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A B S T R A C T   

Autologous nerve transplantation (ANT) is currently considered the gold standard for treating long-distance 
peripheral nerve defects. However, several challenges associated with ANT, such as limited availability of do
nors, donor site injury, mismatched nerve diameters, and local neuroma formation, remain unresolved. To 
address these issues comprehensively, we have developed porous poly(lactic-co-glycolic acid) (PLGA) electro
spinning fiber nerve guide conduits (NGCs) that are optimized in terms of alignment and conductive coating to 
facilitate peripheral nerve regeneration (PNR) under electrical stimulation (ES). The physicochemical and bio
logical properties of aligned porous PLGA fibers and poly(3,4-ethylenedioxythiophene):polystyrene sodium 
sulfonate (PEDOT:PSS) coatings were characterized through assessments of electrical conductivity, surface 
morphology, mechanical properties, hydrophilicity, and cell proliferation. Material degradation experiments 
demonstrated the biocompatibility in vivo of electrospinning fiber films with conductive coatings. The conductive 
NGCs combined with ES effectively facilitated nerve regeneration. The designed porous aligned NGCs with 
conductive coatings exhibited suitable physicochemical properties and excellent biocompatibility, thereby 
significantly enhancing PNR when combined with ES. This combination of porous aligned NGCs with conductive 
coatings and ES holds great promise for applications in the field of PNR.   

1. Introduction 

Peripheral nerve injury (PNI) refers to damage occurring in the pe
ripheral nerve plexus, nerve trunk, or its branches, typically resulting 
from traumatic factors such as lacerations, motor vehicle accidents, 
compression injuries, and excessive stretching [1]. The management of 
long-distance (over 5 cm) nerve defects poses a significant surgical 
challenge due to the inability to directly suture nerves [2]. The current 
treatment for long-distance nerve defects is autologous nerve trans
plantation (ANT) [3]. However, ANT has several inherent disadvan
tages, including limited availability of donors, functional loss in the 
donor region, formation of neuromas, and mismatched nerve diameters 
[4]. To overcome these limitations, a tissue-engineered nerve guide 
conduit (NGC) was developed [5]. The NGC effectively isolates the re
generated nerve axon from surrounding scar tissue, therefore preventing 

compression of the nerve by adjacent tissues [6]. Additionally, the NGC 
plays a crucial role in accurately directing nascent neural tissue towards 
its intended target organ [7]. 

Various techniques were employed for the fabrication of NGCs, 
including freeze-drying, solvent casting, phase separation, gas foaming, 
three-dimensional (3D) printing, and electrospinning [8]. Electro
spinning is an electrostatically driven process utilized to produce 
random or aligned fibers with diameters ranging from nanometers to 
microns [9]. The desired morphology of electrospinning fiber was ach
ieved by adjusting process parameters, environmental conditions, and 
solution properties [5]. Many previous studies have demonstrated the 
indispensability of electrospinning fibers with aligned porous 
morphology for nerve regeneration, as they effectively enhance 
neuronal cell adhesion, proliferation, and guided growth while also 
modulating cytokine expression to a moderate extent [10,11]. Zamani 
et al. found that electrospinning poly(lactic-co-glycolic acid) (PLGA) 
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porous cylindrical fibers significantly enhanced the attachment, growth, 
and proliferation of human A-172 nerve cells [12]. Filimona et al. 
validated that the surface porous topology of electrospinning film pre
vented microbial colonization and reduced the risk of postoperative 
infections, which is crucial in neural tissue engineering [13]. 

Although numerous previous studies have been conducted on the 
application of aligned electrospinning with surface porous morphology 
in neural tissue engineering, a majority of these studies solely focused on 
cellular experiments rather than validating their effects on neural 
regeneration in animal models. Zhang et al. demonstrated that the 
combination of aligned electrospinning NGCs and electrical stimulation 
(ES) effectively enhanced peripheral nerve regeneration (PNR), thereby 
suggesting that employing multiple treatment modalities may yield a 
favorable synergistic effect [14]. Due to its poor electrical conductivity, 
PLGA requires modification with a conductive coating to enhance neu
rostimulation by ES. Among the various options available, poly(3, 
4-ethylenedioxythiophene) (PEDOT) stands out as the most exten
sively studied polythiophene derivative due to its superior electro
chemical stability, enhanced conductivity, and improved thermal 
stability compared to polypyrrole (PPy) and polyaniline (PANI) [15]. 
Unlike other conductive polymers, PEDOT doped with polystyrene sul
fonate (PSS) can be easily dispersed in aqueous solution while main
taining excellent conductivity [16]. Therefore, the utilization of PEDOT: 
PSS represents a promising approach for developing conductive scaf
folds that facilitate cell adhesion and promote cellular growth and dif
ferentiation [17]. 

The process of PNR is intricate, and achieving satisfactory thera
peutic outcomes with a single material, scaffold, or treatment proves 
challenging. Henceforth, the future research direction should focus on 

composite treatments involving multiple materials or approaches [18]. 
Prabhakaran et al. suggested that the combination of ES with topo
graphical cues synergistically promoted axonal growth, surpassing the 
effects of monotherapy [19]. In another study, agarose NGCs were 
combined with a PEDOT conductive coating to enhance their mechan
ical properties and significantly improve conductivity. Although ES was 
not applied in the experiment, the desired nerve repair effect was ach
ieved, leading to the successful restoration of motor function in the 
lower limbs of rats [18]. Other studies have primarily focused on uti
lizing topographic cues or ES to influence schwann cell (SC) migration 
[20,21]. However, there is a scarcity of reports regarding the combi
nation of ES, topographic cues, surface topography, and conductive 
coatings for PNR. 

Here, the electrospinning fibers were integrated with optimized 
porous alignment and highly conductive materials, in conjunction with 
ES, to regulate nerve cell behavior and facilitate neural repair in vivo, as 
illustrated in Scheme 1. We fabricated aligned PLGA fibers and inves
tigated the optimal preparation conditions for their surface porous 
morphology by varying solvent ratios. Considering the cytotoxicity of 
high concentrations of PEDOT:PSS solutions, we systematically explored 
gradient dilution to achieve an optimal concentration of conductive 
coatings that would provide good conductivity without compromising 
biocompatibility for the electrospinning fibers. The resulting composite 
NGCs exhibited significantly enhanced nerve regeneration in rats under 
ES, offering a facile approach to obtain a well-suited NGC for nerve 
tissue engineering applications in PNI. 

List of abbreviations 

3D Three-dimensional 
AChE Acetyl cholinesterase 
ANT Autologous nerve transplantation 
ATP Adenosine triphosphate 
CCK-8 Cell counting kit-8 
CLSM Confocal laser scanning microscope 
CMAPs Compound muscle action potentials 
CNS Central nervous system 
CPs Conducting polymers 
DAPI 4′,6-diamidino-2-phenylindole 
DCM Dichloromethane 
DEG Differentially expressed genes 
DMEM Dulbecco’s modified eagle medium 
DMF Dimethylformamide 
DMSO Dimethyl sulfoxide 
ECM Extracellular matrix 
EDX Energy dispersive X-Ray 
ELISA Enzyme linked immunosorbent assay 
ES Electrical stimulation 
FDA Food and drug administration 
FTIR Fourier transform infrared 
GFAP Glial fibrillary acidic protein 
GM Gastrocnemius muscle 
GO Gene ontology 
GSEA Gene set enrichment analysis 
H&E Hematoxylin-eosin 
IL-10 Interleukin-10 
IT Intermediary toe 
KEGG Kyoto encyclopedia of genes and genomes 
MAP-2 Microtubule association protein-2 
MAPK Mitogen-activated protein kinase 

MBP Myelin basic protein 
M-CSF Macrophage stimulating factor 
MEP Motor endplate 
NF200 Neurofilament-200 
NGC Nerve guide conduit 
PANI Polyaniline 
PBS Phosphate buffer saline 
PC-12 Pheochromocytoma-12 
PCL Polycaprolactone 
PEDOT Poly(3,4-ethylenedioxythiophene) 
PFA Paraformaldehyde 
PI Propidium iodide 
PL Paw length 
PLGA Poly(lactic-co-glycolic acid) 
PLLA Poly(L-lactic acid) 
PNI Peripheral nerve injury 
PNR Peripheral nerve regeneration 
PNS Peripheral nervous system 
PPy Polypyrrole 
PSS Polystyrene sulfonate 
ROS Reactive oxygen species 
RPMI-1640 Roswell park memorial institute-1640 
SC Schwann cell 
SD Sprague-Dawley 
SEM Scanning electron microscopy 
SFI Sciatic functional index 
TCP Tissue culture polystyrene 
TEM Transmission electron microscope 
TNF-α Tumor necrosis factor-α 
TS Toe spread 
Tuj-1 Beta3-Tubulin 
UVO Ultraviolet ozone 
XPS X-ray photoelectron spectroscopy  
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2. Materials and methods 

2.1. Materials 

PLGA ((LA): (GA) = 75:25; the molecular weight was 8 × 104 g 
mol− 1) was provided by Changchun SinoBiomaterials Co., Ltd (Chang
chun, P. R. China). Dimethylformamide (DMF, 0.948 g cm− 3) was pur
chased from Energy Chemical Co., Ltd (Shanghai, P. R. China). 
Dichloromethane (DCM, 1.325 g cm− 3) was purchased from XiLong 
Scientific Co., Ltd (Shenzhen, P. R. China). PEDOT:PSS, neurofilament- 
200 (NF200) antibody, glial fibrillary acidic protein (GFAP) antibody, 
and beta3-Tubulin (Tuj-1) antibody were purchased from Sigma-Aldrich 
(Shanghai, P. R. China). The rat hematoxylin-eosin (H&E) kit, the 
masson kit, the Roswell park memorial institute-1640 (RPMI-1640) 
medium, and the Dulbecco’s modified eagle medium (DMEM) were 
purchased from Servicebio Co., Ltd (Wuhan, P. R. China). Cell counting 
kit-8 (CCK-8) was purchased from Beyotime Biotechnology Co., Ltd 
(Shanghai, P. R. China). 4′,6-diamidino-2-phenylindole (DAPI) was 
purchased from Solarbio Co., Ltd (Beijing, P. R. China). Phalloidin-FITC 
conjugate kit was purchased from Thermo Fisher Scientific Co., Ltd 
(Shanghai, P. R. China). Clear tissue culture polystyrene (TCP) plates 
were purchased from Corning Costar Co., Ltd (Cambridge, MA, USA). 
The living/dead cell double staining kit and acetylcholinesterase stain
ing kit were purchased from Bestbio Co., Ltd (Shanghai, P. R. China). 
Myelin basic protein (MBP) antibody, rat pheochromocytoma-12 (PC- 
12) cells, and rat SCs were purchased from Bihe Biochemical Technology 
Co., Ltd (Shanghai, P. R. China). Sprague-Dawley (SD) rats were pur
chased from the animal experiment center of Jilin University (Chang
chun, P. R. China). Collagenase IV and DNase I were purchased from 
Sigma-Aldrich (Shanghai, P. R. China). Antibodies of CD11b, CD86, 
and CD206 were purchased from eBioscience Co., Ltd (Santiago, USA). 
Intracellular staining buffer was purchased from BIOCREATIVE Co., Ltd 
(Beijing, P. R. China). Enzyme linked immunosorbent assay (ELISA) kits 
were purchased from Servicebio Co., Ltd (Wuhan, P. R. China). RNA 
nano 6000 assay kit of the bioanalyzer 2100 system was purchased from 
Agilent Technologies Co., Ltd (CA, USA). Acetyl cholinesterase (AChE) 
kits were purchased from Bestbio Co., Ltd (Nanjing, P. R. China). 

2.2. Preparation and characterization of PLGA electrospinning fibers 
under varying roller receiver speeds 

2.52 g PLGA was dissolved in a mixture of 10 mL DMF and 10 mL 
DCM (10 wt%). The mixture was stirred for over 12 h until no 

undissolved PLGA particles were visible. Subsequently, the PLGA solu
tion was aspirated into a 1 mL syringe under a device voltage of 14 kV 
and with a distance of 15 cm between the needle tip and the roller 
collector encapsulated in copper foil. The resulting electrospinning fi
bers obtained at different roller receiver speeds (0 rpm, 500 rpm, 1000 
rpm, 1500 rpm, 2000 rpm, and 2500 rpm) were named as follows: 
PLGA-0, PLGA-500, PLGA-1000, PLGA-1500, PLGA-2000, and PLGA- 
2500, respectively. Scanning electron microscopy (SEM, Inspect-F50, 
FEI, Eindhoven, Finland) was employed to observe the alignment and 
surface morphology characteristics of the electrospinning fibers. Addi
tionally, hydrophilicity characterization of the PLGA fibers was con
ducted by measuring their water contact angle using a contact angle 
meter (KRUSS, Hamburg, Germany). 

2.3. Preparation and characterization of porous PLGA fibers with varying 
ratios of DCM and DMF blends 

The PLGA was dissolved using varying ratios of DCM mixed with 
DMF, as indicated in Table 1, all for a 10 wt% PLGA solution. 

We employed SEM to conduct morphological characterization of 
PLGA fibers. The densities and porosities were determined using the 
liquid phase displacement technique with ethanol as the displacing 
agent. To enhance hydrophilicity, the PLGA fiber films underwent a 50s 
treatment with an ultraviolet ozone (UVO) cleaner (42–220, Jelight, 
USA). The quality of the fiber film was M, followed by immersion in 
ethanol (volume V1) for 5 min, resulting in a total volume of ethanol and 
film denoted as V2. After removing the fiber film from ethanol, the 
remaining volume of ethanol was measured as V3. Subsequently, 
equation (1) was utilized to calculate the density (ρ) of the fiber film. 

Scheme 1. Schematic illustration of porous aligned PEDOT:PSS-coated PLGA electrospinning NGC for promoting nerve regeneration under ES.  

Table 1 
Various ratios of DCM and DMF were utilized to dissolve PLGA for the prepa
ration of electrospinning fibers.  

The solvent’s volume ratio DCM DMF PLGA 

12:1 3 mL 0.25 mL 0.47 g 
10:1 3 mL 0.3 mL 0.47 g 
8:1 3 mL 0.38 mL 0.48 g 
6:1 3 mL 0.5 mL 0.49 g 
4:1 2.6 mL 0.65 mL 0.45 g 
3:1 2.4 mL 0.8 mL 0.44 g 
2:1 2.2 mL 1.1 mL 0.44 g  

K. Liu et al.                                                                                                                                                                                                                                      



Materials Today Bio 26 (2024) 101064

4

ρ= M
V2 - V3

(1) 

where M was in “g”, and V2 and V3 were in “mL”. 
The porosity (ε) of the fiber film was determined using equation (2): 

ε=V1 - V3
V2 - V3

(2)  

where V1, V2, and V3 were in “mL”. 
We determined the water absorption of the fiber film with an initial 

mass of M0. The fiber films were immersed in deionized water for 24 h. 
After being removed from the water, excess moisture on the surface of 
the fiber films was absorbed using filter paper, and its quality was 
measured as M1. PLGA fiber films were subjected to vacuum drying at 
40 ◦C for 24 h and then weighed as M2. The water absorption (δ) of the 
fiber film was calculated using equation (3): 

δ=
M1 - M2

M0
(3) 

M0, M1, and M2 were in “g”. 

2.4. The impact of PEDOT:PSS-coated porous PLGA fibers on cellular 
proliferation 

To coat the porous PLGA fibers, we employed the PEDOT:PSS solu
tion. Previous research has indicated that incorporating propanol or 
dimethyl sulfoxide (DMSO) into the PEDOT:PSS solution enhances its 
solubility and conductivity [22]. However, the use of organic solvents 
may potentially harm the mechanical properties and surface 
morphology of PLGA fiber films. Therefore, we chose to mix an equal 
volume of deionized water with PEDOT:PSS to avoid any potential 
damage. The UVO-treated fiber films were immersed in aqueous PEDOT: 
PSS solution for 1 h, dried under vacuum at 30 ◦C for 3 h, and subse
quently rinsed with deionized water to eliminate any residual PEDOT: 
PSS from the surface [22]. 

With the PLGA fiber films, both coated and uncoated, placed in 96- 
well plates, we added 5 × 103 PC-12 cells suspended in 200 μL of 
RPMI-1640 medium to each well. Following a 24 h incubation period, 
the cell culture medium was aspirated and replaced with a mixture of 
CCK-8 reagent (dissolved at a concentration of 5 mg mL− 1) in serum-free 
medium at a ratio of 1:10. Subsequently, 100 μL of the mixture was 
added to each well and further incubated until an orange color devel
oped. Proliferation rates were assessed using the Bio-Rad microplate 
detector (Bio-Rad 550, Hercules, California, USA). Cell experiments 
were conducted at both the 48 h and 72 h time points following previ
ously described methods. 

2.5. The exploration of the optimal coating concentration for PEDOT:PSS 

We employed gradient dilution to explore the optimal coating con
centration of PEDOT:PSS using rat PC-12 cells and SC cells for experi
ments. A total of 50 wells arranged in 5 rows and 10 columns were 
selected on a 96-well plate. Subsequently, each well was supplemented 
with 5 × 103 PC-12 cells and 200 μL of culture medium, followed by 
incubation for 24 h. The cell culture medium was then aspirated from 
each well, after which the leftmost five wells received an addition of 100 
μL of PEDOT:PSS solution. Next, these wells were mixed thoroughly 
with an additional supplementation of 100 μL of cell culture medium 
before transferring a volume of 100 μL from this mixture into the second 
column’s 5 wells. This process was repeated by adding another 100 μL 
cell culture medium and thorough mixing before pipetting the resulting 
mixture into the third column’s wells for further dilution. This sequen
tial procedure continued until reaching the tenth column where a final 
volume of well-mixed liquid measuring at 200 μL was obtained, dis
carding the 100 μL mixture. 

After incubation for 24 h, the mixture was removed, followed by the 

addition of a mixture containing CCK-8 reagent solution and cell culture 
medium. The resulting mixture was further incubated until an orange 
color developed and subsequently analyzed using a microplate reader. 

2.6. Preparation and characterization of porous PLGA fiber films coated 
with the optimal concentration of PEDOT:PSS 

The porous PLGA fiber films were coated with PEDOT:PSS solution at 
the optimal concentration for promoting cell proliferation. We 
employed a digital multimeter (DLX890C+, Delixi Group Co., Ltd, 
Zhejiang, China) to determine the electrical conductivity of the PLGA 
fiber films. The cross-sectional area of the fiber film was determined by 
measuring its width and thickness using vernier calipers, and the con
ductivity (σ) was calculated based on equation (4): 

σ=
L

AR
(4) 

R was the resistance of the fiber film in “MΩ”; L was the distance 
between the two electrodes in “cm”; A was the cross-sectional area of the 
fiber film in “cm2”. 

We examined the surface morphology of PLGA fiber films after 
PEDOT:PSS coating using SEM. The presence of the coating on the fiber 
films was studied through mapping and energy dispersive X-Ray (EDX) 
spectroscopy. X-ray photoelectron spectroscopy (XPS) was employed to 
analyze the elemental sulfur present on the surface of PLGA fiber films. 
The mechanical properties of PLGA fiber films were evaluated using a 
universal testing machine (Shimadzu, Kyoto, Japan). We conducted 
mechanical property tests on the fiber films in both parallel and 
perpendicular orientations to the fiber alignment, with the stress-strain 
curves providing us with the maximum tensile strength data. Fourier 
transform infrared (FTIR) spectroscopy (Bio-Red Win-IR, Bruker, 
Karlsruhe, Germany) was employed to analyze uncoated PLGA fiber 
films, PEDOT:PSS conductive coating, and coated PLGA fiber films. The 
hydrophilicity of the coated PLGA fiber films was evaluated by 
measuring their water contact angle. 

2.7. The in vitro and in vivo degradation of porous PLGA fiber films 
coated with PEDOT:PSS 

We prepared non-porous, porous, and coated porous PLGA fiber 
films for in vitro degradation experiments. The weight of each fiber film 
was accurately measured, followed by immersion in 1 % elastase at 
37 ◦C. The fiber films were removed every 10 days for vacuum drying 
and subsequent weighing to determine the remaining weight as a per
centage of the initial weight at each time point. 

The rats were anesthetized with a 2 % solution of pentobarbital so
dium through intraperitoneal injection, and subsequently, an “L” shaped 
incision was made on the dorsal region of each rat. Following the sep
aration of the subcutaneous tissue using a mosquito hemostat, the fiber 
films were implanted into the subcutaneous fascial layer and secured in 
place with sutures. Local tissues were excised at 1, 2, and, 3 months post- 
implantation of the fiber films, and paraffin sections were prepared after 
fixation of the tissues using a 4 % paraformaldehyde (PFA) solution. The 
rats’ weights were recorded every 10 days following implantation. 

2.8. The impact of PLGA fiber films with a coated porous surface on 
cellular behavior 

We conducted cellular experiments using SC and PC-12 cells and 
employed SEM to characterize the cell morphology on the surface of the 
fiber films. Additionally, we performed cytoskeleton staining to assess 
the impact of electrospinning fiber alignment on cell growth and 
morphology. Furthermore, we evaluated the toxicity of PEDOT:PSS on 
nerve cells through living/dead cell double staining. 

The porous PLGA fiber films were coated with the optimal concen
tration of PEDOT:PSS solution. Subsequently, the coated porous PLGA 
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fiber films were placed in 24-well plates, and a small well containing 2 
× 104 cells was prepared with the fiber film for subsequent incubation. 
Following aspiration of the medium, the PLGA fiber films were washed 
twice using phosphate buffer saline (PBS). The electrospinning fiber 
films were fixed using 4 % PFA for 30 min. Sequentially, ethanol at 
concentrations of 30 %, 50 %, 70 %, 80 %, 90 %, 95 %, and pure ethanol 
was added to dehydrate the cells adhering to the PLGA fiber films for 30 
min before their morphology was characterized using SEM. 

The coated porous PLGA fiber films were placed into a 24-well plate, 
and 1 × 104 cells were seeded into each well of the plate and incubated. 
After removing the medium and rinsing the fiber films with PBS, the 
films were fixed with PFA. Following removal of PFA and rinsing of the 
fiber film with PBS, acetone at − 20 ◦C was added for 5 min. The acetone 
was aspirated and the film was rinsed with PBS. Subsequently, the fiber 
film was stained using a phalloidin solution for 90 min, followed by 3 
times rinses with PBS. Next, the fiber films were stained with a DAPI 
solution for 10 min and again rinsed 3 times with PBS. Finally, the 
stained cells were captured using a confocal laser scanning microscope 
(CLSM, T-PMT, Zeiss, Japan). 

A sterile coverslip was placed on the bottom of a 6-well plate, and 2 
× 105 cells along with 3 mL of cell culture medium mixed with the 
PEDOT:PSS solution were added into each well. The plate was then 
incubated for 48 h. Live cells were stained using calcein AM, while dead 
cells were stained using propidium iodide (PI). The coverslip was care
fully lifted from the bottom of the 6-well plate and placed upside down 
onto a slide, which was subsequently captured using a fluorescence 
microscope (ECLIPSE C1, Nikon, Japan). 

To assess the impact of electrospinning fibers on macrophages at the 
PNR sites, we employed ELISA to study cytokine secretion. Rat macro
phages were cultured on electrospinning fibers, and cell supernatants 
were collected after 24, 48, and 72 h. The concentrations of tumor ne
crosis factor-α (TNF-α) and interleukin-10 (IL-10) in the supernatants 
were quantified using ELISA kits. 

2.9. The procedures of animal experimentation 

The female SD rats, weighing 220–250 g and aged 4–6 weeks, were 
provided with adequate water and food. All animals underwent a two- 
week acclimatization period before the animal experiments. A 10 mm 
sciatic nerve defect model was created to study the efficacy of coated 
aligned porous NGC combined with ES in promoting sciatic nerve 
regeneration in rats. The rats were randomly divided into 6 groups, each 
consisting of 10 individuals: nerve defect group, PLGA-1500 group, 
porous PLGA-1500 group, coated porous PLGA-1500 group, coated 
porous PLGA-1500 + ES group, and autograft group. After administering 
ether inhalation anesthesia to rats, a 2 % solution of pentobarbital so
dium was intraperitoneally administered at a dosage of 2 mL kg− 1 body 
weight. Once the anesthesia took effect, a longitudinal incision was 
made along the posterior aspect of the left femur to expose the sciatic 
nerve by gently separating the muscle tissue. The sciatic nerve was 
surgically resected to create a 10 mm nerve defect, and the area of the 
nerve defect was implanted with the NGC made of PLGA fiber film. In 
the autograft group, the resected nerve segments were utilized to bridge 
the nerve gaps after inversion, and each rat received an intramuscular 
injection of 80,000 units of penicillin post-surgery for infection 
prevention. 

A Rigol DG1022 signal generator (Puyuan Jingdian Technology Co. 
LTD, Beijing, China) was utilized to administer ES treatment on rats in 
the postoperative ES group every other day for a total of 5 sessions. 
Following previous research findings, we configured the stimulation 
parameters to include a frequency of 20 Hz, a duty cycle of 50 %, and an 
operating voltage of 100 mV. Platinum wire electrodes were positioned 
within the proximal and distal tissues of the nerves, with each stimu
lation session lasting for 2 h [14]. The recovery progress of lower ex
tremity nerves in rats was evaluated at both the 2-month and 3-month 
time points after treatment. 

2.10. The analysis of walking tracks 

To evaluate the recovery of the lower extremity function of rats, a 
walking track analysis was conducted on 5 rats from each group at 2 and 
3 months post-treatment. A white paper was placed on the bottom of the 
plexiglass runway, while the hind feet and toes of the rats were black
ened with the dye. A light source positioned at the end of the runway 
was utilized to stimulate forward movement in the rats, thereby leaving 
their footprints imprinted on the paper. The following parameters were 
obtained from the footprints of the rats: paw length (PL), which refers to 
the distance from hindfoot to distal middle toe; intermediary toe spread 
(IT), which represents the distance between the second and fourth toes; 
Toe spread (TS), indicating the distance between the first and fifth toes. 
The sciatic functional index (SFI) was calculated using formula (5): 

SFI=
-38.3 × (EPL - NPL)

NPL
+

109.5 × (ETS - NTS)
NTS

+
13.3 × (EIT - NIT)

NIT
- 8.8 (5)  

where E denoted the left footprints, while N represented the right 
footprints. 

2.11. Electrophysiological analysis of the sciatic nerve and 
characterization of implanted aligned electrospinning NGCs 

The bilateral compound muscle action potentials (CMAPs) of the 
lower extremities in rats were recorded at 2 and 3 months post- 
treatment using a 9033A07 EMG/evoked potentiometer (Bendi Medi
cal Equipment Co., Ltd, Shanghai, China). Following anesthesia induc
tion, longitudinal incisions were made posterior to the femur to expose 
the nerve. The gastrocnemius muscle (GM) was penetrated by one 
recording electrode in a vertical manner, while another recording 
electrode was inserted vertically into the rat at the Achilles tendon. The 
grounding electrode was placed in the rat’s tail, with the stimulation 
electrode positioned at the proximal region of the regenerated nerve. 
Pulses at 50 Hz were used to stimulate the sciatic nerves, and for each 
group, the amplitudes and latencies of CMAP were recorded. The elec
trospinning NGCs within the sciatic nerve defect area were extracted 
and subjected to vacuum drying, followed by SEM observation to assess 
fiber alignment. 

2.12. Histological and immunofluorescence examination of the GM and 
regenerated sciatic nerve 

We consulted the previous study for the current experimental section 
[14]. We assessed the histopathology of regenerated nerves and GM 
specimens from rats at 2 and 3 months post-treatment. The bilateral GMs 
of rats were measured in terms of weight, and the percentage of bilateral 
muscle weight was calculated using equation (6): 

Weight (%)=
Weight (E)
Weight (N)

(6) 

Weight (E) and Weight (N) denoted the muscle weight of the GM on 
the experimental and normal sides, respectively. 

The GM and regenerated nerves were prepared, stained, and subse
quently observed under a microscope (ECLIPSE C1, Nikon, Japan). The 
diameter of the regenerated nerve fibers and the thickness of myelin 
sheaths were characterized using a transmission electron microscope 
(TEM, HT7800/HT7700, hitachi, Japan). Immunofluorescence staining 
for NF200, MBP, GFAP, and Tuj-1 was performed to detect neural axon 
regeneration, followed by image acquisition using CLSM. The diameters 
of GM fibers, regenerated nerve fibers, and myelin sheath thickness were 
quantified using nano measurer software (http://www.downxia.com) 
based on the image results. Additionally, the immunofluorescence re
sults of the regenerated nerves were analyzed using ImageJ software 
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(http://rsb.info.nih.gov/ij/). 

2.13. Immunocytometric analysis and transcriptomic assay were 
conducted on the regenerated sciatic nerve, while motor endplate (MEP) 
assay was performed on GM 

After the administration of anesthesia, the rats were subjected to 
cardiac perfusion using a saline solution. The regenerated nerves were 
then extracted and diced into small fragments, which were subsequently 
placed in a digestion buffer containing RPMI-1640 medium, collagenase 
IV, and DNase I for 1 h. Following this step, the samples underwent 
filtration through a 70 μm nylon filter to eliminate any undigested 
debris, while cells were collected by centrifugation. Finally, the cells 
were stained with 1 μL of CD11b and CD86 antibodies for 30 min at 4 ◦C 
under light protection. After the completion of staining, the buffer was 
added to suspend the staining, and subsequent washing steps were 
performed. Following fixation with PFA and additional buffer washes, 
permeabilization was achieved using intracellular staining buffer. After 
further washing with buffer, cells were stained with 1 μL CD206 anti
body for 40 min under light-protected conditions. Subsequently, after 
discontinuing the staining and performing a final round of cell washing 
using buffer, the samples were analyzed by flow cytometry (Becton, 
Dickinson and Company, USA). 

The GM specimens were prepared as frozen sections, which were 
then immersed in pre-cooled 10 % calcium formaldehyde for 10 min. 
Subsequently, the sections were thoroughly rinsed with distilled water. 
Following this, the sections were incubated in an AChE incubation so
lution at 37 ◦C for 2 h, ensuring they were kept away from light until 
they attained a light brown coloration. The sections underwent further 
rinsing under running water and subsequently underwent staining with 
hematoxylin stain for 5 min. This was followed by another round of 
rinsing under running water lasting for 10 min. Finally, after routine 
sealing procedures had been carried out, photographs were captured 
using the microscope (ECLIPSE C1, Nikon, Japan). 

The animal tissue specimens were cryopreserved at − 80 ◦C imme
diately after isolation for optimal preservation. RNA integrity was 
evaluated using the Bioanalyzer 2100 system with the RNA nano 6000 
assay kit. Total RNA was utilized as input material for the preparation of 
RNA samples. The index-coded samples were clustered on a cBot cluster 
generation system using TruSeq PE cluster kit v3-cBot-HS (Illumia), 
following the manufacturer’s instructions. After cluster generation, the 
library preparations were sequenced using an Illumina Novaseq plat
form, resulting in the generation of 150 bp paired-end reads. The raw 
data (raw reads) in fastq format underwent initial processing through 
fastp software. Reference genome and gene model annotation files were 
directly downloaded from the genome website. The mapped reads for 
each sample were assembled using StringTie (v1.3.3b) in a reference- 
based approach [23]. Featurecounts v1.5.0-p3 was employed to quan
tify the number of reads mapped to each gene. 

The clusterProfiler package was utilized to perform Gene ontology 
(GO) enrichment analysis on differentially expressed genes (DEG), with 
gene length bias correction applied. GO terms exhibiting corrected P- 
values less than 0.05 were deemed significantly enriched by DEG. The 
kyoto encyclopedia of genes and genomes (KEGG) serves as a database 
resource for understanding high-level functions and utilities of biolog
ical systems, including cells, organisms, and ecosystems, based on 
molecular-level information derived from large-scale molecular datasets 
generated through genome sequencing and other high-throughput 
experimental technologies (http://www.genome.jp/kegg/). We uti
lized the clusterProfiler package to assess the statistical enrichment of 
differential expression genes in KEGG pathways. Gene set enrichment 
analysis (GSEA) is a computational approach employed to determine if a 
predefined gene set exhibits significant and consistent differences be
tween two biological states. The GSEA analysis tool (http://www.broa 
dinstitute.org/gsea/index.jsp), along with GO and KEGG datasets, 
were independently employed for conducting GSEA. 

2.14. The assessment of nutritional status and the testing of organ toxicity 
in rats 

The nutritional status of the rats was evaluated based on changes in 
body weight over 3 months. The heart, liver, spleen, lung, and kidney 
specimens were fixed in PFA solution, followed by dehydration and 
preparation of paraffin sections. These sections were then deparaffinized 
and rehydrated by using xylene immersion. Subsequently, all slices were 
stained with H&E dye, rinsed with water, and dehydrated using graded 
ethanol. Finally, the sections underwent two rounds of xylene soaking 
before capturing photomicrographs using the microscope (ECLIPSE C1, 
Nikon, Japan). 

2.15. Statistical analysis 

Data were presented as the mean ± standard deviation (SD) and 
were analyzed with the GraphPad Prism 7.04 software (Graphpad Inc., 
San Diego, CA, USA). The Student’s t-test was used for statistical anal
ysis. Statistical significance was set at *P < 0.05 and high statistical 
significance was set as **P < 0.01 and ***P < 0.001. 

3. Results and discussion 

3.1. The PLGA electrospinning fibers were prepared using various roller 
receiver speeds 

In the study of electrospinning fiber alignment, a solution was pre
pared using equal volume ratios of DCM and DMF. Due to its high 
volatility, an excessive amount of DCM can lead to rapid viscosity in
crease in the solution, resulting in clogging of the jet needle and failure 
in the preparation process. Conversely, an excessive proportion of DMF 
may generate numerous beaded fibers that adversely affect the surface 
morphologies of the fibers. Therefore, for our study on electrospinning 
fiber alignment, we opted to mix these two solutions in equal volumes 
and successfully obtained PLGA fibers with uniform morphology and 
excellent alignment (Fig. 1A). 

The alignment of the electrospinning fibers is influenced by the type 
of receiver employed. Isotropic electrospinning fibers are obtained when 
a plane receiver is utilized, whereas anisotropic fibers are achieved with 
a roller collector. The impact of rotational speed on fiber alignment was 
analyzed through SEM images at a magnification of 5 × 103. The fibers 
exhibited an isotropic morphology when a plane collector (0 rpm) was 
utilized, as depicted in Fig. 1A. However, the alignment of the fibers was 
limited when a roller collector operated at a lower speed (500 rpm). As 
the roller speed increased, so did the alignment of fibers. Nevertheless, 
once the speed surpassed a critical value, further increments resulted in 
diminished fiber alignment. The continuous centrifugal and shear force 
generated by the high-speed roller collector resulted in the fibers being 
easily pulled in different directions, thereby diminishing their overall 
alignment [24]. Utilizing a methodology employed in previous studies, 
we determined that the alignment of PLGA fibers at 500 rpm, 1000 rpm, 
1500 rpm, 2000 rpm, and 2500 rpm was calculated to be 45 %, 66 %, 77 
%, 71 %, and 74 % respectively [25] (Fig. 1B). 

The water contact angles of the PLGA fiber films prepared at different 
roller receiver speeds were shown in Fig. 1D, exhibiting values of 123.51 
± 0.98◦, 123.58 ± 1.61◦, 122.21 ± 2.32◦, 118.63 ± 2.49◦, 120.62 ±
2.14◦, and 117.71 ± 1.62◦ (Fig. 1E). These results consistently demon
strated the hydrophobic nature of all PLGA fiber films fabricated in our 
study. The diameters of the isotropic PLGA fibers measured 0.67 ± 0.02 
μm (Fig. 1F). The electrospinning fibers prepared using the roller 
receiver exhibited significantly smaller diameters compared to the 
isotropic fibers, which can be attributed to fiber stretching induced by 
the centrifugal force generated through rotation of the roller receiver 
[26]. 

In addition to the rotational speed of the receiver, the diameter of the 
electrospinning fibers is closely correlated with other preparation 
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parameters. Ramacciotti et al. demonstrated that an increase in polymer 
solution concentration resulted in a corresponding enlargement of fiber 
diameter, potentially attributed to the higher viscosity of concentrated 
solutions and slower formation of Taylor’s cone, necessitating a stronger 
electric field force for electrospinning fiber preparation [27]. The elec
tric field force was enhanced by increasing the applied voltage, resulting 
in a decrease in the diameter of the prepared fibers. It was observed that 
higher voltages led to smaller fiber diameters. Other preparation pa
rameters, such as temperature, humidity, and the distance between the 
jetting needle and receiver, had minimal impact on electrospinning fiber 
diameter [27]. The previous study demonstrated a direct correlation 
between the velocity of polymer solution spraying and the resulting fiber 
diameter, potentially attributed to reduced stretching time under the 
influence of an electric field. The inadequate stretching was identified as 
a contributing factor for larger fiber diameters [28]. 

3.2. The porous PLGA fibers were fabricated by blending varying ratios of 
DCM and DMF 

We fabricated electrospinning fibers with a rough, porous surface 
structure using a phase separation method (Fig. 1C). PLGA particles 
were dissolved in a mixture of DCM and DMF at varying volume ratios 
(10:1, 8:1, 6:1, 4:1, 3:1, 2:1). The presence of porous structures was 

attributed to the solvent evaporation rate during fiber preparation. The 
formation of porous structures in PLGA fibers was facilitated by a higher 
percentage of volatile DCM in the solvent. However, if the DCM ratio 
exceeded 8:1, severe clogging occurred at the injection port and only a 
few PLGA fibers could reach the roller receiver. Increasing the DMF ratio 
beyond a certain level resulted in the disappearance of the porous 
structure and the development of a banded groove structure on the fiber 
surface (at ratios of 4:1 and 3:1), which may be attributed to insufficient 
volatility of the solvent to form the porous structure by liquid phase 
separation. As the DMF ratio continued to increase, the banded grooves 
on the fiber surface gradually disappeared and were replaced by a 
smooth surface (2:1). In order to achieve the optimal structure of PLGA 
fibers, we ultimately selected a 6:1 ratio for fiber preparation. 

Porous fibers are of interest for various applications, such as filtra
tion or tissue engineering repair [29]. For instance, specific surface to
pologies play a crucial role in influencing cell behavior and facilitating 
specific adsorption processes. Bognitzki et al. have concluded that the 
selection of appropriate parameters and solvents during electrospinning 
can directly yield porous fibers [30]. The porous morphology of the fi
bers is achieved through phase separation during the electrospinning 
process, resulting in spinodal or binodal types of phase morphologies 
within the fibers. This also leads to a rapid increase in the jet surface 
within a few milliseconds. Solvent evaporation occurs on time scales 

Fig. 1. Preparation of aligned porous electrospinning fibers and their physical properties. (A) SEM images depict PLGA fibers at various roller speeds. (B) The 
alignment of PLGA fibers is quantified at different rotational speeds (n = 100, n represents the number of electrospinning fibers for each speed). (C) SEM images 
display PLGA electrospinning fibers prepared using different volume ratios of DCM/DMF polymer solutions. (D) and (E) The hydrophilicity of PLGA fiber films with 
different alignments is evaluated (n = 7, n indicates the number of samples tested in each group). (F) Fiber diameter measurements are conducted on PLGA fiber films 
at different roller speeds to assess their size distribution and uniformity (n = 100, n represents the number of electrospinning fibers for each rotational speed; * 
indicates P < 0.05 compared with PLGA-0 group). (G) External phase, (H) density, (I) porosity, and (J) water absorption of different PLGA fiber films (n = 3, n 
indicates the number of samples tested in each group). All statistical data are represented as mean ± SD. 
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significantly below the second-range, allowing for the crossing of phase 
boundaries and the formation of structures through phase separation 
[30]. 

The previous study revealed that the utilization of volatile solvents, 
such as DCM, resulted in the formation of polymer fibers with a regular 
porous structure. Their interpretation was that rapid phase separation 
during the electrospinning process led to the creation of a consistent 
phase morphology [30]. It appeared that solvent-rich regions trans
formed pores. Substituting DCM with a less volatile solvent notably 
diminished the propensity for pore formation, which aligned with our 
experimental findings. 

The porous structure did not disrupt the structural guidance for 
neurons in the aligned fibers, as evidenced by numerous previous 
studies. For instance, Kim et al. demonstrated that fibrous scaffolds 
composed of porous and aligned polycaprolactone (PCL)/silk/quercetin 
exhibited superior nerve repair capabilities compared to aligned nerve 
scaffolds [31]. Additionally, Zhou et al. showed that elliptical nano-pore 
surfaces on aligned electrospinning poly(L-lactic acid) (PLLA) fibers 
enhanced the cellular response of vascular smooth muscle cells [32]. 

The fiber diameter tended to decrease as the percentage of DCM 
decreased, as depicted in Fig. 1C, aligning with previously reported 
findings [28]. We posit that the variation in the DCM ratio primarily 
influenced the surface morphology of the fibers rather than their 
diameter. Furthermore, the impact of fibers with different diameters on 
neuronal cells remained a subject of debate. Daud et al. concluded that 
thicker fibers exhibited promotion of nerve axon growth [28]. However, 
Yao et al. demonstrated no significant variance in the promotion of axon 
growth by fibers with different diameters [33]. It is noteworthy that the 
morphology of electrospinning fibers is influenced by various factors, 
including diverse polymers and solvent ratios. In our preparation pro
cess, when the ratio of DCM to DMF was 12:1, the highly volatile DCM 
rapidly evaporated and led to a rapid increase in solution viscosity. 
Consequently, the formation of Taylor’s cone was delayed due to the 
increased viscosity, resulting in solidification and blockage of the in
jection needle. This phenomenon was also observed at a ratio of 10:1. 

As shown in Fig. 1G, the porous PLGA fiber films were prepared using 
a mixed solution of DCM/DMF (V:V = 6:1), and their appearance 
resembled that of the nonporous PLGA fiber films. The densities of the 
nonporous and porous fiber films were calculated to be 0.10 ± 0.01 g 
cm− 3 and 0.09 ± 0.01 g cm− 3, respectively. There was no significant 
difference in densities observed between the two types of fiber films, 
possibly due to the minimal impact of the nanoscale porous structure on 
their densities (Fig. 1H). 

The porosity of nonporous and porous PLGA fiber films was deter
mined using the ethanol displacement technique, yielding values of 
87.91 ± 3.11 % and 86.93 ± 2.43 %, respectively. The inability of 
ethanol to penetrate nanoscale pores can be attributed to its surface 
tension. Given that both fiber films were prepared under identical 
rotational speed, their alignments were similar, resulting in comparable 
porosities (Fig. 1I). The water absorption capacities of the nonporous 
and porous PLGA films were 214.11 ± 2.32 % and 214.08 ± 0.96 %, 
respectively. However, due to their similar porosities, there was no 
significant difference observed in their water absorption rates (Fig. 1J). 

3.3. The impact of PEDOT:PSS-coated porous PLGA fibers on cellular 
proliferation 

Conducting polymers (CPs) are polymers with delocalized electrons 
in the backbone and whose backbone atoms are connected to π-bonds. 
The conjugated backbone provides a pathway for electron migration, 
resulting in enhanced electrical conductivity [22]. CPs are generally 
considered non-toxic and have no impact on cell growth [34]. Numerous 
CPs have been utilized in the field of tissue engineering, including PPy, 
PANI, PEDOT, and poly(3-hexylthiophene) [22]. The conducting poly
mer PEDOT is commonly doped with PSS to form a stable aqueous 
suspension of particles [35]. Due to its exceptional chemical stability 

and conductivity, PEDOT finds applications in diverse fields including 
energy reserves, sensors, conductor electrode materials, biotechnology, 
and medicine [36]. Ghasemi-Mobarakeh et al. reported that the incor
poration of CPs in tissue engineering has been shown to enhance cell 
adhesion and proliferation [37]. Similarly, Shahini et al. achieved 
satisfactory outcomes by utilizing PEDOT:PSS in bone tissue engineering 
[38]. In this study, we employed the dip-coating technique to uniformly 
coat PLGA fiber films with PEDOT:PSS solution and investigated its 
impact on nerve cell growth (Fig. S1A). 

We assessed the proliferation of PC-12 cells at various time points 
using the CCK-8 reagent. As seen in Fig. S1B, uncoated PLGA fiber films 
exhibited significant promotion of cell proliferation at 24h, 48h, and 
72h, whereas coated fiber films demonstrated inhibition of cell prolif
eration (P < 0.001). The pre-treatment of both sets of PLGA fiber films 
with UVO enhanced their hydrophilicity, potentially facilitating cell 
adhesion and proliferation [39]. A previous study indicated that high 
concentrations of PEDOT:PSS solution may exhibit cytotoxicity [40]. 
Babaie et al. reported that lower concentrations of PEDOT:PSS solution 
can enhance cellular activity [41]. The conductivity of PEDOT:PSS fa
cilitates cell signaling and promotes the adsorption of cell surface pro
teins [42]. Therefore, we planned to perform a gradient dilution of the 
PEDOT:PSS solution to study its optimal coating concentration. 

3.4. Exploring the optimal coating concentration of PEDOT:PSS solution 
for coating 

Our study investigated the impact of varying concentrations of 
PEDOT:PSS solution on cellular proliferation. The presence of a high- 
concentration solution significantly impeded cell growth; however, 
upon dilution, cells exhibited improved growth potential. We conducted 
a gradient dilution of the PEDOT:PSS solution using PBS (Fig. 2A). At a 
concentration of 0.55 wt%, no significant change in color was observed 
for the diluted PEDOT:PSS solution. As the concentration decreased to 
0.017 wt%, the solution gradually lightened in color and approached 
transparency. Different concentrations of PEDOT:PSS solution were 
employed to assess their effects on PC-12 cell and SC proliferation. 

The proliferation of both cells at different time points was assessed 
using CCK-8 reagent (Fig. 2B). Even when the PEDOT:PSS solution was 
diluted to a concentration of 0.138 wt%, the growth of PC-12 cells 
remained significantly inhibited after 24 h of incubation. However, 
when a solution with a concentration of 0.069 wt% was used in cell 
culture, the proliferation of the cells showed significant improvement 
while still exhibiting some degree of inhibition. 

The cell proliferation in the 0.034 wt% solution exhibited further 
enhancement upon dilution of the coating solution. Subsequent di
lutions did not yield significant differences in cell proliferation between 
neighboring concentrations, yet overall trends indicated a gradual in
crease in cell proliferation with solution dilution, followed by a decline 
after reaching a certain concentration. The proliferation of PC-12 cells at 
the time points of 48 and 72 h, as well as SCs, exhibited a similar pattern. 
This could be attributed to the impact of highly concentrated CP solution 
on cell growth and proliferation due to its permeability and toxicity, 
while the hydrophilic and conductive properties of PEDOT:PSS facili
tated cell adhesion when the solution was appropriately diluted [43]. 
The CP can induce an electric field in the cell membrane, and this 
alteration of ion channels and bioelectricity within the membrane may 
further enhance cell proliferation [43]. Based on the experimental re
sults from 6 time points, a solution concentration of 0.017 wt% was 
determined as the optimal concentration for promoting cell prolifera
tion. Therefore, we selected this specific concentration to prepare the 
coated conduit. 

3.5. The optimal concentration of PEDOT:PSS was used to coat porous 
PLGA fiber films 

The majority of nerve tissue engineering research on PEDOT has 
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focused on its application as an electrode material. In contrast to PANI, 
PEDOT is soluble and can be chemically modified in various organic 
solvents, making it suitable for a wide range of implantable nerve 
scaffolds [44]. Additionally, PEDOT:PSS exhibits both ionic and elec
tronic conductivity due to its porous nature, enabling the exchange of 
ions between the material and the biological medium. Although previ
ous reports have suggested that PEDOT may degrade during ES, other 
studies have reported that PEDOT can be stabilized over approximately 
100 million pulses using parameters matched to peripheral nervous 
system (PNS) [45]. Therefore, it is crucial to select an appropriate 
concentration of PEDOT:PSS coating for effective ES treatment in PNR. 

The external phase of the PLGA fiber film, after being coated with the 
optimal concentration of PEDOT:PSS solution, is shown in Fig. 3A. The 
electrical conductivity of NGC also plays a crucial role in effectively 
promoting PNR [14]. As illustrated in Fig. 3B, the aligned fiber films 
exhibited anisotropic conductivity values of 0.07 ± 0.01 S cm− 1 parallel 
to the fibers and 0.02 ± 0.01 S cm− 1 perpendicular to the fibers (p <
0.001). This disparity can be attributed to the preferential movement of 
electrons along the fiber direction while hindering their movement 
perpendicular to it [46]. Zhang et al. demonstrated that the disparity in 
electrical conductivity between parallel and perpendicular orientations 
of electrospinning fibers was more than tenfold [14]. In contrast, our 
findings revealed that the discrepancy in conductivity between these 
two directions was less than fivefold, which can be attributed to the 
interconnection of adjacent fibers through the PEDOT:PSS coating, 
thereby reducing the variance in conductivity. 

The SEM images of the porous PLGA fibers before and after coating 

with appropriate concentrations of PEDOT:PSS are presented in Fig. 3C 
and D, respectively. Before coating, the PLGA fibers exhibited a smooth 
surface except for the presence of porous structures. In contrast, the 
PEDOT:PSS coating did not cover the pores but was uniformly distrib
uted on the fiber surface, providing an ideal foundation for nerve cell 
adhesion and proliferation. The coated PLGA fiber films were analyzed 
using mapping testing and EDX spectroscopy to detect the presence of 
sulfur elements (Fig. 3E). Elemental sulfur was exclusively found in the 
PEDOT:PSS coating, while no traces were observed in the PLGA film. 
Mapping testing results demonstrated a uniform distribution of 
conductive coatings on the surface of PLGA films, as evidenced by the 
presence of sulfur elements throughout. Additionally, EDX analysis 
confirmed the successful coating of the PLGA film surface with PEDOT: 
PSS. 

To further investigate the conductive coating on the film, XPS testing 
was conducted on the coated film to analyze elemental sulfur. As shown 
in Fig. S2, the 2P binding energies of elemental sulfur in PSS and PEDOT 
were approximately 169 eV and 165 eV, respectively, which aligned 
with the previous research [47]. These findings additionally corrobo
rated the presence of PEDOT:PSS conductive coatings on PLGA films. 

The mechanical properties of the coated and uncoated fiber films 
were evaluated using an electronic universal testing machine (Fig. 3F). 
The stress-strain curve demonstrated that the uncoated PLGA fiber film 
exhibited favorable tensile properties, with its elastic response attrib
uted to the excellent flexibility within the range of elastic deformation 
(Fig. 3G) [48]. Conversely, when subjected to stress-strain tests 
perpendicular to the fiber alignment, the samples easily detached due to 

Fig. 2. The impact of gradient dilution of the PEDOT:PSS solution on cell proliferation. (A) The external phase of the gradient dilution of the PEDOT:PSS solution. (B) 
The impact of gradient dilution of the PEDOT:PSS solution on the proliferation of PC-12 and SC cells (n = 5, n represents the number of experimental replicates at 
each coating concentration). All statistical data are represented as mean ± SD (* indicates P < 0.05, ** indicates P < 0.01, *** indicates P < 0.001). 
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a lack of opposing forces in the vertical direction caused by anisotropic 
electrospinning fibers (Fig. 3H). 

The stress-strain curve obtained from tensile testing conducted par
allel to the fiber direction on the coated fiber film is shown in Fig. 3I. 
Following the coating process, enhancements were observed in the 
tensile elastic limit, elastic modulus, and strength limit of the fiber film; 
however, a reduction was noted in its breaking elongation. The accu
mulation of conductive coating at the joints of different fibers may 
contribute to this phenomenon, as the adhesive nature of the coating 
impedes fiber elongation and sliding between them. Consequently, 
tensile strength increases while deformation capacity [49]. The change 
in mechanical properties of the coated film was observed not only par
allel to the fiber alignment but also perpendicular (Fig. 3J). The 
increased viscosity of the conductive coating enhanced adhesion 

between fibers, increasing the tensile strength. However, it also 
heightened material brittleness and consequently decreased breaking 
elongation. 

Although the porous structure has some impact on the mechanical 
properties of electrospinning fibers, the presence of a conductive coating 
enhances their mechanical strength. The elastic modulus of uncoated 
fiber film parallel to the fibers was 2.29 ± 0.15 MPa (Fig. 3G), whereas it 
increased to 5.33 ± 0.19 MPa after coating (Fig. 3I). These improved 
mechanical properties provide sufficient support for nerve regeneration 
[50]. 

The FTIR spectra of uncoated PLGA fiber film, PEDOT:PSS conduc
tive coating and coated PLGA fiber film were presented in Fig. S3. The 
absorption peak (-OH) at both ends of PLGA was observed at 3509 cm− 1. 
Meanwhile, the stretching vibration peak (-C––O) of PLGA appeared at 

Fig. 3. External phase and characterization of porous PLGA electrospinning fibrous films coated with the optimal concentration of PEDOT:PSS. (A) The external 
phase of the coated porous PLGA electrospinning fiber film. (B) The electrical conductivity of coated porous PLGA electrospinning fiber films (n = 9, n represents the 
number of samples tested in each group). The surface morphology of (C) uncoated and (D) coated porous PLGA fiber films. (E) The mapping and EDX results of 
porous PLGA fiber films coated with optimal concentrations of PEDOT:PSS (n = 3, n indicates the number of samples tested in each group). (F) The mechanical 
properties of PLGA fiber films were tested. Stress-strain curves were obtained for uncoated PLGA fiber films in both parallel (G) and perpendicular (H) directions to 
the fiber alignment (n = 3, n indicates the number of samples tested in each group). Stress-strain curves were obtained for coated PLGA fiber films in both parallel (I) 
and perpendicular (J) directions to the fiber alignment (n = 3, n indicates the number of samples tested in each group). (K) The in vitro hydrophilicity of coated and 
uncoated PLGA fiber films (n = 10, n indicates the number of samples tested in each group). All statistical data are represented as mean ± SD (*** indicates P 
< 0.001). 
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1759 cm− 1, exclusively in the spectrum of PLGA and not in PEDOT:PSS. 
A distinctive peak (-SO3

- ) was detected at 1224 cm− 1 solely in the 
PEDOT:PSS conductive coating but absent in the PLGA. The stretching 
vibration peak (–COO–) at 1174 cm− 1 was observed exclusively in PLGA 
and not in PEDOT:PSS. Additionally, the characteristic peak (-C-O-C-) at 
1094 cm− 1 was identified solely in PEDOT:PSS. These findings from the 

FTIR spectra indicate the successful coating of PLGA fiber film with a 
conductive PEDOT:PSS coating. 

The water contact angle serves as an indicator of the hydrophilicity 
of the electrospinning fiber film. A water contact angle exceeding 90◦

indicates its hydrophobic nature, whereas a value below 90◦ suggests 
acceptable hydrophilicity [22]. While hydrophilicity plays a crucial role 

Fig. 4. The external phase of in vivo degradation and H&E staining were performed on PLGA fiber films at various time points. No evident edema, oozing, or 
inflammation was observed in the implanted area of the fiber film during the external phase evaluation. Additionally, H&E staining revealed no significant ag
gregation of inflammatory cells within both the PLGA fiber film and its coating area, indicating excellent biocompatibility of the implanted material. The magnified 
area is indicated by a black square, while PLGA fiber films are denoted by black arrows and PEDOT:PSS coating by red arrows (n = 3, n indicates the number of 
samples tested in each group). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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in cell adhesion to the surface of the fiber film, it also significantly in
fluences cell proliferation [22]. The water contact angles of the uncoated 
and coated PLGA films were 123.07 ± 2.01◦ and 54.03 ± 3.94◦, 
respectively (p < 0.001) (Fig. 3K). Consequently, the hydrophilicity of 
the coated film was significantly enhanced, thereby promoting cell 
adhesion and proliferation. 

3.6. The in vitro and in vivo degradation of porous PLGA fiber films 
coated with PEDOT:PSS 

The polymer PLGA is widely recognized for its exceptional biocom
patibility, excellent biodegradability, and ease of fabrication, making it 
highly suitable for various applications in tissue engineering. A notable 
advantage of PLGA NGCs lies in their biodegradable nature, eliminating 
the need for a secondary surgical procedure to remove them. To ensure 
optimal performance, the degradation rate of NGCs must align with the 
pace of nerve regeneration. The optimal degradation time of PLGA al
lows for sufficient mechanical support for PNR without hindering its 
progress. After 100 days of degradation, the nonporous PLGA fiber film, 
porous PLGA fiber film, and coated porous PLGA fiber film degraded to 
51.26 ± 0.93 %, 52.15 ± 0.76 %, and 51.24 ± 0.21 % of their original 
qualities, respectively (Fig. S4). Due to the UVO treatment applied to the 
fiber films, elastase could effectively penetrate the films. The appro
priate degradation rate of PLGA fiber films creates favorable conditions 
for PNR. 

Additionally, PLGA is among the limited number of biomaterials that 
have been approved by the food and drug administration (FDA) for both 
experimental and clinical applications [51]. Numerous previous studies 
have demonstrated the suitability of PLGA as a material for PNR 
[52–55]. Faroni et al. revealed that cylindrical NGCs composed of PLGA 
exhibited excellent flexibility, biodegradability, permeability, and 
facilitated easy suturing of transected nerve stumps. When the NGC was 
surgically implanted into a 12-mm gap in the rat sciatic nerve, resulting 
in the successful PNR [56]. Furthermore, PLGA has been extensively 
investigated for its ability to provide adequate mechanical support for 
nerve regeneration in numerous studies [25,57,58]. These findings 
demonstrate the reliability of using PLGA for the preparation of NGCs. In 
addition to its applications in PNR, PLGA has also been utilized in 
various other medical fields without limitations imposed by its degra
dation products, including skin grafting, wound closure, and micro- and 
nanoparticles. Various applications of PLGA drug microsphere prepa
ration have also been reported, including the utilization of PLGA mi
crospheres as carriers for protein and enzyme drugs, which is a 
prominent area of research [59]. Additionally, PLGA is employed as a 
drug carrier in Lupron Depot, an effective treatment for advanced 
prostate cancer. 

We implanted uncoated and coated PLGA fiber films into the sub
cutaneous fascia layer of the rat dorsum for in vivo degradation testing 
(Fig. S5A). The weight changes of the rats were monitored over 3 months 
post-implantation. Body weight variations can reflect both rat growth 
and potential implant toxicity. All groups exhibited an increase in body 
weight following fiber film implantation, indicating no significant 
impact on their growth (Fig. S5B). 

Fig. 4 displays the uncoated and coated PLGA fiber films at 1, 2, and, 
3 months post-implantation, along with the corresponding H&E staining 
results. At the mark point, the uncoated PLGA fiber film was observed to 
be encapsulated by soft tissue, accompanied by an inflammatory infil
trate surrounding it 1 month after surgery. This phenomenon primarily 
resulted from the in vivo degradation of PLGA, which is a complex 
process involving various cell types such as eosinophils and macro
phages [60]. After 2 months post-surgery, only a minimal amount of 
residual PLGA was observable, and the cellular infiltration had essen
tially subsided. 3 months following implantation, complete disappear
ance of PLGA occurred, rendering the implanted area indistinguishable 
from normal tissue. Regarding the coated fiber film, no conspicuous 
aggregation of inflammatory cells surrounding the coating was 

observed, thus confirming its excellent biocompatibility. The presence 
of undegraded coated PLGA films at the 3-month postoperative mark 
suggests that the conductive coating effectively impedes cell-PLGA 
interaction and retards in vivo degradation of the film. The conductive 
coating exhibited excellent biocompatibility as evidenced by the 
absence of significant cellular infiltration in its vicinity. 

An appropriate degradation rate is crucial for NGC. Generally, the 
PNR process takes approximately 2–3 months. Therapeutic studies of 
NGCs for long-distance nerve defects may even extend up to 3–48 
months. Commercial neural scaffolds approved by the FDA, such as 
Neuroflex and NeuroGen, achieve complete degradation after 8 and 48 
months of implantation, respectively [61]. The fiber films were subcu
taneously implanted in the dorsal region of rats, allowing the mucous 
membrane layer and tissue fluid to have unrestricted access to the films 
after suturing the incision, thereby significantly expediting their 
degradation. However, when the films were utilized as NGCs for 
bridging nerve defects, they were situated within the interstitial spaces 
of the rat legs’ muscles, thereby minimizing direct exposure to tissue 
fluids and various digestive enzymes, consequently significantly 
retarding their degradation process. The relative structural integrity of 
NGCs was also evident in our postoperative specimens of nerves and 
muscles removed after 3 months, thus providing robust mechanical 
support to facilitate nerve regeneration. 

The research on PEDOT has been extensive due to its superior elec
trical conductivity and chemical stability [16]. Park et al. concluded that 
PEDOT:PSS shows the most promising potential for long-term implan
tation in the central nervous system (CNS) [62]. The remarkable 
chemical stability of PEDOT in aqueous solutions at both room tem
perature and elevated temperatures can be attributed to the stabilizing 
effect of sulfur and oxygen on positive charges [63]. Due to the limited 
biodegradability of CPs, developing methods to incorporate biode
gradability into these materials is a crucial and formidable task in 
fabricating tissue engineering scaffolds [64]. These approaches encom
pass incorporating hydrolyzable side groups into monomers and 
creating composites of CPs with biodegradable polymers [65,66]. In our 
experiments, we prepared a composite consisting of PLGA and PEDOT: 
PSS, which was diluted to reduce its cytotoxicity while ensuring its 
electrical conductivity. The non-degradable properties inherent in 
PEDOT:PSS did not exhibit any discernible impact on nerve regenera
tion, as evidenced by the results obtained from animal experiments and 
H&E staining. 

PNR relies on the reconstruction of the local microenvironment, 
which encompasses critical factors such as intraneural vascularization, 
bioelectrical conduction, bioenergetic metabolism, and immune 
response [67]. Although PLGA possesses desirable mechanical proper
ties and processability, its hydrophobicity and lack of bioactive sites 
restrict its application. Evidence suggests that appropriate surface 
modification of PLGA can facilitate the development of ideal nerve 
grafts that closely resemble natural nerve microstructure [68]. Further 
investigation is necessary to examine the impact of various PLGA scaf
folds on the microenvironment of nerve regeneration. Lactic acid, a 
degradation product of PLGA, has been shown to enhance the expression 
of pro-angiogenic factors in vascular endothelial cells and activate 
pro-angiogenic signaling pathways, leading to significant improvements 
in vascular regeneration [69]. However, interactions between bio
materials and tissues as well as the effects of biomaterial degradation 
products on angiogenesis and nerve regeneration are complex and 
diverse, requiring further extensive research [70]. 

3.7. The impact of PLGA fiber films with a coated porous surface on 
cellular behavior 

The SEM images revealed that SCs adhered well to the coated porous 
PLGA fiber films and exhibited bipolar extension, likely due to the 
nanoscale surface roughness of the film that mimics natural tissue 
structures (Fig. S6A). Electrospinning techniques can be used to prepare 
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fibers with different surface morphologies (porous or grooved), which 
effectively enhances their surface roughness [12]. A previous study has 
reported that changes in surface roughness within the range of large 
biomolecules to cell size (10 nm - 10 μm) can impact the biological ef
fects of the interface [71]. The modification of micro-scale surface 
roughness could enhance the adsorption and bioactivity of various 
proteins, thereby promoting cell adhesion, proliferation, and extracel
lular matrix (ECM) synthesis [71]. The previous study has established a 
correlation between the biological effects of material surface roughness 
the hydrophilicity [72]. However, it should be noted that rough elec
trospinning fibers possess a larger contact area with cells compared to 
smooth fibers, thereby promoting cell adhesion and growth. Conse
quently, they are deemed more suitable for applications in tissue engi
neering PNR [12]. 

The coated aligned porous PLGA fibers exhibited not only aniso
tropic physical properties but also influenced the cellular behavior. As 
shown in Fig. S6B, PC-12 cells displayed a distinct inclination towards 
bipolar extension on the PLGA fibers, indicating that these fibers could 
regulate cell spreading morphology by mimicking the natural extracel
lular environment. In the absence of ES, PEDOT:PSS-coated PLGA fibers 
demonstrated the ability to facilitate PC-12 cell adhesion and promote 
directional growth. For instance, Anderson et al. reported that on 
PEDOT hybrid gels, PC-12 cells expressed high levels of neurogenic 
markers such as microtubule association protein-2 (MAP-2) and β-micro 
tubulin III, leading to enhanced dendritic and axonal growth [73]. 

We analyzed the viability of SCs and PC-12 cells in the PEDOT:PSS 

solution using calcein AM and PI staining (Fig. 5A). The majority of cells 
in each group exhibited green fluorescence, indicating their live status, 
while only a small proportion showed red fluorescence, suggesting cell 
death. The observed normal morphology of live cells indicated robust 
cellular activity, confirming that the PEDOT:PSS solution did not exhibit 
any toxicity towards nerve cells. These findings were further supported 
by double staining for living/dead cells and CCK-8 assay, which 
demonstrated that the optimal concentration of PEDOT:PSS solution had 
no inhibitory effect on nerve cell proliferation. 

Additionally, the various morphologies of the conduit surface exert 
distinct influences on cell growth. Li et al. employed a microinjection 
molding technique to fabricate chitosan films with grooves of different 
sizes and observed that when the width of the grooves (10 μm) was 
smaller than the cell size, SCs exhibited random spreading behavior on 
the surface. Nevertheless, for patterns with a similar scale to the cell size 
(20–30 μm), the SCs exhibited directionally growth along the grooves 
[74]. Therefore, the fabrication of scaffolds with specific surface char
acteristics proved advantageous for PNR. It was hypothesized that 
combining morphologies and ES would synergistically enhance PNR 
[74]. This hypothesis will be examined in this study using the animal 
model. 

A previous study has indicated that the macrophage phenotype may 
also be influenced by the cellular environment in which they are culti
vated. We conducted a comparison of various electrospinning fibers to 
assess their impact on macrophage polarization, specifically evaluating 
IL-10 and TNF-α expression through ELISA analysis. TNF-α is 

Fig. 5. The impact of electrospinning fiber alignment, surface morphology, and conductive coating on cellular response. (A) The results of double staining for living 
and dead cells in PEDOT:PSS solution at the optimal concentration (the left column is calcein AM staining, the middle column is PI staining, and the right column is 
merged photos) (n = 3, n indicates the number of experimental replicates). The secretion of TNF-α (B) and IL-10 (C) by macrophages cultured on various elec
trospinning fibers was quantified using the ELISA assay (n = 3, n indicates the number of experimental replicates). All statistical data are represented as mean ± SD (* 
indicates P < 0.05, ** indicates P < 0.01). 
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predominantly secreted by M1 macrophages, while IL-10 is primarily 
produced by M2 macrophages. The results demonstrated that macro
phages cultured on aligned, porous, and coated electrospinning fibers 
exhibited increased secretion of IL-10 and decreased secretion of TNF-α 
compared to macrophages on random electrospinning fibers (Fig. 5B). 
However, there was no significant difference in the secretion of IL-10 
and TNF-α when considering the three factors: alignment of electro
spinning fibers, porous morphology of the fiber surface, and conductive 
coating (Fig. 5C). 

3.8. Coated aligned porous PLGA NGCs for the repair of sciatic nerves in 
rats 

The fiber film, prepared using a jetting needle consisting of a hollow 
steel tube with an inner diameter of approximately 1 mm, was removed 
from the copper foil receiver and cut into a rectangular shape measuring 
about 3 cm in length and 1.2 cm in width. After wrapping the fiber film 
around the needle 3 times and cutting it, the resulting end was sewn to 
the side wall using an 8-0 surgical suture to obtain the NGC. 

After administering anesthetizing to the rats, the sciatic nerve was 
exposed and a 1-cm nerve defect model was created (Fig. 6A). Fig. 6B, C, 
and Fig. 6D depict the implantation of conduits in the autograft, un
coated, and coated NGC groups, respectively. The electrodes were 

positioned approximately 0.5 cm proximal and distal to the implanted 
NGC during ES treatment. The locations of the stimulating electrode, 
receiving electrode, and ground wire during electrophysiological testing 
are illustrated in Fig. 6E. 

In another study, human neural progenitor cells were subjected to 
electrical stimulated for 12 days to study the impact of ES on these cells. 
It was observed that neural cells cultured on PEDOT:PSS substrates 
exhibited significantly enhanced axon growth compared to the control 
groups. The utilization of PEDOT as a substrate is advantageous due to 
its exceptional electrical conductivity and excellent chemical stability, 
while further modifications can be made to optimize the properties of 
this material for improved PNR. Furthermore, intracellular ion levels 
were found to play a pivotal role in regulating the behavior of nerve cells 
[75]. Wang et al. hypothesized that conductive substrates could poten
tially impact ion levels within nerve cells [76]. Consequently, highly 
conductive substrates may activate voltage-specific ion-gated channels 
in nerve cells, thereby eliciting diverse cellular responses [16]. 

The most convenient method for evaluating peripheral nerve func
tion in the lower extremity is footprint analysis. Fig. S7A illustrates the 
footprints of rats from each group, taken 2 months after treatment. In the 
nerve defect group, PLGA-1500 group, and porous PLGA-1500 group, 
symptoms such as severe toe flexion contracture, extension dysfunction, 
abduction dysfunction of each toe, and prolonged heel-to-toe distal 

Fig. 6. Animal experimental procedures and the recovery of motor function and neurophysiology in the lower extremities of rats were evaluated after a 3-month 
treatment period. (A) Schematic diagrams illustrating the positions of ES and electrophysiological testing electrodes. (B) Nerve defect model, in which (&) and 
(#) represent the proximal and distal ends of the nerve defect, respectively (n = 10, n indicates the number of experimental animals in each group). (C) Autograft 
group (n = 10, n indicates the number of experimental animals in each group). (D) Uncoated NGC group (n = 10, n indicates the number of experimental animals in 
each group). (E) Coated NGC group (n = 10, n indicates the number of experimental animals in each group). (F) The photographs of rat footprints in each 
experimental group. (G) The SFI index of rats in each experimental group (n = 5, n indicates the number of experimental animals in each group). The neuro
physiological analysis includes the waveform (H), latency (I), and amplitude (J) of CMAPs for each group at the 3-month detection after treatment (n = 4, n indicates 
the number of experimental animals in each group). All statistical data are represented as mean ± SD (* indicates P < 0.05, ** indicates P < 0.01, *** indicates P 
< 0.001). 

K. Liu et al.                                                                                                                                                                                                                                      



Materials Today Bio 26 (2024) 101064

15

distance indicate limited functional recovery in the lower extremity. 
Conversely, both coated porous PLGA-1500 + ES and autograft groups 
demonstrate satisfactory functional recovery. 

3.9. The analysis of walking tracks 

SFI served as a significant indicator of nerve function recovery in the 
lower extremity, with values ranging from 0 to 100, representing normal 
lower extremity function to complete dysfunction [77]. Compared to the 
groups with nerve defects, PLGA-1500 group, and porous PLGA-1500 
group, rats at the coated porous PLGA-1500 + ES group exhibited 
improved lower extremity function (p < 0.05) (Fig. S7B). These findings 
demonstrate that after 2 months of treatment, the combination of coated 
aligned porous NGC and ES can effectively promote the recovery of 
lower extremity function. 

The footprints of the rats in each group after 3 months of treatment 
were shown in Fig. 6F. Except for the nerve defect group, all rats 
exhibited improved lower extremity function compared to that at 2 
months, primarily demonstrating recovery in toe abduction and toe 
extension function (Fig. 6G). The results of walking track analysis con
ducted at 3 months post-operation revealed that the alignment of elec
trospinning fibers, conductive coating, and ES were influential factors in 
promoting functional recovery of the lower extremities in rats. If suffi
cient recovery time was provided, these factors could potentially exhibit 
a synergistic effect. 

3.10. Electrophysiological analysis of the sciatic nerve 

Electrophysiological analysis serves as a crucial indicator for evalu
ating PNR. CMAPs were elicited through single ES conducted by elec
trodes positioned proximal to the nerve defect, and recorded by 
receiving electrodes located distally in the muscle. The latency and 
amplitude of CMAPs were identified as significant parameters 
(Fig. S8A). Notably, while waveforms were observed across all groups, 
the nerve defect group exhibited a flat horizontal line. 

The latency periods of CMAPs are shown in Fig. S8B for each 
experimental group of rats. At 2 months post-treatment, we compared 
the latency between the coated porous PLGA-1500 + ES group, autograft 
group, and coated porous PLGA-1500 group, revealing no significant 
differences. This observation led us to speculate that there might be two 
potential causes; one being the relatively short duration of PNR, which 
also suggests that a 10 mm nerve defect repair in rat lower extremities 
may require more than 2 months. The second possibility was that the 
coated porous PLGA-1500 group exhibited a large variance in the re
sults, which could also explain the lack of observed differences. The 
amplitude of CMAPs in each group is shown in Fig. S8C. Insufficient time 
for PNR resulted in no significant differences between the coated porous 
PLGA-1500 group, coated porous PLGA-1500 + ES group, and autograft 
group. The results of the PLGA-1500 group and the porous PLGA-1500 
group showed a significant difference (p < 0.05). However, both 
groups exhibited reduced amplitude, indicating a weak recovery of 
nerve conduction function. 

The CMAPs waveforms and the latency results at 3 months post- 
treatment are presented in Fig. 6H and I, respectively. Except for the 
normal group, all other groups exhibited a significant reduction in la
tency compared to that observed at 2 months, indicating recovery of 
nerve conduction function in the lower extremities. The results of the 
coated porous PLGA-1500 + ES group were not significantly different 
from those of the autograft group. However, a significant difference was 
observed between the results of the coated porous PLGA-1500 + ES 
group and the coated porous PLGA-1500 group (p < 0.05), suggesting 
that early administration of ES effectively enhances lower extremity 
nerve conduction function recovery. 

The results of CMAPs amplitude at 3 months post-treatment are 
shown in Fig. 6J. The recovery of CMAPs amplitude was observed in all 
groups, except the normal group, when compared to that at 2 months 

after treatment. Notably, the coated porous PLGA-1500 + ES group 
exhibited the highest degree of amplitude recovery, suggesting that 
early application of ES during treatment effectively promotes the re
covery of nerve conduction function; however, it requires sufficient 
time. The results of the coated porous PLGA-1500 + ES group were not 
significantly different from those of the autograft group at 3 months 
post-treatment. However, there was a significant improvement in com
parison to the coated porous PLGA-1500 group (p < 0.05), suggesting 
that ES effectively promotes PNR. The amplitude of the coated porous 
PLGA-1500 group exhibited a significantly superior performance 
compared to the porous PLGA-1500 group (p < 0.001). Additionally, the 
results of the porous PLGA-1500 group also outperformed those of the 
PLGA-1500 group (p < 0.05), indicating that both the conductive 
coating and the porous structure independently influenced PNR and 
demonstrated a synergistic effect when combined. 

The application of ES promotes nerve regeneration and is potentially 
linked to the involvement of mitochondria, which are crucial organelles 
in energy metabolism. ES induces a transmembrane potential across the 
mitochondrial membrane, thereby influencing cellular metabolism 
within the inner mitochondrial membrane. This process converts elec
trical energy into chemical bonding energy for adenosine triphosphate 
(ATP) synthesis and consumption, leading to an acceleration of ATP 
production [78]. Consequently, the released ATP may stimulate mitosis 
through autocrine and paracrine mechanisms, resulting in a transient 
increase in intracellular Ca2+ levels [79]. ATP-dependent P2X 
ligand-gated channels and morphology-sensitive stretch-activated 
cation channels facilitate the influx of Ca2+ into cells during ES [80]. 
Conversely, Ca2+ influx can impede glycolysis in the cytoplasm and 
aerobic respiration in the mitochondria [81]. The effects of ES on skel
etal muscle cells induce the generation of reactive oxygen species (ROS) 
through extracellular ATP release and stimulation of P2Y1 receptors. 
Increased intracellular ROS levels can serve as signal transducers that 
potentially initiate various programs to enhance cell proliferation and 
differentiation [82]. 

3.11. Histological examination of GM 

When the sciatic nerve is damaged in rats, there may be a loss of 
innervation in the GM and a potential shift towards protein degradation 
in muscle protein homeostasis. This could result in reduced muscle cell 
volume, weight loss, neovascularization, and increased connective tis
sue proliferation [83]. The GMs in all groups exhibited atrophy 
compared to the healthy sides (Fig. S9A). However, both the coated 
porous PLGA-1500 + ES group and the autograft group displayed muscle 
morphologies that were more similar to those of the healthy sides, with 
less atrophy. The Masson staining revealed that the normal GM fibrous 
tissue exhibited a greater myocyte size and reduced perimysial fibrous 
connective tissue, whereas the experimental side displayed diminished 
myofibril size and heightened collagen fibers. 

The muscle weight percentage of the GM on the experimental sides 
was observed to decrease (Fig. S9B). However, due to insufficient 
treatment time, only the combined application of conductive coating 
and ES demonstrated some therapeutic effect, while either treatment 
method alone did not show a significant effect. In Fig. S9C, it can be seen 
that the diameter of GM fibers decreased in all experimental groups at 2 
months after treatment. The alignment of the fibers, the porous structure 
of the fiber surface, and ES all contribute to promoting muscle recovery 
in the lower extremities. However, despite the effective promotion of 
muscle recovery achieved by combining ES with conductive coating, 
there still remains a significant difference compared to the autograft 
group (p < 0.001), which may necessitate an appropriate extension of 
the recovery period. 

After a 3-month treatment period, the recovery of GM in each group 
is illustrated in Fig. 7. The GM morphology in the coated porous PLGA- 
1500 group, coated porous PLGA-1500 + ES group, and autograft group 
exhibited a closer resemblance to the contralateral morphology. Masson 
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staining revealed a reduction in the size of GM fibers within the nerve 
defect group, accompanied by an increase in collagen fibers surrounding 
the muscle due to increased, due to the loss of innervation and nerve 
nutrition to the target organ. In contrast, compared to these findings 
after 2 months of treatment, restoration of GM fibers was observed in all 
other experimental groups. 

The degradation of NGCs was not complete 3 months post- 
implantation in rats (Fig. 7A). Previous studies have also demon
strated that PLGA NGCs continue to guide PNR even after 12 weeks of 
implantation [84]. The standard size and optimal topology of NGCs still 
remain a subject of controversy. Generally, conduits with thicker walls 
create an ideal microenvironment for promoting PNR as they offer 
enhanced stability for nerve growth within the conduit and prevent 
structural collapse [85]. However, an excessively thick wall may reduce 
its permeability and hinder nutrient transport into the NGC, thereby 
potentially impacting nerve cell proliferation [85]. For instance, 
increasing the scaffold’s wall thickness from 200 μm to 600 μm resulted 
in a decrease in glucose permeability from 82 % to 53 % [85]. 

The experimental groups were assessed for the ratio of muscle weight 
on the experimental side to contralateral muscle weight (Fig. 7B) and the 
diameter of muscle fibers on the experimental side (Fig. 7C) after a 3- 
month treatment period. Notably, all groups exhibited varying degrees 
of recovery in GM, except for the nerve defect group, suggesting an in
crease in GM protein synthesis with innervation restoration. The diam
eter of muscle fibers decreased in the nerve defect group, which was 
associated with long-term denervation and reduced neurotrophic 

effects. The alignment of fibers, the porous structure of the fiber surface, 
conductive coating, and ES could enhance GM recovery, exhibiting a 
certain synergistic effect among them. However, when considering 
muscle fibers specifically, autograft remains the most therapeutically 
effective. 

3.12. The alignment of electrospinning NGCs after implantation 

The SEM images of the inner layers of NGCs implanted in rats for 3 
months are presented in Fig. S10. Due to the alignment of each layer 
during the preparation of electrospinning fibers, subsequent layers 
remained aligned even after degradation. The NGC specimens extracted 
from rats remained intact, indicating that the alignment of NGCs could 
still effectively guide nerve regeneration even after 3 months of im
plantation. Jing et al. also reached the same conclusion in their study 
[84]. Furthermore, it should be noted that the alignment of electro
spinning fibers also plays a crucial role in shaping the local immune 
environment of PNR. We have already obtained relevant conclusions 
from our previous cellular experiments and will further validate them in 
subsequent experiments. 

3.13. Histological examination of regenerated sciatic nerve 

To assess the regenerating nerve tissue in the different groups, his
tological analysis of the regenerated nerves was conducted at 2 months 
post-treatment using H&E staining and TEM (Fig. S11). The results 

Fig. 7. Analysis of GM 3 months post-treatment. (A) Photographs of GM in each experimental group (left muscles were the experimental GM and right muscles were 
the contralateral normal GM) and Masson staining of GM. (B) The weight ratio of GM on the experimental side to that on the normal side (n = 5, n indicates the 
number of experimental animals in each group). (C) The mean diameter of GM fibers on the experimental side (n = 50, n indicates the number of muscle fibers in 
each group). All statistical data are represented as mean ± SD (* indicates P < 0.05, ** indicates P < 0.01, *** indicates P < 0.001). 
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obtained from H&E staining demonstrated well-aligned normal nerve 
tissues. The alignment of the regenerated nerve tissue in both the coated 
porous PLGA-1500 + ES group and autograft group was inferior to that 
of normal nerves but superior to other experimental groups. The re
generated nerve tissue in the nerve defect group exhibited a loose and 
non-aligned structure at 2 months post-treatment, accompanied by an 
increased presence of vacuoles within the nerve tissue. Furthermore, 
local inflammation served as a crucial indicator for evaluating the effi
cacy of NGC in promoting PNR. Inflammatory cell infiltration, cellular 
edema, or fatty degeneration, indicating that the NGCs did not induce 
significant local inflammation. Additionally, neovascularization was 
observed in all experimental groups except the nerve defect group, 
indicating that microcirculation could create a favorable microenvi
ronment for PNR by supplying oxygen, nutrition, and various factors 
[86]. 

TEM images were utilized to assess the regeneration of nerve axons 
and myelin. Low-magnification TEM images revealed the number of 
regenerated nerve fibers, myelination in nerve axons, reconstruction of 
microcirculation, and connective tissue between nerve axons. High- 
magnification TEM images allowed for the measurement of the diam
eter of the myelinated axon and the thickness of the myelin sheath. The 
myelin sheath provides support for the nerve axon and serves as an 
insulating barrier against perineural tissue, preventing mutual inter
ference of neuroelectric signals. Moreover, myelin sheaths facilitate the 
conduction of action potentials between nodes of Ranvier, thereby 
accelerating the transmission of neuroelectric signals. 

Additionally, damaged myelin sheaths play a guiding role in axon 
regeneration. Consequently, the thickness of regenerated myelin sheaths 
can serve as an indicator of nerve functional recovery. The regeneration 
of nerve axons and myelin sheaths can be promoted by various factors, 
with conductive coatings and ES having the most significant impact 
(Fig. S12). Although a certain therapeutic effect was observed 2 months 
after the implantation surgery, there still remained a notable disparity 
when compared to the autograft group, indicating that adequate time is 
also required for axonal and myelin sheath regeneration. 

The regeneration of nerve tissue was evaluated at 3 months post- 
treatment using H&E staining and TEM (Fig. 8A). Compared to the 
previous assessment at 2 months, all groups exhibited significantly 
improved alignment of the regenerated nerve tissue, accompanied by a 
reduction in the number of tissue vacuoles. Furthermore, no significant 
local inflammation or compromised microcirculation reconstruction 
was observed across all groups. The morphology of the regenerated 
nerve tissue in the coated porous PLGA-1500 + ES group and the 
autograft group exhibited similarities to that of normal tissue. The 
number of regenerated nerve fibers was observed to increase on TEM 
images at 3 months post-treatment, indicating an enhancement in axon 
myelination and microcirculation reconstruction. 

The diameter of myelinated axons and the thickness of myelin 
sheaths were measured in each group 3 months after treatment using 
high-magnification TEM images (Fig. 8B and C). Various therapeutic 
factors exhibited positive effects on the regeneration of myelinated 
nerve axons and myelin sheath regeneration, with ES showing the most 
prominent effect. The coated porous PLGA-1500 + ES group and the 
autograft group exhibited acceptable myelin sheath thickness at 3 
months of treatment, indicating the efficacy of ES in promoting nerve 
axon regeneration and myelination. Furthermore, the combination of 
conductive NGC and ES not only enhances PNR but also facilitates the 
differentiation and synaptic growth of primary neurons. Physical and 
chemical signals at the material interface facilitate the recognition and 
transmission of interactions between cells and CPs, while ES can modify 
cell behavior by altering the cell membrane. However, further explo
ration is needed to understand the mechanisms underlying cellular 
sensing of electrical signals [87]. 

3.14. Immunofluorescence analysis of regenerated sciatic nerve 

We conducted immunofluorescence testing to examine the expres
sion of various neural proteins during PNR. GFAP was found to be 
expressed in both the CNS and PNS, predominantly localized in astro
cytes within the CNS. It plays a crucial role in maintaining cytoskeletal 
integrity and strength. The increased content of GFAP following PNI 
promotes axonal growth along topographical cues provided by fibrous 
scar tissues. MBP, primarily distributed in myelin sheaths and nuclei, 
serves as an indicator for assessing myelin sheath regeneration during 
PNR [88]. In addition to GFAP and MBP, we also conducted immuno
fluorescence staining for NF200 and Tuj-1. NF200 can be utilized to 
evaluate the regeneration of neurofilaments during PNR. Neurofila
ments, microfilaments, and microtubules collectively constitute the 
cytoskeleton of neurons, providing structural support for axons and 
regulating their diameters. Tuj-1 serves as a distinctive protein in syn
aptic regeneration following PNI and can also differentiate neurons from 
glial cells [89]. 

The neural expression of SCs and axons was further assessed through 
GFAP and Tuj-1 triple staining (Fig. 9A). Additionally, the regeneration 
efficiency of neurofilaments and myelinated fibers was evaluated using 
NF200 and MBP triple staining, respectively (Fig. 9B). A semi
quantitative analysis of fluorescence density was also utilized to assess 
the expression of specific proteins related to PNS, including GFAP, Tuj-1, 
NF200, and MBP (Fig. 9C). The findings indicated that the combination 
of ES with implanted NGCs exhibited superior promotion of axonal 
regeneration and myelination compared to other experimental groups. 

3.15. Immunocyte analysis of regenerated sciatic nerve 

The accumulation of macrophages in injured and regenerated nerves 
is abundant. Cells isolated from the sciatic nerve were examined. Cells 
expressing CD11b and CD86 were classified as M1 macrophages, while 
cells expressing CD11b and CD206 were categorized as M2 macro
phages. CD86 provides the necessary costimulatory signals for T-cell 
activation and is widely recognized as a cell surface marker indicative of 
M1 macrophages. Conversely, CD206, a mannose receptor associated 
with endocytosis, serves as a specific marker for M2 macrophage [90]. 
These distinct subsets of macrophages coexist within injured and re
generated sciatic nerves and can be distinguished by different quadrants 
(Fig. S13A). 

The macrophages can be categorized into two distinct phenotypes: 
the M1 pro-inflammatory phenotype, which is classically activated, and 
the M2 anti-inflammatory phenotype, which is alternatively activated. 
Upon polarization, these macrophages exhibit differential expression of 
various cellular markers such as receptors, enzymes, trophic factors, 
chemokines, and cytokines [91]. Typically, M1 macrophages are 
considered to have neurotoxic properties while M2 macrophages play a 
role in promoting axonal regeneration [92]. 

In our study, the nerve defect group exhibited the highest percentage 
of M1 macrophages, which was significantly different from all other 
experimental groups. However, ES was able to decrease the proportion 
of M1 macrophages. Nevertheless, ES alone did not have a significant 
effect on M2 macrophages and only induced an increase in their pro
portion when combined with conductive coatings and porous 
morphology (Fig. S13B). This observation may be attributed to the in
fluence of these factors on macrophage behaviors mediated by macro
phage stimulating factor (M-CSF) [93]. The expression of CSF-1R in 
tissue macrophages and monocytes facilitates the migration of mono
cytes into injured nerves and influences the differentiation and survival 
of tissue macrophages [94]. Conversely, M-CSF stimulation has a 
diminished effect on M2 macrophages, suggesting that a combination of 
factors may be necessary to modulate M2 macrophage polarization [95]. 
Previous studies have previously reported that M2 macrophages secrete 
IL-10 [96]. However, our findings demonstrate that the porous 
morphology and conductive coatings do not exert a significant impact 
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Fig. 8. Histologic examination of regenerated nerves at the 3-month post-treatment time point. (A) The regenerated nerves in each group were evaluated at 3 months 
after treatment using H&E staining and TEM images (n = 5, n indicates the number of samples tested in each group). (B) The diameter of myelinated axons (n = 20, n 
indicates the number of myelinated axons in each group) and (C) the thickness of myelin sheath (n = 20, n indicates the number of myelin sheaths in each group) in 
each group at 3 months after treatment. All statistical data are represented as mean ± SD (* indicates P < 0.05, ** indicates P < 0.01, *** indicates P < 0.001). 
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on IL-10 secretion (Fig. 5C). Consequently, we postulate that disparities 
in local immune cell populations may constitute one of the mechanisms 
through which ES facilitates PNR. 

3.16. MEP staining of GM 

The MEP staining of the GM at 3 months post-surgery is presented in 
Fig. S14. Significant variations in MEP levels were observed among all 
experimental groups, except for the nerve defect group. The quantifi
cation of MEPs within individual low-magnification visual fields across 
different experimental groups (Fig. S15). Except for the porous structure 
of the fiber surface, all other factors contribute to the enhancement of 
MEPs recovery. The results from the coated porous PLGA-1500 + ES 
group were no longer significantly different from those of the autograft 
group, indicating that ES also plays a crucial role in promoting neuro
secretory function recovery. 

3.17. Transcriptomic analysis of regenerated sciatic nerve 

We summarized the results of transcriptomic testing on animal 
specimens, focusing on data quality. RNA integrity was assessed using 
the RNA nano 6000 assay kit of the Bioanalyzer 2100 system (Agilent 
Technologies, CA, USA). Following raw data filtering, sequencing error 
rate and GC content distribution were checked to obtain clean reads and 
data for subsequent analysis. These findings are presented in Table 2. 
The NGC group refers to the coated porous PLGA-1500 group, while the 
ES-NGC group represents the coated porous PLGA-1500 + ES group. The 
number of raw bases should exceed 6G to avoid false-negative results, 
and the data volume in each of our samples meets the testing criteria. 
The percentage of bases in the Q20 index (error rate less than 1 %) ex
ceeds 96 % for all samples, while the percentage of bases in the Q30 
index (error rate less than 0.1 %) is above 91 %, thus confirming the 
validity of our sequencing data. 

Fig. 9. Immunofluorescence analysis was performed on regenerated sciatic nerves 3 months post-treatment. (A) The triple immunofluorescent staining of GFAP and 
Tuj-1 (red, GFAP; green, Tuj-1). (B) The triple immunofluorescent staining of NF200 and MBP (red, NF200; green, MBP). (C) The fluorescence density of GFAP, Tuj-1, 
NF200, and MBP was quantified using a semiquantitative approach (n = 3, n indicates the number of samples tested in each group). All statistical data are rep
resented as mean ± SD (* indicates P < 0.05, ** indicates P < 0.01). (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 

Table 2 
Summary of sample sequencing data quality.  

Sample Raw-bases Clean-reads Clean-bases Error-rate Q20 Q30 GC-pct 

NGC-1 6.94G 44317574 6.65G 0.01 97.61 93.49 48.86 
NGC-2 7.04G 44747210 6.71G 0.01 97.44 92.92 49.79 
NGC-3 7.15G 43373290 6.51G 0.01 98.31 95.17 48.81 
ES-NGC-1 7.18G 45322872 6.8G 0.01 97.82 93.94 49.48 
ES-NGC-2 7.37G 47251238 7.09G 0.01 97.6 93.41 50.31 
ES-NGC-3 8.33G 53080184 7.96G 0.01 97.69 93.58 50.33 
Autograft-1 7.28G 46442988 6.97G 0.01 97.55 93.21 49.67 
Autograft-2 7.82G 50945006 7.64G 0.01 99.35 97.98 53.83 
Autograft-3 7.22G 45847408 6.88G 0.01 97.8 93.82 49.4  
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The transcriptomics results were subjected to statistical analysis to 
identify gene differences. As shown in the volcano plot, there were 807 
up-regulated and 1315 down-regulated DEGs observed between the 
coated porous PLGA-1500+ES group and the coated porous PLGA-1500 
group. The higher number of DEGs between these two groups suggests 
that the process and mechanism involved in rat sciatic nerve repair 
exhibit greater disparity. 

The GO enrichment analysis revealed that the DEGs between the two 
groups were primarily associated with behaviors such as cation trans
membrane transporter protein activity, actin filament-based processes, 
vascular development, chemical synaptic transmission, and paracrine 
transsynaptic signaling. The repair processes of ES-related nerves 
involve several crucial signaling pathways, including the trans
membrane receptor protein tyrosine kinase signaling pathway and 

Fig. 10. Transcriptomic profiles of regenerated sciatic nerves. (A) A volcano plot illustrating the DEGs between the coated porous PLGA-1500 + ES group and the 
coated porous PLGA-1500 group is presented. The significantly up-regulated DEGs are represented by red dots, while the down-regulated DEGs are indicated by green 
dots. Furthermore, GO enrichment analysis and KEGG pathway enrichment analysis were conducted to compare the differences between the coated porous PLGA- 
1500 + ES and coated porous PLGA-1500 groups (n = 3, n indicates the number of samples tested in each group). (B) A volcano plot was generated to compare the 
DEGs between the coated porous PLGA-1500 + ES group and the autograph group. The significantly up-regulated DEGs are represented by red dots, while the down- 
regulated DEGs are indicated by green dots. Additionally, GO enrichment analysis and KEGG pathway enrichment analysis were performed to explore the functional 
annotations and pathways associated with these two groups (n = 3, n indicates the number of samples tested in each group). (C) A volcano plot was generated to 
compare the DEGs between the coated porous PLGA-1500 group and the autograph group. The significantly up-regulated DEGs are represented by red dots, while the 
down-regulated DEGs are indicated by green dots. Additionally, GO enrichment analysis and KEGG pathway enrichment analysis were performed to explore the 
functional annotations and pathways associated with these two groups (n = 3, n indicates the number of samples tested in each group). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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mitogen-activated protein kinase (MAPK) cascade. These pathways play 
vital roles in cellular signaling reception and transmission, as regulation 
of cellular gene expression (Fig. 10A) [97]. 

The volcano plot revealed the presence of 226 up-regulated and 350 
down-regulated DEGs between the coated porous PLGA-1500 + ES 
group and the autograft group. Through integration of GO and KEGG 
pathway analyses, it was determined that ES primarily facilitated nerve 
function restoration by regulating cytoskeleton formation, trans
membrane transport of substances, as well as promoting chemical 
signaling at synapses to achieve reestablishment of nerve innervation 
and trophic function in the target organ. 

Through these pathways, the combination of ES and NGC effectively 
facilitated nerve function restoration, rendering it the experimental 
group with a repair effect most comparable to that of the autograft group 
(Fig. 10B). The volcano plot revealed the presence of 214 up-regulated 
and 194 down-regulated DEGs between the coated porous PLGA-1500 
group and the autograft group. GO and KEGG pathway analysis 
demonstrated that the coated porous aligned NGCs exhibited superior 
regulation of various enzyme activities, including oxidoreductase, 
monooxygenase, and endopeptidases (Fig. 10C). The enzymes played 
crucial roles in redox reactions, substance metabolism, and muscle re
covery promotion. As a result, the coated porous PLGA-1500 group 
exhibited partial restoration of lower limb nerve function in rats. When 
NGC was implanted in combination with ES, the synergistic effect of 
multiple treatment modalities effectively facilitated the recovery of 
lower extremity function in rats. 

3.18. The evaluation of nutritional status and organ toxicity in rats 

The body weight changes of the rats in each group 3 months after 
treatment, and no significant difference was observed among the groups 
(Fig. S16). This suggests that the rats were well-nourished and properly 
raised with unrestricted access to food and water, as well as minimal 
interference between cage mates. Although lower limb function was 
impaired following nerve dissection, resulting in foot phagocytosis, 
these factors did not affect their ability to obtain water and food; hence 
their body weight tended to increase. The frequent administration of 
anesthesia and ES during the initial period following NGC implantation 
may potentially impact the growth status of the rats. However, the body 
weight trend observed within the first 10 days post-surgery indicates 
that anesthesia and ES have minimal effect on the physiological status of 
rats, as their body weight continues to exhibit an upward trajectory. The 
consistent increase in body weight among rats also signifies that nerve 
repair processes are being conducted under favorable physiological 
conditions. 

The histopathological analysis of the heart, liver, spleen, lung, and 
kidney from both the coated porous PLGA-1500 + ES group and auto
graph group demonstrated consistent tissue morphology and structure 
throughout the entire implantation period (Fig. S17). Overall, these 
findings indicate that the treatment and degradation process of the NGC 
did not induce an inflammatory response or exhibit any toxicity to the 
rats during the entirety of the treatment period. 

4. The limitations of the current research and directions for 
future studies 

The present research studied the impact of organic solvents on the 
fabrication of porous electrospinning fibers, which were also strongly 
influenced by ambient humidity. Xuan et al. reported an increase in the 
presence of elliptical pores on the fiber surface with rising humidity 
levels and observed that pore diameter was larger under higher hu
midity conditions compared to lower humidity levels [98]. Although 
there were no statistically significant differences in pore sizes at the two 
humidity levels, it implies that various factors, such as collector tem
perature, humidity level, solvent used for preparation, and applied 
voltage, may influence nanopore formation. These factors should be 

systematically explored in future studies. 
Our study demonstrated that exogenous ES can promote PNR. 

However, previous studies have presented conflicting findings regarding 
the effects of ES on nerve cell behavior. For instance, Sun et al. reported 
that ES accelerated the proliferation of SCs on PPy coatings [99]. 
However, Koppes et al. showed that ES did not exert a significant in
fluence on SC growth [100]. Although our results were well validated by 
multiple experiments, future studies could be conducted using more 
optimized experiments. In future studies, efforts can be made to incor
porate relevant bioactive molecules or other surface topologies onto the 
inner surface of NGCs to achieve enhanced nerve repair outcomes or 
address nerve defects across longer distances. 

Future studies should also explore the mechanisms underlying neural 
stem cell differentiation in response to ES and assess the role of diverse 
neuronal populations in PNR, as well as elucidate the interplay between 
cells and implanted scaffolds. Unanswered questions include whether 
exogenous cells effectively promote nerve regeneration and the specific 
mechanisms by which these cells facilitate this process. Further studies 
are required to explore the potential clinical applications of NGCs 
combined with ES in the future. Additionally, efforts should be made to 
enhance the biodegradability and compatibility of conductive coatings, 
while simultaneously reducing their toxicity without compromising 
their conductivity. 

Previous studies have demonstrated that the presence of regenerat
ing vessels in the conduit does not directly correlate with the recovery of 
nerve function [68]. Therefore, it is crucial to investigate whether 
regenerative vessels play distinct roles at different stages of PNR. 
Additionally, exploring whether a higher number of vessels leads to 
more effective nerve regeneration is essential for a comprehensive and 
in-depth understanding of vascular factors within the microenvironment 
of PNR. However, further investigation is required to determine whether 
the acidic microenvironment significantly affects the differentiation and 
maturation of SCs. Additionally, it is worth exploring whether acidifi
cation of the regenerative microenvironment has a significant impact on 
PNR through its effects on macrophages or fibroblasts. Our studies, as 
well as previous related research, have established a robust theoretical 
foundation for the promotion of PNR by PLGA NGCs. Furthermore, these 
studies have provided compelling and lucid evidence regarding the 
properties of PLGA NGCs and their application in PNR. In an ideal 
regeneration environment, biomaterials should strike a delicate balance 
between positive and negative effects. 

Many studies have employed ES for nerve regeneration. However, ES 
also possesses certain limitations. Firstly, the current does not specif
ically target cells and tissues, potentially affecting non-target ones as 
well. Additionally, there exists a resistance between the electrode and 
the target organ, leading to attenuation of current strength. Moreover, 
although ES promotes cell proliferation, it may result in the disorganized 
proliferation of cells [74]. However, the intricate nature of surgical 
procedures and the inherent uncertainty associated with ES elevate the 
surgical risk, rendering the amalgamation of NGCs with exogenous ES 
incapable of addressing such challenges. The advancement in piezo
electric materials and utilization of implantable nanogenerators have 
once again underscored the immense potential of ES in biological ap
plications [101]. These innovative ES devices have demonstrated a 
remarkable ability to significantly enhance PNR and are poised to 
become a focal point for future research. 

Our understanding of PLGA and other similar biomaterials is still in 
its nascent stage, with numerous fundamental questions yet to be 
answered. Depending on the specific characteristics of the regenerated 
tissues and organs, a synergistic combination of polymers and bio
materials may offer the optimal solution. The NGCs prepared with 
further optimized polymers exhibit enhanced biocompatibility, 
improved plasticity, superior mechanical properties, and reduced pro
duction of acidic degradation products. By utilizing these optimized 
polymers to fabricate NGCs with special surface morphology, in com
bination with degradable and non-toxic conductive coatings and ES, we 
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can effectively address nerve defects exceeding 30 mm. 

5. Conclusion 

In this study, we utilized PLGA to fabricate porous aligned fiber 
films, which were coated with PEDOT:PSS polymer to prepare NGCs and 
combined with ES for the treatment of peripheral nerve defects in rats. 
The coated fiber films exhibited excellent electrical conductivity, surface 
topography, mechanical properties, hydrophilicity, and degradability. 
Moreover, they demonstrated significant biocompatibility by effectively 
promoting the growth of SCs and PC-12 cells without inducing cyto
toxicity. Animal experiments further confirmed that the NGCs combined 
with ES could significantly enhance lower extremity function recovery 
and improve the therapeutic efficacy of nerve regeneration in rats. 
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