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ABSTRACT

Nerve guiding catheters (NGCs) are crucial for peripheral nerve repair, providing physical guidance and
establishing a conducive microenvironment to nerve regeneration. In this study, we developed a bifunctional CS-
HEC@PEDOT/SIM (CHPS) hydrogel-filled electrospun poly(L-lactide-co-caprolactone) (PLCL) conduit. The
hydrogel matrix was fabricated using chitosan (CS) and hydroxyethyl cellulose (HEC) as the base materials,
which exhibited excellent biocompatibility and degradability. Conductive poly(3,4-ethylenedioxythiophene)
(PEDOT) was synthesized in situ within the matrix to establish stable electrostatic interactions with HEC,
enhancing the electrical conductivity of the system. Additionally, the anti-inflammatory simvastatin (SIM) was
uniformly dispersed throughout the hydrogel network through an optimized activation procedure. In vitro, the
CHPS hydrogel exhibited promising electrical conductivity and sustained anti-inflammatory drug release.
Furthermore, they supported neural cell proliferation and M2 macrophage polarization. In vivo, the CHPS
hydrogel-filled conduits may create a favorable environment for electrical conductivity and inflammatory
regulation, potentially promoting sciatic nerve regeneration in rats and facilitating partial recovery of motor
function and nerve conduction. In conclusion, this approach may offer substantial potential for advancing nerve
repair strategies and inspiring future clinical applications in the treatment of peripheral nerve injuries.

1. Introduction

repair ability is notably limited, with only approximately 25 % of pa-
tients achieving full motor function recovery (Mahar & Cavalli, 2018).

Peripheral nerve injury (PNI) is a common clinical condition, typi- Autologous transplantation is considered the gold standard in clinical
cally caused by trauma or iatrogenic injury, resulting in severe sensory practice for repairing nerve defects. However, this technique has several
and motor dysfunction in patients (Osborne et al., 2018). Although pe- notable limitations, including donor site morbidity, size mismatch, and
ripheral nerves possess some regenerative capacity, this intrinsic self- unsatisfactory functional recovery (Singh et al., 2022; Zuo & Borschel,
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Scheme 1. Schematic illustration of the fabrication of conductive and anti-inflammatory CHPS hydrogel-filled nerve guidance conduits using electrospinning.

2021). Nerve guidance conduits (NGCs) have emerged as an effective
strategy for nerve defects due to their capability to direct axonal
extension along the longitudinal axis of the conduit (Gong et al., 2022;
Wu et al., 2023). The reconstruction process subsequent to PNI involves
multiple interlaced and sequential phases, such as Wallerian degenera-
tion, debris removal, Biingner band formation, axon regeneration, and
functional remodeling (Liu & Duan, 2023). Consequently, a unifunc-
tional nerve conduit is insufficient to meet the multifaceted biological
demands of peripheral nerve regeneration across these different stages,
underscoring the clinical necessity of developing advanced NGCs to
enhance the overall efficacy of peripheral nerve repair (Deng et al.,
2022; Li et al., 2024).

The peripheral nerve is exposed to a complex electrophysiological
environment, where the bioelectric field supports the conduction of
neural signals and maintains the normal physiological function of pe-
ripheral nerves (Han et al., 2024; Liu et al., 2021). Conductive materials
combined with exogenous electrical stimulation (ES) have been
demonstrated to confer electrical conductivity to NGCs, thereby acti-
vating relevant signaling pathways within the cells, promoting axonal
extension, and facilitating nerve regeneration (Gu et al., 2022; Yu et al.,
2025; Zhang et al., 2023). Recently, biocompatible electroconductive
hydrogels mimicking the mechanical and electrical properties of native
nerve tissue have been developed to promote neuronal differentiation
and axonal regrowth by providing a supportive three-dimensional bio-
mimetic microenvironment (Fan et al., 2025; Jin et al., 2025; Liang
et al., 2023). Accordingly, the integration of electroconductive compo-
nents into a hydrophilic matrix can simultaneously provide biomimetic
softness conducive to nerve regeneration and improve intercellular
electrical signal transmission (Fan et al., 2022). Poly(3,4-
ethylenedioxythiophene) (PEDOT), a conductive polymer that has
been extensively studied, has been shown to support neuronal cell
proliferation and synaptic extension, demonstrating its potential for

applications in nerve injury treatment (Escobar et al., 2023). However,
several drawbacks of PEDOT restrict its practical application, such as
poor solubility, complicated processing, and inferior degradation prop-
erties (Spencer et al., 2018). The negative charge of the hydroxyl group
in biodegradable hydroxyethyl cellulose (HEC) and the positive charge
in PEDOT combine to form electrostatic interactions, which can improve
the conductivity of materials (Park et al.,, 2022). In addition to
improving the properties of PEDOT, HEC has also been combined with
chitosan (CS) to overcome the limitations of CS-based scaffolds, such as
weak mechanical strength and rapid degradation (Hoemann et al., 2007;
Wang et al., 2017). CS is a naturally abundant polysaccharide with
excellent biocompatibility, biodegradability, and antioxidant proper-
ties, making it widely used in neural tissue engineering (Wang et al.,
2019). The hydroxyl groups of HEC and the amino groups of CS can be
physically cross-link by hydrogen bonding, leading to the spontaneous
formation of hydrogels without external triggers and making the gela-
tion process fast and simple (Yan et al., 2010). This combination of CS,
HEC, and PEDOT was first utilized to develop conductive hydrogels.
Despite the promising outcomes of conductive hydrogels in periph-
eral nerve repair, including improved neural signal conduction and
accelerated tissue regeneration, the potential to induce a foreign body
immune response upon implantation remains a significant concern,
which may exacerbate local inflammation and compromise the efficacy
of nerve repair. Consequently, modulating the immune microenviron-
ment is critical for the application of NGCs. Hydrogels loaded with anti-
inflammatory drugs allow for controlled drug release, enhancing treat-
ment efficacy (Ye et al., 2024; Yu et al., 2024). Statins play a therapeutic
role after PNI due to their anti-inflammatory, antioxidant, and immu-
nomodulatory properties (Stiive et al., 2003). Moreover, studies have
demonstrated that simvastatin (SIM) upregulates the expression of
neurotrophic factors such as brain-derived neurotrophic factor (BDNF)
and nerve growth factor (NGF) and facilitates peripheral nerve
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regeneration in rats (Guo et al., 2017). However, directly incorporating
SIM into hydrogels results in drug precipitation and a pronounced initial
burst release (Yan et al., 2018). Therefore, prior to loading SIM into
hydrogels, it is necessary to activate the drug to enhance its solubility
and dispersibility within the hydrogel matrix.

This study developed a hydrogel matrix consisting of CS and HEC
through physical cross-linking. Meanwhile, PEDOT was conjugated with
HEC by electrostatic interactions. Following the activation of SIM, it was
dissolved and uniformly dispersed within the hydrogel matrix. The
prepared hydrogel was subsequently filled into electrospun poly(L-
lactide-co-caprolactone) (PLCL) hollow tubes to obtain CS-
HEC@PEDOT/SIM (CHPS) hydrogel-filled conduits (Scheme 1). We
hypothesized that the CHPS hydrogel-filled conduit can create a
conductive and anti-inflammatory microenvironment, which contrib-
utes to enhanced peripheral nerve regeneration. To verify this, physical
properties of the CHPS hydrogels were characterized to assess their
feasibility for peripheral nerve treatment. Biocompatibility and cell
proliferative activity of hydrogels were evaluated using Schwann cells
(SCs) and PC12 cells, while anti-inflammatory effects were analyzed in
macrophages. Furthermore, the CHPS hydrogel-filled NGCs were
implanted into rat sciatic nerve defect models. Comprehensive in vivo
methods were conducted to evaluate nerve regeneration and the re-
covery of motor and sensory functions.

2. Materials and methods
2.1. Materials

Poly(i-lactide-co-caprolactone) (PLCL, LA:CL = 50:50, IV (dl/g):
1.76, Mn = 80 kDa) was provided by Jinan Daigang Co., Ltd. (Jinan,
China). 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, 920-66-1) was pur-
chased from Shanghai Darui Fine Chemical Co., Ltd. (Shanghai, China).
Chitosan (CS, 9012-76-4, Mw = 70 kDa, deacetylation degree > 95 %)
was provided by Macklin (Shanghai, China). Hydroxyethyl cellulose
(HEC, 9004-62-0, Mw = 250 kDa, molar degree of substitution =
1.0-1.2) was from Meryer (Shanghai, China). Simvastatin (SIM, 79902-
63-9) was from Macklin (Shanghai, China). 3,4-ethylenedioxythiophene
(EDOT, 126213-50-1) and ferric nitrate (7782-61-8) were purchased
from Adamas-beta (Basel, Switzerland). Ammonium persulfate (APS,
7727-54-0) was bought from China National Pharmaceutical Group
(Shanghai, China). Schwann 96 cells (SCs) and PC12 cells were provided
by the Institute of Biochemistry and Cell Biology (Shanghai, China).

2.2. Fabrication of PLCL NGCs

PLCL (0.8 g) was dissolved in HFIP (10 mL) and stirred for 12 h until
fully dissolved to prepare the spinning solution. For electrospinning
(Yongkang Leye Technology Development Co., Ltd. SS-3556H, Beijing,
China), the solution was dispensed through a syringe at a flow rate of 1
mL/h. A voltage of 12 kV was applied to the 20 G needle. Nanofibers
were collected on a rotating collector at 200 rpm to produce conduits.

2.3. Fabrication of hydrogels

CS (0.4 g) was suspended in deionized water (10 mL) containing
acetic acid (100 pL) and stirred overnight. HEC (0.3 g) was dissolved in
deionized water (10 mL) and stirred overnight. The CS and HEC solu-
tions were mixed 1:1 to obtain CH hydrogels. For the preparation of CHP
hydrogels, HEC (0.3 g), EDOT (0.02 g), ammonium persulfate (0.01 g),
and ferric nitrate (0.002 g) were added to deionized water (10 mL) and
stirred overnight. This solution was then mixed with the CS solution at a
ratio of 1:1 to obtain the CHP hydrogels. In the preparation of CHPS
hydrogels, the SIM (0.5 mg/mL) needed to be activated first. In detail,
SIM was dissolved in a solvent mixture consisting of distilled water (75
%), absolute ethanol (10 %), and 0.1 M NaOH (15 %). The solution was
then incubated at 50 °C for 2 h and the pH was adjusted to 7.2 (Montaner
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et al., 2016). Subsequently, HEC (0.3 g), EDOT (0.02 g), ammonium
persulfate (0.01 g), and ferric nitrate (0.002 g) were added into this
solution (10 mL) and stirred overnight. Then, this solution and CS so-
lution were mixed at a ratio of 1:1 to obtain CHPS hydrogels.

2.4. Fabrication of hydrogel-filled nerve conduits

To fabricate the hydrogel-filled nerve guidance conduits, the pre-
pared CH, CHP, and CHPS hydrogels were carefully injected into PLCL
conduits using a syringe. The hydrogel volume was adjusted to ensure
complete filling of the lumen.

2.5. Characterization of hydrogels

2.5.1. Scanning electron microscopy (SEM)

The morphological characteristics of hydrogels were observed by a
Scanning Electron Microscope (SEM, Hitachi TM-1000, Japan). The
samples were frozen at —80 °C for 12 h and subsequently lyophilized for
3 days to preserve their original structure. Then the hydrogel samples
were cut into small pieces (5 mm x 5 mm) and sputter-coated with Au
for 60 s for further scanning examination.

2.5.2. Electrical properties

The resistance of hydrogels was determined by the four-probe
method (ST25588-F01, China). The hydrogel samples were cut into
rectangular shapes with dimensions of 20 mm x 10 mm x 2 mm (length
x width x thickness), and the cross-sectional area (A) was determined
by measuring the width and thickness with vernier calipers. The con-
ductivity (o) was calculated from the equation:

L
°T AR

R represented the resistance of hydrogels in “MQ”; L was the distance
between the two electrodes in “cm”; and A was the cross-sectional area
of hydrogels in “cm?”.

Electrochemical impedance spectroscopy (EIS) was carried out on an
electrochemical workstation with a three-electrode system. Rectangular
hydrogel samples with dimensions of 10 mm x 10 mm x 2 mm (length
x width x thickness) were prepared for testing. In brief, 0.1 M phos-
phate buffered saline (PBS) was used as the electrolyte. The hydrogel
sample was placed at the working electrode, while a saturated calomel
electrode (SCE) and a platinum (Pt) wire served as the reference and
counter electrodes, respectively. EIS was then performed with a fre-
quency range from 1072 to 10° Hz.

All electrical measurements were performed at room temperature
(25 + 1 °C) and a relative humidity of 55 + 5 % to ensure consistent
environmental conditions.

2.5.3. Mechanical properties of hydrogels

The mechanical properties of the hydrogels were tested using a
universal testing machine (HY-940FS, China) at room temperature (25
+ 1 °C) and a relative humidity of 55 + 5 %. The hydrogels were molded
into cylinders with a diameter of 12 mm and a height of 10 mm. Me-
chanical compression experiments were performed on the cylindrical
samples at a rate of 5 mm/min, resulting in a strain rate of 0.0083 s~ 1. A
20 N mechanical sensor was used to record the stress-strain result.

2.5.4. Porosity and water absorption rate

The porosity of hydrogels was measured using the ethanol substitu-
tion method. It was determined based on the amount of ethanol absor-
bed by dry hydrogels (5 mm in thickness and 8 mm in diameter),
according to the following equation:

W, - W

Porosity (%) = LT L % 100%

where W; is the weight of dry hydrogel, and W is the weight of wet
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hydrogel, D is the ethanol density at room temperature, V is the volume
of the wet hydrogel. The V was calculated by the actual thickness and
diameter of the samples. Test 6 times, calculate the means.

To evaluate the water absorption of the hydrogel, the dry weight of
the sample (Wd) was measured, and then the sample was immersed in
the PBS solution at room temperature (25 + 1 °C). After removing the
sample, excess water was blotted off from the surface using filter paper.
The wet weight of the sample (Ws) was then reweighed. The swelling
ratio was calculated as follows:

W — Wy
d

Water absorption rate (%) = x 100%

2.5.5. The release of SIM in CHPS hydrogels

The CHPS hydrogel was immersed in 10 mL of PBS in a 37 °C incu-
bator. At each predetermined time point, 3 mL of PBS in the release
system was replaced with 3 mL of fresh PBS solution. The concentration
of released SIM was measured at a wavelength of 238 nm using an
ultraviolet-visible (UV-vis) spectrometer (KENREAL, USA).

2.5.6. In vitro antioxidant activity test

The antioxidant activity of hydrogels was determined by 2,2-
Diphenyl-1-picrylhydrazyl (DPPH, 1898-66-4, MedChemExpress, New
Jersey, USA). Briefly, 3 mL of DPPH ethanol solution (0.1 mmol/L) was
combined with hydrogels (10 mg), and the mixture was then incubated
for each predetermined time in the dark. After centrifugation, the
absorbance of the solution was assessed at 517 nm using a microplate
reader (Thermo Fisher Multiskan FC, USA). The scavenging rate of
DPPH free radicals was calculated as follows:

Dy —-D
DPPH scavenging rate (%) = % x 100%

0

Dy represented the absorbance of the DPPH working solution; Ds was the
supernatant obtained after the assay.

2.5.7. Invitro degradation of PLCL conduits and hydrogels

The PLCL conduits and freeze-dried hydrogels were randomly
divided into different experimental groups, with 3 samples in each
group. The initial weight of each sample was recorded as Wy. The con-
duits and hydrogels were then submerged in PBS in a 37 °C incubator. At
predetermined time points, the samples were removed from PBS, rinsed
with distilled water, freeze-dried, and their final weights (W;) were
recorded. The residual mass of materials was calculated according to the
formula:

Residual mass (%) = W1 /W, x 100%

2.6. In vitro studies

2.6.1. Cell Culture

SCs and RAW 264.7 cells were cultured in DMEM containing 10 %
fetal bovine serum (FBS) and 1 % penicillin/streptomycin (PS). PC12
cells were cultured in Roswell Park Memorial Institute (RPMI)-1640
medium supplemented with 20 % horse serum, 10 % FBS and 1 % PS. All
reagents used for cell culture were purchased from Gibco.

2.6.2. Cell biocompatibility and proliferation assessment

The proliferation of SCs and PC12 cells was assessed using the Cell
Counting Kit-8 (CCK-8, Beyotime, China) assay. SCs and PC12 cells at a
density of 1 x 10* were seeded on CH, CHP, and CHPS hydrogels
separately and cultured in a 37 °C incubator with 5 % CO: for 5 days. At
1, 3, and 5 days, cells were incubated for 1 h with 100 L mL~! CCK-8
solution. Besides, cells in the ES groups were subjected to ES with a
potential of 100 mV for 1 h each day through a direct current power
supply (HSPY-36-03, China). Additionally, cells were cultivated on
hydrogels without ES as the control. Subsequently, 100 pL supernatant
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was added to a 96-well plate, and the optical density (OD) was measured
at 450 nm using an enzyme labeling instrument (BioTech, Germany).

2.6.3. Immunofluorescence staining

Hydrogels were sterilized under ultraviolet light and then used to
obtain extraction solutions. The hydrogels were immersed in different
culture media for cell cultivation and then placed in a 37 °C incubator
with 5 % CO.. Cell seeding was performed as described previously. SCs
and PC12 cells were fixed with 4 % paraformaldehyde and incubated in
0.1 % Triton X-100 for 5 min. Then, the cells were incubated in 1 % BSA-
PBS for 30 min and washed thrice in PBS. Subsequently, SCs and PC12
cells were separately incubated with the primary antibody of rabbit anti-
S$100 antibody (1:200, Solarbio) or rabbit anti-200kD neurofilament
antibody (NF200, 1:100, Solarbio) overnight at 4 °C. After rinsing with
PBS 3 times, secondary antibodies, FITC-labeled goat antirabbit IgG
H&L (1:200, Solarbio) or Cyc3-labeled goat antirabbit IgG H&L (1:200,
Solarbio), were employed to stain the cells for 2 h at room temperature.
Subsequently, cells were incubated with DAPI (1:500, Life Technologies,
USA) for 10 min. Eventually, the stained samples were observed under a
laser scanning confocal microscope (LSCM780NLO, Carl Zeiss,
Germany).

2.6.4. Anti-oxidative properties

The anti-oxidative property of hydrogels was assessed by a reactive
oxygen species (ROS) assay kit. RAW264.7 cells were seeded in 48-well
plates at a density of 2 x 10* per well and cultured in a 37 °C incubator
with 5 % CO: for 24 h. Then cells were induced with 100 ng mL™!
lipopolysaccharide (LPS) for 24 h. The extraction solution of hydrogels
was used to culture cells. DCFH-DA was diluted to a final concentration
of 10 pmol L™ in serum-free medium. Each well was incubated with
200 pL of the solution and incubated for 20 min in the dark. Subse-
quently, the cells were incubated with DAPI for 10 min. The fluores-
cence staining of RAW264.7 cells was observed using a fluorescence
microscope.

2.6.5. Immunomodulatory properties

Flow cytometry was employed to evaluate the phenotype polariza-
tion of RAW264.7 cells to further assess the anti-inflammatory proper-
ties of hydrogels. The cells were inoculated in six-well plates at a density
of 2 x 10° per well and cultured in a 37 °C incubator with 5 % CO2. The
culture medium was removed after 24 h. Following 12 h of stimulation
with LPS (100 ng mL™Y), cells were further cultured with hydrogel
extraction solution. A total of 2 pL. CD86 and 2 pL. CD206 working so-
lutions were added to the cell suspension and transferred to flow
cytometry tubes. RAW264.7 cells were incubated in the dark on ice for
30 min and finally analyzed by flow cytometry. The negative control
without LPS (—LPS) and positive control with LPS (4+LPS) were desig-
nated as control and LPS groups, respectively.

RAW264.7 cells were inoculated in 24-well plates and cultured in a
37 °C incubator with 5 % CO-. After 24 h, the medium was replaced with
fresh medium containing 100 ng mL ™! LPS for 12 h of stimulation. The
cells were then cultured for an additional 5 days. Subsequently,
RAW264.7 cells were fixed with 4 % paraformaldehyde and incubated in
0.1 % Triton X-100 for 5 min. Then the cells were incubated in 1 % BSA-
PBS for 30 min and incubated with the primary antibody of rabbit anti-
CD206 antibody (1:200, Solarbio) overnight at 4 °C. After washing,
FITC-labeled goat anti-rabbit IgG H&L (1:200, Solarbio) was employed
to stain the cells for 2 h at room temperature and then incubated with
DAPI (1:200, Life Technologies, USA) for 10 min. Finally, the stained
samples were observed under a laser scanning confocal microscope
(LSCM780NLO, Carl Zeiss, Germany).

2.6.6. Gene expression

Total RNA was extracted from RAW264.7 cells using a total RNA
extraction kit (Novoprotein, China) and reverse-transcribed into cDNA
with a reverse transcription kit (Novoprotein, China). Real-time qPCR
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(RT-qPCR) was carried out by the LightCycler 480 SYBR Green Master
Mix (Takara, Japan). The experiment was repeated three times, and the
results were analyzed by the 2722 method. Table S1 lists the primers
used in this study.

2.7. Animal experiments

2.7.1. Ethical statement
The animal experiments were sanctioned by the Animal Experi-
mental Ethics Committee of Shandong provincial hospital affiliated to

ExPL—-N xPL

SFI= —38.3x

ExTS—NxT
><PL+109.5><¥

Shandong first medical university (No. 2024-78). All rats were housed in
a highly sanitary and controlled environment with a 12-h light/dark
cycle. The temperature was maintained at 22 °C, and the relative hu-
midity was maintained at 55 %. Animals were provided with pathogen
free food and water. They were housed in groups of three per cage to
ensure social interaction and minimize stress. This study was conducted
in accordance with the ARRIVE guidelines to ensure the rigorous and
ethical reporting of animal experiments.

2.7.2. Subcutaneous implantation

Sprague-Dawley (SD) rats (male, aged 8 weeks, weighing 250 g)
received subcutaneous implantation of CH (n = 3), CHP (n = 3), and
CHPS NGCs (n = 3) at each time point, and analyses were conducted at 4
weeks and 8 weeks post-implantation. Rats were anesthetized with 40
mg kg~! pentobarbital sodium intraperitoneally. After shaving the
dorsal region of the rats, an incision was made to form a subcutaneous
pocket. Conduits were subsequently implanted, and the incision was
closed using 5-0 sutures. For postoperative pain management, bupre-
norphine (0.05 mg kg~!) was administered subcutaneously immediately
after surgery and every 12 h for 48 h. All animals were monitored daily
for signs of distress or discomfort. After 4 and 8 weeks, the local fascial
layers were dissected, and the NGCs were retrieved for further
examination.

2.7.3. NGCs transplantation for peripheral nerve regeneration

A total of 48 SD rats (male, aged 8 weeks, weighing 250 g) were
randomly assigned to 4 surgical groups: Autograft, CH, CHP, and CHPS.
Within each group, 6 animals were designated for analysis at 6 weeks
post-surgery and 6 at 12 weeks post-surgery. During the surgical pro-
cedure, the sciatic nerve in the right hind limb was exposed, and a 10
mm segment was resected to establish a sciatic nerve defect model under
general anesthesia with pentobarbital sodium (40 mg kg™1). In the
autograft group, the resected nerves were reversed and sutured back to
the nerve stumps. Besides, a 10 mm nerve guidance conduit was
implanted between the distal and proximal nerve stumps, the conduits
were implanted in the defect and nerve stumps were sutured with 8-0
sutures. Postoperative analgesia was provided using buprenorphine
(0.05 mg kg™1) every 12 h for 48 h to manage pain and reduce the
likelihood of abnormal behaviors. In addition, all animals were closely
monitored daily for signs of pain-related behaviors or self-injurious ac-
tivities throughout the experimental period.

2.7.4. Functional evaluation

The functional recovery of the injured sciatic nerves was evaluated
by walking track analysis, gastrocnemius wet weight measurement, and
electrophysiological examination. One group of animals was evaluated
at 6 weeks, and a separate group was evaluated at 12 weeks post-
implantation. For walking track analysis, the surgically treated hind

xTS+13.3 x
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limb was stained red and the normal hind limb was stained blue after 6
and 12 weeks. The rats were then allowed to walk on the surface of a
blank sheet of paper to record their footprints. Three rats in each
experimental group were recorded and analyzed for three valid trials per
rat at each time point. After the rat crawled, the white paper with
footprints was collected for further analysis. The sciatic nerve function
index (SFI) values, including print length (PL, distance from the third toe
to the heel), toe spread (TS, length from the first to the fifth toe), and
intermediate toe spread (IT, length from the second to the fourth toe),
were calculated using the following formula:

ExIT —NxIT
X X IT-8.8

where N and E indicate the normal and experimental sides, respectively.
In this study, SFI values range from —100 to 0, with —100 representing
total motor sciatic nerve dysfunction.

2.7.5. Electrophysiological analysis

After the rats were anesthetized, the damaged nerve and the ipsi-
lateral gastrocnemius muscle were re-exposed. A bipolar stimulating
electrode was placed on the sciatic nerve, and a needle recording elec-
trode was inserted into the anterior tibialis muscle. Subsequently, a
ground electrode was placed in the surrounding muscles. The amplitude
of the evoked compound muscle action potentials (CMAPs) and nerve
conduction velocity (NCV) were recorded by a portable biological-
function experimental system (BL-420S, Tai Meng). A 10-mA current
was used to constantly stimulate the rat for 1 ms. Although this intensity
elicited stable responses across animals, no formal determination of
maximal or supramaximal stimulation was performed.

2.7.6. Muscle weight ratio and histological assessment

The triceps surae muscle (TSM) of both hind limbs were weighed at
12 weeks to determine the muscle weight ratio (experimental side/
normal side). For histological analysis, muscle tissues were fixed in 4 %
paraformaldehyde for 24 h, embedded in paraffin, and cut into 5 pm
thick cross-sections. Three sections per group were examined for cross-
sectional morphology using Masson’s trichrome staining. The diameter
and the percentage of muscle fibers area were analyzed using ImageJ
software.

2.7.7. Nerve histological assessment

For histological assessment, regenerated sciatic nerves in different
NGCs were obtained using sutures as landmarks at 6 and 12 weeks post-
surgery. Nerve samples were fixed in 4 % paraformaldehyde, embedded
in paraffin, and sectioned into 5 pm thick transverse and longitudinal
slices. These sections were stained with hematoxylin and eosin (H&E).
Longitudinal sections of regenerated nerves after 12 weeks were fixed
with 4 % paraformaldehyde for 24 h, embedded in paraffin, sectioned
into 5 pm thick, and stained with Luxol fast blue (LFB). ImageJ software
was used to measure the positive myelin area percentage from LFB
staining. In addition, the gastrocnemius muscle from the operative leg
was also collected and processed using the same fixation and embedding
protocol, followed by Masson’s trichrome staining. At least three sec-
tions per animal were selected for histological analysis.

2.7.8. Immunofluorescence analysis of regenerated nerve

For immunofluorescence staining, the longitudinal sections (5 pm
thickness) were incubated with primary antibodies of rabbit anti-S100
(1:100, Solarbio) and rabbit anti-NF200 (1:100, Solarbio) overnight at
4 °C. To assess macrophage polarization within the regenerated nerves,
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Fig. 1. Characterization of CH, CHP, and CHPS hydrogels. (A) The injectability of CH, CHP, and CHPS hydrogels. (B) Photographs of different groups of hydrogels.
(C) SEM micrographs of hydrogels. Scale bar: 50 pm. (D) CH, CHP, and CHPS hydrogels utilized as electrically conductive paths for LED illumination. (E) Con-
ductivity and (F) EIS image of CH, CHP, and CHPS hydrogels. (G) Mechanical compression curves and (H) compression modulus of these hydrogels. (I) Porosity and

(J) water absorption rate of hydrogels. (K) Cumulative release profile of SIM in the CHPS hydrogel. (L) DPPH radicals scavenging ability and (M) in vitro degradation
performance of hydrogels. *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 2. Proliferation of neural cells and antioxidant properties of RAW 264.7 cells. (A) Immunofluorescence staining of S100 (green) and DAPI (blue) of SCs. Scale
bar: 100 pm. (B) IF staining of NF200 (red) and DAPI (blue) of PC12 cells. Scale bar: 100 pm. Proliferation of (C) SCs and (D) PC12 cells in various hydrogels cultured
with and without ES. (E) The antioxidant ability of LPS-induced RAW264.7 cultured in extraction solution, DCFH (green), DAPI (blue). Scale bar: 100 pm. (F) IF
staining of CD206 (green), DAPI (blue), and Phalloidin (red) in LPS-induced RAW 264.7 cells cultured in extraction solution. Scale bar: 100 pm. Relative fluorescence
intensity of (G) S100 in SCs and (H) NF200 in PC12 cells cultured with and without ES. (I) ROS scavenging ratio. (J) Relative fluorescence intensity of CD206. *p <
0.05, **p < 0.01, ***p < 0.001.
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the sections were stained with polyclonal antibodies of rabbit anti-iNOS
(M1, proinflammatory) (1:100, Solarbio), and rabbit anti-mannose re-
ceptor (CD206, M2, anti-inflammatory) (1:100, Solarbio). Next, the
nerve sections were stained with FITC-labeled goat anti-rabbit IgG H&L
(1:200, Solarbio) and Cy3-labeled goat anti-rabbit IgG H&L (1:200,
Solarbio) and incubated for 1 h. Finally, the nerve sections were stained
with DAPI (1:200, Solarbio) for 10 min. For quantitative analysis, three
non-consecutive sections per animal were analyzed to quantify the
positive area percentage of S100 and NF200, as well as the M2/M1 ratio,
using ImageJ software.

2.8. Statistical analysis

All data were presented as mean =+ standard deviation. Statistical
analysis was performed using one-way ANOVA and Tukey’s multiple
comparison tests. p < 0.05, p < 0.01, and p < 0.001 were denoted as
statistically significant differences by *, **, and ***, respectively.
3. Results and discussion
3.1. Characterizations of hydrogels

SEM micrographs of the PLCL membrane exhibited smooth and bead-
free nanofibers, with an average diameter of 0.76 + 0.12 pm (Fig. S1A
and B). CH, CHP, and CHPS hydrogels exhibited rapid gelation within 5
min, and their injectability was shown in Fig. 1A. Digital photographs of
hydrogels in Fig. 1B revealed that the CH hydrogel appeared colorless,
while the CHP and CHPS hydrogels were black. To confirm the physical
cross-linking of CS and HEC through hydrogen bonding in the hydrogel
formation, FTIR spectroscopy was performed on CH hydrogels. The FTIR
spectrum showed characteristic peaks of CS were observed at 3740 cm ™!
attributed to NH stretching, CH stretching at 2860 cm™!, C=0 bonds at
1660 cm™!, NH bending at 1590 cm ™!, and C—O stretching at 1070
em™! (Zhang et al., 2021). The main absorption peaks of HEC are -CHa-
and -OH at 2880 cm™! and 3300 cm_l, respectively, as well as the
telescopic vibration peaks of HEC ring at 1120 cm™* and 1030 cm™!
(Madivoli et al., 2023). The FTIR spectrum of CH showed the low-
intensity absorption bands at 1660 cm?, corresponding to the C=0
carbonyl stretching. This may be due to the formation of the hydrogen
bonds between the carbonyl groups of CS and the hydroxyl groups of
HEC (Fig. S2). The surface morphology of the materials was initially
assessed using SEM, revealing a microporous structure characterized by
interconnected internal pores (Fig. 1C). Enlarged local observation
showed no obvious impurities attached to the inner walls of the CH and
CHP hydrogel pores, indicating that EDOT was uniformly polymerized
within the hydrogel without affecting its internal structure. However,
precipitated particles were observed on the pore wall of the CHPS
hydrogel, corresponding to phase separation between the hydrogel
matrix and SIM, even though SIM had been activated (Yan et al., 2018).
Besides, non-activated SIM was dispersed in water and stirred for 12 h to
form a suspension. The SIM precipitated at the bottom of the bottle after
standing, proving that SIM was a hydrophobic drug and insoluble in
water (Fig. S3A and B). After forming a hydrogel, the hydrogel con-
taining activated SIM was transparent. In contrast, the hydrogel con-
taining non-activated SIM was milk-white, which further indicated that
the non-activated SIM was difficult to dissolve in the hydrogel was
poorly dispersed (Fig. S3C).

The inherent electroactivity of nerve tissues highlights the impor-
tance of improving the conductivity of artificial NGCs, as it contributes
to the formation of a microenvironment conducive to nerve regeneration
(Wang et al., 2024). All three types of hydrogels were capable of illu-
minating a light-emitting diode (LED) bulb, even the CH hydrogels that
did not contain the conductive material PEDOT (Fig. 1D). This phe-
nomenon can be attributed to the inherent water content within the
hydrogels, which enables the formation of a closed electrical circuit.
Specifically, the water in the hydrogels contains dissolved ions that can

Carbohydrate Polymers 368 (2025) 124178

facilitate the movement of charge carriers, enabling sufficient conduc-
tivity to complete the circuit and power the LED. To further quantify the
effect of PEDOT incorporation on the electrical conductivity of the
hydrogels, the conductivity of CH, CHP, and CHPS hydrogels was tested.
The results showed that the electrical conductivity of the CH, CHP, and
CHPS hydrogels was 0.08 + 0.01 Sm™}, 0.63 + 0.02Sm™}, and 0.59 +
0.02 Sm™1, respectively. Notably, the electrical conductivity of CHP and
CHPS hydrogels was significantly higher than that of CH hydrogels
(Fig. 1E). The electrical conductivity of nerves has been reported to be
approximately 0.39 S m~}, and the CHP and CHPS hydrogels exhibited
conductivity in the range of 0.1-1 § m™!, matching or surpassing that of
healthy nerve tissue (Lee et al., 2022). The diameter of the semicircle
observed in the EIS plot reflected the charge transfer resistance, with a
smaller diameter corresponding to lower impedance. The EIS results
showed that the PEDOT-containing hydrogels (CHP and CHPS) exhibi-
ted significantly smaller semicircle diameters compared to the CH
hydrogel, suggesting a notable reduction in impedance (Fig. 1F). The
impedances of CHP and CHPS were similar, which was consistent with
the results of the electrical conductivity. This enhancement in conduc-
tivity confirmed that the addition of PEDOT effectively improved the
electrical conductivity of the hydrogels.

Nerve conduits need to provide adequate support and maintain a
slight elasticity to cope with the friction and extrusion of the sur-
rounding tissue, preventing conduit collapse or deformation during
nerve regeneration (Wang et al., 2024). The mechanical tensile prop-
erties of the PLCL conduits are presented in Fig. S1C and D. The tensile
strength of the conduits was 12.96 + 1.03 MPa. It has been reported that
human sciatic nerves can withstand a maximum stress of 1930 + 50 kPa
(Yu et al., 2013). The results indicated that the PLCL conduits met the
necessary mechanical standards for nerve repair applications. In the
mechanical compression experiment, all hydrogels showed good
compressive properties with more than 50 % strain. The compressive
modulus of the CHP and CHPS hydrogels containing PEDOT added was
significantly higher than that of the CH group (Fig. 1G and H). These
results suggested that adding PEDOT improved the mechanical proper-
ties of hydrogels, which was consistent with previous reports (Guan
et al., 2022). The porosity and water absorption ratio of CHP and CHPS
groups were lower than those of CH hydrogel, which may be due to the
in situ polymerization of EDOT increasing the structural linkage of long
molecular chain segments within the hydrogel (Fig. 1I and J). Although
EDOT polymerized homogeneously, it partially clogged the micropores,
reducing the pore size and decreasing the porosity of the hydrogel.
Furthermore, the three groups of hydrogels exhibited high swelling
rates, which ensured sufficient nutrients required for cell growth.

The intra-hydrogel SIM release was measured for 14 days. As
depicted in Fig. 1K, the initial burst release of the SIM occurred within
the first 24 h, accounting for approximately 45 % of the total release.
This could be due to the rapid diffusion of a small fraction of SIM that
was not fully integrated into the hydrogel matrix during fabrication. The
drug release rate gradually decreased over time, with approximately 70
% of SIM released from the hydrogel, allowing its anti-inflammatory
effect during the early stage of PNI (Shan et al., 2024). The antioxi-
dant capacity of the hydrogel was evaluated using a DPPH radical
scavenging assay (Fig. 1L). The free radical scavenging activity of the
CHPS hydrogel reached 50 % after 12 h, primarily attributed to the
excellent antioxidant properties of SIM (Jafari et al., 2021). In addition,
the CH and CHP hydrogels exhibited 16 % free radical scavenging,
probably due to the antioxidant properties exerted by the CS in the
hydrogel (Wang et al., 2024). In vitro degradation studies showed rapid
degradation of the CH hydrogel, with only 20 % remaining after 60 days
(Fig. 1M). The degradation rates of CHP and CHPS were slower
compared to the CH hydrogel, with 40 % mass remaining after 60 days,
indicating that the in situ polymerization of PEDOT resulted in higher
cross-linking densities in these hydrogels. In vitro degradation experi-
ments proved that the three hydrogels had good degradation properties
and were suitable for in vivo application. However, in vitro degradation



J. Song et al. Carbohydrate Polymers 368 (2025) 124178

Fig. 3. The anti-inflammatory ability of conditioned medium obtained from CH, CHP, and CHPS hydrogels. (A) Flow cytometry analysis of CD86" and CD206™
expression of RAW 264.7 macrophages cultured with the conditioned medium obtained from hydrogels. (B) The ratio of M2/M1 calculated by flow cytometry. (C)
Quantitative analysis of IL-10, Arg-1, TNF-a, IL-1f, iNOS, and IL-6 gene expression in RAW 264.7 macrophages. *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 4. Gross observation and H&E staining of the section from autologous transplantation, CH, CHP, and CHPS conduits. (A) Schematic illustration of NGCs
transplantation. (B) Photographs of surgical implantation. (C) Cross sections of intermediate of autologous transplantation and conduits at 6 weeks stained with H&E.

Scale bar: 200 pm. Scale bar: 50 pm. Blue arrows indicate neovascularization.

results of PLCL conduits indicated a slow degradation rate, with only 4 %
degradation after 30 days (Fig. S1E). It will take a prolonged period for
PLCL materials to achieve complete degradation (Abe et al., 2020).

3.1.1. Cultivation of SCs and PC12 cells with ES in vitro and anti-
inflammatory

Cell proliferation and expression of specific fluorescent proteins were
detected after seeding SCs and PC12 cells on the hydrogels. As shown in
Fig. 2C, SCs exhibited higher proliferation on CH, CHP, and CHPS
hydrogels, suggesting good biocompatibility of these materials. After 3
and 5 days of culture, SCs proliferated more rapidly on CHP and CHPS
hydrogels under ES, indicating that the presence of PEDOT promoted the
proliferation of SCs. The proliferation trend of PC12 cells was similar to
that of SCs. Under ES, PC12 cells cultured on CHP and CHPS hydrogels
showed significantly higher proliferation rates on days 3 and 5
compared to those cultured on hydrogels without ES (Fig. 2D).
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Representative fluorescence images of SCs and PC12 cells cultured
on the hydrogels after 5 days are presented in Fig. 2A and B, respec-
tively. The relative fluorescence intensity of S100 protein expression in
SCs is shown in Fig. 2G. Under ES, the fluorescence intensity of S100 in
CHP and CHPS hydrogels was significantly enhanced and was higher
than that in the CH group. The expression of NF200 protein was
considerably increased in PEDOT-containing CHP and CHPS hydrogels
under external ES. However, no significant difference in NF200
expression was observed between the CHP and CHPS groups without ES
and the CH group (Fig. 2H). The presence of PEDOT in the hydrogel was
shown to enhance the electrical conductivity of the material, which
facilitated the transmission of electrical signals in electroactive tissues.
When combined with appropriate ES, this conductive environment
effectively promoted cell proliferation and supported cellular functions
(Xu et al., 2023; Zhou et al., 2018). However, the detailed mechanisms
by which conductive hydrogels combined with ES affect neural cells
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Fig. 5. Histological morphological evaluation of autologous transplantation, CH, CHP, and CHPS conduits at 12 weeks. (A) Longitudinal sections of autologous
transplantation and conduits at 12 weeks stained by H&E. Scale bar: 1 mm. Scale bar: 100 pm. Blue arrows indicate neovascularization. (B) Longitudinal sections of
autologous transplantation and conduits at 12 weeks stained by LFB. Scale bar: 1 mm. Scale bar: 100 pm. (C) Immunofluorescence staining images of longitudinal
sections of S100 (green), NF200 (red), and nuclei (blue). Scale bar: 200 pm (low magnification) and 50 pm (high magnification). (D) Microvessel density calculated
based on different groups. (E) Relative fluorescence intensity of $100. (F) Relative fluorescence intensity of NF200. (G) The positive area percentage of myelin

calculated by LFB staining images. *p < 0.05, **p < 0.01, ***p < 0.001.

remain to be studied.

The intracellular ROS scavenging ratio was measured by LPS-
induced DCFH-DA green fluorescence in RAW 264.7 cells (Fig. 2E and
). The CH, CHP, and CHPS hydrogels showed higher ROS scavenging
ratios compared to the LPS group, which can be attributed to the anti-
oxidant properties of CS within the hydrogels (Bashir et al., 2022). The
incorporation of PEDOT significantly enhanced the ROS scavenging
capacity of CHP hydrogels compared to CH hydrogels. This improve-
ment was primarily attributed to the conjugated backbone of PEDOT,
which facilitated electron donation for ROS neutralization and exhibited
intrinsic antioxidant properties (Zhou et al., 2022). Moreover, CHPS
hydrogels showed a significantly lower number of positive cells
compared to other LPS-induced groups, indicating the effective anti-
oxidative property of SIM. To examine the effect of hydrogels on
macrophage polarization, CD206 staining, a marker for M2 macrophage
polarization, was performed (Fig. 2F). Macrophages cultured on CHPS
hydrogels expressed higher levels of CD206 than other groups (Fig. 2J).

To assess the anti-inflammatory response induced by the hydrogels,
the expression levels of CD86 and CD206 were detected using flow
cytometry (Fig. 3A). Quantitative results revealed that the CD206,/CD86
ratio in the CHPS hydrogel was significantly higher than other groups
except the control group, which demonstrated that the CHPS hydrogel
promoted macrophage polarization toward the M2 phenotype due to the
release of SIM (Fig. 3B). To evaluate the effects of hydrogels on
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RAW264.7 cells, mRNA expression levels of anti-inflammatory and pro-
inflammatory cytokines were analyzed by qPCR. The CHPS group
showed significantly upregulated expression of the anti-inflammatory
markers IL-10 and Arg-1 compared to the CH and CHP groups. In
contrast, the expression levels of pro-inflammatory cytokines, including
TNF-a, IL-16, iNOS, and IL-6, were significantly lower in the CHPS group
relative to the other groups (Fig. 3C). The results of qPCR further
confirmed that the CHPS hydrogels exhibited the anti-inflammatory
property.

3.1.2. Morphological assessment of regenerated nerves

To evaluate the efficacy of nerve repair in a rat model of sciatic nerve
defect, hydrogel-filled conduits were implanted and then harvested for
comprehensive histological analysis at 6 and 12 weeks after surgery
(Fig. 4A). At 6 weeks, both ends of the conduit had successfully fused
with the epineurium. By the 12-week time point, none of the experi-
mental groups displayed signs of neuroma formation (Fig. 4B). Inter-
mediate cross-sections of the peripheral nerve grafts were examined at 6
weeks post-implantation, while longitudinal sections were prepared at
12 weeks to better evaluate nerve tissue regeneration. Both time points
were subjected to H&E staining for histological analysis. At 6 weeks
post-implantation, histological analysis revealed partial hydrogel
degradation within all conduits (Fig. 4C). H&E staining of longitudinal
sections at 12 weeks post-implantation revealed that while the conduits
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Fig. 6. Immunofluorescence staining of regenerated nerve tissues from different groups in iNOS and CD206 after 12 weeks. (A) Immunofluorescence staining of
regenerated nerve tissues in iNOS (green) and CD206 (red). Scale bar: 500 pm. Scale bar: 50 pm. (B) Quantitative analysis of iNOS expression positive areas. (C)
Quantitative analysis of CD206 expression positive areas. (D) Quantitative analysis of the ratio between M2/M1. *p < 0.05, **p < 0.01, ***p < 0.001.

partially maintained their structural integrity, the internal hydrogel was
completely degraded with extensive neural regeneration extending
along all conduits (Fig. 5A). Further results from subcutaneous im-
plantation indicated a substantial amount of undegraded the hydrogel
within conduits at 4 weeks. Significant degradation was observed by 8
weeks, confirming the gradual degradation of hydrogels (Fig. S4). The
reduction in hydrogel volume and its gradual degradation created suf-
ficient space for peripheral nerve extension within the conduit, effec-
tively minimizing the risk of nerve compression.

3.1.3. Histological analysis of regenerated sciatic nerves

The continuous supply of oxygen and nutrients through vasculari-
zation plays a critical role in peripheral nerve regeneration (Saffari et al.,
2020). Following implantation of conduits, vascularization initiates
bidirectionally from the proximal and distal nerve stumps, gradually
extending toward the central region of the conduit (Chalfoun et al.,
2003). Although the progression of vascularization into the center of
NGGCs is time-dependent, regenerated microvessels were observed in the
middle sections of all experimental groups at 6 weeks post-
transplantation (Fig. 4C). At 12 weeks post-transplantation, the regen-
erated microvessels were macroscopically observed and marked with
blue arrows in Fig. 5A. Further quantitative analysis of microvessel
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density showed that the CHPS group exhibited vessel density compa-
rable to that of the autograft group, with both showing significantly
higher values than the CH and CHP groups (Fig. 5D). Statistical analysis
of microvessel diameters revealed consistent results (Fig. S5). The
improved vascularization observed in the CHPS group can be attributed
to the incorporation of SIM, a potent angiogenic agent recognized for its
capacity to promote endothelial cell function, stimulate nitric oxide
(NO) release, and facilitate the migration and proliferation of endothe-
lial cells (Sharma et al., 2023; Yu et al., 2020). Additionally, LFB staining
revealed that more nerve myelin was observed in the CHP, CHPS, and
autograft groups compared to the CH group (Fig. 5B). To obtain an ac-
curate assessment, the percentage of positive myelin area in the CHP and
CHPS groups was comparable to that in the autograft group, and
significantly higher than that in the CH group after 12 weeks (Fig. 5G).
Immunofluorescence staining of longitudinal sections was employed to
evaluate remyelination and axonal regeneration through the expression
of S100 and NF200 proteins, respectively (Fig. 5C). Among the four
experimental groups, distinct differences in staining intensity were
observed. Further analysis revealed notably higher staining intensities of
$100 and NF200 in the autograft, CHP, and CHPS groups than in the CH
group (Fig. 5E and F). These results showed that CHP and CHPS
hydrogel-filled nerve conduits effectively promoted peripheral nerve
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Fig. 7. Functional evaluation of nerve recovery at 12 weeks post-implantation. (A) Photographs of gastrocnemius muscles from both hind limbs. (B) Measurement of
the TSM wet weight ratios of gastrocnemius muscles. (C) Images of cross sections of gastrocnemius muscles stained with Masson’s trichrome. Scale bar: 100 pm. (D)
Photographs of footprints. Scale bar: 0.5 cm. (E) SFI quantification of hind paws. (F) Representative CMAP recordings in the autograft, CH, CHP, and CHPS groups at
the injury site. (G) Quantification of the diameter of gastrocnemius muscles. (H) Analysis of the average area of muscle fibers. (I) Quantification of CMAP amplitude
and (J) nerve conduction velocity in the indicated groups. *p < 0.05, **p < 0.01, ***p < 0.001.

regeneration compared to CH scaffolds. Studies have shown that elec-
trical signals in organisms play a significant role in regulating neural
function and development, promoting cellular interactions, and
affecting the differentiation and migration of neurons (Spitzer, 2006).
The CHP and CHPS hydrogels serve as conductive scaffolds that bridge
the severed nerve ends, enhancing the expression of relevant proteins
and facilitating peripheral nerve repair.

3.1.4. Anti-inflammatory properties of conduits

To gain further insight into the inflammatory response during nerve
regeneration, immunofluorescence staining was performed for iNOS (a
marker of M1 macrophages) and CD206 (a marker of M2 macrophages).
As shown in Fig. 6A, iNOS expression was significantly higher in the CH
and CHP groups compared to the CHPS and autograft groups. In
contrast, CD206 expression was significantly elevated in the CHPS group
relative to the other groups. Quantitative analysis of iNOS and CD206
positive areas confirmed these observations, indicating that the CHPS
conduit promoted M2 macrophage infiltration and created an anti-

13

inflammatory microenvironment conducive to nerve regeneration
(Fig. 6B and C). Statistical analysis revealed that the M2/M1 ratio in the
CHPS group was significantly higher than that in the CH and CHP groups
(Fig. 6D). This finding indicated that the CHPS conduit exhibited anti-
inflammatory properties, alleviated the inflammatory response, and
contributed to the formation of the anti-inflammatory microenviron-
ment for nerve regeneration. Although several studies have reported
that SIM inhibits M1 macrophage polarization, the specific mechanisms
remain to be thoroughly investigated. This may partially explain why
M2-type macrophages in the CHPS conduits maintain higher numbers in
the later stages of peripheral nerve repair (Zhao et al., 2022).

3.1.5. Functional evaluation of regenerated sciatic nerves

The efficacy of sciatic nerve repair in the experimental groups was
assessed based on the recovery of motor function and nerve conduction
function after surgery (Hu et al., 2024). The gastrocnemius muscle is the
target organ of the sciatic nerve, and the extent of its atrophy may
indicate the extent of neuromotor recovery. At 12 weeks post-operation,
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gastrocnemius muscles were harvested for quantitative analysis. Spe-
cifically, the left side represented the uninjured control, while the right
side corresponded to the surgical condition (Fig. 7A). Statistical results
revealed that the TSM weight ratio of the CHPS NGCs was the closest to
that of the autograft group and was significantly higher compared to the
CH and CHP groups. These findings suggested that the CHPS group
exhibited less muscle atrophy than the CH and CHP groups (Fig. 7B).
Masson’s trichrome staining of muscle sections was performed to further
analysis of muscle atrophy (Fig. 7C). Statistical analysis of muscle fiber
diameter and average muscle area illustrated that the CHPS group was
closest to the autograft, and the CHP was better than the CH group
(Fig. 7G and H). Recovery of motor function in rats was also assessed by
footprint analysis (Fig. 7D). SFI statistics showed that there was no
significant difference between the CHPS group and the autograft
(Fig. 7E). In addition, the conduction of nerve action potentials is an
essential indicator in evaluating peripheral nerve function (Fig. 7F).
Electrophysiological results showed that action potential amplitude and
nerve conduction velocity were significantly better in the CHPS group
than in the CH and CHP groups (Fig. 7I and J). Collectively, these results
suggested a potential advantage of CHP and CHPS NGCs over CH NGCs
in promoting nerve conduction function. It should be noted that the
electrophysiological recordings were conducted using conventional
stimulation methods. Further research employing more refined and
standardized stimulation protocols is essential to validate differences in
nerve conduction function.

4. Conclusion

In conclusion, a conductive and anti-inflammatory hydrogel was
constructed and injected into nerve conduits, showing potential in
modulating the local inflammatory response and supporting nerve
regeneration. The in situ polymerization of PEDOT within the CHP and
CHPS hydrogels exhibited improved and stable electrical conductivity,
effectively promoting the proliferation of SCs and PC12 cells under ES.
Upon activation of SIM, the anti-inflammatory drug was uniformly
dispersed within the CHPS hydrogel, facilitating its sustained release at
the injury site to create an anti-inflammatory microenvironment that
prevented inflammation-induced inhibition of peripheral nerve regen-
eration. The CHPS hydrogel-filled nerve conduit may serve as a prom-
ising candidate for peripheral nerve repair, although further
mechanistic studies are needed to confirm its exact mode of action.
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