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The repair and functional recovery of long-segment peripheral nerve injuries are crucial in clinical settings.
Nerve conduits are seen as promising alternatives to autologous nerve grafts, but their effectiveness is limited by
the controlled delivery of bioactive factors and meeting various functional requirements during different stages
of repair. This research developed multifunctional nerve conduits using electrospinning and polydopamine
(PDA) coating techniques to integrate bioactive substances. Chitosan-composite PLGA electrospun nerve con-
duits demonstrated exceptional mechanical properties and biocompatibility. Nanofibers with specific topological
structures effectively promoted oriented cell growth. The PDA coating provided ROS scavenging and immune
modulation functions. The bFGF growth factor attached to the PDA coating facilitated sustained release,
enhancing Schwann cell functionality and stimulating neurite outgrowth. In a rat sciatic nerve defect model with
a 10 mm gap, PLGA/CS-PDA-bFGF nerve conduits showed a positive impact on nerve regeneration and func-
tional recovery. Consequently, nerve conduits with multiple functions modified with PDA-coated bioactive
molecules are poised to be excellent materials for mending peripheral nerve injuries.

1. Introduction nerve gaps and are widely regarded as the most effective approach in
nerve repair [5-7]. Nevertheless, autologous nerve transplantation
presents various challenges in the clinical setting. These challenges

encompass the necessity for two surgical procedures at both the donor

Injuries to peripheral nerves are prevalent and can result in muscle
paralysis, disability, neuropathic pain, and various other complications,

thereby exerting a substantial influence on the quality of life of affected
individuals [1-4]. In situations involving significant peripheral nerve
damage resulting in gaps, the use of nerve grafts or nerve conduits is
essential to promote the development of a regenerative pathway.
Autologous nerve grafts remain the preferred method for addressing

and recipient sites, the restricted supply of appropriate autologous
nerves for transplantation, structural differences between the donor and
recipient sites that may lead to mismatches, and the potential risk of
neurogenic tumor development at the donor site [8,9]. The advance-
ment of tissue engineering technology has led to the emergence of
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Scheme 1. A nerve conduit scaffold was developed through the combination of natural chitosan and synthetic PLGA materials using electrospinning techniques.
Through the application of PDA coating technology to incorporate the bioactive factor bFGF, the scaffold enabled in vivo delivery. This nerve conduit demonstrates
the ability to address reactive oxygen species in the initial phases of nerve injury, promote M2 polarization of macrophages to modulate the regenerative micro-
environment, improve Schwann cell functionality in subsequent repair stages, and direct axon elongation to facilitate peripheral nerve regeneration.

artificial nerve conduits as a viable alternative to autologous nerve
grafts in the treatment of peripheral nerve injuries. This innovative
approach has garnered significant interest and is considered a promising
technology in the field [10].

Electrospinning apparatus utilized in material production are un-
complicated and economical, enabling the creation of nano-scale
continuous fibers characterized by a substantial specific surface area
and elevated porosity. These attributes are advantageous for emulating
the natural extracellular matrix, rendering them well-suited materials
for fabricating nerve conduits [11,12]. Moreover, thorough investiga-
tion suggests that early administration of antioxidants, development of
myelin sheath, and stimulation of axonal growth are crucial focal points
for enhancing the recovery of peripheral nerve damages [8,13-18].
Hence, it is imperative to develop electrospun channels that control the
microenvironment, enhance the proliferation and movement of
Schwann cells, and direct the growth of axons from the proximal to
distal regions.

The electrospinning technique enables precise manipulation of fiber
morphology, facilitating the alignment of nanofibers along the longi-
tudinal axis or perpendicular orientations in both axial and radial planes
[19,20]. Fibers engineered with a specific alignment can greatly
improve the mechanical characteristics of scaffolds in the direction of
the fiber axis, while also supporting cell growth, specialization, and
aiding in nerve regeneration [21,22]. Furthermore, it is essential for
nerve conduits to exhibit high biodegradability, mechanical strength
similar to that of native tissues, and superior biocompatibility [23].
Hence, the selection of materials in the process of electrospinning plays a
critical role in attaining desired properties. Chitosan, being a naturally
occurring polymer with renewable characteristics, has garnered signif-
icant interest for its antimicrobial attributes, ability to inhibit tumor
growth, facilitation of tissue regeneration and repair, and hemostatic
properties [24,25]. Studies have shown that chitosan conduits have the
ability to suppress the proliferation of fibroblasts, decrease fibrous
scarring, and enhance the growth of endothelial cells, thus aiding in the
process of nerve regeneration [26]. Chitosan’s inherent mechanical
limitations hinder its ability to meet the necessary compressive strength
standards in clinical applications, thus impeding its effectiveness in
repair processes. In contrast, PLGA (poly(lactic-co-glycolic acid)) offers
the advantage of adjusting polymer strength and degradation rate

through the manipulation of the PLA (polylactic acid) to PGA (poly-
glycolic acid) ratio. The superior mechanical properties of PLGA can
offset chitosan’s brittleness. Consequently, the integration of natural
and synthetic materials through electrospinning to create composite
conduits with oriented structure, degradability, and enhanced me-
chanical characteristics presents a promising approach.

Following nerve damage, Schwann cells undergo a process of pro-
liferation and migration, while axons elongate through growth cones
with the objective of reestablishing nerve connectivity and ultimately
restoring nerve functionality [27]. Schwann cells are essential in facil-
itating nerve regeneration through contact-mediated mechanisms, as
they create Biingner bands that are abundant in nerve growth factors at
the site of injury. These specialized structures support the regrowth of
axons and provide guidance for the inward growth of regenerating axons
[15,16]. The growth cones elongate through budding along Biingner
bands into the distal nerves or organs, a process that is controlled by
neurotrophic factors [16]. Studies have shown that the fundamental
Fibroblast Growth Factor (bFGF) exhibits protective properties on
damaged neurons, stimulates the growth of neuroglial cells, and aids in
the regeneration of nerve fibers [28,29]. Nevertheless, the direct
incorporation of growth factors during the spinning process may result
in challenges such as growth factor deactivation caused by organic toxic
solvents and unregulated release. A potential effective strategy could
involve gently modifying the electrospun fibers post-production to
enable drug loading and achieve sustained controlled release over an
extended period. At present, techniques like sustained-release micro-
spheres and hydrogel injections are employed to augment the bioactive
properties of nerve conduits. Nevertheless, these methods introduce
heightened intricacy and expenses to the manufacturing process. Hence,
the imperative lies in the advancement of swift, uncomplicated, and
economical approaches for the modification of bioactive factors.

Polydopamine (PDA) has garnered significant interest and investi-
gation within the scientific community owing to its robust adhesion
properties, elevated chemical reactivity, superior hydrophilicity, and
favorable biocompatibility, among other notable attributes [30]. In
alkaline  conditions, dopamine undergoes oxidation and
self-polymerization to generate nano-sized polydopamine films, which
effectively maintain the microstructure of the underlying substrate
surface. The surface of the PDA contains a high concentration of quinone
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and amine functional groups, enabling potential covalent interactions
with proteins or peptides via Michael addition or Schiff reaction
mechanisms [31,32]. For instance, Zhu and colleagues demonstrated
that bone scaffolds modified with polydopamine effectively encapsulate
and continuously release VEGF, leading to the enhancement of vascular
regeneration and functionalization [33]. Moreover, Repair of peripheral
nerve injury relies on the reconstruction of the regenerative microen-
vironment. Four factors have been put forward to influence the micro-
environment of nerve repair in peripheral nerve injury, namely
angiogenesis, immune response, bioenergetic metabolism, and bioelec-
tric conduction. Vascular endothelial cells, macrophages, fibroblasts,
and Schwann cells collectively form the regenerative microenvironment
of peripheral nerve injury [34]. Most of the current applications of
medical materials in the repair of peripheral nerve injury revolve around
rebuilding the regenerative microenvironment. Yuan Wei-En’s team
enhanced the PNI regenerative microenvironment by inducing immu-
nometabolic reprogramming of macrophages using RGO@UIO-66/PCL
scaffolds [35-37]. The initial inflammatory response following periph-
eral nerve injury leads to oxidative stress, resulting in an increased
release of pro - inflammatory factors and exacerbating the inflammatory
response. Excessive inflammation and oxidative stress disrupt the
regenerative microenvironment and aggravate nerve tissue damage,
leading to delayed or impaired nerve regeneration [38]. PDA can
participate in the reconstruction of the regenerative microenvironment
by scavenging ROS to promote the repair of peripheral nerve injuries.
Hu et al. have documented the efficacy of PDA in ROS clearance, leading
to the suppression of arthritis advancement [39]. Likewise, Bao et al.
have highlighted PDA’s ROS scavenging properties and its role in im-
mune modulation for enteritis treatment [32]. To date, there is a lack of
literature on the utilization of PDA for immune microenvironment
regulation in peripheral nerve tissue engineering.

As shown in Scheme 1, we prepared oriented PLGA/CS-PDA-bFGF
nerve conduits with multiple functions of early immunomodulation,
scavenging of ROS, promotion of myelin sheath formation, and guidance
of axon growth. Specifically, electrostatic spinning technology was used
to construct oriented fiber nerve conduits of natural material chitosan
and artificial material PLGA composites to provide growth and guidance
space for nerve regeneration. Further coupling of bFGF after encapsu-
lating PDA coating on the catheter surface, the PDA coating not only
achieves efficient loading and slow release of bFGF for reinforcing the
function of Schwann cells and promoting axon growth of neuronal cells,
but also neutralizes excessive ROS as well as promotes macrophage
phenotypic transformation in the early stage at the site of injury. In this
study, based on the topographical guidance cues provided by the nerve
conduit, PDA and bFGF were introduced to promote the repair of pe-
ripheral nerve injury through the modulation of Schwann cells, neuronal
cells, and macrophages in order to construct a favorable regenerative
microenvironment. We conducted experiments on the microscopic
morphology observation, mechanical properties, degradation proper-
ties, drug loading and slow release, biocompatibility, in vitro antioxi-
dant and immunomodulation of the catheters, and in vivo evaluation of
the effect of sciatic nerve repair. We believe that a nerve conduit with
multifunctional PDA-coated coupled bioactive molecules that regulate
the regenerative microenvironment, strengthen the function of Schwann
cells, and promote axon growth has great potential in peripheral nerve
injury repair.

2. Materials and methods
2.1. Materials

PLGA was purchased from Jinan Daigang Bioengineering Co., Ltd.
(Jinan, China). Chitosan (CS, degree of deacetylation: ~90 %) was ob-
tained from Shanghai Aladdin Biochemical Technology Co., Ltd.
(Shanghai, China). FITC-labeled neurotensin (FITC) was sourced from
BIO-ZL (Beijing, China). 0.25 % trypsin, fetal bovine serum were
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obtained from Gibco (Grand Island, New York, USA). PBS buffer was
purchased from Logan (Logan, Utah, USA). FITC-labeled BSA, iNOS
Polyclonal antibody, 5 % BSA blocking solution were obtained from
Solarbio (Beijing, China). DAPI was sourced from SIGMA (Shanghai,
China). Other reagents were purchased from China National Pharma-
ceutical Group Corporation and used directly.

2.2. Synthesis of scaffold

To begin the process, measure 18g of hexafluoroisopropanol and
place it in a reaction vessel along with an appropriate magnetic stirring
bar. Subsequently, measure 2g of PLGA powder and gradually introduce
it into the hexafluoroisopropanol while maintaining continuous stirring.
Close the vessel and stir the mixture at room temperature for a duration
of 8 h until the PLGA powder is fully dissolved. The electrospinning
conditions are configured as follows: a spinning voltage of +12.3 kV, a
solution flow rate of 1.4 ml/h, and a collecting distance of 15 cm. The
temperature and humidity levels are regulated at 28 °C and 45 %,
respectively. Following the electrospinning process, retrieve the PLGA/
CS scaffold and subject it to vacuum drying overnight at room
temperature.

2.3. Coating of PDA layers

The PLGA/CS scaffold should be submerged in a dopamine solution
(2 mg/ml in 10 mM Tris-HCl, pH 8.5, sourced from Sigma-Aldrich) at
room temperature and agitated at a constant speed of 100 rpm for a
duration of 12 h. Subsequently, the scaffold should be rinsed with
deionized water, subjected to freeze-drying, and the resulting product
collected as the PLGA/CS-PDA scaffold.

2.4. Characterization of the scaffold

The surface morphology of PLGA/CS and PLGA/CS-PDA scaffolds
was examined through scanning electron microscopy (SEM) using a
JSM-7900 F instrument from JEOL, Tokyo, Japan. Elemental composi-
tion analysis of the scaffold surfaces was conducted via energy-
dispersive X-ray spectrometry (EDS) and elemental mapping. Fiber di-
ameters of the scaffolds were determined by analyzing SEM images with
Image-Pro Plus 6.0 software from Media Cybernetics, Rockville, MD,
USA. The water contact angle of the scaffolds was measured using a
water contact angle tester (OCA20, DataPhysics, Filderstadt). The me-
chanical properties, including elastic modulus and elongation at break,
of the PLGA/CS and PLGA/CS-PDA scaffolds were evaluated using a
universal testing machine (Model 5848, Instron, Norwood, MA, USA).
The degradation rates of the scaffolds in phosphate-buffered saline (pH
7.4) at 37 °C over a three-month period were investigated. Weight loss
was determined by calculating the difference between the initial weight
and the remaining weight of the scaffolds, and degradation rates were
calculated as the ratio of weight loss to the initial weight. To ensure the
reproducibility of the tests, three samples were prepared for each scaf-
fold group.

2.5. Loading and release of bFGF

The PLGA/CS and PLGA/CS-PDA scaffolds were sectioned into 12 x
12 mm squares and immersed in a 1 ml solution of bFGF (1 pg/ml in
sterile double-distilled water) at ambient temperature for a duration of
12 h. Following the loading process with bFGF, the PLGA/CS-bFGF and
PLGA/CS-PDA-bFGF scaffolds were rinsed with deionized water and
subsequently subjected to freeze-drying. The residual quantity of bFGF
in the supernatant was assessed in accordance with the guidelines pro-
vided by the manufacturer, utilizing the Human FGF basic ELISA Kit
(Acmec, Shanghai, China). The quantity of bFGF loaded was determined
by calculating the disparity between the initial quantity of bFGF and the
remaining amount in the supernatant. Subsequently, the drug loading
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efficiency of BDNF was computed as the ratio of the loaded drug amount
to the initial drug quantity.

To assess the spatial distribution of basic fibroblast growth factor
(bFGF) on the scaffold, fluorescein isothiocyanate-labeled bovine serum
albumin (FITC-BSA) was utilized as a surrogate for bFGF. Following
loading with FITC-BSA, the scaffold underwent rinsing with deionized
water. Visualization was conducted through confocal laser scanning
microscopy (CLSM). For the investigation of bFGF release, PLGA/CS-
bFGF and PLGA/CS-PDA-bFGF scaffolds measuring 12 x 12 mm were
placed in 2 ml of phosphate-buffered saline (PBS) and agitated at 37 °C
(100 rpm). Supernatant samples were collected at specified time points
(3, 7, 14, and 28 days), with 1 ml withdrawn and replaced with fresh
PBS each time. The release of bFGF from the scaffold was quantified
using the Human FGF basic ELISA Kit. Subsequently, the bFGF release
profile was generated by plotting the cumulative percentage release of
bFGF against time.

2.6. Cell proliferation, migration, and morphological observation of
RSC96 cells

Schwann cell proliferation on the fabricated scaffolds was evaluated
through the utilization of the Cell Counting Kit-8 (CCK-8) assay.
Schwann cells were seeded onto PLGA/CS, PLGA/CS-PDA, and PLGA/
CS-PDA-bFGF scaffolds at a density of 5 x 10* cells cm~2. Following
incubation for 1, 3, and 5 days, the specimens were rinsed with PBS and
subsequently exposed to a 10 % CCK-8 solution. Absorbance readings
were taken at a wavelength of 450 nm using a microplate reader
(SpectraMax M2, Molecular Devices, Sunnyvale, CA, USA) after a 2-h
incubation period. After 5 days of cultivation, the morphology of
Schwann cells cultured on the scaffolds was examined using scanning
electron microscopy (SEM) (JSM-7900F, JEOL) and confocal laser
scanning microscopy (CLSM) (TCS-SP8, Leica). For SEM analysis, sam-
ples were washed with PBS, immersed in a 2.5 % glutaraldehyde solu-
tion (Sigma-Aldrich) at 4 °C overnight, dehydrated with graded ethanol,
critically dried using a critical point dryer, and coated with a layer of
gold via sputter coating. Samples designated for CLSM observation were
washed with PBS, fixed overnight at 4 °C in 4 % paraformaldehyde
(Solarbio), permeabilized with 0.5 % Triton X-100 (Solarbio), blocked
with 5 % BSA (Solarbio), and then incubated overnight at 4 °C with
rabbit anti-S100 antibody (1:200, Sigma-Aldrich). Subsequent to
washing procedures, the samples were stained with Alexa Fluor 594
anti-rabbit IgG (1:200, ZSGB-BIO, Beijing, China) for 2 h at room tem-
perature, with cell nuclei counterstained using DAPI (Sigma-Aldrich).

RSC96 cells were cultured on PLGA/CS, PLGA/CS-PDA, and PLGA/
CS-PDA-bFGF scaffolds at a seeding density of 5 x 10° cells per well
to establish a confluent monolayer. Following this, a sterile pipette tip
was used to gently scratch the confluent cell layer. The migration of cells
was monitored using a microscope at 24 and 48 h post-scratching, and
the rates of migration were subsequently quantified.

2.7. Morphological observation of PC12 cells

PC12 cells were cultured on scaffolds made of PLGA/CS, PLGA/CS-
PDA, and PLGA/CS-PDA-bFGF at a seeding density of 4 x 10 cells
per square centimeter. The cell/scaffold constructs were treated with
Phalloidin-Alexa Fluor 594/488 (Abcam) to visualize cell morphology
and organization. Subsequently, fluorescence intensity was quantita-
tively analyzed. Utilizing ImageJ software, a line was manually traced
along the longest axis of each cell, and the angle of deviation from the
average orientation of the scaffold arrangement was determined.

2.8. Intracellular antioxidant assay
RSC96, RAW264.7, and PC12 cells were cultured in 96-well plates at

a density of 8 x 10° cells per well. After 48 h, the culture medium was
replaced with fresh medium, and hydrogen peroxide (H305) solutions
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were introduced to interact with the scaffolds in each cell group.
Following a 5-h incubation at 37 °C in the absence of light, cell viability
was assessed using the CCK-8 assay. The antioxidant properties of the
materials on cells were examined using an ROS assay kit. Subsequently,
RSC96, RAW264.7, and PC12 cells were seeded at a concentration of 3
x 10% cells/ml in 24-well plates containing the scaffolds and incubated
for 72 h. Post-incubation, cells were rinsed twice with phenol red-free
DMEM. Then, 400 pL of 50 pM Hy0, was added to each well and
incubated for 2 h. After washing to remove H309, cells were treated with
a 10 mM dichloro-dihydro-fluorescein diacetate (DCFH-DA) probe and
incubated in the dark for 20 min. Subsequent washes were performed to
eliminate any unreacted probe. Fluorescence microscopy was utilized to
observe cellular ROS levels, and cell viability was assessed using the
CCK-8 assay. The measured ROS levels were recorded, and the relative
ROS levels in each sample were calculated by dividing the ROS detection
values by the corresponding CCK-8 detection values.

The DPPH assay was employed to evaluate the capacity for scav-
enging free radicals. Initially, a solution of DPPH was prepared in
ethanol with a concentration of 0.1 mM. Subsequently, the specimens
were immersed in the solution and incubated at 37 °C in the absence of
light for 30 min. Following incubation, the absorbance levels of the
specimens were determined at 519 nm utilizing an Agilent Cary5000
UV-VIS-NIR spectrophotometer (USA). The percentage clearance rate
was computed using the formula: clearance rate (%) = (1 - Am/As) x
100 %. In this equation, As denotes the initial absorbance of DPPH,
while Am signifies the absorbance of DPPH subsequent to its interaction
with the specimen for 30 min.

2.9. Morphological observation of RAW264.7 cells

RAW cells were cultured in confocal dishes at a density of 3 x 10*
cells per well and treated with PLGA/CS, PLGA/CS-PDA, and PLGA/CS-
PDA-DbFGF scaffolds after 12 h. After an additional 24 h, the cells were
fixed with 4 % paraformaldehyde, washed with PBS, permeabilized with
Triton X-100, and blocked with bovine serum albumin. The cells were
then stained with TRITC-Phalloidin and DAPI to visualize the actin
arrangement in the cytoskeleton, which was observed and imaged using
laser confocal microscopy.

2.10. Real-time quantitative polymerase chain reaction

Following a 3-day incubation period, total RNA was isolated from
RSC96, PC12, and RAW264.7 cell cultures cultivated on these substrates
utilizing an RNA purification kit (ES Science, Shanghai, China). The
isolated RNA was subsequently transcribed in the reverse direction into
complementary DNA (cDNA) employing a reverse transcription kit
(ABM, Vancouver, Canada). Following this, quantitative real-time po-
lymerase chain reaction (QRT-PCR) was conducted on a CFX96TM real-
time PCR system (Bio-Rad, Hercules, CA, USA) utilizing SYBR Green
Realtime PCR Master Mix (TOYOBO, Osaka, Japan) for quantification.
The expression levels of pertinent genes were determined utilizing the 2-
AACt method and standardized against the reference gene GADPH. The
primer sequences for S100, NGF, BDNF, NF200, GAP43, Tubb3, TNF-a,
iNOS, IL-6, and IL-10 are available in Supplementary Table S1.

2.11. In vivo biosafety evaluation

The animal experiments conducted in this study were authorized by
the Animal Ethics Committee of Peking University People’s Hospital
under Approval No. 2023PHE062. Tissue compatibility was assessed by
implanting samples into the dorsal skin of female Sprague-Dawley rats
weighing around 200g. The rats were initially anesthetized using
pentobarbital sodium, following which specimens measuring 10 x 5 mm
were implanted into the subcutaneous tissue on their dorsal region (n =
3/group/time point). Euthanasia of the rats was carried out on days 3, 7,
and 14. The excised tissues were then fixed in 4 % paraformaldehyde for
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24 h, dehydrated in a 30 % sucrose solution for 48 h, and stored at
—80 °C. Subsequently, tissue sections were prepared and stained with
hematoxylin and eosin (H&E) to evaluate the adjacent tissues. Immu-
nofluorescent staining for Tumor Necrosis Factor-alpha (TNF-a) and
Interleukin-6 (IL-6) was conducted to assess the inflammatory response.

2.12. Animal experiments

The animal experiments were approved by the Animal Ethics Com-
mittee of Peking University People’s Hospital (Approval No.
2023PHE062) and in accordance with the National Research Council’s
Guide for Care and Use of Laboratory Animals. Forty healthy female SD
rats, each weighing around 200g, were procured from Beijing Vital River
Laboratory Animal Technology Co., Ltd. All SD rats were housed in
pathogen-free animal rooms, with the room maintained on a 12-h light/
12-h dark cycle at 20 °C. All SD rats were given free access to standard
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chow and water ad libitum.

These rats were randomly divided into four groups: autograft group,
PLGA/CS group, PLGA/CS-PDA group, and PLGA/CS-PDA-bFGF group,
with 10 rats in each group. Nerve conduits, measuring 12 mm in length
and 2 mm in inner diameter, were created by rolling the PLGA/CS,
PLGA/CS-PDA, and PLGA/CS-PDA-bFGF scaffolds. Anesthesia was
induced in all rats using 3 % isoflurane inhalation. Following shaving
and disinfection, a 10 mm nerve segment was excised at the mid-femoral
level of the right sciatic nerve. In the autograft group, the nerve segment
was longitudinally flipped 180° and sutured back to the nerve stump
using 8/0 nylon sutures. In the remaining groups, the proximal and
distal nerve stumps were sutured into the nerve conduits at a depth of 1
mm using 8/0 nylon sutures. The muscle and skin incisions were sub-
sequently closed with 4/0 nylon sutures.

PLGA/CS-PDA

100pm

e

3
150 — 120 Eﬂo.s ——
=~ N 3 —=—  PLGA/CS-bFGF
2 1201 ‘: 100 1 y ——  PLGA/CS-PDA-bFGF
o0 75 % 0.61 ]
g £ 80 3
90 1 e FJ
] ) P
% 2 60 B 0.4 ;
£ 60 % g )
] 40 =
bt ok = =
S 30- £ 9 0.2- c )
i e
=] _—
0- - 0- E 0.0 T .
PLGA/CS PLGA/CS-PDA PCLA/CS PCLA/CS-PDA 5 0 10 20 30
®]
Time (Days)

Fig. 1. (A) SEM and EDS elemental mapping images and fiber diameter distribution of PLGA/CS and PLGA/CS-PDA scaffolds. (B,C) Water contact angles of PLGA/CS
and PLGA/CS-PDA scaffolds (n = 3, **P < 0.01). (D) CLSM images of FITC-BSA loaded onto PLGA/CS and PLGA/CS-PDA scaffolds. (E) Loading efficiency of bFGF on
PLGA/CS and PLGA/CS-PDA scaffolds(n = 3, **P < 0.01). (F) Cumulative release of bFGF from PLGA/CS-bFGF and PLGA/CS-PDA-bFGF scaffolds.
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2.13. SFI index

At the 12-week postoperative mark, the gait analysis system from
Noldus in Wageningen, Netherlands was utilized to record the footprints
of rats. The system measured various parameters such as Experimental
Toe Spread (ETS), Normal Toe Spread (NTS), Experimental Print Length
(EPL), Normal Print Length (NPL), Experimental Inter-Toe Spread (EIT),
and Normal Inter-Toe Spread (NIT). Following this, the sciatic nerve
function index (SFI) was determined by applying the formula: SFI =
109.5(ETS—NTS)/NTS—38.3(EPL—NPL)/NPL+13.3(EIT-NIT)/
NIT-8.8.

2.14. Electrophysiological testing

At the 12-week postoperative mark, a total of six rats from each
experimental group were anesthetized for the purpose of conducting
electrophysiological assessments on the previously injured sciatic nerve.
During this procedure, two stimulating electrodes were strategically
positioned 5 mm apart at both the proximal and distal ends of the re-
generated nerve, while recording electrodes were inserted into the
gastrocnemius muscle. Subsequent to this setup, compound muscle ac-
tion potentials (CMAPs) of the gastrocnemius muscle were measured
utilizing a neurophysiological system (Keypoint, Ngrresundby,
Denmark) with a current intensity of 3.0 mA at a frequency of 1 Hz. The
CMAP amplitudes and latencies were then recorded and compared
across the different groups to evaluate the recovery of nerve function.

2.15. Histological evaluation of gastrocnemius muscle

At 12 weeks post-surgery, the superficial blood was extracted from
the gastrocnemius muscle at the transplant site, and the weight of the
muscle was documented. The control group is referred to as Mc, while
the group that underwent surgery is denoted as Ms. The formula for
calculating the wet weight ratio of the gastrocnemius muscle is
expressed as: T = (Mc - Ms)/Mc x 100 %. Subsequently, the gastroc-
nemius muscles were embedded in paraffin, sliced into 5-pm-thick sec-
tions, and stained with Masson’s trichrome stain. Ten muscle sections
were randomly chosen from each group, imaged using a Leica DM4B
microscope. Six sections were then randomly selected, and the cross-
sectional area of muscle fibers was measured using Image Pro Plus 6.0
software (Media Controllers), followed by statistical analysis.

2.16. Regenerative neurohistological assessment

Two weeks post-modeling, the central portions of regenerated nerves
were encased in optimal cutting temperature compound (Sakura Fine-
tek, Torrance, CA, USA) and cut into 12-pm-thick slices. Subsequently,
ten randomly chosen nerve slices from each cohort were subjected to
immunofluorescence double-labeling. The samples were exposed to
primary antibodies (at a 1:200 dilution for CD86, CD206, IL-6, TNF-a)
and secondary antibodies (Alexa Fluor 594 and 488, at a 1:1000 dilu-
tion), followed by DAPI staining. Visualization and quantitative assess-
ment were conducted using confocal microscopy.

Twelve weeks post-modeling, the central portions of regenerated
nerves were encased in optimal cutting temperature compound (Sakura
Finetek, Torrance, CA, USA) and sectioned into 12-pm-thick slices.
Subsequently, ten randomly chosen nerve slices from each cohort un-
derwent dual-label immunofluorescence. Primary antibodies utilized
were rabbit anti-S100 (1:200, Sigma-Aldrich) and mouse anti-NF200
(1:200, Sigma-Aldrich), followed by secondary antibodies Alexa Fluor
594 anti-rabbit IgG (1:200, ZSGB-BIO) and Alexa Fluor 488 anti-mouse
IgG (1:200, ZSGB-BIO). DAPI staining (Sigma-Aldrich) was conducted,
and images were captured using confocal laser scanning microscopy
(CLSM, TCS-SP8, Leica). Five random fields of view per slice were
selected for each specimen, and Image-Pro Plus 6.0 software (Media
Cybernetics) was employed for statistical analysis to determine the
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proportion of S100-positive staining area and NF200-positive staining
area.

The regenerated nerve’s distal segments were encased in resin, then
cut into 700 nm semi-thin sections and 70 nm ultra-thin sections. From
each group, ten semi-thin sections were chosen randomly for toluidine
blue staining. Utilizing a Leica DM4B microscope, images were taken.
Five fields of view were randomly selected for each section, and
myelinated nerve fiber density was measured using Image-Pro Plus 6.0
software (Media Cybernetics). Additionally, ten randomly selected ultra-
thin sections were stained with uranyl acetate-lead citrate and imaged
with a JEM-1400 electron microscope (Leica). Ten sections were
randomly selected to measure myelin sheath thickness and myelinated
nerve fiber diameter using Image-Pro Plus 6.0 software (Media
Cybernetics).

2.17. Statistical analysis

In the study, numerical data were presented as mean values
accompanied by standard deviations. Group comparisons were per-
formed using Student’s t-test for two-group comparisons and one-way
analysis of variance (ANOVA) followed by Tukey’s post hoc test for
multiple group comparisons. Statistical analyses were carried out uti-
lizing SPSS 22.0 software (IBM SPSS, Chicago, IL, USA). Statistical sig-
nificance was defined as P < 0.05.

3. Results and discussion
3.1. Characterization of the scaffold

The microstructure and surface chemical element distribution of the
produced scaffolds were examined through scanning electron micro-
scopy (SEM) and energy-dispersive X-ray spectroscopy (EDS), as
depicted in Fig. 1A. Both scaffold fibers exhibited alignment, with the
PLGA/CS scaffold having an average fiber diameter of 1.41 + 0.52 pm
and the PLGA/CS-PDA scaffold having a diameter of 2.18 + 0.64 pm.
Following PDA modification, a slight increase in fiber diameter and
surface roughness was observed, indicating the successful PDA modifi-
cation of the PLGA/CS scaffold. Elemental mapping images revealed an
increase in nitrogen (N) content from 0 % to 5.12 % in the PLGA/CS-
PDA scaffold compared to the PLGA/CS scaffold, providing further ev-
idence of the effective PDA coating modification.

Effective cell adhesion is an essential requirement for the successful
integration of tissue engineering scaffolds [40]. In a specific spectrum,
increased hydrophilicity proves advantageous for promoting cell adhe-
sion and proliferation [41]. The hydrophilicity of the scaffolds was
assessed through water contact angle measurements. Fig. 1B illustrates
that the water contact angle of the PLGA/CS scaffold was 110.8 + 0.43°,
whereas that of the PLGA/CS-PDA scaffold was 31.51 + 0.49°. The
modification with PDA notably increased the hydrophilicity of the
scaffold.

It is essential to create nerve conduits that are in alignment with the
neuroregeneration process and have the capability to continuously
release neurotrophic factors for an extended duration. Basic Fibroblast
Growth Factor (bFGF) is a vital mitogenic factor with multifunctional
properties that exert substantial impacts on neuronal cells [42]. In this
study, FITC-BSA was employed as a representative drug to mimic the
loading process of bFGF. The results illustrated in Fig. 1D indicate that
the fluorescence intensity observed in the PLGA/CS-PDA group was
notably greater compared to that in the PLGA/CS group. Furthermore,
as demonstrated in Fig. 1E, the bFGF loading efficiency within the
PLGA/CS-PDA group was measured at 81.83 + 2.91 %, a value signifi-
cantly exceeding that of the PLGA/CS group (P < 0.01). The graph in
Fig. 1F illustrates the release pattern of basic fibroblast growth factor.
When comparing the PLGA/CS group to the PLGA/CS-PDA group, the
former bFGF was released in large quantities in the first three days,
while in the latter, it exhibited sustained and gradual release over a
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Fig. 2. (A) Schematic diagram of conducting experiments on RSC96 cells. (B) Proliferation of Schwann cells grown on PLGA/CS, PLGA/CS-PDA and PLGA/CS-PDA-
bFGF scaffolds (n = 3, ** P < 0.01, versus PLGA/CS group). (C) SEM and CLSM images of Schwann cells grown on PLGA/CS, PLGA/CS-PDA and PLGA/CS-PDA-bFGF
scaffolds. Fluorescent indicator used was Alexa Fluor 594 for S100 (red), and the nuclei were stained with DAPI (blue). (D,E) Migration images and migration rates of
RSCI6 cells on the different scaffolds. (F-H) Relative mRNA expression levels of S100, NGF and BDNF (n = 3, *P < 0.05, versus PLGA/CS group; **P < 0.01, versus
PLGA/CS group; *P < 0.05, versus PLGA/CS-PDA group; *#P < 0.01, versus PLGA/CS-PDA group).

period of one month. In this study, the PLGA/CS - PDA - bFGF scaffold
achieved local controlled release of bFGF through a PDA coating, with
an average daily concentration of 21.02 + 0.62 ng/ml. Previous
research on the promotion of peripheral nerve injury repair by bFGF has
demonstrated that maintaining the local concentration of bFGF within
the range of 4.29-67.25 ng/mL is conducive to improving the

regenerative microenvironment and promoting axon regeneration [43,
44]. These research results indicate that after adding bFGF to the
PLGA/CS - PDA scaffold, bFGF can be released continuously over an
extended period. This will be beneficial for the process of peripheral
nerve regeneration. The mechanism of drug slow release of polydop-
amine coating can be explained from three aspects: diffusion,
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Fig. 3. (A) Schematic diagram of conducting experiments on PC12 cells. (B,C)Average neurite lengths of each group (*p < 0.05 and **p < 0.01). (D) Fluorescence
Intensity of each group(*p < 0.05 and **p < 0.01). (E-G) Polar histograms of neurite orientation distribution showing the neurite growth of PC12 cell alignment
along the direction of PLGA/CS, PLGA/CS-PDA and PLGA/CS-PDA-bFGF scaffolds. (H,I) Relative mRNA expression levels of NF200 and GAP43(n = 3, **p < 0.01,
versus PLGA/CS group; *P < 0.05, versus PLGA/CS-PDA group; *#P < 0.01, versus PLGA/CS-PDA group).

self-degradation, and disruption of surface adsorption-desorption equi-
librium. Firstly, polydopamine has a certain pore structure, and the
growth factor molecules move randomly in the pores, and due to the
existence of a concentration gradient, they will diffuse from the inside of
the polydopamine of high concentration to the outside of the low con-
centration environment. Secondly, the chemical structure of

polydopamine contains a variety of reactive groups, such as phenolic
hydroxyl groups and amino groups, which may react chemically with
substances in the surrounding environment, thus leading to the degra-
dation of polydopamine. Degradation is relatively slow in an environ-
ment with a physiological pH value of about 7.4. In addition, the surface
of polydopamine is rich in functional groups that can adsorb growth
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factors. As the adsorption equilibrium is disturbed by changes in envi-
ronmental conditions such as changes in solution composition, changes
in temperature, etc., the growth factors are desorbed from the surface of
polydopamine and thus released [45,46]. Over time, the polydopamine
(PDA) coating in the body facilitates the gradual release of basic fibro-
blast growth factor (bFGF) through the progressive degradation of the
PDA coating and the cleavage of covalent bonds. Furthermore, results
from tensile testing reveal that the mechanical properties of the scaffold
remain unaffected by PDA modification and bFGF loading, as depicted
in Fig. S1. Fig. S2 displays the degradation rates of the three stent types
after three months, all approximately at 6 % with no notable variances.
This suggests that the stents can uphold their structural strength
throughout the nerve regeneration phase, offering effective support and
safeguarding for the regenerating nerves.

3.2. Effects of scaffold groups on schwann cell behavior

Schwann cells play a crucial role in the nerve repair process, with
alterations in their activity and functionality impacting the success of
nerve regeneration. In order to assess the impact of various scaffolds
such as PLGA/CS, PLGA/CS-PDA, and PLGA/CS-PDA-bFGF on the bio-
logical behavior of Schwann cells, a series of biocompatibility, prolif-
eration, and migration assays were performed on RSC96 cells, as
depicted in Fig. 2A. The findings from the CCK-8 assay, illustrated in
Fig. 2B, demonstrate a rise in cell numbers over time across all groups,
implying low cytotoxicity of the scaffolds towards the cells. Specifically,
the cell counts within the PLGA/CS-PDA and PLGA/CS-PDA-bFGF
scaffold groups were notably greater compared to the PLGA/CS scaf-
fold group (P < 0.01). Additionally, the group utilizing the PLGA/CS-
PDA-bFGF scaffold exhibited a higher cell count in comparison to the
group using the PLGA/CS-PDA scaffold (P < 0.05). The cellular
morphology of RSC96 cells cultured on each scaffold for a duration of 3
days is illustrated in Fig. 2C. The scanning electron microscopy (SEM)
images illustrate spindle-shaped cells proliferating along the scaffold
fibers. Conversely, confocal laser scanning microscopy (CLSM) images
demonstrate that the cell density is most pronounced on the PLGA/CS-
PDA-bFGF scaffold, followed by the PLGA/CS-PDA scaffold, and least
on the PLGA/CS scaffold. These findings suggest that the oriented
structure of the PLGA/CS-PDA-bFGF scaffold influences the alignment of
Schwann cell growth. The increased hydrophilicity resulting from PDA
modification and the incorporation of the growth factor bFGF both
facilitate the attachment and expansion of RSC96 cells. Scaffolds with
PDA coating to promote the proliferation of Schwann cells involve three
functions of dopamine. First, because PDA is rich in hydrophilic func-
tional groups such as amino and carboxyl groups, the increased hydro-
philicity of scaffolds surface-modified with PDA can promote the
attachment and proliferation of Schwann cells. Secondly, the strong
adhesive property of dopamine can increase the interaction between the
cell and the scaffold. Thirdly, the protein loading rate of the scaffolds
modified with PDA will be significantly increased, so after loading bFGF,
the superimposed benefit of the two effects with the high adhesive
property of polydopamine will promote the proliferation of Schwann
cells more obviously.

The removal of myelin debris is essential for the repair of nerves,
with the rapid and thorough clearance of such debris being of utmost
importance. The timely migration of Schwann cells is a significant factor
in facilitating the clearance of myelin debris. The figures illustrate the
migration images and rates of Schwann cells, as indicated in Fig. 2D and
E. Within the PLGA/CS-PDA-bFGF group, Schwann cells demonstrated
the most notable migration rate, followed by the PLGA/CS-PDA group,
with the PLGA/CS group displaying the least migration activity.
Following the clearance of debris, Schwann cells undergo proliferation
and organize into Biingner bands surrounding the site of injury. These
bands serve as conduits for axonal growth, facilitating the inward
regeneration of axons. Moreover, Schwann cells release a variety of
substances that establish an optimal microenvironment to support the
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regeneration of nerves [47]. In this study, the impact of scaffolds
composed of PLGA/CS, PLGA/CS-PDA, and PLGA/CS-PDA-bFGF on the
mRNA expression levels of S100, NG, and BDNF released by Schwann
cells was further assessed through PCR analysis. The results depicted in
Fig. 2F-H reveal a significant upregulation in the relative expression
levels of S100, NGF, and BDNF within the PLGA/CS-PDA-bFGF group
compared to both the PLGA/CS and PLGA/CS-PDA groups (p < 0.05 or
p < 0.01). Moreover, the PLGA/CS-PDA group demonstrated elevated
expression levels in comparison to the PLGA/CS group (p < 0.05 or p <
0.01). These findings suggest that the PLGA/CS-PDA-bFGF scaffold ex-
hibits enhanced efficacy in promoting Schwann cell proliferation and
adhesion, as well as in stimulating the secretion of neurotrophic factors.

3.3. Impact of scaffold groups on neuronal cell behavior

bFGF is essential for the development and functionality of nerve
cells, as it facilitates growth, differentiation, axonal growth, and syn-
aptic formation. Its presence promotes the restoration and rejuvenation
of impaired nerves, ultimately enhancing neural function [48,49]. In
order to analyze the influence of individual scaffold groups on neuronal
cells, we examined parameters such as neuronal cell proliferation, axon
development, and secretion of neurotrophic factors. The experimental
details are depicted in Fig. 3A.

The alignment of PC12 cells on PLGA/CS, PLGA/CS-PDA, and PLGA/
CS-PDA-bFGF scaffolds is illustrated in Fig. 3B, demonstrating direc-
tional alignment compared to the random growth observed in the con-
trol group culture dish. This alignment suggests that fibers oriented in a
specific direction can influence the directional extension of neuronal
axons. The average lengths of axonal growth on each scaffold are pre-
sented in Fig. 3C: 39.79 + 9.68 pm for PLGA/CS, 64.40 + 10.07 pm for
PLGA/CS-PDA, and 105.55 + 16.96 pm for PLGA/CS-PDA-bFGF. The
results presented in Fig. 3D illustrate the fluorescence intensities of
PC12 cells. The findings suggest that the fluorescence intensities
observed on PLGA/CS-PDA and PLGA/CS-PDA-bFGF scaffolds are
significantly elevated compared to those on the PLGA/CS scaffold (p <
0.05), indicating that the modification with PDA enhances neuronal cell
adhesion and proliferation. Moreover, on the PLGA/CS-PDA-bFGF
scaffold, there is a longer axonal growth length and higher fluores-
cence intensity in comparison to the PLGA/CS-PDA scaffold. This sug-
gests that, in contrast to the PLGA/CS-PDA scaffold, the PLGA/CS-PDA-
bFGF scaffold more effectively facilitates the growth and extension of
neuronal cells.

NF200 is a distinctive indicator for neuronal cells, GAP43 is recog-
nized as a marker protein for axonal growth in neuronal development
and repair following injury, and Tubb3 serves as a marker for the
transformation of stem cells into neurons [50]. Hence, polymerase chain
reaction (PCR) was employed to assess the comparative mRNA expres-
sion levels of NF200, GAP43, and Tubb3 in order to authenticate the
functional impacts of various scaffolds on neuronal cells. The results
depicted in Fig. 3H-I indicate that the mRNA expression levels of NF200,
GAP43, and Tubb3 were most pronounced on the PLGA/CS-PDA-bFGF
scaffold, followed by the PLGA/CS-PDA scaffold (p < 0.01), and least
on the PLGA/CS scaffold (p < 0.05). This observation further sub-
stantiates the notion that the PLGA/CS-PDA-bFGF scaffold effectively
enhances the proliferation and differentiation of neuronal cells.

3.4. Invitro oxidative stress protection and immunomodulatory effects of
scaffold groups

Overexpression of both pro-inflammatory and anti-inflammatory
molecules, along with the buildup of reactive oxygen species (ROS),
are recognized as contributing factors to neuronal injury [51]. Hence, it
is imperative for neuronal regeneration that there is prompt removal of
reactive oxygen species and a proactive adjustment to the microenvi-
ronment for immune regulation. Consequently, we illustrated the anti-
oxidative potential of the PLGA/CS-PDA-bFGF scaffold through a series
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Fig. 4. (A)Schematic diagram of conducting experiments on RSC96 cells and RAW264.7 cells. (B) The DPPH method was used to evaluate the neutralizing ability of
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of experiments (refer to Fig. 4A). Initially, we evaluated the capacity of
the scaffolds to eliminate free radicals. The PLGA/CS-PDA and
PLGA/CS-PDA-bFGF groups demonstrated enhanced scavenging effi-
cacy in comparison to the PLGA/CS group (refer to Fig. 4B). Upon
exposure to Ho0,, the fluorescence intensity of the PLGA/CS group
notably exceeded that of the PLGA/CS-PDA and PLGA/CS-PDA-bFGF
groups, as illustrated in Fig. 4C. The illustration in Fig. 4D presents

11

the comparative assessment of reactive oxygen species (ROS) levels in
RSC96 cells following Hy05 induction, revealing notable distinctions
between the PLGA/CS group and both the PLGA/CS-PDA group (P <
0.01) and the PLGA/CS-PDA-bFGF group (P < 0.01). Fig. 4E-G exhibit a
substantial reduction in the proliferation of RSC96, PC12, and
RAW264.7 cells subsequent to HyO» exposure, which is ascribed to the
oxidative stress-induced damage caused by HO,. In identical
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Fig. 6. (A) Assessment of sciatic nerve function and electrical conduction recovery 12 weeks after surgery. (B) Typical 3D stress diagrams at twelve weeks after
surgery. (C) Representative CAMP waveform of the injured side in each group. (D) Analysis of SFI values of all of the groups at twelve weeks after surgery. (E)
statistical analysis of conduction velocity in each group. (F) statistical analysis of peak amplitude of CMAP in each group. (G) Representative images of gastrocnemius
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were taken from the injured side. (H) Comparison of the wet weight ratios of gastrocnemius (injured muscle vs normal muscle) among autograft, PLGA/CS, PLGA/CS-
PDA and PLGA/CS-PDA-bFGF groups. (I) Comparison of the mean cross-sectional area of muscle fibers from the injured side among autograft, PLGA/CS, PLGA/CS-
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experimental conditions, pre-treatment with PLGA/CS-PDA and
PLGA/CS-PDA-bFGF scaffolds resulted in a notable enhancement in cell
viability compared to the HoO5 group, as indicated by statistical sig-
nificance (P < 0.01). Conversely, the PLGA/CS scaffold did not elicit a
substantial alteration in cell viability (P > 0.05). The aforementioned
findings highlight the efficacy of polydopamine (PDA) coating in scav-
enging reactive oxygen species (ROS) and confirming its antioxidant
potential. PDA-coated surfaces contain abundant catechol groups that
can engage in redox reactions with ROS, transforming them into more
stable compounds like water and oxygen. Additionally, PDA can miti-
gate cellular harm by sequestering free radicals of reactive oxygen
species (ROS). The exceptional biocompatibility and adhesion charac-
teristics of polydopamine facilitate its strong attachment to cellular
surfaces, thereby augmenting its ability to eliminate intracellular ROS
[52]. The scavenging of reactive oxygen species by PDA can be attrib-
uted to the enrichment of its surface with catechol moieties, whose
redox properties allow PDA to both quench reactive oxygen radicals by
providing H atoms and to reduce reactive oxygen radicals via electron
transfer [53]. In addition, there have also been studies/Shi’s team
studies that have found the presence of free radicals in PDA that can act
as superoxide electrocatalytic centers [54]. The excellent biocompati-
bility and adhesion of PDA can enhance the tight binding between the
scaffold and the cell surface, further enhancing the efficiency of scav-
enging reactive oxygen radicals.

Macrophages are vital components of the immune system and are
integral in regulating the microenvironment following neural injury,
thereby facilitating neural repair. Initially, macrophages display a pro-
inflammatory (M1) phenotype to remove damaged neural tissue,
before transitioning to an anti-inflammatory (M2) phenotype to support
the repair of neural tissue [55]. In instances of peripheral nerve damage,
there can be an overabundance of oxidative stress and inflammatory
responses that obstruct the transformation of macrophages from the
pro-inflammatory (M1) state to the anti-inflammatory (M2) state. This
impediment can hinder the advancement of neural regeneration. In our
research, our objective was to enhance the conditions for neural
regeneration by counteracting elevated levels of reactive oxygen species
(ROS) using polydopamine (PDA), consequently facilitating the shift of
macrophages from the M1 to the M2 phenotype (refer to Fig. 4A). First,
we used FITC/DAPI staining to observe the morphological changes of
macrophages under the induced stimulation of LPS with IFN-y. Fig. 4H
shows that macrophages in the control group exhibited a typical M1
phenotype rich in pseudopods, and the PLGA/CS group was similar to
the control group. In the PLGA/CS-PDA and PLGA/CS-PDA-bFGF
groups, there were significantly more macrophages with a
shuttle-shaped M2 phenotype. We used an immunofluorescence staining
assay to further investigate the changes in macrophage phenotype. As
shown in Fig. 4H, we observed the expression of iNOS (M1l-type
macrophage marker) and Arg-1 (M2-type macrophage marker) in each
group under interferon- and LPS-induced inflammatory conditions.
Compared with the control group, the percentage of iNOS immunoflu-
orescence was significantly decreased (p < 0.01) and the percentage of
Arg-1 immunofluorescence was significantly increased (p < 0.01) in
both PLGA/CS-PDA and PLGA/CS-PDA-bFGF groups (Fig. 4I-J).
Morphological observations of macrophages and immunofluorescence
staining results were consistent, further suggesting that PDA plays a role
in regulating the conversion of macrophages from M1 to M2 phenotype.
In addition, with the upregulation of inducible iNOS, these classically
activated M1-type macrophages also produce a large number of
pro-inflammatory factors. The expression of pro-inflammatory factors
TNF-a, INOS, and IL-6 was significantly downregulated in the
PLGA/CS-PDA group and PLGA/CS-PDA-bFGF group, which was
significantly lower than that in the PLGA/CS group (Fig. 4K-M). And the
significant expression of Arg-1 was associated with the execution of
tissue repair function of M2 macrophages, and the anti-inflammatory
factor IL-10 in the PLGA/CS-PDA group and PLGA/CS-PDA-bFGF
group was significantly higher than that in the PLGA/CS group (p <
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0.01) (Fig. 4N). In the pathological microenvironment of nerve injury,
intracellular inflammation-related signaling pathways, such as neutro-
phils and monocytes, are activated under oxidative conditions, which
subsequently promote the production of more inflammatory factors and
reactive oxygen species. This vicious cycle ultimately leads to loss of
calcium homeostasis, lipid peroxidation, mitochondrial dysfunction in
neurons and thus hinders the repair of peripheral nerve injury.The
antioxidant effect of PDA significantly ameliorates the vicious cycle in
the pathological microenvironment of injury. From the results, the
expression of pro-inflammatory factors (IL-6, TNF-a) was significantly
decreased in cells grown on scaffolds with PDA coating.

3.5. In vivo biocompatibility assessment

To further assess the biocompatibility of the scaffolds, they were
implanted into the subcutaneous tissue of rat backs(refer to Fig. 5).
Histological examination using HE staining revealed that the PLGA/CS
group exhibited mild inflammation on the 3rd day, which had largely
resolved by the 7th and 14th days. In contrast, the PLGA/CS-PDA group
and the PLGA/CS-PDA-bFGF group showed no significant inflammatory
response at any time point. Additionally, TNF-a and IL-6 immunofluo-
rescence staining was utilized to evaluate the expression of inflamma-
tory factors, with semi-quantitative analysis indicating a gradual
decrease in the positive areas of both factors over time in all groups.
Notably, the PLGA/CS-PDA and PLGA/CS-PDA-bFGF groups demon-
strated superior performance compared to the PLGA/CS group (P <
0.01), suggesting that the PDA coating effectively mitigates inflamma-
tion. These results support the conclusion that the scaffold can be
considered a safe implant option.

3.6. Assessment of sciatic nerve function and electrophysiological
recovery

A rat sciatic nerve defect model with a 10 mm gap was created for the
purpose of studying the impact of the PLGA/CS-PDA-bFGF scaffold on
nerve repair in vivo. Approval for all animal experiments was obtained
from the Ethics Committee of Peking University People’s Hospital under
Ethics License No.: 2023PHE062.

Following a 12-week period post nerve injury, the evaluation of
motor function recovery across various groups was conducted utilizing
rat plantar pressure distribution, sciatic functional index, electrophysi-
ological testing, muscle staining and wet weight, as well as muscle fiber
area (refer to Fig. 6A). The rat plantar pressure distribution data is
illustrated in Fig. 6B. Notably, in the PLGA/CS-PDA-bFGF group, the
contact area and plantar pressure of the right hind limb exhibited sig-
nificant improvement compared to the PLGA/CS and PLGA/CS-PDA
groups, and were found to be comparable to those observed in the
autograft group. The Sciatic Functional Index (SFI) is a commonly uti-
lized quantitative approach for evaluating the motor function of the
sciatic nerve in rats through the measurement of toe spread. The SFI
scale spans from 0, indicating normal function, to —100, denoting
complete impairment. The statistical findings depicted in Fig. 6D reveal
that the SFI values within the PLGA/CS-PDA-bFGF group exhibited a
notable increase compared to both the PLGA/CS group (p < 0.01) and
the PLGA/CS-PDA group (p < 0.01), while being comparable to those
observed in the autograft group. Electrophysiological assessments, as
illustrated in Fig. 6C-E, and F, demonstrated that the conduction ve-
locity in the PLGA/CS-PDA-bFGF group was slower than that in the
autograft group (p < 0.01), yet notably faster than in both the PLGA/CS
group (p < 0.01) and the PLGA/CS-PDA group (p < 0.05). Furthermore,
the compound muscle action potential amplitude in the PLGA/CS-PDA-
bFGF group exhibited a significant increase in comparison to both the
PLGA/CS group (p < 0.01) and the PLGA/CS-PDA group (p < 0.01), with
no significant variance observed when compared to the autograft group.

Following sciatic nerve injury, muscles that lack nerve innervation
experience notable atrophy, resulting in compromised motor function.
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Fig. 7. (A) Evaluation of the regulatory effect of stents on in vivo immune response by CD86,/CD206/IL-6/TNF-« staining at 2 weeks post surgery. (B) Analysis of
immunofluorescence for CD86, CD206, IL-6 and TNF-« in tissue sections obtained from the regenerated nerves. (C) Comparison of the CD206/CD86 ratio among
autograft, PLGA/CS, PLGA/CS-PDA and PLGA/CS-PDA-bFGF groups. (D,E) Statistical results of the percentage of IL-6 positive staining area and the percentage of
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< 0.01, versus PLGA/CS-PDA-bFGF group).

The gross morphology image of the gastrocnemius muscle is depicted in
Fig. 6H, illustrating varying levels of atrophy in the gastrocnemius
muscle of the right hind limb across all experimental groups post-sciatic
nerve injury. Masson’s trichrome staining results are presented in
Fig. 6G, revealing the presence of blue-stained collagen fibers in all
groups. Muscle fiber morphology in the autograft and PLGA/CS-PDA-
bFGF groups exhibited a more uniform appearance compared to the
PLGA/CS and PLGA/CS-PDA groups. Analysis of muscle fiber cross-
sectional area (Fig. 6I) indicated a significantly greater area in the
PLGA/CS-PDA-bFGF group compared to the PLGA/CS group (p < 0.01)
and the PLGA/CS-PDA group (p < 0.01), but lower than the autograft
group (p < 0.05). These findings collectively suggest that the PLGA/CS-
PDA-bFGF scaffold holds promise in mitigating denervated muscle at-
rophy, thereby potentially enhancing nerve regeneration.
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3.7. Modulation of in vivo immune response by the scaffold

One of the primary obstacles in the restoration of peripheral nerve
function lies in the regulation of the immune microenvironment. The
inflammatory response that ensues following peripheral nerve damage
has the potential to disrupt the surrounding environment, thereby
impeding the subsequent process of nerve regeneration. Macrophages
play a crucial role in signaling early inflammation. In the context of
peripheral nerve injury recovery, macrophages typically undergo a
transition from a pro-inflammatory phenotype (M1) aimed at clearing
damaged nerve tissue to an anti-inflammatory phenotype (M2) that fa-
cilitates nerve tissue repair [55]. In order to evaluate the inflammatory
modulation of early peripheral nerve injury subsequent to the intro-
duction of scaffolds within each experimental cohort, we conducted
immunostaining for CD86,/CD206, TNF-a, and IL-6 to assess M1 and M2
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Fig. 8. (A) Analysis of histological and ultrastructural characteristics of regenerated nerves at 12 weeks post surgery. (B) Double-immunofluorescent staining of the
Schwann cell marker S100 (red) and the axon marker NF200 (green) of cross-sections of the middle segments of regenerated nerves. (C,D) Statistical results of the
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myelinated nerve fibers and the thickness of the myelin sheath (n = 10). **P < 0.01, versus PLGA/CS group; **P < 0.01, versus PLGA/CS-PDA group; ¥*P < 0.01,
versus PLGA/CS-PDA-bFGF group.
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macrophages and their production of inflammatory mediators in nerve
tissues at the 2-week postoperative mark (refer to Fig. 7A). The out-
comes are depicted in Fig. 7B-E. The ratio of M2/M1 positive areas was
elevated in the PLGA/CS-PDA and PLGA/CS-PDA-bFGF groups in com-
parison to the PLGA/CS group, yet lower than that observed in the
autograft group (p < 0.01). The expression levels of IL-6 and TNF-a were
notably reduced in the PLGA/CS-PDA and PLGA/CS-PDA-bFGF groups
relative to the PLGA/CS group (p < 0.01), although they were higher
compared to the autograft group (p < 0.05). The findings suggest that
PLGA/CS-PDA and PLGA/CS-PDA-bFGF demonstrate significant
anti-inflammatory properties in the initial phases of peripheral nerve
damage. This efficacy is linked to the inclusion of polydopamine (PDA),
which plays a role in modulating the conversion of M1 macrophages to
M2 macrophages. These results align with outcomes observed in
laboratory-based investigations [56].

3.8. Histological evaluation of regenerated nerves

Following a 12-week period post-surgery, an examination of the
histological and ultrastructural features of regenerated nerves was
conducted. Fig. 8A illustrates the results of this analysis. Fig. 8B-D
displays the outcomes of immunofluorescence staining for S100/NF200.
The immunohistochemical analysis revealed that the expression levels
of S100 and NF200 in the PLGA/CS-PDA-bFGF group were significantly
greater compared to those in the PLGA/CS group (P < 0.01) and the
PLGA/CS-PDA group (P < 0.01). Notably, the autograft group exhibited
the highest positive area. Furthermore, the PLGA/CS-PDA group
demonstrated a higher positive area of S100 and NF200 in comparison
to the PLGA/CS group (P < 0.01). The staining of toluidine blue in the
mid-section interface and the examination of myelin sheath through
transmission electron microscopy are depicted in Fig. 8E. The autograft
group exhibited the highest nerve density, followed by the PLGA/CS-
PDA-bFGF group and the PLGA/CS-PDA group (Fig. 8F). The myelin-
ated nerve fiber diameter and myelin sheath thickness were notably
greater in the PLGA/CS-PDA-bFGF group compared to the PLGA/CS
group and the PLGA/CS-PDA group (p < 0.01), yet lower than those
observed in the autograft group (p < 0.01) (Fig. 8G-H). These findings
suggest that the utilization of the PLGA/CS-PDA-bFGF scaffold holds
promise for replacing autografts in the treatment of nerve injuries.

3.9. The mechanism of action of PLGA/CS-PDA-bFGF in peripheral nerve
regeneration

The recovery process following peripheral nerve injury is intricate,
involving various cellular events such as macrophage migration to the
injury site for debris clearance, Schwann cell proliferation and migration
to form Biingner bands, and axonal elongation to restore connections
with distant organs. The scaffold developed in this research, composed
of PLGA/CS-PDA-bFGF, exhibits superior mechanical properties that
offer a stable environment for long-term nerve regeneration. Through its
ability to promptly clear reactive oxygen species and modulate macro-
phage polarization from M1 to M2, the scaffold safeguards nascent cells
from oxidative stress-induced damage and facilitates unimpeded pro-
gression of neural regenerative processes. The adjustment of the PDA
coating enhances the scaffold’s hydrophilicity and introduces active
functional groups, facilitating cell adhesion and migration. Additionally,
the scaffold’s aligned topographical structure promotes directional
growth of Schwann cells and nerve cells along the fibers. The sustained
release of bFGF, achieved through robust covalent bonding, sustains
neural tissue regeneration over an extended period. These combined
factors are strategically aligned to address distinct functional needs
during various stages of injury repair, thereby synergistically enhancing
the functional regeneration of peripheral nerves.
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4. Conclusion

In brief, a nerve conduit comprising oriented nanofibers of PLGA/CS,
developed through electrospinning and PDA coating techniques, is
proposed in this study. This conduit combines natural and synthetic
materials along with biologically active molecules. The aligned fiber
structure offers a stable environment for nerve regeneration and guides
the growth of nerve cells in a specific direction. The PDA coating serves
to shield newly formed cells from oxidative stress during the initial
stages and actively influences the immune microenvironment to create
conducive conditions for nerve regeneration. Additionally, the incor-
poration of the biologically active molecule bFGF enables sustained and
controlled release over an extended period by gradual degradation of the
coating and cleavage of covalent bonds. The PLGA/CS-PDA-bFGF nerve
conduit is designed to effectively address the diverse requirements of
nerve regeneration stages, facilitating the restoration of damaged nerve
structure and function. In conclusion, the multifunctional PDA-coated
nerve conduit, in conjunction with biologically active molecules, is
anticipated to offer novel perspectives for mending peripheral nerve
injuries.
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