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Abstract: Peripheral nerve injury (PNI) often leads to

disability and chronic pain, with limited options (HngTonage\ b

available to promote regeneration and functional = - Py

recovery. Bone marrow mesenchymal stem cells {\/\/
Syringe Pump =

(BMSCs) are considered promising candidates for cell Nl =
therapy in PNI repair. However, the effective induction i\/! = @

-

of BMSCs towards neurogenesis and the directed
migration of cells remain challenging. Here, we
constructed a biomimetic environment by combining
uniaxially aligned polycaprolactone (PCL) nanofibers containing silica nanoparticles (SiO, NPs) with electrical
stimulation (ES). A proper portion of SiO, NPs was uniformly integrated into uniaxially aligned PCL nanofibers to
create nanoscale protrusions on fiber surfaces. Such fibrous mats showed uniaxially aligned morphology, uniform
fiber diameter, and improved wettability. BMSCs were then cultured on both the nanofibers with smooth surfaces
(PCL) or those decorated with nanoscale protrusions (PCL/Si0,), followed by treatment with or without ES, with
glass slides used as a control. All the fibrous mats showed good cell viability, and the uniaxially aligned fibers induced
better cell extension and alignment in comparison to the control group. Both the contact guidance provided by the
nanoscale protrusions on fiber surfaces and the biochemical signal from ES contributed to BMSC differentiation,
with a combination of both promoting the greatest differentiation into neural-like cells. Immunofluorescence
micrographs demonstrated significantly increased expression of NF200 and S100p, along with a higher proportion
of NF200-positive cells compared with S100p, indicating the preferred differentiation of BMSCs to neuron-like cells
under such conditions. Additionally, in migration assays the greatest number and longest migration distance of
BMSCs were exhibited on the PCL/SiO, nanofibers with ES. These studies offer valuable strategies for the
manipulation of stem cell behavior in PNI repair.
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1. Introduction

Bone marrow mesenchymal stem cells (BMSCs) are regarded as highly promising cell sources for neural
tissue engineering owing to their self-renewal capacity, multilineage differentiation potential, relative ease of
harvest, and low immunogenicity [1,2]. Under appropriate microenvironmental cues, BMSCs can differentiate
toward neural lineages, including neuron-like and Schwann cell-like phenotypes, secrete various neurotrophic
factors, and modulate the local immune and inflammatory microenvironment via paracrine signaling [3-5].
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However, current strategies for inducing neurogenic differentiation of BMSCs mainly rely on exogenous
supplementation of neurotrophic factors or pharmacological agents. These approaches are costly and often
associated with suboptimal induction efficiency and limited stability of the differentiated phenotype. Thus, there
is aneed to develop alternative strategies such as using biophysical and biochemical cues to more effectively direct
the fate of BMSCs. Increasing evidence demonstrates that cells can actively sense and respond to biophysical and
mechanical factors [6,7]. Biophysical factors are considered one of the most important physical guidance cues that
adjust cell behaviors including adhesion, morphology, migration, and differentiation [8-10]. Combined
biophysical and biochemical factors have also been widely used to regulate cell behaviors [11-13].

After peripheral nerve injury (PNI), the directional migration of stem cells toward the injury site and their
differentiation into neuron-like cells are critical for nerve regeneration and functional recovery [14]. In this regard,
constructing a biomimetic microenvironment that integrates both biophysical and biochemical cues represents a
key strategy for precisely regulating the adhesion, alignment, migration, and neurogenic differentiation of BMSCs.
This approach facilitates the enrichment of both neuron-like and Schwann cell-like phenotypes at the injury site.
Among the different types of biomaterials, nanofibrous scaffolds can closely mimic the architecture of native nerve
fiber bundles and provide topographical guidance cues for neural cell growth [15]. By adjusting polymer
composition and electrospinning parameters, it is possible to modulate fiber orientation, diameter, and surface
secondary structures, as well as to introduce biochemical functionalization [16—18]. This enables the construction
of engineered nerve regeneration microenvironments that provide multiple physical, chemical, and biological cues
to guide neural cell behavior and stem cell differentiation [19,20]. Polycaprolactone (PCL) is a synthetic polymer
approved by the U.S. Food and Drug Administration for in-vivo implantation. Electrospun PCL fibers often offer
excellent biocompatibility, processability, and biodegradability, which have been widely employed in preparing
tissue-engineered scaffolds [20,21]. By controlling the collector during the electrospinning process, uniaxially
aligned PCL nanofibers can be obtained to mimic the linear arrangement of native nerve fascicles, thereby
providing physical guidance for Schwann cell (SCs) migration and facilitating the formation of Biingner bands
[22,23]. In addition, neural cells are highly sensitive to the nanoscale topography on fiber surfaces. Our previous
study showed that silica nanoparticles (SiO, NPs), a commonly used inorganic material with controllable particle
size and surface chemistry, can be readily incorporated into electrospun fibers to generate nanoscale protrusions
on fiber surfaces and enable further functional modification [24,25]. The introduction of “cell climbing stone-like”
structures provided by protrusions on the surfaces of aligned PCL fibers is expected to provide biomimetic cues
more closely resembling axonal growth cones, thereby facilitating directed cell migration and axonal extension.

In addition to topographical guidance, external electrical stimulation (ES) usually serves as a clinically
relevant and controllable physical modulation strategy, which exhibits clear potential in promoting peripheral
nerve regeneration and attenuating muscle atrophy [26,27]. ES can modulate neuronal membrane potentials and
ion channel activity, regulate intracellular Ca>* signaling, cAMP levels, and related pathways, thereby promoting
axonal sprouting and extension [28-32]. ES also influences SCs proliferation, migration, and the expression of
myelin-associated genes, together with promoting a pro-regenerative microenvironment by upregulating
neurotrophic factors such as brain-derived neurotrophic factor, nerve growth factor, and glial cell line-derived
neurotrophic factor [32-34]. In terms of the modulation of stem cell behaviors, ES shows advantages in regulating
stem cell proliferation, migration, and lineage commitment. Several studies have demonstrated the positive effects
of ES on lineage-specific differentiation of BMSCs to neural, osteogenic, and chondrogenic lineages [35-38].
Compared with the induction of BMSC differentiation solely based on structural cues, the integration of ES offers
temporal controllability, adjustable parameters, and compatibility with nerve conduits, providing an important
complement for realizing “structure—function integrated” nerve repair [39]. The combined effects of structural
guidance, provided by the aligned nanofibers with nanoscale protrusions, together with the ES treatment on
BMSCs neurogenic differentiation and migration, are worth fully elucidating.

In this study, we designed and fabricated SiO, NPs-doped PCL (PCL/SiO,) nanofibrous mats by
electrospinning. After systematically characterizing their morphology, wettability, and chemical structure, BMSCs
were cultured on the nanofibrous mats, with or without ES, to evaluate cytocompatibility, cell morphology,
neurogenic differentiation, and migratory behavior. Neurofilament 200 (NF200) and anti-S100 Beta (S100p) were
selected as representative markers of neuronal axons and SCs, respectively, to assess lineage-specific
differentiation. By integrating topographical guidance from nanoscale protrusions with ES, this work aims to
elucidate the synergistic effects of combined biophysical cues on directing BMSC fate, and to provide a rational
design strategy based on cell therapy for PNI repair.
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2. Experimental Section
2.1. Materials

Ammonium hydroxide aqueous solution and ethanol absolute were bought from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China). Tetraethyl orthosilicate (TEOS) and Hexafluoroisopropanol (HFIP) were obtained from
Macklin (Shanghai, China). Polycaprolactone (PCL, My, = 8 x 10%) and poly-D-lysine (PDL) were supplied by Sigma-
Aldrich (Shanghai, China). Electrospinning equipment was bought from Beijing Ucalery Technology and
Development Co., Ltd. (Beijing, China). Fetal bovine serum (FBS), low glucose dulbecco’s modified eagle medium
and phosphate-buffered saline (PBS) were procured from Wuhan Procell Biotechnology Co., Ltd. (Wuhan, China).
Specialized growth media design for mesenchymal stem cells was procured by Xirui Infinity Biotechnology Co., Ltd.
(Hangzhou, China). Penicillin-Streptomycin Solution was obtained from Biosharp (Beijing, China). 4%
paraformaldehyde, mounting medium, antifade (with DAPI), Triton X-100, and bovine serum albumin (BSA) were
purchased from Beijing Solarbio Science & Technology Co., Ltd. (Beijing, China). Phalloidin-iFluor 488 was bought
from Abcam (Cambridge, UK). Osteogenic, adipogenic, and chondrogenic differentiation kits were purchased from
Haixing Biosciences (Jiangsu, China). NF200 Polyclonal antibody (NF200) and anti-S100 Beta Monoclonal antibody
(S100pB) were procured from Proteintech (Wuhan, China).

2.2. Preparation of PCL/SiO, Nanofibrous Mats

The Stober process was used to synthesize Si0O; NPs [40,41]. Briefly, 5 mL of ammonium hydroxide aqueous
solution and 12 mL of deionized water were added to a beaker and stirred using a magnetic stirrer for 10 min to
obtain stock solution A. Stock solution B was prepared by mixing 3 mL TEOS and 47 mL absolute ethanol. Stock
solutions A and B were then mixed uniformly, and the reaction was allowed to proceed at room temperature for 2
h. Subsequently, the SiO, NPs were obtained by centrifugation, washing, and subsequent drying. The morphology
of the particles was analyzed using a scanning electron microscope (Regulus8100, Hitachi, Tokyo, Japan). The
SiO, NPs were then investigated by dynamic light scattering (DLS) in triplicate (90Plus PALS, Brookhaven
Instruments Corporation, New York, USA).

According to our previous study, a dispersion of SiO, NPs with concentrations of 6% (w/v) was prepared by
ultrasonication in HFIP for 2 h uniformly [24]. PCL was dissolved in suspension to formulate an electrospinning
solution with a final concentration of 10 wt%. The prepared PCL/SiO, aligned nanofibers were fabricated by
electrospinning, with a high-speed rotating drum employed as the collector. The electrospinning parameters used
included an applied voltage of 15 kV, collection distance of 18 cm, and rotating speed of the drum at 3000 rpm.
The morphology of the fibers was analyzed by the scanning electron microscope. The distribution of SiO, NPs
within the fibers was observed using a transmission electron microscope (TEM) (HT7700, Hitachi, Tokyo, Japan).
Fourier transform infrared spectroscopy (FTIR) (Nicolet iS50, Thermo Fisher Scientific, Waltham, MA, USA)
was used to evaluate whether SiO, NPs were successfully encapsulated. The hydrophilicity and hydrophobicity of
the nanofibrous mats were measured at room temperature using a contact angle analyzer (Theta Lite, Biolin
Scientific, Gothenburg, Sweden).

2.3. In Vitro Experiments

Different samples were placed in 24-well or 6-well plates and subjected to plasma sputtering for 30 s,
followed by sterilization with 75% ethanol for 4 h and subsequent UV irradiation for 30 min. The samples were
then coated with PDL overnight. After removing the PDL, the samples in each well were rinsed with PBS three
times. Direct current ES was used in this study at 0.14 mA for 15 min, once daily. The designated experimental
groups were as follows: Control (C), Control with ES (CE), PCL (P), PCL with ES (PE), PCL/SiO; (S), and
PCL/SiO; with ES (SE).

2.3.1. Characterization of BMSCs

Morphological Observation: BMSCs at passage 3 (P3) were cultured in specialized growth media. When the
cells reached approximately 80—90% confluence, their morphology was examined and photographed under an
inverted light microscope.

Osteogenic differentiation: BMSCs at P3 were seeded at 4 x 10* cells/well in 24-well plates. When the cells
reached approximately 90-100% confluence, the medium was replaced with osteogenic induction medium and
cultured for 21 days, with the medium changed every 3 days. After fixation with 4% paraformaldehyde,
mineralized nodules were stained with Alizarin Red S solution for 5 min at room temperature and observed under
a light microscope.
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Adipogenic differentiation: BMSCs at P3 were seeded at 4 x 10 cells/well in 24-well plates. When the cells
reached approximately 80-90% confluence, adipogenic induction medium was added. After 3 days, the medium
was changed to adipogenic maintenance medium for 1 day, followed by another 3-day induction cycle. This cycle
was repeated for 14 days. Cells were fixed with 4% paraformaldehyde for 30 min and stained with Oil Red O
working solution (stock:saline = 3:2) for 30 min.

Chondrogenic differentiation: BMSCs at P3 were seeded at 4 x 10° cells/well in 24-well plates. After 3 h of
attachment, 200 uL of medium was added. The cells were cultured for 14 days with medium changes every 3 days.
Cells were fixed with 4% paraformaldehyde for 30 min, then stained with Alcian Blue solution for 30 min in the
dark. All staining results were observed under an inverted light microscope.

2.3.2. Cell Viability

The CCK-8 assay was used to assess the biocompatibility of various nanofibrous mats with or without ES after
3 and 7 days. Low glucose Dulbecco’s modified eagle medium supplemented with 1% (v/v) penicillin-streptomycin
solution and 10% (v/v) FBS was used to culture BMSCs. BMSCs were co-cultured with the different material groups
in 24-well plates with 2 x 10* cells/well. After cell attachment, ES was applied, and the absorbance of the supernatant
was measured at 450 nm by a microplate reader (FLUOstar Omega, BMG Labtech, Offenburg, Germany).

2.3.3. Cell Morphology

BMSCs were seeded into 24-well plates with 1 x 10* cells/well in 400 uL of specialized growth media. After
cell adhesion, ES was applied. The media was changed every other day, and ES was continuously applied for 3
days. After the media was removed, cells were fixed with 4% paraformaldehyde for 20 min, permeabilized with
0.1% Triton X-100 for 5 min, and blocked with 1% BSA for 1 h. The cells were then stained with Phalloidin-
iFluor 488 followed by antifade (with DAPI) and imaged on an inverted fluorescence microscope.

2.3.4. Cell Differentiation

BMSCs were seeded into the 24-well plates at a density of 5 x 10% cells/well in 400 pL of specialized growth
media. After cell adhesion, ES was applied continuously for 7 days, and the media was changed every other day.
At 7 days post seeding, the samples were fixed, permeabilized, and blocked following the same protocol as
described in Section 2.3.2. Cells were subsequently stained with NF200, S100B, and antifade (with DAPI),
respectively, for observation. ImageJ software was used to quantify the fluorescence intensity of NF200 and
S100p. Briefly, fluorescence images were imported into ImageJ, and identical thresholding and analysis settings
were applied to all groups. Regions of interest (ROIs) were defined for each image, the mean fluorescence intensity
was measured after background subtraction, and the values of experimental groups were normalized to the average
intensity of the control group. Lumpie: is the mean fluorescence intensity of an individual experimental group
sample, Leonrolmean 18 the average intensity of all control samples, and » is the number of experimental samples.
This calculation gives the mean relative intensity normalized to the control group. The relative fluorescence
intensity was calculated by normalizing the mean fluorescence intensity of each sample to the average fluorescence
intensity of the control group, according to the following formula, as well as the proportion of differentiated cells.
The proportion of differentiated cells (NF200-positive or S100B-positive cells) was calculated.

Isample,i

ontrol,mean

n
1
Relative intensity = — E
Y n 4 1Ic
i=

2.3.5. Cell Migration

PCL and PCL/SiO, fibrous mats were placed in 6-well plates, respectively, with glass slides as a control.
BMSCs were seeded at a density of 1 x 10° cells/well on the left side of each sample with a 0.3-mm wide area
produced using a polydimethylsiloxane (PDMS) block. After the cells had adhered to the substrate, the PDMS
block was removed to allow the migration of cells into a region of 1 cm, and the media was replaced with
specialized growth media to low-glucose DMEM containing 1% FBS. At 3 days post seeding and daily ES, the
cells were fixed, permeabilized, blocked, and stained with Phalloidin-iFluor 488 and antifade (with DAPI)
following the same procedure as described in Section 2.3.2. The micrographs were captured under the inverted
fluorescence microscope, and the total number of migrated cells as well as the cell counts in each migration region
were quantified using the ImageJ software.
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2.4. Statistical Analysis

All experiments in this study were conducted with at least three replicates. All data were processed and
analyzed using GraphPad Prism 10.1.2 (GraphPad Software, San Diego, CA, USA) and ImageJ (National Institutes
of Health, Bethesda, MD, USA), and results were presented as mean =+ standard deviation (SD). Student’s #-test
was used for comparisons between two groups only. For experiments involving the six groups C, CE, P, PE, S,
and SE and two independent variables, a two-way ANOVA was applied. Statistical significance is presented as
follows: * p <0.05, ** p <0.01 and *** p <0.001.

3. Results and Discussion
3.1. Characterization of SiO, NPs and PCL/SiO; Nanofibrous Mats

SiO, NPs were synthesized via the Stober method. The scanning electron microscopy (SEM) images in
Figure 1A show that the SiO, NPs have smooth surfaces, good dispersibility, and a uniform size distribution
around 200 nm. DLS analysis in Figure 1E shows that the hydrodynamic diameter of the SiO, NPs was 241.29
+ 21.87 nm. This discrepancy arises because DLS measures the hydrodynamic diameter of particles in solution,
including the hydration layer surrounding the nanoparticles, whereas SEM images show the physical diameter
of dry particles under vacuum. Such differences are commonly observed in nanoparticle characterization. Our
previous study demonstrated that PCL microfibers engraved with nanoscale grooves around 200 nm showed the
best performance in inducing neurite extension and SCs migration [42]. Additionally, we integrated SiO, NPs
with biocompatible PCL to fabricate hybrid nanofibers featuring surface protrusions as secondary structures
with distinct sizes and SiO; concentrations [24]. The results also confirmed that the SiO, NPs with a diameter
of around 200 nm demonstrated the most obvious influence on the migration of SCs and neural stem cells and
contributed to the axonal extension of neurons. These results are mainly attributed to the modulation of surface
roughness and hydrophilicity of SiO, NPs, which may enhance cell adhesion and cytoskeletal remodeling.
Meanwhile, 200 nm protrusions match the dimension of growth cones, thereby reinforcing cell-material

interactions and amplifying guidance effects.
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Figure 1. SEM images of (A) SiO2 NPs, (B) PCL nanofibers, and (C) PCL/SiOz nanofibers. (D) TEM image of
PCL/SiO2 nanofibers. (E) Size distribution of SiO2 NPs measured by DLS. Diameter distribution of (F) PCL and
(G) PCL/SiOz nanofibers. (H) Water contact angle analysis. (I) FTIR spectra of SiO2 NPs, PCL and PCL/SiO2
nanofibers. (J) Schematic illustration of the electrical stimulation system used for in vitro cell stimulation.
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Aligned PCL and PCL/SiO, nanofiber mats were successfully fabricated by electrospinning. SEM
observations in Figures 1B and 1C confirm the morphologies of PCL and PCL/SiO, nanofibers, which were
uniformly distributed and exhibited a predominantly aligned morphology, as observed by SEM. Such fibers are
known to provide contact guidance cues for cell alignment and migration [24]. TEM analysis in Figure 1D presents
that SiO, NPs are distributed along the PCL nanofibers, showing both surface-decorated and embedded
morphologies. Although the present study did not quantitatively determine the density, height, or spatial
distribution of the nanoscale protrusions by AFM or profilometry, SEM and TEM observations confirmed the
aligned fibrous morphology and the presence of SiO, nanoparticle-derived surface features. The particle dispersion
and aggregation state are expected to strongly influence the surface properties of composite fibers. Statistical
analysis in Figures 1F and 1G showed that the average fiber diameter of PCL mats was 496.33 + 96.1 nm, whereas
that of PCL/Si0, mats decreased to 394.58 + 71.1 nm. The incorporation of SiO, NPs affected the electrospinning
process and resulted in a narrower diameter distribution. The decrease in fibrous diameter can be explained by the
typical parameters for electrospinning and the polymer composition [43,44]. When SiO, NPs are added to the
solution for electrospinning, the NPs significantly improve the conductivity and charge density, resulting in
stronger stretching forces and enhanced whipping instability of the jet in the electric field, thereby enabling the
fibers to be drawn thinner before solidification. Moreover, the SiO, NPs could influence the surface tension or
increase the electrostatic interaction between the solution and the collector.

Wettability plays a critical role in regulating cell adhesion and spreading [45]. The water contact angles of
PCL and PCL/SiO; nanofiber mats were 128.34 +4.93° and 126.02 + 5.2°, respectively (Figure 1H). Plasma was
then applied to treat the nanofiber mats, followed by coating with PDL. The contact angle was markedly decreased
to 75.39 £ 8.66° and 55.92 + 4.42°, respectively. The improved wettability is likely related to the surface activation
effect of plasma treatment. Plasma exposure may cause mild surface etching and generate nanoscale irregularities,
potentially increasing the apparent surface roughness. Meanwhile, plasma treatment introduces oxygen-containing
polar groups, such as hydroxyl (-OH), carbonyl (C=0), and carboxyl (-COOH), onto polymer surfaces. These
changes are expected to enhance surface energy and facilitate subsequent PDL deposition, thereby promoting cell
adhesion and migration. The chemical structures of SiO, NPs, PCL and PCL/SiO, nanofibers were characterized
by FTIR, as shown in Figure 11. For the PCL/SiO; nanofibers, a characteristic absorption band at 1710 cm™' was
observed, corresponding to the C=0 stretching vibration of PCL. Moreover, the peaks at approximately 2940 cm™
ascribed to C—H stretching were enhanced after the incorporation of SiO, NPs [46]. The appearance of bands
around 765 cm! in the PCL/SiO, spectrum was assigned to the Si-O stretching vibration of SiO, [47],
demonstrating the successful incorporation of SiO, NPs into the PCL fibers.

3.2. Characterization of BMSCs

The isolated and cultured cells exhibited typical mesenchymal stem cell morphology, as shown in Figure S1,
with adherent growth and a spindle-shaped or fibroblast-like appearance under an inverted microscope. To further
identify their stem cell characteristics, trilineage differentiation assays were performed. After osteogenic induction,
Alizarin Red S staining showed distinct red-stained mineralized nodules, indicating calcium deposition and
osteogenic differentiation potential (Figure S2). Following chondrogenic induction, positive Alcian blue staining
was observed, demonstrating the accumulation of acidic glycosaminoglycans in the extracellular matrix and
confirming chondrogenic differentiation ability (Figure S3). After adipogenic induction, Oil Red O staining
revealed abundant intracellular lipid droplets, and Figure S4 indicates adipogenic differentiation potential.
Together, these results confirmed that the cells used in this study possessed the typical morphological features and
multilineage differentiation capacity of BMSCs.

3.3. In Vitro Biocompatibility Evaluation

As shown in Figure 1J, an in vitro electrical stimulation system was constructed for subsequent cell experiments.
Aluminum foil was used as the electrode material, integrated into a culture plate, and connected to an external ES.
This simple setup allowed electrical cues to be applied during cell culture and served as the basis for evaluating the
synergistic effects of topography and electrical stimulation on BMSC behaviors.

To evaluate the biocompatibility of the topographical nanofibrous mats combined with ES, BMSCs cultured
on the different substrates were evaluated using the CCK-8 assay at days 3 and 7. As shown in Figure 2, there are
no statistically significant differences in overall BMSCs viability, indicating that the aligned PCL/SiO; nanofibers,
with or without ES, exhibit good cytocompatibility and support BMSCs growth. Fluorescent micrographs in Figure
3A present the morphologies of BMSCs after culture in the different groups for 3 days. In the control group (C),
BMSCs displayed a typical fibroblast-like morphology with a relatively spread and polygonal shape. With the
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introduction of aligned fibers and ES, cells gradually became more elongated and aligned along the fiber direction.
As shown in Figure 3B, the orientation angle of BMSCs was widely distributed in the C group, indicating no
obvious directional preference. In contrast, the aligned fibrous mat groups exhibited a narrow angular distribution,
with a larger proportion of cells oriented close to the fiber direction. These data demonstrate that aligned fibers
play a major role in guiding BMSCs’ orientation, while ES can further improve the degree of ordered cell
arrangement. This morphological transition implies that the combined physical guidance of fiber orientation and
ES may induce a neurogenic-like response in BMSCs. Such morphological changes are often associated with
cytoskeletal rearrangement and may represent an early indicator of lineage commitment toward neural phenotypes.
Therefore, the synergistic effects of topographical guidance and electrical cues appear to modulate BMSCs’
morphology and potentially prime cells for neurogenic differentiation.
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Figure 2. Viability of BMSCs after culture in the different groups for 3 and 7 days. The experimental groups were
designed as follows: control (C), control with ES (CE), PCL (P), PCL with ES (PE), PCL/SiOz (S), and PCL/SiO2
with ES (SE). ns indicates no significant differences between the compared groups.
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Figure 3. (A) The morphology of BMSCs after culture on the different groups for 3 days; (B) Orientation angles

of BMSCs on the different groups. F-actin (green) represents the cytoskeleton and DAPI (blue) is a nuclei stain.
The experimental groups were designed as follows: control (C), control with ES (CE), PCL (P), PCL with ES (PE),
PCL/SiOz (8), and PCL/SiOz with ES (SE).
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3.4. Differentiation of BMSCs

Following PNI, remyelination and axonal extension are two critical biological steps for functional
regeneration [48]. The myelin sheath is an insulating structure formed by SCs that wraps around the axons [49]. It
not only enables saltatory conduction of action potentials but also provides neurotrophic support to the axon
[50,51]. Axons, as the extending part of the neuron, are responsible for conducting nerve impulses and serve as
the foundation for establishing functional neural connections [52]. Therefore, simultaneously promoting axonal
regeneration and remyelination is the goal of neural tissue engineering. NF200, as a structural protein in neurons,
implies the growth of nerve fibers, while S100f serves as a cytoplasmic protein marker for SCs. To investigate the
regulatory effects of topographical cues combined with ES on neural-like differentiation of BMSCs, the expression
of NF200 and S100B was assessed by immunofluorescence. With the introduction of aligned fibers and ES,
consistent with the morphological observations, BMSCs demonstrated elongated cell morphology and aligned
growth and expressed both NF200 and S1008 (Figure 4).

NF200 S1008 DAPI Merge

Figure 4. Immunofluorescence micrographs showing NF200 and S100p expression after BMSCs were cultured on
the different groups for 7 days. Green: NF200; Red: S100p; Blue: DAPI nuclei stain. The experimental groups were
designed as follows: control (C), control with ES (CE), PCL (P), PCL with ES (PE), PCL/SiOz (S), and PCL/SiO2
with ES (SE).

Quantitative analysis of fluorescence intensity in Figures 5SA and 5B revealed that both the nanoscale
protrusions on fiber surfaces and the ES contributed to the induction of BMSCs differentiation, with the highest
NF200 and S100pB expression seen in the SE group. Compared to the C group, aligned PCL nanofibers (P group)
also induced a significant upregulation of NF200 expression. Incorporation of SiO, NPs in aligned PCL nanofibers
(S group) further enhanced NF200 expression compared with the C group, indicating that nanoscale protrusions
augment the physical guidance effect of fiber alignment. The expression of NF200 was significantly higher in the
groups exposed to ES compared to those without, particularly in the SE group. On the other hand, BMSCs exposed
to both nanoscale protrusions and ES showed the highest Schwann cell-like differentiation in comparison to the
other groups, suggesting beneficial synergistic effects of physical and biochemical signals. These results suggest
that the integration of nanoscale topography with ES effectively enhances the neural-like differentiation of
BMSCs. Notably, compared with nanoscale protrusions, ES more effectively induced differentiation into Schwann
cell-like cells. Overall, aligned fibers with nanoscale protrusions on fiber surfaces offered a structure similar to
Biingner bands, which provided guidance for cell elongation. Additionally, ES could regulate the level of Ca?* and
activate downstream pathways, which played a significant role in regulating axonal extension. The synergistic
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effects may stem from the elongation of cell morphology introduced by nanoscale protrusions on aligned fiber
surfaces, which enhances the sensitivity to ES, thereby enlarging neuronal signaling.
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Figure 5. Relative expression of NF200 and S100p proteins according to the results shown in Figure 4: (A) NF200;
(B) S100B; (C) Comparison of NF200/S100p expression. The experimental groups were designed as follows:
control (C), control with ES (CE), PCL (P), PCL with ES (PE), PCL/SiOz (S), and PCL/SiO> with ES (SE). ** p <
0.01 and *** p < 0.001 indicate significant differences between the compared groups.

Moreover, data showed that the proportion of cells expressing NF200 was higher than that expressing S100p3
in each group, as presented in Figure 5C. Aligned PCL nanofibers induced a significant increase in NF200 relative
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to the C group and altered the NF200/S100f ratio in a direction consistent with a more neuron-like phenotype.
Following the application of ES, the expression level of NF200 exhibited a slight decrease. Nevertheless, it
remained significantly elevated compared with that of S100B. These results indicate a preference for neuronal-like
differentiation rather than Schwann cell-like differentiation under these conditions. The synergy between the
nanoscale topography of SiO,-containing aligned fibers and ES can effectively promote the neurogenic
differentiation of BMSCs, with a bias toward a neuron-like phenotype.

3.5. Migration of BMSCs

Cell migration is a critical process during nerve regeneration, as stem cells must migrate toward injury sites
and participate in tissue repair [53]. We further evaluated the influence of PCL/SiO; fibers combined with ES on
the migration of BMSCs. Fluorescence micrographs in Figure 6A showed that BMSCs in all groups exhibited
migration behaviors on the underlying substrates. Compared to the C group, the migration of BMSCs on uniaxially
aligned fibers (P, PE, S, and SE) displayed substantially enhanced migration, characterized by a longer migrated
distance. This result indicates that the aligned fiber architecture provided effective contact-guidance cues to
facilitate directional cell movement. Furthermore, the BMSCs cultured on fiber surfaces with nanoscale
protrusions (S group) exhibited a more significant response to directional migration, compared to the smooth
nanofibers (P group). When combined with ES, the BMSCs migrated the farthest distance in the SE group.
Quantitative statistical analysis in Figure 6B further revealed that the total number of migrated cells in the SE
group was significantly greater than that in the other groups (*** p <0.001), suggesting a synergistic contribution
of biomimetic nano-topography and ES in enhancing BMSCs migration. To further evaluate migration
distribution, the migration zone was evenly divided into three regions: the proximal (region I), middle (region II),
and distal area (region III) in Figure 6C. In regions I and II, the number of migrated BMSCs in the SE group was
significantly greater (*** p < 0.001) than in the C and CE groups. Even in region III, the SE group exhibited a
significantly higher number of migrated cells (* p < 0.05) than the C and CE groups. These results revealed that
the combination of biophysical and biochemical cues enabled BMSCs to migrate over longer distances.
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Figure 6. (A) Fluorescence micrographs showing the migration of BMSCs after culture on the different groups for
3 days. (B) Statistics of the total number of migrated BMSCs. (C) The number of BMSCs in the different migration
zones. The experimental groups were designed as follows: control (C), control with ES (CE), PCL (P), PCL with
ES (PE), PCL/SiO2 (S), and PCL/SiO2 with ES (SE). * p <0.05 and *** p < 0.001 indicate significant differences
between the compared groups.
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Uniaxially aligned nanofibers with nanoscale protrusions offer more anchoring sites to reduce the
randomness of cell movement and improve migration efficiency. Such nano-topographical features may also
enhance signaling related to cell migration, such as the reaction of actin mediated by Rho, Rac, and Cdc42
GTPases, and actin remodeling [54]. Meanwhile, ES served as an external bioelectrical cue that further enhanced
directional migration, possibly by modulating membrane potential, ion channel activity, and intracellular calcium
dynamics, thereby accelerating cell movement and improving directional persistence. More importantly, the
simultaneous presence of topographical and electrical cues may create a more biomimetic microenvironment,
enabling BMSCs to integrate multiple external signals and respond more sensitively to guidance stimulation [55].
This cooperative effect likely underlies the superior migration performance observed in the SE group and may be
particularly beneficial for promoting endogenous stem cell recruitment and tissue regeneration in peripheral nerve
repair.

4. Conclusions

By utilizing electrospinning, SiO, NPs were integrated with biocompatible PCL to fabricate hybrid
nanofibers featuring surface protrusions as secondary structures. We explored the regulatory influence of
PCL/SiO; nanofibrous mats combined with ES on modulating BMSCs’ behavior. Our results demonstrated that
the fabricated scaffolds possessed favorable physicochemical properties and cytocompatibility, effectively
promoting cell adhesion, migration, and viability. The synergistic effect of the uniaxially aligned topographical
structure and applied ES induced a neural-like morphological transition of BMSCs. In particular, this combined
approach significantly upregulated the neuronal marker NF200 and the Schwann cell marker S1008, with a bias
toward neuronal-like differentiation. The uniaxially aligned PCL/SiO, nanofibers combined with ES also markedly
enhanced the long-distance migration of BMSCs. Collectively, these findings indicate that the combination of
aligned PCL/SiO; nanofibrous scaffolds with ES creates a biomimetic microenvironment that resembles native
neural tissue architecture. Furthermore, it is indicated that fibrous mats seeded with stem cells to create nerve
guidance conduits represent a significant potential for future applications in PNI repair.
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mineralized nodes under osteogenic induction, showing the formation of mineralized nodules; Figure S3: Alcian blue staining
after chondrogenic induction, showing the deposition of cartilage-associated extracellular matrix; Figure S4: Oil Red O staining
after adipogenic induction, showing the formation of intracellular lipid droplets.
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