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ARTICLE INFO ABSTRACT

Keywords: Peripheral nerve injury usually results in motor and sensory impairments, with nerve guidance conduits (NGCs)
Electrospinning representing a promising strategy to facilitate nerve regeneration. The recovery of peripheral nerve injury is
PEDOT

critically influenced by the topographic guidance cues and electrical properties of NGCs. In this study, the
combination of hydroxyethyl cellulose (HEC) and poly(3,4-ethylenedioxythiophene) (PEDOT) was used for the
first time to enhance the conductivity of conduits. Through electrospinning, spiral-structured conductive PLCL/
HEC-PEDOT NGCs filled with aligned nanofibers (F-P/H-P) were fabricated. These electrospun F-P/H-P NGCs
exhibited superior electrical conductivity, which significantly enhanced the adhesion and proliferation of SCs
and PC12 cells and further promoted the expression of S100 and NF200 proteins in combination with electrical
stimulation. In vivo experiments utilizing sciatic nerve defect models revealed that the conductive F-P/H-P
conduit significantly accelerated peripheral nerve regeneration, neovascularization, and functional recovery.
This study demonstrates the potential of electrospun conductive NGCs filled with aligned nanofiber membranes
(F-P/H-P) to promote peripheral nerve regeneration and functional restoration.

Conductive conduits
Nerve regeneration

1. Introduction defects, primarily due to the absence of biophysical cues and inadequate
mechanical stability [6].
To address these limitations, researchers have developed NGCs with

an inner layer of aligned nanofibers, which provide directional guidance

Peripheral nerves are extensively distributed throughout the human
body and serve as a critical communication link between the central

nervous system and the rest of the body. Peripheral nerve injury (PNI) is
a prevalent clinical disease, with over 5 million cases reported globally
each year [1]. The current gold standard for treating PNI is autologous
nerve transplantation, but this approach is significantly limited by donor
site morbidity and suboptimal functional recovery [2,3]. Given these
challenges, substantial research has focused on developing advanced
nerve guidance conduits (NGCs) as an alternative strategy for nerve
regeneration [4,5]. Traditional hollow NGCs have demonstrated
regenerative potential but are limited in their suitability for large nerve
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for cell growth and axon regeneration [7]. The aligned spiral structure
within NGCs increases the specific surface area, providing Schwann cells
(SCs) with more adhesion points, thus enhancing cell adhesion and
proliferation while offering additional guidance for nerve regeneration
[8]. Additionally, the outer layer of random nanofiber serves a dual
purpose: preventing scar tissue invasion and providing sustained me-
chanical support during the regeneration process [9]. The incorporation
of electroconductive materials into NGCs has gained attention due to the
sensitivity of nerve cells to electrical stimulation (ES), which promotes
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cell differentiation and axon regeneration [10]. While some studies have
explored the application of external ES, others have demonstrated that
intrinsic electrical signals generated by nerve cells can also achieve
significant regenerative outcomes [11-13].

Numerous studies have demonstrated that the incorporation of
electroconductive biomaterials into NGCs facilitates ES throughout the
active proliferation state in vivo [14-16]. Among the conductive ma-
terials explored for neural tissue engineering, metals, carbon nano-
materials, and conductive polymers have been widely utilized.
However, metal-based and carbon-based materials often face challenges
such as inhomogeneous distribution and compromised mechanical
properties due to excessive admixture [17]. In contrast, conductive
polymers offer distinct advantages, including improved conductivity
and mechanical strength, while avoiding these issues. Poly(3,4-
ethylenedioxythiophene) (PEDOT) is notable for its superior conduc-
tivity and stability relative to polypyrrole (PPy) and polyaniline (PANi),
making it a standout choice in the realm of conductive polymers
[18-20]. Despite its excellent properties, PEDOT is insoluble in water
and most organic solvents, limiting its practical application. To address
this limitation, poly(styrene sulfonate) (PSS) has been employed as a
dispersant to form a PEDOT:PSS polymer electrolyte. This complex
consists of positively charged PEDOT and negatively charged PSS,
enabling stable dispersion of PEDOT in solvents [21]. However, the use
of PSS introduces additional challenges, including reduced electrical
conductivity, long-term stability, and biocompatibility, which restrict its
biological applications [22]. To overcome these limitations, alternative
electronegative ligands, such as chondroitin sulfate, xanthan gum, and
hyaluronic acid, have been investigated as potential replacements for
PSS [23-25]. The negatively charged hydroxyl groups in hydroxyethyl
cellulose (HEC) can form electrostatic interactions with the positively
charged PEDOT [26]. Furthermore, to improve the degradability and
biocompatibility of conductive biomaterials, heteroaromatic conductive
segments of PEDOT have been combined with aliphatic chains of
biodegradable polymers, such as poly (L-lactide-co-caprolactone)
(PLCL) through ester linkages [27]. This approach enhances the per-
formance of materials while meeting the requirements of neural tissue
engineering applications.

In this study, degradable PLCL, biocompatible HEC, and highly
conductive PEDOT were integrated into nanofibers by electrospinning,
working synergistically with ES to influence nerve cell behavior and
promote nerve regeneration in vivo, as illustrated in Scheme 1. NGCs
filled with aligned conductive nanofibers were constructed to mimic the
aligned structure and conductivity of neural axons, integrating both
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structural and electrical cues to synergistically promote nerve regener-
ation. The mechanical properties, conductivity, hydrophily, and degra-
dation of PLCL/HEC (P/H), hollow PLCL/HEC-PEDOT (H-P/H-P), and
filled PLCL/HEC-PEDOT (F-P/H-P) NGCs were systematically charac-
terized. Then, the adhesion, proliferation, and differentiation of SCs and
PC12 cells on the nanofibers were evaluated in vitro, both in the pres-
ence and absence of ES. Finally, the efficacy of these NGCs in promoting
nerve regeneration and functional recovery was evaluated in rat models
of sciatic nerve defects.

2. Results and discussion
2.1. Characterizations of NGCs

Isotropic and anisotropic bilayer nanofiber conduits were fabricated
by electrospinning. SEM images revealed that each group of nanofibers
exhibited excellent surface morphology, characterized by uniform and
smooth fibers as well as interconnected pores (Fig. 1A and B). Statistical
analysis of fiber diameters exhibited that the P/H-P group had smaller
fiber diameters compared to the P/H group, a trend observed in both
random and aligned layers (Fig. 1C and D). The incorporation of PEDOT
enhanced the conductivity of the spinning solution, thereby exerting a
stronger pull on the nanofibers under identical electric field conditions.
Notably, while the P/H membrane failed to conduct sufficient electricity
to illuminate an LED lamp, the P/H-P membrane demonstrated con-
ductivity capable of lighting the bulb (Fig. 1E). Photographs of the P/H,
H-P/H-P, and F-P/H-P conduits were presented in Fig. 1F. Mechanical
tensile results of the three groups were shown in Fig. 1G. The tensile
strength of the conduits with the conductive material PEDOT increased
significantly, from 5.7 + 0.6 t0 9.3 + 1.2 MPa. The P/H, H-P/H-P, and F-
P/H-P NGCs can easily match the necessary mechanical thresholds of
conduits for nerve repair applications [28]. Besides, the F-P/H-P con-
duits with aligned spiral structures showed better tensile strength than
the H-P/H-P conduits (Fig. 1H). These findings indicated that the
fabricated nerve conduits possessed the requisite mechanical properties
for effective nerve repair, including the ability to prevent scar tissue
invasion and supporting peripheral nerve regeneration.

The enclosed region in the cyclic voltammetry (CV) curves corre-
sponds to the quantity of charge transferred through the sample during
testing. A larger enclosed area indicated greater charge transfer within
the sample, which was indicative of superior conductivity. The CV di-
agram of the samples reflected a larger charge area and an increase in
electrical conductance of the P/H-P group in comparison to the P/H

4

Scheme 1. Schematic illustration of conductive F-P/H-P NGCs for promoting nerve regeneration under ES.
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Fig. 1. Characterization of NGCs. SEM images of (A) random layers and (B) aligned layers of P/H and P/H-P nanofiber membranes. Scale bar: 10 pm. The statistics of
nanofiber diameter of (C) random layers and (D) aligned layers of P/H and P/H-P membranes. (E) Conductivity observation of P/H and P/H-P membranes. (F)
Photographs of P/H, H-P/H-P, and F-P/H-P conduits. Scale bar: 1 mm. (G) Stress-strain curves of P/H, H-P/H-P, and F-P/H-P conduits. (H) Tensile strength of
different conduits. (I) CV curves of P/H and P/H-P membranes. (J) Conductivity of P/H and P/H-P membranes. (K) FTIR spectra, (L) TGA curves, (M) WCA, and (N)

residual mass of P/H and P/H-P membranes.

group (Fig. 11, Table S2). The conductivity of the P/H-P membrane was
measured at 3.34 + 0.07 x 10° S cm™ ", while the P/H membrane was
inconclusive due to its excessively high resistance (Fig. 1J). The above
results confirmed that the addition of PEDOT markedly improved the
conductivity of the material, thereby establishing a favorable electro-
physiological microenvironment for damaged nerves.

FTIR test was employed to ascertain the molecular structure of ma-
terials and detect the polymerization of PEDOT. The FTIR spectra
showed the ester group of 1756 cm™! absorption peak and the

*p < 0.05, **p < 0.01, ***p < 0.001.

methylene group of 2938 cm™?, confirming the presence of PLCL [29].
Additionally, a hydroxy peak at 3429 cm ™" was observed, corresponding
to the primary functional group of HEC [30]. The absorption peaks at
3111 cm™! of the hydrocarbon bond on the thiophene ring and the peaks
at 763 and 892 cm ! of the unsaturated hydrocarbon bond disappeared
following the polymerization of EDOT to PEDOT, providing clear evi-
dence of successful PEDOT formation (Fig. 1K) [31,32]. In addition, the
color change in the electrospinning solutions during EDOT polymeri-
zation, as shown in Fig. S1, was consistent with previous research [24].
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These findings confirmed the efficient synthesis of conductive PEDOT.

The TGA results indicated that the residual mass at 800 °C was 0.6 %
for the P/H membrane and 6.4 % for the P/H-P membrane (Fig. 1L). This
difference indicated enhanced thermal stability of the P/H-P membrane
due to the incorporation of PEDOT. As illustrated in Fig. 1M, WCA
measurements showed values of 77.2 + 2" for the P/H membrane and
76.7 + 2.1 for the P/H-P membrane, indicating comparable hydro-
philicity between the two types of membranes. The residual mass of the
P/H membrane reached 57.1 %, while that of the P/H-P membrane was
64.1 % after 60 days of degradation, indicating favorable degradation
properties for these materials (Fig. 1N).

Cultivation of SCs and PC12 cells with ES in vitro SCs play a crucial
role in peripheral nerve repair, and numerous previous studies have
demonstrated that ES efficiently facilitates the growth, adhesion, and
myelination of SCs [33-35]. After one day of incubation, no significant
differences in SCs proliferation were observed among various mem-
branes (Fig. 2J). However, the proliferation of SCs on ES-P/H-P mem-
branes was significantly promoted compared to P/H-P membranes after
3 days. After 5 days, the viability of SCs in the ES-P/H-P group surpassed
all other groups, with the P/H-P group also outperforming the P/H and
ES-P/H groups. Similar trends were observed in the proliferation of
PC12 cells. According to Fig. 2K, PC12 cells cultured on ES-P/H-P
membranes exhibited the highest cell viability after 4 and 7 days, with
a significant difference compared to the P/H and P/H-P membranes. In
conclusion, P/H-P membranes were determined to be the most effective
for stimulating the growth of SCs and PC12 cells, especially when
combined with ES.

S100 is a specific protein expressed by SCs that usually plays a
neurotrophic role in peripheral nerves [36]. Furthermore, NF200 is a
neurofilament protein specifically expressed in PC12 cells and serves as
an important marker of mature axons [37]. To further investigate the
interaction of nerve cells with P/H and P/H-P membranes with or
without ES, immunofluorescence staining was performed to assess the
specific expression of S100 and NF200 proteins in SCs and PC12 cells
after 5 days of culture (Fig. 2A and B). Both S100 and NF200 proteins
were expressed in all groups but at different levels of expression. Sta-
tistical analysis revealed that the ES-P/H-P group exhibited the highest
proportion of positive expression for S100 and NF200, with the P/H-P
group also showing significantly higher expression compared to the P/
H and ES-P/H groups (Fig. 2H and I).

The Transwell assay was conducted to detect the longitudinal
migration of PC12 cells after 24 h. Medium collected from the super-
natant of SCs cultured for 5 days in different groups was used to culture
PC12 cells, as illustrated in the schematic in Fig. 2E. Quantitative
analysis indicated that the ES-P/H-P group exhibited the highest level of
PC12 cell migration, with the P/H-P and ES-P/H groups also showing
significantly enhanced migration compared to the P/H and control
groups (Fig. 2C and F). Additionally, the ES-P/H-P group demonstrated
the longest neurite length and the highest level of PC12 cell differenti-
ation, while the P/H-P group also outperformed other groups in pro-
moting differentiation of PC12 cells (Fig. 2G). Such obvious differences
in the transwell assay experiment implied that the combination of P/H-P
membranes with ES could indirectly recruit PC12 cells longitudinally
and promote their differentiation. The indirect impact of scaffolds
combined with ES on PC12 cells may be attributed to the increased
secretion of potent nerve growth factors by SCs under the influence of
ES, which in turn facilitated the differentiation and migration of PC12
cells [33,38].

SEM observations indicated that SCs and PC12 cells exhibited
optimal adhesion on P/H-P materials, particularly in the ES-P/H-P
group, which was consistent with the CCK-8 assay results. Addition-
ally, SCs and PC12 cells grew along the aligned nanofibers, displaying
more extended morphologies and larger adhesion areas on ES-P/H-P
membranes (Fig. 2D). These findings suggested that the synergistic ef-
fects of PEDOT and ES played a positive role in inducing adhesion,
proliferation, and migration of SCs and PC12 cells.

Chemical Engineering Journal 508 (2025) 160899
2.2. Gene expression analysis

The myelination of SCs plays a crucial role in the regeneration of
injured nerves, prompting the examination of genes associated with
different stages of SCs maturation. NCAM is expressed exclusively in
immature SCs and diminishes as SCs mature, while the expression of
NGF and PMP22 progressively increases during SCs maturation [39].
Results demonstrated that the expression levels of NGF and PMP22
genes were significantly upregulated, while NCAM expression was
significantly attenuated in SCs cultured on P/H-P membrane with ES
(Fig. 3A). These findings showed that the conductive P/H-P nanofiber
scaffold combined with ES effectively enhanced SCs myelination.

The expression of specific genes in PC12 cells was analyzed to assess
their differential stages under various conditions. Nestin, pIII-Tubulin,
and Map1b serve as markers for different stages of neurogenesis: early-,
mid-, and late-phase, respectively [40]. As shown in Fig. 3B, PC12 cells
cultured on P/H-P membranes showed increased expression of pIII-
Tubulin and Map1b genes after 5 days, even without ES, suggesting a
higher proportion of cells in the middle and late stages of differentiation.
Conversely, Nestin expression diminished in the ES-P/H-P group. Over-
all, P/H-P membranes under ES implied a significant potential to pro-
mote myelination and accelerate differentiation of PC12 cells (Fig. 3C).

Although the level of genes expression under ES has been detected,
further research is required to elucidate the specific molecular mecha-
nisms in neural cells. It is generally accepted that ES activates calcium
ion channels in nerve cells, leading to an increase in intracellular cal-
cium concentration and subsequent upregulation of genes associated
with calcium ion signaling pathways during cell differentiation, ulti-
mately maximizing the expression of various substances necessary for
axon regeneration [41].

2.3. Subcutaneous implantation

The P/H, H-P/H-P, and F-P/H-P nerve conduits were implanted into
the subcutaneous fascial layer of the back of rats for in vivo degradation
studies (Fig. 4A). Photographs depicting each set of conduits 6 weeks
post-implantation were illustrated in Fig. 4B. Degradation and tissue
infiltration of these conduits were evident in the H&E staining images
(Fig. 4C). Further analysis of the degree of tissue infiltration showed that
the NGCs were partially replaced by neo-tissues, indicating good
biocompatibility in vivo. The degree of tissue infiltration was signifi-
cantly higher in the P/H and F-P/H-P conduits compared to the H-P/H-P
conduits (Fig. 4D). Localized magnification of the interface between the
tube wall and the subcutaneous tissue exhibited no significant inflam-
matory response in the blue box area. Inmunofluorescence staining for
CD68 in these three conduits confirmed no significant inflammatory cell
infiltration, with consistent fluorescence intensity (Fig. 4E and 4F).
Additionally, localized magnification of tissue infiltration revealed
angiogenesis in all experimental groups within the red box area.
Angiogenesis in these conduits was further analyzed by CD31 and
a-SMA immunofluorescence staining (Fig. 4G). Statistical analysis
indicated superior angiogenesis in the H-P/H-P and F-P/H-P conduits
compared to the P/H group (Fig. 4H and 4I). The above findings indi-
cated that all three categories of NGCs demonstrated in vivo degrada-
tion, favorable biocompatibility, and minimal inflammatory responses.

Histological analysis of regenerated sciatic nerves To evaluate the
repair efficacy of the prepared nerve conduits in vivo, they were
implanted into rat sciatic nerve defect models, with autografts serving as
controls. All rats survived without complications at 6 and 12 weeks after
surgery (Fig. 5A). Surgical implantation of NGCs in various groups was
illustrated in Fig. 5B. H&E staining was initially employed to assess
nerve repair in autografts, P/H, H-P/H-P, and F-P/H-P conduits. In this
staining, chromatin and nucleic acids in the nuclei appeared purple-
blue, while cellular and extracellular matrix components stained red,
with positive staining indicating neurogenesis. Photographs of surgical
implantation at 6 weeks were shown in Fig. S2A. H&E staining of
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images of SCs and PC12 cells adhesion on the surface of various membranes after 5 days of culture. Scale bar: 20 pm. (E) Schematic diagram of PC12 cells migration
assay. (F) Calculation of the migration rate of PC12 cells. (G) Statistics of neurite length of PC12 cells in migration images. (H) Relative fluorescence intensity of S100
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proximal cross section of each group revealed favorable growth trends at
6 weeks (Fig. S2B). After 12 weeks, regenerated nerves extended into all
conduits (Fig. 5D). Notably, F-P/H-P conduits showed significantly
higher positive H&E staining areas compared to H-P/H-P and P/H
conduits, indicating superior nerve tissue regeneration. Detailed H&E
staining of proximal, middle, and distal cross sections of the injured
nerves was further observed for nerve tissue regeneration (Fig. 5C and
5E). Similarly, the F-P/H-P conduits showed tissue growth comparable
to autografts at 12 weeks, with proximal and central regions displaying
greater nerve extension and regeneration than distal regions. These re-
sults confirmed the critical role of topographic guidance cues provided
by nerve conduits in directing nerve regeneration.

Intraneural microvessels are essential for nerve regeneration,
creating a regenerative microenvironment by enabling material ex-
change and nutrient transport [42]. The presence of neovascularization
containing erythrocytes was observed in magnified cross sections of
distal regions of regenerating nerve tissue from all experimental groups,
as highlighted by yellow arrows (Fig. 5E). To further assess angiogen-
esis, immunofluorescence staining for CD31 and a-SMA of the regener-
ated nerves was performed on the distal nerve segment at 12 weeks post-

surgery (Fig. 5F and G). Areas positive for CD31 were indicative of new
blood vessel formation, while double positive areas for CD31 and a-SMA
were designated as mature vessels. Quantitative analysis revealed that
CD31 fluorescence intensity in the H-P/H-P and F-P/H-P groups was
comparable to autografts and significantly higher than in the P/H group,
demonstrating enhanced neovascularization in the conductive and
aligned nanofiber membrane-filled conduit (Fig. SH). Moreover, a-SMA
fluorescence intensity was higher in H-P/H-P and F-P/H-P conduits than
in the P/H group, indicating a much better maturity of angiogenesis in
the conduits that are both conductive and provide topographical guid-
ance cues (Fig. 5I). Quantitative analysis of microvessel density and
diameter (Fig. 5J and 5 K) revealed that the F-P/H-P group exhibited
neovascularization capacity similar to that of the autograft group, with a
significant increase in the number of newly formed blood vessels per
unit area and vessel diameter compared to the P/H and H-P/H-P NGCs.
These findings indicated that the F-P/H-P NGCs significantly promoted
peripheral nerve tissue regeneration and angiogenesis, closely matching
the performance of autografts. Thus, conductive materials and topo-
graphically guided cues promote peripheral nerve regeneration, in part,
by facilitating intraneural angiogenesis for material exchange and
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Fig. 4. Subcutaneous implantation of different conduits. (A) Schematic of subcutaneous implantation. (B) Photographs of the conduits after 6 weeks. Scale bar: 20
mm. (C) H&E staining of subcutaneous implantation cross sections of conduits after 6 weeks. Scale bar: 200 pm, 50 pm. (D) Quantitative analysis of the degree of
tissue infiltration. (E) Immunofluorescence staining for CD68 of conduits after 6 weeks. Scale bar: 200 pm. (F) Quantitative analysis of CD68 relative fluorescence
intensity. (G) Immunofluorescence staining for CD31 (green), a-SMA (red), and nuclei (blue). Scale bar: 200 pm. (H) Quantitative analysis of CD31 relative fluo-
rescence intensity. (I) Quantitative analysis of a-SMA relative fluorescence intensity. *p < 0.05, **p < 0.01, ***p < 0.001. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

nutrient transport. Further studies are still needed to fully elucidate the
underlying mechanisms.

2.4. Immunofluorescence staining of regenerated nerves

Immunofluorescence staining of longitudinal sections of regenerated
nerves at 12 weeks after surgery revealed that S100 and NF200
expression in all groups, which was indicative of successful myelination
and extension of nascent axons (Fig. 6A). The positive area and fluo-
rescence intensity of S100 and NF200 were lower in the P/H group
compared to the H-P/H-P and F-P/H-P groups, suggesting limited
myelination and axon extension (Fig. 6B and C). Additionally, the
staining results of the H-P/H-P and F-P/H-P groups demonstrated that
conductivity and topographic guidance could promote myelination and

axon regeneration. The fluorescence intensity and positive area of S100
and NF200 in the F-P/H-P group closely resembled those in the autol-
ogous transplantation group, with extensive yellow areas formed by
overlapping red and green staining, representing the wrapping of axons
by SCs.

2.5. Functional evaluation of the regenerated sciatic nerve

As the gastrocnemius muscle is innervated by the sciatic nerve, its
atrophy reduction reflects sciatic nerve motor function recovery.
Therefore, gross views and histological analysis of the gastrocnemius
muscle were obtained 12 weeks post-surgery. Compared to the contra-
lateral side, significant atrophy of the injured gastrocnemius muscle was
observed in the P/H group as shown in Fig. 7A, while the autograft, H-P/
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Fig. 5. Histological morphological assessment of autologous transplantation, P/H, H-P/H-P, and F-P/H-P conduits. (A) Schematic diagram of NGCs transplantation.
(B) Photographs of surgical implantation. Scale bar: 0.5 cm. (C) Schematic illustration for tested transverse areas of nerves. (D) H&E staining images of longitudinal
sections of regenerated nerve tissue at 12 weeks. Scale bar: 500 pm. (E) Cross sections of proximal, middle, and distal regenerated nerves at 12 weeks stained with
H&E. Scale bar: 200 pm. Scale bar: 50 pm. Yellow arrows indicate neovascularization. (F) Immunofluorescence staining for CD31 (green) and nuclei (blue). Scale bar:
50 pm. (G) Immunofluorescence staining for a-SMA (green) and nuclei (blue). Scale bar: 50 pm. (H) Quantitative analysis of CD31 relative fluorescence intensity ()

Quantitative analysis of a-SMA relative fluorescence intensity. (J) Microvascular density and (K) diameter calculated based on different groups. *p < 0.05, **p <
0.01, ***p < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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H-P, and F-P/H-P groups exhibited less atrophy. Quantitative analysis
confirmed no difference in the wet weight ratio of the gastrocnemius
muscle between the autograft and F-P/H-P groups, both significantly
higher than the P/H group (Fig. 7E). The diameter and area of muscle
fibers were evaluated by Masson’s trichrome staining (Fig. 7B). The
results indicated that the muscle fiber diameter and average area in the
F-P/H-P group most closely resembled those in autologous trans-
plantation group, followed by the H-P/H-P group (Fig. 7F and 7G). To
further assess the restoration of neural function, SFI was calculated
based on rat footprints (Figs. 7C and S3A). At 6 weeks, SFI values in the
autograft and F-P/H-P groups showed a significant increase compared to
the P/H group (Fig. S3C). There was no significant difference in the SFI
between the autograft and F-P/H-P groups, and both were notably
higher than those in the P/H and H-P/H-P groups at 12 weeks (Fig. 7H).

Besides, electrophysiological tests were conducted to assess the
functional restoration of electrical conduction at 6 and 12 weeks post-

surgery (Figs. S3B and 7D). At 6 weeks after implantation, CMAP
amplitude and NCV in the autograft group were significantly superior to
other experimental groups. Additionally, the F-P/H-P group exhibited
better outcomes than the P/H group, with no discernible difference from
the H-P/H-P group (Fig. S3D and S3E). At 12 weeks, the amplitude re-
sults of CMAP indicated no significant difference between the F-P/H-P
and autograft groups, with both the F-P/H-P and H-P/H-P groups sur-
passing the P/H group (Fig. 7I). NCV in the F-P/H-P and H-P/H-P groups
was faster than in the P/H group, and no significant difference was
observed (Fig. 7J). These findings indicated that F-P/H-P conduits
significantly improved the restoration of sciatic nerve conductivity and
showed comparable outcomes to autologous transplantation as the
duration of implantation increased from 6 to 12 weeks. Collectively, F-
P/H-P conduits effectively facilitated functional restoration of injured
sciatic nerves.
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Fig. 7. Functional evaluation and the restoration of nerve conductivity at 12 weeks post-implantation. (A) Photographs of gastrocnemius muscles from both hind
limbs. (B) Representative images of cross sections of gastrocnemius muscles stained with Masson’s trichrome. Scale bar: 100 pm. (C) Photographs of footprints. Scale
bar: 0.5 cm. (D) Representative CMAP recordings in the autograft, P/H, H-P/H-P, and F-P/H-P groups at the injury site. (E) Quantification of the TSM wet weight
ratios of gastrocnemius muscles. (F) Quantification of the diameter of gastrocnemius muscles. (G) Quantification of the average area of muscle fibers. (H) Quan-
tification of the SFI of hind paws. Quantification of (I) CMAP amplitude and (J) nerve conduction velocity in the indicated groups. *p < 0.05, **p < 0.01, ***p
< 0.001.
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3. Conclusion

Overall, this study systematically highlighted the synergistic benefits
of combining conductive materials with biomimetic structural features.
Advanced spiral conductive F-P/H-P NGCs filled with aligned nanofiber
membranes were fabricated to effectively facilitate the complex pro-
cesses of nerve repair and functional restoration. In vitro experimental
results demonstrated that the excellent electrical conductivity of F-P/H-
P NGCs significantly promoted the adhesion and proliferation of SCs and
PC12 cells. This cellular response contributed to the improvement of
nerve regeneration and function recovery. The results proved the ad-
vantages of using conductive conduits filled with aligned nanofibers for
nerve repair. Such designs effectively mimic the biophysical cues
inherent in natural peripheral nerves, promoting an environment
conducive to nerve regeneration. Consequently, F-P/H-P NGCs are
capable of bridging nerve transections and provide a promising alter-
native for peripheral nerve repair.

4. Materials and methods
4.1. Materials

The poly (L-lactide-co-caprolactone) (PLCL, LA: CL = 50:50, IV: 1.76
dl g™ was provided by Jinan Daigang Co., Ltd. (Jinan, China).
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, 920-66-1) was purchased
from Shanghai Darui Fine Chemical Co., Ltd. (Shanghai, China). 3,4-eth-
ylenedioxythiophene (EDOT, 126213-50-1) and ferric nitrate
(7782-61-8) were obtained from Adamas-beta (Basel, Switzerland).
Ammonium persulphate (APS, 10002616) was bought from China Na-
tional Pharmaceutical Group (Shanghai, China). Schwann cells (SCs)
and PC12 cells were provided by the Institute of Biochemistry and Cell
Biology (Shanghai, China).

4.2. Fabrication of different NGCs

The P/H spinning solution was synthesized by dissolving hydrox-
yethyl cellulose (HEC) (0.1 g) in distilled water (1 mL) under magnetic
stirring (500 rpm, 25°C) for 2 h. This solution was then gradually infused
into HFIP (9 mL) under stirring at a high speed (800 rpm, 25°C) for 2 h to
ensure solvent homogeneity. Subsequently, PLCL (0.6 g) was dissolved
in the mixed solution through continuous agitation (500 rpm) for 12 h at
25°C. For the conductive P/H-P formulation, HEC (0.1 g) was dissolved
in distilled water (1 mL). Then, APS (0.02 g) as a catalyst and ferric
nitrate (0.02 g) as an oxidizing agent were added to the mixed solution.
This mixture was then slowly added dropwise to HFIP (9 mL) while
stirring at 800 rpm at room temperature. Then, EDOT (0.2 g) and PLCL
(0.6 g) were added to the mixed solution followed by 24 h magnetic
stirring to ensure complete polymerization. The P/H, H-P/H-P, and F-P/
H-P conduits were prepared by electrospinning (Yongkang Leye Tech-
nology Development Co., Ltd. SS-3556H, Beijing, China). During elec-
trospinning, solutions were dispensed through a syringe at 1 mLh™!. A
voltage of 12 kV was applied to the 20 G needle. Random nanofibers
were collected on a rotating collector at 200 rpm to produce P/H con-
duits. The H-P/H-P conduits were constructed by collecting random
nanofibers on a rotating collector at 200 rpm and aligned nanofibers at
2800 rpm, respectively. The P/H-P spinning solution was additionally
spun into an aligned nanofiber membrane, which was cut into rectan-
gular pieces measuring 1 cm x 0.6 cm (length x width) and then
crimped into the H-P/H-P hollow conduit to form an internally filled F-
P/H-P conduit with a spiral structure.

4.3. Characterization of NGCs
4.3.1. SEM analysis

After being sputter-coated with a nanometer-scale gold layer to
enhance surface conductivity, the samples pasted on the sample tables
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with conductive glue were observed with Field Emission Scanning
Electron Microscope (SEM, Hitachi TM-1000, Japan). The diameter
distribution of the nanofibers were quantified from SEM micrographs (n
= 100 fibers per sample) sing ImageJ software.

4.3.2. Mechanical testing

Mechanical properties were obtained using a universal testing ma-
chine (HY-940FS, China). Stress-strain curves were generated at a 5
mm/min strain rate with a 20 N extensometer. Before testing, conduit
diameters were measured with a micrometer. Six samples were tested
per group to ensure statistical significance.

4.3.3. Conductivity testing

Cyclic voltammetry (CV) test was carried out using an electro-
chemical workstation model CHI 760E produced by Shanghai Chen-
guang Instrument Co., Ltd. P/H or P/H-P nanofiber membranes (10 mm
x 10 mm) served as the working electrode, with a saturated calomel
electrode (SCE) as the reference electrode and a platinum electrode as
the counter electrode. The electrolyte solution was 0.1 mol/L phosphate
buffer solution (PBS) at pH 7.4. The CV is scanned at a potential of 0.4 to
1.2 V at a scanning rate of 100 mV/s in an electrolyte solution of
deionized water.

The conductivity of each membrane was determined in dry condi-
tions using a digital multimeter (8901S, Chenzhou Island Industrial Co.,
Ltd, Shenzhen, China). The cross-sectional area of the electrospinning
membrane was determined by measuring its width and thickness with
vernier calipers, and the conductivity (c) was calculated from the
equation (1):

L
c=—
AR
R was the resistance of the membrane in “MQ”; L. was the distance
between the two electrodes in “cm”; A was the cross-sectional area of the

membrane in “cm?’. Six samples were tested per group.

4.3.4. Physiochemical properties

Specimens were scanned by Attenuated Total Reflection-Fourier
Transform Infrared Spectroscopy (ATR-FTIR, Nicolet Instrument, Mad-
ison, USA) in the wavenumber range of 4000 to 600 cm ™.

4.3.5. Thermostability

The thermostability of nanofiber membranes was evaluated by a
thermogravimetric analyzer (TGA, TGA8000, Shanghai, China).
Powdered samples were placed into crucibles, and some parameter
settings were then made for the instrument.

4.3.6. Hydrophilicity testing

The samples were cut into 10 x 40 mm and pasted to glass sheets
placed on the observation table for the water contact angle (WCA) test
using an optical contact angle measuring instrument (OCA40, Data-
physics, Germany). The contact angle was recorded 5 s after the water
droplets contacted the nanofibers, and the average of multiple mea-
surements was taken.

4.3.7. Degradation of conduits

The P/H and P/H-P membrane samples were immersed in PBS at 37
°C in a incubator shaker (Thermo Fisher Scientific, USA). At pre-
determined time points (1, 4, 7, 10, 15, 20, 25, 30, 45, and 60 days),
samples were freeze-dried and weighed to determine the weight loss
ratio. Three samples were tested at each time point.

4.4. Cell culture and studies

4.4.1. Cell viability assessment
Prior to cell seeding, P/H and P/H-P membranes were sterilized
using ultraviolet irradiation for 6 h per side. SCs and PC12 cells were
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separately plated onto the membranes at a density of 1 x 10° cells/mL.
SCs were cultured in Dulbecco’s modified Eagle medium (DMEM) sup-
plemented with 10 % fetal bovine serum and 1 % pen-
icillin-streptomycin. PC12 cells were cultured in Roswell Park Memorial
Institute (RPMI)-1640 medium containing 10 % donor horse serum, 5 %
fetal bovine serum, and 1 % penicillin-streptomycin. After 24 h of initial
culture, cells were exposed to ES with 100 mV potential for 1 h daily
using a direct current power supply (HSPY-36-03, China). Besides,
parallel control groups were cultured under identical conditions without
ES. The proliferation of SCs and PC12 cells was assessed by CCK-8 assay
(C0038, Beyotime, China) at 1, 3, and 5 days. Briefly, CCK-8 solution at a
concentration of 100uL. mL ™! was added into wells and incubated for 1

h.

4.4.2. PCI12 cells migration and differentiation assessment

SCs were seeded on different scaffolds at a density of 2.0 x 10* per
well, and ES was applied to the corresponding scaffolds. The culture
medium of the corresponding cells was then collected for subsequent
experiments. Transwell cell culture assay was performed using transwell
inserts (Corning, USA). For the transwell migration assay, PC12 cells
(2.0 x 10* per well) were seeded in the upper chambers of transwell
inserts (Corning, USA), while the conditioned medium from SCs was
added to the lower chambers. The lower chambers of the transwell in-
serts for each experimental group were supplemented with 2.5 % FBS,
while the normal medium (5 % fetal bovine serum and 1 % double
antibody) served as the control. After 24 h of incubation, PC12 cells in
the upper chamber were stained with crystal violet (Biosharp, China) for
10 min and observed under a reflection microscope. PC12 cells with
neurite lengths exceeding their cell body diameters were selected for
neurite length analysis [43]. The lengths of the neurites were measured
by ImageJ.

4.4.3. Gene expression analysis

Total mRNA was extracted from SCs and PC12 cells using a total RNA
extraction kit (Novoprotein, China). RNA concentration and purity were
determined spectrophotometrically (NanoDrop 2000, Thermo Fisher,
USA) with A260/A280 ratios between 1.8-2.0. Then, cDNA synthesis
was performed by a reverse transcription kit (Novoprotein, China). Real-
time qPCR (RT-qPCR) was performed using LightCycler 480 SYBR Green
Master Mix (Takara, Japan). Results were collected after repeating all
experiments three times and calculated using the 2 24C method.
Table S1 displayed the primers for each gene.

4.4.4. Cell immunofluorescence (IF) staining

Cells were fixed with 4 % paraformaldehyde (Sigma-Aldrich, USA)
for 30 min after 5 days of culture. Samples were incubated with 0.1 %
Triton X-100 (Sigma-Aldrich, USA) and 6 % BSA (Beyotime, China) for 1
h after washing with PBS. Subsequently, primary antibodies against
S$100 (1:200; Solarbio, China) and NF200 (1:200; Solarbio, China) were
applied overnight at 4 °C. After washing with PBS, samples were incu-
bated with the corresponding secondary antibodies of fluorescein iso-
thiocyanate (FITC)-labeled goat anti-mouse IgG (1:200; Solarbio, China)
and Cyc3-labeled goat anti-mouse IgG (1:200; Solarbio, China) for 1 h at
37 °C in the dark. Ultimately, the nuclei were stained with DAPI (1:200;
Sigma-Aldrich, USA) for 10 min. Fluorescent images were visualized
under a reflection microscope (DMi8, Leica, Germany).

4.5. In vivo studies

Ethical statement

All animal experiments were performed after the approvement from
the Animal Experimental Ethics Committee of Shandong provincial
hospital affiliated to Shandong first medical university (No.2024-077)
and complied with the requirements of the National Institutes of Health
Guide for the Care and Use of Laboratory Animals.
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4.5.2. Subcutaneous implantation

Adult male Sprague-Dawley (SD) rats (8 weeks old, 200-250 g) were
used for subcutaneous implantation experiments. P/H, H-P/H-P, and F-
P/H-P NGCs were implanted into the subcutaneous fascial layer of rats.
After 6 weeks post-implantation, the NGCs were excised from the local
fascia layers for subsequent histological and morphological analysis.

4.5.3. Animal model and transplantation

Adult male SD rats (8 weeks old, 200-250 g) were used to establish a
sciatic nerve defect model. Rats were randomly divided into four
experimental groups (n = 6 per group): the autograft group, the P/H
conduit graft group, the H-P/H-P conduit graft group, and the F-P/H-P
conduit graft group. Surgical procedures were performed under aseptic
conditions following intraperitoneal administration of 2 % pentobar-
bital sodium (40 mg kg™ !). Subsequently, the skin and subcutaneous
muscle of the left posterior femur were incised to expose the sciatic
nerve, which was resected in a 10 mm segment to create the sciatic nerve
defect model. In the autograft group, the 10 mm nerve gap was turned
over and sutured with the nerve stumps. For the other groups, the
respective conduits were used to bridge the 10 mm gap between the
nerve stumps. All suturing was performed microscopically using 8-0
nylon thread, followed by wound closure with 4-0 nylon sutures. Rats
were sacrificed at 6 and 12 weeks after surgery.

4.5.4. Gait analysis

The gait analysis was performed to evaluate the recovery of loco-
motor function at 6 and 12 weeks post-operation. During testing, ani-
mals were allowed to walk on a narrow track with the left hind paw
(surgical side) coated with non-toxic red ink and the right hind paw
(normal side) coated with blue ink. Paw prints were collected from three
consecutive runs, and the calculation of sciatic nerve function index
(SFI) was calculated using the following formula (2):

ExPL—NxPL
%XPL-ﬁ-lOQSX

EXxIT—NxIT

ExTS—NxTS

FI = — 38.
S 38.3 x N

x TS +13.3 x x IT — 8.8

E: the experimental side; N: the normal side; PL: the length from the
heel to the third toe; TS: the length from the first to the fifth toe; IT: the
second toe to the fourth toe. In this study, SFI values range from —100 to
0, with —100 representing total motor sciatic nerve dysfunction.

4.5.5. Muscle weight ratio and histological assessment

The gastrocnemius muscles of both hind limbs were dissected and
weighed at 6 and 12 weeks post-surgery to calculate the muscle weight
ratio (experimental side/normal side). The cross-sectional morphology
of the gastrocnemius muscle on the damaged side was examined by
Masson’s trichrome staining. Muscle fiber diameter and the percentage
of muscle fibers were quantified using ImageJ software.

4.5.6. Electrophysiological assessment

After rats were anesthetized at 6 and 12 weeks after surgery, the
damaged nerve and the ipsilateral gastrocnemius muscle were re-
exposed. The bipolar hook stimulating electrode was positioned prox-
imal to the reparative nerve. A receiving electrode was inserted into the
ipsilateral gastrocnemius muscle, with a ground electrode placed sub-
cutaneously in a superficial muscle layer. A portable biological-function
experimental system (BL-420S, Tai Meng) was used to collect the com-
pound muscle action potential (CMAP). Then CMAP peak amplitude and
latency, and the nerve conduction velocity (NCV) were determined the
electrophysiological data obtained from the recordings.

4.5.7. Nerve histological assessment

Regenerated nerve tissues were dissected and soaked into 4 %
paraformaldehyde at 6 and 12 weeks. Cross and longitudinal sections
were performed after embedding in paraffin, and nerve regeneration
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was observed through staining with hematoxylin and eosin (H&E). For
immunofluorescence staining, cross sections were blocked with 5 % BSA
for 1 h at room temperature. Sections were incubated overnight at 4°C
with primary antibodies against CD31 (1:200; Solarbio, China) and
a-SMA (1:200 1:200; Solarbio, China), followed by corresponding sec-
ondary antibodies of fluorescein isothiocyanate (FITC)-labeled goat
anti-mouse IgG (1:200; Solarbio, China) for CD31 and Cyc3-labeled goat
anti-mouse IgG (1:200; Solarbio, China) for a-SMA. Besides, longitudi-
nal sections were incubated with the primary antibodies of S100 (1:200;
Solarbio, China) and NF200 (1:200; Solarbio, China) at 4 °C for 12 h,
followed by secondary antibodies of FITC-labeled goat anti-mouse IgG
(1:200; Solarbio, China) and Cyc3-labeled goat anti-mouse IgG (1:200;
Solarbio, China). Nuclei were stained with DAPI (1:200; Solarbio,
China). All sections were observed with a slide viewer after scanning
with the digital case system.

4.6. Statistical analysis

The data obtained were expressed as mean + standard deviation
(mean + SD). Data were analyzed by one-way analysis of variance
(ANOVA) using GraphPad Prism and SPSS software. *p < 0.05 and **p
< 0.01, and ***p < 0.001 were considered statistically significant.
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