recorded from below as
they crossed the track in a dark room, allowing for clear dif-
ferentiation between paw prints. Data on paw length (PL),
toe spread (TS), and intermediary toe spread (IT) were col-
lected for both normal (N) and experimental (E) hind legs.
The SFI was then calculated using a previously established
formula (1) [41]:

SFI= — 383 x <M>+1095
NPL |
ETS — NTS EIT — NIT @
(—>+13.3 x (—> —3
NTS NIT

Electrophysiological assessment was performed on rats
in all five experimental groups to evaluate the functional
recovery of nerve regeneration 12 weeks after nerve graft
implantation. Four rats from each group were anesthetized,
electrical stimuli were applied to the nerve trunk at the
proximal end of the graft site and CMAPs were recorded by
placing the signal-receiving electrode at the triceps surae
muscles by a portable biological-function experimental sys-
tem (BL-420F; TaiMeng, Chengdu, China). The stimulating
mode was set as the pulse mode (stimulus intensity =10 mV;
frequency = 1 Hz; duration =1 ms).

2.18 Statistical Analyses

The data were reported as the mean + standard deviation.
Statistical variances were analyzed using a one-way factorial
analysis of variance and Tukey’s post hoc test. GraphPad
Prism 6.01 (GraphPad Software, Inc.) was employed for sta-
tistical analyses, with significance set at P <0.05.

3 Results and Discussion

3.1 Fabrication and Characterization of MgO/
MgCO,/PCL Multi-gradient Nanofiber
Membranes

Mg?* plays a crucial role in various pathophysiological
processes, including energy metabolism, nerve impulse
generation and transmission, and muscle contraction [42].
From a neuroscientific perspective, Mg?" is indispensable
for neuromuscular coordination [43], nerve impulse propa-
gation, and neuroprotection [44]. Its potential involvement
in the peripheral nervous system includes exerting neuro-
protective effects, suppressing inflammation, and promoting
nerve regeneration. In recent years, significant emphasis has
been placed on various magnesium-encapsulated biomate-
rials used as therapeutic carriers for delivering Mg?* [45].
Compared to traditional implant materials, these biomate-
rials offer numerous advantages [46], such as exceptional
biocompatibility, controllable specific strength and stiff-
ness properties, degradability characteristics, and abundant
resources at a low cost [47]. Numerous studies have used
MgO as an alternative source for achieving a controllable
and consistent release of Mg?™ due to its rapid degradation
[48], which poses challenges for long-term release but also
exhibits antibacterial properties. In contrast, while MgCO,
dissolves at a slower rate than MgO, it contains relatively
lower levels of effective MgZJr [28]. Therefore, it is reason-
able to propose that integrating both rapidly degradable
MgO and slowly degradable MgCO; into scaffolds would
be an effective approach for precisely regulating the release
of Mg?* for peripheral nerve regeneration.

In this study, multi-layered nanofiber membranes were
produced using a combination of PCL and varying concen-
trations of magnesium monomers (MgO and MgCO;). A
series of membranes composed of MgO/MgCO,/PCL was
created using the electrospinning technique, consisting of
three sets with varying ratios of Mg monomers to PCL,
at 10%, 20%, and 30%. Each membrane was composed of
three layers, with a decreasing proportion of MgO/MgCO,
from layer to layer and a gradual reduction in the concentra-
tion of Mg monomers from inner to outer. Notably, the Mg
monomer proportions differed across the three layers, with
the inner layer containing more MgCOj; and the outer layer
containing more MgO, resulting in the development of a
multi-gradient structure (Fig. 1A). The degradation charac-
teristics of MgO/MgCO,/PCL were assessed through in vitro
experimentation, which showed a sustained Mngr release
profile (Fig. 1B). Among the three groups, the 10% MgO/
MgCO;/PCL membrane exhibited the most effective and sta-
ble release of Mg2+, which was sustained within 1-6 weeks
and reached a plateau after 7 weeks. The release rate of the
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Fig. 1 MgO/MgCO;/PCL multi-gradient nanofiber membrane fab-
rication and characterization. a Fabrication of MgO/MgCO,/PCL
multi-gradient nanofiber membranes. b Cumulative Mg>* release
from MgO/MgCO,/PCL multi-gradient nanofiber membranes over

20% and 30% MgO/MgCO,/PCL membranes within 8 weeks
was slower than that of the 10% group, with the peak Mg>*
release not reached within the detection time of this study.
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Our findings suggested that the MgO/MgCO,/PCL system
could achieve the tunable and sustained release of Mg>*. In
contrast to the rapid degradation within 2 weeks observed in
our previously published study involving a Mg>-containing
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hydrogel [17], this multi-gradient nanofiber membrane com-
posed of MgO/MgCO,/PCL demonstrated the effective and
sustained release of Mg>* for 46 weeks, depending on the
magnesium concentration. By incorporating both rapidly
degradable MgO and slowly degradable MgCOj; into the
MgO/MgCO,/PCL system, the release of Mg>* could be
effectively regulated. Consequently, the sustained release
performance of the modified material was predominantly
influenced by two pivotal factors: the overall concentra-
tion of Mg monomer and the proportion of MgCO;. A
higher concentration of mixed Mg monomer or a greater
proportion of MgCOj; decelerated the release of Mg”*. One
limitation of this study was the relatively short detection
time for the Mg®* release properties. The release from the
20%/30% MgO/MgCO,/PCL membranes during the initial
8 weeks was observed to be weaker than that of the 10%
group. The reason for the slower release of Mg?* from fiber
membranes with higher concentrations of Mg monomers
potentially attributed to various reasons. The increased total
amount of MgCO; might lead to a delayed release of Mg,
Furthermore, the higher concentration of total Mg mono-
mers resulted in an enhanced crosslinking degree between
PCL and Mg, thereby tightening the material. This could
potentially cause a slight alteration in material thickness,
ultimately leading to a non-linear relationship between the
concentration of Mg monomer and sustained release rate
of the material. Based on our current research findings, we
are unable to definitively confirm the aforementioned idea.
However, this finding also highlighted the potential of the
tunable Mg?* release system to customize formulations
based on varying sustained-release requirements.

3.2 SEM and Surface Property Analysis of MgO/
MgCO,/PCL Multi-gradient Nanofiber
Membranes

The SEM analysis provided detailed insight into the
multi-gradient nanofiber reticular structure, revealing an
interconnected network of nanofibers with MgO/MgCO;
nanoparticles distributed throughout (Fig. 1C). The aver-
age diameter of the nanofibers was 126.8 +£39.6 nm in the
control group (PCL), 229.4 +102.3 nm in the 10% MgO/
MgCO,/PCL group, 217.9 +65.8 nm in the 20% MgO/
MgCO,/PCL group, and 253.6 +92.3 nm in the 30%
MgO/MgCO,/PCL group (Fig. 1D). SEM scanning was
also applied to obtain the vertical structural characteris-
tics of the MgO/MgCO3/PCL membrane, which revealed
a cohesive integration of the tripartite layers, attributed to
the tight crosslinking between each layer (Fig. S1A).As a
result, it was challenging to distinguish between the three
layers in terms of their structure and boundaries based on
visual inspection. To accurately depict the variation in Mg
element distribution within the multi-gradient structure

of the MgO/MgCO,;/PCL membrane, EDS analysis and
mapping were conducted to each layer in each set of MgO/
MgCO,;/PCL membrane to discern the disparities in Mg
element distribution. Our results demonstrated a gradual
decrease in Mg elemental proportion from the inner to the
outer layers (Fig. S1B-D).

The morphologies of the MgO/MgCO;/PCL membrane
were also examined via SEM at the 4-week timepoint. Our
results confirmed that, the fibers experienced partial col-
lapse along with the degradation of materials, leading to
a reduction in membrane thickness. Simultaneously, the
fibers gradually dissolved and became finer, while the sur-
face was coated with an abundance of corrosion products.
Within a period of 4 weeks, the 10% MgO/MgCO,/PCL
group exhibited the highest weight-loss percentage, indicat-
ing an enhanced material degradation and subsequent release
of Mg?* (Fig. S2).

In vitro cell culture was conducted on the surface of
the MgO/MgCO,/PCL membrane to further assess the
biocompatibility of the material. SEM analysis and Live/
dead staining were performed. Our findings indicated that
the morphology of PC12 cells and RSC96 cells was similar
when cultured on PCL and three different compositions of
MgO/MgCO,/PCL membranes (10%, 20%, 30%), demon-
strating their biocompatibility in terms of cell adhesion and
cell growth in vitro. Live/dead staining also conformed no
significant difference among four groups in terms of cytotox-
icity (Fig. S3). Overall, the biological safety of the material
was confirmed.

RSC96 cells were also cultured for 7 days and assessed
using SEM to effectively illustrate an influence of the MgO/
MgCO,/PCL membrane on cell growth. Additionally, the
impact of material extracts from different groups was quan-
tified through CCKS assay. Our findings validated the role
of Mg”™ release from the MgO/MgCO;/PCL membrane in
promoting cellular proliferation. Notably, the 10% MgO/
MgCO,/PCL group exhibited superior cell growth, consist-
ent with the sustained release profile of Mg>* from the mate-
rial (Fig. S4).

The surface properties of the MgO/MgCO,/PCL multi-
gradient nanofiber membrane were further characterized by
measuring the contact angles of the four groups of mate-
rials. The mean contact angles of the membranes were
124.9° +0.52° in the control group (PCL), 122.1°+1.61° in
the 10% MgO/MgCO,/PCL group, 120.2° +2.13° in the 20%
MgO/MgCO,4/PCL group, and 120.9°+2.53° in the 30%
MgO/MgCO,/PCL group (Fig. 1E). The findings revealed
no statistically significant variances in contact angles across
the materials, indicating comparable levels of interaction
between the membrane surface and the test liquids. This
further substantiated that the bioactive material primarily
facilitated peripheral nerve regeneration by the release of
Mg?* rather than its physical properties.

@ Springer



324

Advanced Fiber Materials (2025) 7:315-337

a Ctrl 10 mM Mg 20 mM Mg2*

10 mM Mg 15 mM Mg

@ Springer

Sema6d
Sema6a
VEGFa
Sema3d
Sema3c
Semada
Semadb
Semadc
Sema5a
EFNB2
CGRP
Sema3a
BDNF
Sema3e
Semadf
|VEGFr2
NGF
Sema3g
Sema3b
Semadd
Sema3f
Sslit1
Sema5b
EFNA2
NetrinG2
Netrin1
EFNA4

Wnt2
EFNA1
Sema6b
Slit3
Sema6c
Sema7a
EFNAS

EFNA3
NetrinG1
Wnt5b
Netrind
slit2
EFNB1
Wnt3a

30 mM Mg?*

C-Jun-mRNA

*k

1000 dok

]
2 800
x
a-’ 600
£
3 400
c
T 200
o
N . "
¢ ¢
6‘“ &é
PR R
C-Jun
*
*k
*k
c 209 — 5
o P
& £g
o1 ‘!'g 1}
o Qo
2 s g2
g $E
e 0 o

b Axon length (mm)

— ctrl
10 mM Mg2*

20mM Mg 2000
~ 30 mM Mg?* S
£ 150
®
§
2 1000
<
s
< 00

IS

=
SE
25
T o
g—'
g2
552
= O
o
(3

Whnt5a-mRNA
relative expression
3



Advanced Fiber Materials (2025) 7:315-337

325

«Fig.2 Effect of additional Mg”™ on DRG neurite growth and
Schwann cell proliferation and phenotype conversion. a Primary
DRG cell culture treated with varying Mg>* concentrations (Ctrl,
10, 20, and 30 mM Mg?>*). b Demonstration of neurite outgrowth in
different groups. ¢ Longest axon length calculated every 15° in each
direction (n=4); d Schwann cells supplemented with Mg>* exhib-
ited enhanced morphological extensions and significantly increased
cell area over time. e Gene expression heatmap of axon guidance
molecules, neurotrophic factors, the Wnt family, and C-Jun (n=3).
f Cell number statistics. g Statistics of adhesion areas seen on cell
morphological examination. h Gene expression of C-Jun, Wnt3a, and
Whnt5a (compared to mRNA levels in the Ctrl group; n=3 per group).
Data were expressed as the mean+SD. Statistical analysis was per-
formed using one-way ANOVA and Tukey’s post-hoc test. *P <0.05;
**P<0.01

3.3 Mg-Induced Neurite Outgrowth in Primary DRG
Cultures

Previous studies have confirmed the safety and efficacy
of Mg?* in facilitating nerve regeneration. However, the
specific signaling pathways and mechanisms by which
Mg-encapsulated nerve scaffolds modulate the repair of
peripheral nerve defects are still not thoroughly understood.
Therefore, subsequent investigations were conducted using
in vitro experiments to further clarify these mechanisms.
We used primary rat DRG tissue cultures to examine the
role of Mg?* in promoting neurite outgrowth and deter-
mine the optimal concentration of Mg?* required for this
process. Consequently, we observed that Mg?* induced
neurite outgrowth in a dose-dependent manner. The length
of DRG neurites in four groups (Ctrl, 10, 20, and 30 mM
Mg**) was manually quantified after 5 days of incubation
(Fig. 2A). The maximum distance of neurite extension was
measured every 15° in each direction, with n=4 DRGs
in each group (Fig. 2B). The average neurite extension in
the four groups was 1461.63 +197.51 pm in the control
group, 1856.24 +224.42 pym in the 10 mM Mg?* group,
1867.35+273.94 pum in the 20 mM Mg>* group, and
1287.40 +324.93 pm in the 30 mM Mg>* group (Fig. 2C).
Compared to the control group, DRGs treated with both
10 mM and 20 mM Mg?* demonstrated significantly
longer neurite extensions. Additionally, Mg?* enhanced
the directional migration of Schwann cells toward axonal
growth, suggesting that Mg+ might enhance the interaction
between Schwann cells and neuronal axons.

3.4 Mg?* Facilitated Primary Schwann Cell
Proliferation and Phenotype Conversion

Schwann cells, as the pivotal functional cells in peripheral
nerve regeneration following injury, play a dominant role
in orchestrating the entire course of nerve repair and regen-
eration [49]. This includes maintaining an optimal micro-
environment for axonal regrowth, guiding the recovery of

axonal regeneration, and facilitating the reinnervation of
target organs [50]. The limited proliferative capacity and
functionality of Schwann cells within the nerve scaffold are
crucial factors contributing to suboptimal outcomes in nerve
defect repairs [51]. Following nerve injury, Schwann cells
undergo demyelination and transition to a reparative pheno-
type known as reparative Schwann cells (rSCs) [19]. These
rSCs initiate nerve regeneration by secreting neurotrophic
factors, clearing damaged myelin debris, and interacting
with other cell types to maintain an environment conducive
to successful regeneration [52]. Multiple signaling pathways,
such as the mitogen-activated protein kinase (MAPK) path-
way [53], are involved in regulating this phenotypic switch,
with C-Jun serving as a critical transcription factor govern-
ing phenotype switching [34].

Primary rat Schwann cell cultures were employed to
elucidate the impact of Mg?* on the proliferation and phe-
notypic transition of Schwann cells (Fig. 2D). Our results
demonstrated that Mg?* could facilitate concentration-
dependent increases in the proliferation of Schwann cells,
with a significant rise observed in the 10 mM Mg?** group
(Fig. 2F). Over time, Schwann cells in the experimental
group supplemented with Mg”* exhibited enhanced mor-
phological extensions and significantly increased cell area,
indicative of the characteristic features associated with rSCs
(Fig. 2G). The gene expression of axon guidance molecules
(four families: netrins, slits, ephrins, and semaphorins) and
neurotrophic factors (NGF, BDNF, and VEGF) were quanti-
fied by qPCR, and the mRNA expression levels of Sema4d,
Semaba, Netrin, Netrin3, Netrin4, NetrinG1, NetrinG2, and
EFNA1 were higher in the experimental groups than the
control groups (Fig. 2E). Quantitative PCR analysis revealed
the significant up-regulated expression levels of key genes,
including the transcriptional regulatory factors C-Jun and
Wnt5a, in the experimental groups (Fig. 2H).

These results suggested that Mg>* could stimulate a shift
toward a reparative phenotype in Schwann cells, which
served as the foundation for their proliferative capacity. Dur-
ing this process, Mg>* up-regulated the expression levels
of various axon-inducing factors. These results, combined
with the primary DRG tissue culture results, suggested that
Mg?* could facilitate Schwann cell proliferation, migra-
tion, and phenotype conversion, which provided essential
support and guidance for nerve regeneration by secreting
neurotrophic factors and interacting with neurons. The Wnt
signaling pathway might be an important mechanism influ-
encing Schwann cell function during nerve regeneration.

3.5 CCK-8 Assay and Cell Scratch Assay in RSC96 Cell
Cultures

RSC96 cell line cultures were used to further evaluate the
optimal concentration of Mg?™, its impact on Schwann cell
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proliferation and migration, and changes in protein levels.
Compared to primary rat Schwann cell culture, this provided
a more convenient culture system for our study. CCK-8 and
cell scratch assays were conducted. The CCK-8 cell pro-
liferation assay demonstrated that Mg>* effectively stimu-
lated the proliferation of Schwann cells in a concentration-
dependent manner (Fig. 3A). As the concentration of Mg>*
increased, cell proliferation was progressively enhanced,
with a significant increase observed in the 10 mM group,
which represented the optimal concentration. However,
when the concentration exceeded 10 mM, the promotion
of proliferation gradually weakened, and concentrations
greater than 20 mM inhibited Schwann cell proliferation to
some extent (Fig. 3B). The scratch assay results indicated
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that Mg** facilitated Schwann cell migration. The results of
the cell scratch assay indicated that 10 mM Mg?* treatment
significantly enhanced the migratory capacity of Schwann
cells (Fig. 3D).

The qPCR results obtained from primary Schwann cell
cultures indicated that the Wnt signaling pathway could
influence Schwann cell function during nerve regeneration.
Subsequently, protein expression was further examined using
western blot analysis to gain deeper insight into the underly-
ing molecular mechanisms. Among the Wnt family, Wnt5a
exhibited elevated protein expression levels, which were
consistent with the qPCR results. Mg>* treatment increased
B-Catenin and CREB expression, indicating the potential
involvement of the Wnt/B-Catenin signaling pathway in

@ Springer



328 Advanced Fiber Materials (2025) 7:315-337

Mg?* + Vector

Cc Wnt5a B-catenin

c * ** £ 2 * ok k
T m £E s
S E - £ £ €
38 18 53 238
£e 83 g
28 10 3] 33
= T 2N
Wnt5a 34kDa % it ct
£6 5 £8 25
2e 2= sE

-~ i N
B-Catenin d 85kDa JEIR & 400‘.,«
. (S & 8
: &
&
S | CREB C-Jun C-MmYC

* *ok
15 -

C-Jun 43kDa

0.5

(normalized to Control)

Protein level CREB/Vinculin
(normalized to Control)
Protein level C-MYC/Vinculin

Protein level C-Jun/Vinculin
(normalized to Control)

c-MYC 50kDa
0.0

oof R ] ‘g";‘ Q&o‘

&

&

Vinculin 124kDa

d Ctrl 10 mM Mg?* Mg?* + 10mM Ca?*

B-Catenin C-Jun c-mYC
*k
** *k
*x - _
g_ 2 B - e x*
P 3 Bk ek * kK Rk =
27 = 20 5915 —_— S = 15 * ok e
£ 2 £%3 3% g
%5 1.5 25 £E £ £
2 £38 15 28 SE
£2 S S9 10 9 10
25 10 &2 2 s M
38 2 10 o3 S
3's =3 R 3 8
< E 2w 35 05 3T 05
T8 2E os £ E cE
£ EH H ]
7 g oo & 00 £ o0
A & S O ¥ S & >
) O e F & ®©F OO F
S 9 S & 93 & 9 $ &
& SIS SR & 4
© $ N $

@ Springer



Advanced Fiber Materials (2025) 7:315-337

329

«Fig.5 Mg?* regulated Schwann cells function by activating Wnt
signaling. a RSC96 cultured cells treated with additional Mg?",
Lipo:Wnt5a-siRNA, and Lipo:blank. b Protein expression levels
of Wnt5a, B-catenin, PKC, CREB, c-Myc, and c-Jun in four groups
(Ctrl, 10 mM Mg?*, Mg?* with Lipo:Wnt5a-siRNA, and Mg?* with
Lipo:blank); ¢ Normalized protein level of Wnt5a, p-Catenin, PKC,
CREB, C-MYC and C-Jun; d RSC96 cultured cells treated with
additional Mg?*, Ca*, and nifedipine. e Protein expression levels of
Whnt5a, B-Catenin, C-MYC and C-Jun in four groups (Ctrl, 10 mM
Mg?*, 10 mM Mg>* with 10 mM Ca®*, and 10 mM Mg?* with nifedi-
pine). f Normalized protein level of Wnt5a, p-Catenin, C-MYC, and
C-Jun. Data were expressed as the mean+SD. Statistical analysis
was performed using one-way ANOVA and Tukey’s post-hoc test.
*P<0.05; **P<0.01

cellular responses to Mg>*. Furthermore, the up-regulation
of C-MYC expression suggested that Mg" facilitated cel-
lular proliferation. Lastly, the increased expression of C-Jun
reflected the transition of Schwann cells to a repair phenotype
as part of their response to nerve injury (Fig. 3C, E).

3.6 Transcriptome Sequencing of Mg?*-Induced
Peripheral Nerve Regeneration

Based on the data obtained from the experiments, we con-
ducted a comprehensive screening of Mg-induced gene
expression regulation through transcriptome sequencing.
Total RNA was extracted from RSC96 cells in the control
and 10 mM Mg?* groups cultured for 72 h. The distribu-
tion of genes with differential expression between the two
groups was displayed in a volcano plot. Genes with vary-
ing expression levels were identified by applying a thresh-
old of llog2(Foldchange)l> 1 and padj <0.05. Analysis of
these genes resulted in blue and red Foldchange and padj
values, indicating up-regulated and down-regulated genes
respectively (Fig. 4A). A Venn diagram was used to illus-
trate overlapping gene expression among the groups, where
each circle represented the total count of uniquely expressed
genes, while the overlapping sections signified the genes
shared between the groups (Fig. 4B). Cluster analysis was
used to group similar samples and genes based on gene
expression patterns. The map in Fig. 4C shows low expres-
sion in green and high expression in red, with lines indicat-
ing clustering outcomes. We used clusterProfiler to detect
functional changes in differential genes, analyzing enriched
GO entries for molecular functions, biological processes,
and cellular components (Fig. 4D). The enriched pathways
of differentially expressed genes in KEGG analysis were
visualized, focusing on the top 20 genes with an adjusted
P value of <0.05. The red dots in Fig. 4E indicate higher
significance. Reactome enrichment analysis was used to
visualize the differentially expressed genes. A selected sub-
set of the top 20 genes with P-adjusted results below 0.05
were presented, where the dot size represented the number
of enriched differentially expressed genes (Fig. 4F).

Our findings indicated that Mg?* treatment had a sig-
nificant impact on intracellular calcium levels, leading to
changes in the physiological responses of the cells. Explor-
ing the interaction between these two ions could provide
valuable insight into various cellular processes, such as
muscle contraction, nerve signaling, and enzymatic activ-
ity. Although Wnt pathway activation was suggested by the
cell experiments, this pathway did not show enrichment in
the sequencing results. This discrepancy could be attributed
to either the 72 h sample collection time or the small sample
size. Nevertheless, the sequencing results can enhance our
understanding of the regulatory role of Mg?* in Schwann
cells. The complete sequencing data appear in the Supple-
mentary Material.

3.7 Mg?** Regulated Schwann Cell Function
by Activating Wnt Signaling

Whnt signaling plays a vital role in the peripheral nerve
regeneration process [54] and regulates cell proliferation
and differentiation through various mechanisms. Wnt pro-
tein plays a crucial role in controlling cell growth, devel-
opment, and differentiation by activating the Wnt signaling
pathway in target cells through paracrine action [55]. This
pathway encompasses the canonical Wnt/p-Catenin signal-
ing pathway [56] and the non-canonical Wnt/Ca** signal-
ing pathway [57]. Recent studies have demonstrated the
extensive involvement of the Wnt5a signaling pathway in
the pathophysiological process of peripheral nerve injury,
highlighting its regulatory role in nerve regeneration
[58-60]. Wnt5a exerts regulatory effects on cell growth
by activating the Wnt/p-Catenin pathway and initiating the
Wnt/Ca®* pathway by binding with frizzled (FZD) recep-
tor. This interaction leads to G protein-mediated PLC acti-
vation and intercellular Ca®* release, ultimately resulting
in the activation of PKC and calmodulin-dependent protein
kinase II (CaMKII) [61, 62].

We applied siRNA transfection in vitro to knock down
Wnt5a and evaluate the proliferation of Schwann cells (four
groups: Ctrl, 10 mM Mg?*, Mg?* with Lipo:Wnt5a-siRNA,
Mg?* with Lipo:blank) to further verify the regulation of the
Wht signaling pathway by Mg?* in Schwann cells. The cellu-
lar morphology (Fig. 5A) and western blot results (Fig. 5B,
C) showed that Wnt5a-siRNA significantly repressed cell
proliferation compared to 10 mM Mg** without siRNA. The
expression of Wnt5a, f-Catenin, CREB, C-MYC, and C-Jun
were down-regulated by Wnt5a-siRNA, demonstrating that
the Wnt/p-Catenin signaling pathway was activated. Based
on previous research demonstrating the inhibitory effect of
Mg?* on Ca** influx, we hypothesized that Mg?* might sup-
press the Wnt/Ca®* pathway by attenuating Ca>* influx, a
commonly recognized negative regulatory mechanism. In
our in vitro experiments, 10 mM Ca?" treatment significantly
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«Fig.6 H&E analysis and remyelination of regenerated nerves. a
Schematic illustration of animal surgery. b Harvested regenerated
nerves. ¢ H&E staining of the autograft, PCL nerve conduit, 10%
MgO/MgCO,/PCL, 20% MgO/MgCO/PCL, and 30% MgO/MgCO,/
PCL groups. d Diameter of the regenerated nerves (pm) (n=4). e
Toluidine blue staining of transverse sections of harvested grafts
12 weeks after surgery and TEM analysis of remyelinated axons. f
Diameter of the myelinated axons (pm) (n=5). g Number of myeli-
nated axons (n=5). h Thickness of the new myelin sheath (pm)
(n=5). i G-ratio (n=5). Data were analyzed by one-way ANOVA
followed by Tukey’s post hoc test and expressed as the mean+SD
*P<0.05; ¥**P<0.01

inhibited cellular proliferation and attenuated downstream
effectors (four groups: Ctrl, 10 mM Mg>*, 10 mM Mg?* with
10 mM Ca**, and 10 mM Mg>* with nifedipine). This inhib-
itory effect was reversible by the administration of nifedi-
pine (a calcium channel blocker) (Fig. 5D). The western blot
results confirmed that the expression of Wnt5a, f-Catenin,
C-MYC, and C-Jun was down-regulated by additional Ca>*
(Fig. 5E, F), indicating that Mg>* could suppress the Wnt/
Ca”* signaling pathway.

3.8 H&E Staining and Immunohistochemical
Analysis of Regenerated Nerves

A 10 mm sciatic nerve defect model was established in SD
rats to evaluate the materials in vivo. The rats were ran-
domly allocated to one of five groups: autograft, PCL nerve
conduit, 10% MgO/MgCO,/PCL, 20% MgO/MgCO,/PCL,
and 30% MgO/MgCO,/PCL. The autograft group served
as the positive control. For the experimental groups, multi-
gradient nanofiber membranes composed of MgO/MgCO,/
PCL were fabricated into fibers measuring 0.5 mm X 12 mm
and implanted into 3D-engineered PCL nerve conduits
(Fig. 6A, Fig. S5). Six weeks after surgery, nerve continu-
ity was observed to be restored. Regenerated nerve tissue
could be seen in the nerve conduit of the experimental group
(Fig. 6B). The middle segment of nerve samples, 2 mm long,
collected 6 and 12 weeks post-surgery, was subjected to his-
tological assessment for regenerated nerves. H&E staining
was applied to evaluate the newly formed nerve fibers in
each experimental group, and measurements of the diam-
eters of newly formed nerves on transverse sections were
taken (Fig. 6C, S6). The autograft group exhibited the most
significant size with statistical significance, followed by
the 10% MgO/MgCO,/PCL, 20% MgO/MgCO,/PCL, 30%
MgO/MgCO,/PCL, and the PCL nerve conduit (Fig. 6D).
The results indicated that the nerve repair efficacy of the
three groups implanted with MgO/MgCO,/PCL multi-gra-
dient nanofiber was significantly superior to that of the nega-
tive control group (PCL nerve conduit). However, among
the three experimental groups, the 10% MgO/MgCO,/
PCL group, which had the lowest concentration of Mg>™,
exhibited the most favorable repair effect. Indeed, during

the initial 6 weeks of nerve regeneration, the 10% MgO/
MgCO,/PCL group exhibited a higher rate of effective Mg**
release, as previously mentioned. Conversely, while it was
hypothesized that both the 20% MgO/MgCO,/PCL and 30%
MgO/MgCO,/PCL groups might continue releasing for more
than 8 weeks, they did not show repair effects better than the
10% MgO/MgCO,/PCL group. Moreover, according to our
findings, significant inflammatory responses were observed
in the 30% MgO/MgCO,/PCL group. Hence, whether an
overabundance of Mg?™ might confer an unfavorable effect
on nerve regeneration in our experimental scenario could
not be ruled out.

To assess the impact of Mg?* on Schwann cell phenotypic
conversion in vivo, immunohistochemistry was utilized to
evaluate the expression of C-Jun protein in nerve samples at
6 weeks. The findings indicated that, compared to the nega-
tive control (PCL) group, the three groups containing MgO/
MgCO,/PCL fibers were able to modulate the transformation
of SCs towards a reparative phenotype through sustained
release of Mg?* (Fig. S7).

3.9 Remyelination of Regenerated Nerves

Regenerated nerve remyelination was assessed using tolu-
idine blue staining and TEM analysis (Fig. 6E). Nerve
graft samples were collected 12 weeks post-surgery, with
cross-sectional examination focusing on the distal 2 mm
segments of the regenerated nerves. The diameter and
quantity of myelinated axons were evaluated in TEM
images (Fig. 6F, G), as well as the thickness of the new
myelin sheath (Fig. 6H). Additionally, the G-ratio was
calculated to gauge the maturity of the myelinated axons
(Fig. 61). Among the five groups investigated, superior
remyelination was observed in the autograft group and
characterized by distinct, thick, and electron-dense myelin
sheaths surrounding regenerated axons. Consistent with
the H&E analysis findings, the 10% MgO/MgCO,/PCL
group demonstrated significantly enhanced remyelina-
tion in terms of both the quantity and size of the myeli-
nated axons, as well as the thickness of the newly formed
myelin sheath compared to the 20% MgO/MgCO,/PCL,
30% MgO/MgCO,4/PCL, and PCL nerve conduit groups.
Furthermore, in the 20% MgO/MgCO,/PCL group, the
thickness of the new myelin sheath exhibited a significant
improvement compared to both the 30% MgO/MgCO,/
PCL and the PCL nerve conduit groups. However, no sig-
nificant differences in diameter, the quantity of myeli-
nated axons, or the G-ratio were observed between the
20% MgO/MgCO,/PCL, 30% MgO/MgCO,/PCL, and
PCL nerve conduit groups. These findings suggest that
Mg?* played a significant role in facilitating axonal mye-
lination. While Schwann cells were primarily responsi-
ble for the myelination process, the sustained release of
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Fig. 7 Functional recovery analysis assessed using SFI values, elec-
trophysiological assessment, and Masson’s staining of transverse
sections of the triceps surae muscle. a Demonstration of SFI value
calculation. b SFI values gradually increased over time in all groups,
demonstrating the partial restoration of function 6 and 12 weeks post-
surgery (n=5). ¢ CAMP amplitude of the five groups at 12 weeks
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post-surgery. d CAMP amplitude in mV (n=4). e Masson’s staining
of the triceps surae muscle samples 12 weeks post-surgery. f Cross-
sectional area of muscle fibers. g Cross-sectional area of collagen
fibers. h Percentage of collagen fiber area (n=4). Data are expressed
as the mean+SD. Statistical analysis was performed by one-way
ANOVA and Tukey’s post-hoc
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Mg** from the MgO/MgCO,/PCL multi-gradient fibers
might impact the functionality of Schwann cells during
the intermediate and late stages of nerve regeneration.
Maintaining an optimal balance of Mg?* is essential for
supporting Schwann cell function and promoting efficient
nerve regeneration.

3.10 Functional Evaluation of Nerve Regeneration

Paw prints were captured 2, 4, 6 and 12 weeks post-sur-
gery to evaluate the functional recovery of the peripheral
nerve (Fig. 7A, B). SFI, which is a well-established and
sophisticated method for assessing sciatic nerve function
in rats, was calculated, providing a non-invasive approach
to evaluate the extent of motor function recovery in tar-
get muscles following injury to the sciatic nerve or its
branches. SFI values ranged from 0, which represented a
normal value, to — 100, which indicated complete nerve
transection. A lower absolute SFI value suggests better
recovery of nerve function. Rats in all five experimen-
tal groups showed some improvement in overall motor
function over time. Consistent with previous research, the
autograft group had the lowest absolute SFI value among
the five groups, followed by the 10% MgO/MgCO,/PCL
group. No statistically significant differences between the
remaining three groups were observed.
Electrophysiological assessment was performed
12 weeks post-surgery. CMAPs were recorded by placing
the signal-receiving electrode at the triceps surae mus-
cles in five groups. The autograft group demonstrated the
highest amplitudes of compound muscle action potential
(CMAP), followed by the 10% HA-10% MgO/MgCO,/
PCL group. There were no statistically significant differ-
ences among the remaining three groups (Fig. 7C, D).

3.11 Evaluation of Reinnervated Triceps Surae
Muscles

Following nerve damage, muscle atrophy was observed in
the affected triceps surae muscles in all five groups, and
improvement in reinnervation was demonstrated over time.
Triceps surae muscle samples were collected 12 weeks post-
surgery for Masson’s trichrome staining to evaluate muscle
structure (Fig. 7E). The autograft group showed the best
results among the five experimental groups, with an increase
in the muscle fiber cross-sectional area, a decrease in the
collagen fiber area, and a decreased percentage of collagen
fiber area. Among the other four groups, the 10% MgO/
MgCO,/PCL group had the largest muscle fiber cross-sec-
tional area, the greatest reduction in the collagen fiber area
and lowest percentage of collagen fiber area. However, no
significant differences were observed among the 20% MgO/
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MgCO,/PCL, 30% MgO/MgCO,/PCL, and PCL nerve con-
duit groups. The average percentage of collagen fiber area
in the five groups was 12.2% +2.3% in the autograft group,
26.1% +5.5% in the PCL group, 16.5% +4.7% in the 10%
MgO/MgCO,/PCL group, 20.1% +3.3% in the 20% MgO/
MgCO,/PCL group, and 21.1% +4.0% in the 30% MgO/
MgCO,/PCL group (Fig. 7F-H).

Overall, our findings indicated that the development of
a tunable and effective Mg?* release system was crucial for
enhancing the efficacy of Mg?*-encapsulated nerve scaffolds
in peripheral nerve injury. This MgO/MgCO;/PCL multi-
gradient fibers system had the potential to modulate the local
microenvironment of nerve regeneration, facilitate axonal
regrowth, improve Schwann cell function, and ultimately
promote motor function recovery.

The study's limitation lies in the lack of in vivo investiga-
tions into the mechanism by which Mg?* promoted Schwann
cell function. Furthermore, the nerve conduit used in this
study had a relatively simplistic structure. Lastly, due to the
limitations of experimental techniques, we were not able to
detect the actual concentration of Mg?" in the local regenera-
tion microenvironment, thus the optimal therapeutic concen-
tration of Mg2+ in vivo remained unclear. In our study, the
concentration of Mg?* released by MgO/MgCO,/PCL fibers
might not necessarily be the optimal therapeutic concentra-
tion of Mg?* in vivo.

Future research should explore incorporating drugs,
cells, and other active ingredients into the material to fur-
ther enhance the therapeutic efficacy of Mg?-encapsulated
nerve scaffolds [1, 49, 63]. Our study provided new insights
into the regulatory role of Mg?* in the Wnt pathway dur-
ing peripheral nerve regeneration (Fig. 8), revealing the
molecular mechanisms involved in promoting peripheral
nerve repair using Mg>*-encapsulated nerve scaffolds. The
findings established a solid theoretical foundation for future
applications and clinical translation.

4 Conclusions

In this study, we used electrospinning technology to develop
multi-gradient nanofiber membranes composed of MgO/
MgCO,/PCL for the tunable release of Mg?*, which was
regulated for over a period of 6 weeks, depending on the
concentration of the Mg monomer. The in vivo implantation
of these multi-gradient fibers to repair a 10-mm sciatic nerve
defect in rats suggested their ability to promote peripheral
nerve regeneration and motor function recovery. The con-
trolled release of Mg?* during the middle and late stages
of nerve regeneration facilitated the myelination process in
regenerating axons. Additionally, the potential mechanisms
by which Mg?*-induced proliferation, migration, and tran-
sition to a repair phenotype occur in Schwann cells were
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discussed. The Wnt signaling pathway was identified as an
important mechanism influencing Schwann cell function
during nerve regeneration. The novel multi-gradient con-
trolled-released magnesium-based nerve scaffold designed
in this study had advantages such as low preparation cost,
high efficiency, wide adaptability, and strong compatibility.
These findings highlight the significant application potential
of magnesium-containing biomaterials in treating nervous
system diseases and lay a solid theoretical foundation for
future applications and clinical translation.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42765-024-00489-3.
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