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Abstract

Peripheral nerve injuries (PNIs) affect approximately one million people globally every year. While autologous nerve trans-
plantation remains the gold standard for healing PNIs with large gaps, limitations such as donor site morbidity and limited
nerve availability present challenges in clinical application, highlighting the need for innovative solutions based on synthetic
biomaterials. In this study, we explored a composite nerve conduit that combines a poly(lactic-co-glycolic acid) (PLGA)
shell and a decellularized extracellular matrix (dECM) seeded with Schwann cells (SCs). In particular, the dECM, derived
from rat sciatic nerves, retains the native tissue structure and bioactive components. In vitro studies showed that SC-seeded
dECM promotes cell viability, proliferation, and alignment. In vivo testing using a rat sciatic nerve defect model demon-
strated that the PLGA/dECM-SC conduit significantly improved nerve regeneration compared with conduits without SCs,
showing enhanced axonal growth, myelination, and motor function restoration comparable to autografts. This approach of-
fers a promising alternative to autologous nerve grafts in the clinical treatment of PNIs.
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1 Introduction

Peripheral nerve injuries (PNIs) affect approximately one
million people worldwide annually, imposing significant
personal and societal burdens. While direct suturing of
nerve ends is a viable therapeutic approach, its use is lim-
ited to injuries with short gaps (typically <10 mm) [1]. For
larger gaps, autologous nerve transplantation remains the
gold standard [2, 3]. However, this approach faces several
challenges, including limited availability of appropriate do-
nor nerves, discrepancies in lengths between donor nerves
and injury sites, and post-transplant complications such as
morbidity and impaired nerve function at the donor site [4].
These limitations highlight the urgent need for new thera-
peutic approaches that are both effective and widely appli-
cable in clinical settings.

A promising alternative for PNI treatment is the implanta-
tion of nerve guidance conduits (NGCs) [5—7]. Based on tis-
sue engineering principles, NGCs are tubular constructs that
enclose severed nerve ends, promoting spontaneous regen-
eration and repair while protecting the injury site from in-
vading fibrous tissue [8]. Ideally, NGCs should be fully de-
gradable upon PNI healing; thus, they are fabricated using
either natural biopolymers (e.g., collagen [9], chitosan [10],
and silk fibroin [11]) or synthetic biodegradable polymers
(e.g., poly(lactic-co-glycolic acid) (PLGA) [11] and poly-
caprolactone (PCL)) [12]. Once PNI characteristics (e.g., gap
length, location, and presence of mechanical loading) and
treatment goals (e.g., regeneration time and degradation rate)
have been assessed, clinicians select an NGC with appropri-
ate size and material composition for implantation [13].
However, a significant limitation of most NGCs in clinical
use is their inability to actively stimulate nerve regenera-
tion, often making them less effective than autologous
nerve grafts. This challenge highlights the need for further
research and development to enhance the regenerative capa-
bilities of NGCs.

To enhance the regenerative capacity of NGCs, decellu-
larized extracellular matrix ({ECM) from nerves is increas-
ingly being used as a bioactive substrate. Derived from na-
tive nerve tissue by removing cellular components, dECM
retains numerous receptor recognition ligands and growth
factors that promote cell adhesion and growth [14-16]. De-
spite its low mechanical strength, dECM has shown prom-
ise in creating an environment conducive to nerve regenera-
tion [17]. However, since most viable cells and cytokines
are removed during decellularization, dECM alone cannot
consistently supply the biomolecules needed for sustained
nerve regeneration, limiting its effectiveness in the later
stages of PNI healing.

One strategy for enabling the long-term delivery of the
biomolecules necessary for nerve regeneration is transplant-
ing selected cells back into the dECM. These recolonized
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cells, capable of producing neurotrophic factors and other
cytokines, ensure the sustained and localized delivery
of functional biomolecules essential for effective PNI
healing [18, 19]. Specifically, Schwann cells (SCs), native
to the peripheral nervous system, have been widely applied
due to their ability to support nerve regeneration and my-
elination following PNI [20, 21]. Studies have shown that
decellularized rat SCs promote the survival of transplanted
SCs, which in turn facilitate myelination and axonal
growth, ultimately restoring motor function [22]. We pro-
pose that NGCs functionalized with dECM and SCs, com-
pared to NGCs alone, more closely mimic the composition
and structure of peripheral nerves, and are therefore ex-
pected to enhance nerve regeneration.

Our previous study demonstrated that PLGA conduits
combined with decellularized rat nerves have significant po-
tential for peripheral nerve regeneration; however, the lack
of sustained cytokine delivery due to the absence of viable
cells within the NGCs was considered a critical limita-
tion [8]. In this study, we propose a composite nerve con-
duit in which the dECM from the sciatic nerve is first
seeded with viable SCs and then sheathed in a PLGA con-
duit fabricated using the dry jet-wet spinning technique. The
PLGA shell is expected to provide load-bearing capacity
and prevent the invasion of undesired fibrous tissue, while
the SC-seeded dECM serves as a biomimetic and bioactive
substrate to enhance peripheral nerve regeneration. First, we
examined the microstructure of the acellular sciatic nerve us-
ing scanning electron microscopy (SEM). Second, we as-
sessed the biological function of the SC-seeded dECM
through in vitro studies. Finally, we evaluated the therapeu-
tic effect of the composite conduits in a classic rat sciatic
nerve defect model, followed by histological and neurofunc-
tional analyses. The results demonstrated that combining
dECM and viable SCs contributed to restoring motor func-
tion, indicating a promising strategy for PNI treatment.

2 Materials and methods
2.1 Materials

PLGA was purchased from MedTech Instruments Co., Ltd.
(Shandong, China). SCs were obtained from the Cell Bank
of the Chinese Academy of Sciences (Shanghai, China),
and the lentivirus of the negative control (green fluorescent
protein (GFP)) was purchased from GenePharma (Jiangsu,
China). Essential materials, such as Dulbecco’s modified
Eagle medium (DMEM), 0.25% trypsin-EDTA (ethylene di-
amine tetraacetic acid), 1% penicillin/streptomycin (P/S), and
phosphate-buffered saline (PBS), were sourced from Gibco
(Big Cabin, OK, USA). The TIANamp Genomic DNA Kit
was purchased from Tiangen Biochemical Technology Co.
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(Beijing, China), and the Cell Counting Kit-8 (CCK-8)
reagent was purchased from Beyotime (Shanghai, China).
Additional materials, including 3,3’-diaminobenzidine sub-
strate solution, phalloidin-fluorescein isothiocyanate, he-
matoxylin and eosin (H&E), resin, 4',6-diamidino-2-phe-
nylindole (DAPI), and the Calcein-AM/propidium iodide
(PI) kit (CA1630), were purchased from Solarbio (Beijing,
China). The B-actin antibody (RM2001) was procured from
Ray Antibody Biotech (Beijing, China), while the NF-H
(ab207176), GAP-43 (ab16053), plII-tubulin (ab18207), and
S100p (ab52642) antibodies were obtained from Abcam
(Cambridge, UK). The CD31 antibody (A0378) was pur-
chased from Abclonal (Wuhan, China). Akt (4691), p-Akt
(9271), p-PI3K (17366), and CD68 (97778) antibodies were
purchased from Cell Signaling Technology (Boston, USA),
and the PI3K antibody (20584-1-AP) was purchased from
Proteintech (Wuhan, China). In addition, a bicinchoninic
acid (BCA) protein assay kit (23225) was obtained from
Thermo Scientific (Rockford, IL, USA). TRIzol and Power
SYBR Green PCR Master Mix were obtained from Life
and Vazyme, respectively (Waltham, MA, USA). All prim-
ers were synthesized by Sangon Biotech (Shanghai, China).

2.2 Preparation of decellularized rat
peripheral nerves

Fresh sciatic nerves were collected from euthanized
Sprague—Dawley (SD) rats housed at the Experimental Ani-
mal Center of Ningbo University. The excised nerves were
washed thoroughly with PBS to remove residual blood,
trimmed into about 1-cm segments, and placed in a 50-mL
centrifuge tube filled with 2% Triton X-100 solution. This
was followed by gentle shaking at room temperature for
24 h, with the solution refreshed after the first 12 h. The
solution was then replaced with 0.1% sodium dodecyl sul-
fate (SDS), followed by 48 h of shaking, during which the
solution was changed every 12 h. The nerve tissues were
then transferred to deionized (DI) water and gently shaken
for another 24 h, with water replacement done every 12 h.
Finally, the decellularized peripheral nerve tissue samples
were freeze-dried and stored at —20 °C until use.

2.3 Preparation of frozen tissue sections and
SEM imaging

Coverslips (diameter: 12 mm) were pretreated by soaking in
poly-L-lysine (PLL) solution (diluted 10-fold in sterile DI
water) at room temperature for 5 min and then dried in an
oven (BLUEPARD, DHG-9030, Shanghai, China) at 60 °C
for 1 h. The decellularized nerve tissue was unfolded in a
cryosection box with an area of about 0.2 cmz, embedded in
an optimal cutting temperature (OCT) compound (SAKURA,
USA), and frozen at =20 °C for 1 h. The tissue was sliced

into approximately 50-pm sections and placed on the pre-
treated coverslips for attachment. After air drying for
30 min, the OCT compound was carefully removed using
fine forceps. The coverslips were then placed in a 24-well
plate, washed sequentially with alcohol and PBS, and
soaked in PBS for 12 h to remove any residual OCT com-
pounds. Finally, the samples were sterilized under ultravio-
let (UV) light for 60 min. The decellularized tissues were
dehydrated and visualized using SEM (Phenom Pro, the
Netherlands).

2.4 Mechanical testing of NGCs

The mechanical properties of the nerve conduits were inves-
tigated using a universal testing machine (AGS-X, Shi-
madzu, Japan). PLGA and PLGA/dECM conduits, each
with a length of 20 mm, were secured in the device, with a
10-mm span between the grips. A constant tensile load at a
rate of 2 mm/min was then applied. The nominal stress on
the conduits was calculated based on their cross-sectional
areas, as follows:

ApLGA = nDH,
APLGA/ECM = TtD?/4.

Here, D is the outer diameter of the conduit (3.2 mm) and H
is the wall thickness (0.15 mm). Nominal stress was calcu-
lated by dividing the applied load (in Newtons) by the cal-
culated cross-sectional area. The tensile modulus was de-
rived from the slope of the linear region within the 1%—2%
strain range. Five replicates were tested for each group.

2.5 Cell culture

SCs (RSC 96) were purchased from the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China) and cul-
tured in DMEM supplemented with 10% fetal bovine serum
(FBS, Excell Bio, FCS500, USA) and 1% P/S. Cells were
maintained up to 10 passages in a humidified incubator
(Thermo Scientific, USA) at 37 °C with 5% CO;. For cell
seeding, coverslips with adhered decellularized nerve tissue
were placed into 24-well plates, and 5x10® SCs dispersed
in culture media were seeded directly onto the tissue sec-
tions. Cell proliferation was studied by visualizing the cells
on different decellularized tissues under a light microscope
on Days 1, 3, 5, and 7 after seeding.

2.6 Live/Dead assay

A fluorescence live/dead assay was conducted using the
Calcein-AM/PI kit. Coverslips containing cells and decellu-
larized nerves were washed three times with buffer, fol-
lowed by incubation with 500 pL of working solution
(2 pmol/L Calcein-AM and 4.5 pmol/L PI) for 15 min in a
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humidified incubator. The stained samples were then
washed three additional times with buffer before being visu-
alized under a fluorescence microscope (DM2000; Leica,
Wetzlar, Germany). The ratio of dead cells in the acquired
images (n>3) was analyzed using ImageJ software (Version
1.53f51, National Institute of Health, USA).

2.7 Primary Schwann cell isolation and
fabrication of the composite nerve conduit

Primary SCs were isolated from neonatal SD rats (1-3 d
old) following a previously described protocol [23] and
were cultured in DMEM supplemented with 10% FBS and
1% P/S. Lentivirus expressing GFP was used to infect the
cells for 12 h, after which the medium was replaced with a
complete culture medium for continued growth. Upon
reaching 90% confluency, the SCs were seeded onto the
dECM. After 24 h for cell attachment, a section of decel-
lularized nerve tissue (about 1.2 cm) was placed into a
PLGA conduit of the same length. One end of the decellu-
larized tissue was sutured to the PLGA conduit using 9-0
microsutures, and the thread was then drawn through the
opposite end of the conduit until the dECM was fully
incorporated.

2.8 Acquisition and culture of neonatal DRGs

Under aseptic conditions, dorsal root ganglia (DRGs) were
obtained from neonatal rat pups aged 3—7 d. Following an-
esthesia and disinfection, the spinal columns were removed
to expose the DRGs, which were then trimmed, transferred
to DMEM, and incubated at 37 °C with 5% CO». After 24 h,
the DMEM was replaced with a specialized culture medium
for an additional 5 d of in vitro culture. The DRGs and neu-
ronal cells were subsequently subjected to immunofluores-
cence imaging. After fixation in 4% paraformaldehyde
(PFA), the cells were permeabilized with 0.3% Triton X-
100 and blocked with 5% bovine serum albumin (BSA).
The cells were then incubated overnight at 4 °C with a
BIII-tubulin primary antibody (1:200), followed by a don-
key antimouse IgG secondary antibody for 1 h at room
temperature. Finally, the samples were stained with DAPI
for nuclei visualization and observed under a fluorescence
microscope.

2.9 Functional assay of human umbilical vein
endothelial cells (HUVECs)

To validate the effect of dECM-cultured SCs on endothelial
cell migration, we conducted a Transwell migration assay.
In brief, the experimental group used conditioned medium
from SCs cultured on dECM, while the control group used
conditioned medium from SCs cultured in blank wells.
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HUVEC suspensions (5><104 cells/mL) were placed in the
upper Transwell chambers containing ECM medium, and
the conditioned medium was added to the lower chambers.
After 12 h of incubation, the number of migrated HUVECs
was observed using crystal violet staining.

HUVECs were cultured in ECM medium supple-
mented with 10% FBS and seeded onto 24-well plates
precoated with Matrigel (300 pL per well; BD Biosci-
ences, State of New Jersey, USA). After 6 h of incuba-
tion in the conditioned medium at 37 °C, tube formation
was observed and captured using an inverted microscope.
The number of branch points in the connected tubes was
quantified and compared between the groups.

2.10 Enzyme-linked immunosorbent assay
(ELISA) for the secretion of neurotrophic factors

The secretion of p-nerve growth factor (B-NGF; R&D,
USA), brain-derived neurotrophic factor (BDNF; Abcam,
USA), and glial cell line-derived neurotrophic factor
(GDNF; Abcam) from SCs on dECM was measured using
ELISA based on the manufacturer’s protocol. The superna-
tant of SC-laden dECM was collected on Day 7 and ana-
lyzed using a microplate reader (Molecular Devices, Spec-
traMax iD3, China).

2.11 Walking track analysis

At 16 weeks post-surgery, we stained the hind limbs of the
rats with black ink and allowed them to walk through a
wooden trough measuring 75 cm in length, 8 cm in width,
and 15 cm in height. The footprints of the hind limbs were
recorded on a piece of paper placed underneath the animal.
The foot length, toe spread, and intermediary toe spread
were measured for both the surgical and contralateral (con-
trol) sides. All three measurements were taken from the ex-
perimental and normal limbs, and the sciatic functional in-
dex (SFI)—commonly used to evaluate motor function re-
covery following sciatic nerve injury—was calculated as
follows [24]:

109.5(dETs — dNTS) B 38.3(depL — dnpL)
dNTS dNPL
13.3(dErr - dnit)
dNIT

SFI =

8.8.

+

Here, d represents the distance, “E” and “N” represent the
experimental and normal sides, respectively. “TS” stands
for toe spread, “PL” stands for foot length, and “IT” stands
for intermediary toe spread.

2,12 Electrophysiological study

Before harvesting the repaired nerves, an electrophysi-
ological study was conducted to evaluate the restored
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nerve function following various treatments. The sciatic
nerve on the operated side of the rats (under anesthesia) was
adequately exposed. We recorded myoelectric activity using
an electrophysiology system (BL-420, Yilian, Shanghai,
China). Electrical stimulation (1 mA, 0.1 ms) was applied
to the proximal end of the injured nerve to elicit action po-
tentials in the gastrocnemius muscle (GM). The patterns of
compound muscle action potentials (CMAPs) were then
recorded and analyzed.

2.13 GM evaluation

Subsequently, the animals were euthanized, and the GMs
from both sides were harvested. The wet weight of each
muscle was measured, and its general appearance was pho-
tographed. The rate of muscle weight restoration was calcu-
lated as follows:

Wr = VVI‘% X 100%.
Here, Wr is the rate of muscle weight restoration, and Wg
and Wy represent the weight of the GM on the operated and
normal (control) sides, respectively.

After weighing and photographing, the harvested GM tis-
sues were divided into two halves. Each half was fixed in
4% PFA solution for 24 h, embedded in paraffin, sectioned
(thickness: 6 pm), and subjected to Masson’s trichrome
staining. At least three sections were collected from each
specimen for analysis. The percentage of collagen fiber area
in the stained sections was calculated as follows:

X 100%.

b
+b
Here, a is the total cross-sectional area of the muscle fibers,

b is the area of the collagen fibers, and ¢ is the percentage
of the collagen fiber area.

2.14 Transmission electron microscopy imaging

Transmission electron microscopy (TEM) imaging was
conducted to examine the intricate structure of axons and
myelin sheaths in the regenerated nerves within the con-
duits. A piece of rat sciatic nerve tissue (<1 mm?®) was
fixed in a 4% glutaraldehyde solution and subsequently in
a 1% osmium tetroxide solution. The samples were first de-
hydrated with ethanol at concentrations of 30%, 50%, 70%,
80%, 90%, and 95%, with each concentration applied for
15 min, followed by dehydration with anhydrous ethanol
for 20 min. Next, the samples were incubated in acetone
(SINOPHARM, China) for 20 min before being embedded
in resin. The prepared samples were imaged using a trans-
mission electron microscope (HT7700, Hitachi, Japan),
and the thickness of the myelin sheath was measured using
Imagel.

2.15 Histological evaluation of regenerated
nerve tissue

After acquiring samples for the TEM study, the remaining
nerve tissues were fixed in a 4% PFA solution. The tissues
were then dehydrated, embedded in paraffin, and sectioned
into 5-pm slices. These sections underwent Sirius Red stain-
ing and immunohistochemical and immunofluorescent
analyses. Briefly, antigen retrieval was conducted using a
0.01 mol/L citrate buffer (pH 6.0), followed by blocking
with 5% goat serum at room temperature for 30 min. The
sections were then incubated overnight at 4 °C with primary
antibodies (anti-CD31, NF-H, S100B, and CD68) following
the manufacturers’ instructions. After washing with PBS,
the sections were incubated with secondary antibodies in
the dark at 37 °C for 1 h and then counterstained with DAPI
to visualize the cell nuclei. The stained sections were exam-
ined using either a fluorescence microscope (for immuno-
fluorescent imaging) or an optical microscope (for Sirius
red staining and immunohistochemical analysis).

2.16 Western blotting

Cells grown on decellularized nerves were cultured to 80%
confluence before being dissociated from the decellularized
nerves matrix and lysed with a radio-immunoprecipitation
assay (RIPA) lysis buffer. The resultant lysates were centri-
fuged for 15 min at 13,000 r/min, and the protein concentra-
tion in the supernatant was determined using a BCA kit
(Thermo Scientific, 23225, USA). Approximately 15 pg of
protein was separated through sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred to polyvinylidene difluoride (PVDF) membranes.
The membranes were blocked with 5% nonfat milk at room
temperature for 1 h, followed by overnight incubation with
primary antibodies—NF-H (1:1000), GAP-43 (1:1000),
BII-tubulin (1:1000), PI3K (1:1000), p-PI3K (1:1000),
Akt (1:1000), p-Akt (1:1000), and B-actin (1:1000) di-
luted in 5% BSA solution. After rinsing with 0.05% Tris-
borate-sodium Tween-20 (TBST) three times, the PVDF
membranes were incubated with secondary antibodies for 1 h
at room temperature. Finally, the membranes were treated
with an enhanced chemiluminescence substrate (SQ201,
EpiZyme Biotechnology, Shanghai, China), and the protein
patterns were visualized using a chemiluminescence imag-
ing system (Tanon 5200, Tanon, Taizhou, China).

2,17 Statistical analyses

Unless otherwise stated, all experiments were conducted in
triplicate. Statistical analyses (Student’s #-tests) were con-
ducted using GraphPad Prism (Version 9.0.1, GraphPad
Software, La Jolla, CA, USA), with results expressed as
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mean+standard deviation. For the animal experiments, a one-
way analysis of variance (ANOVA) was used to determine
statistical significance. We considered p<0.05 statistically sig-

nificant: “p<0.05, ““p<0.01, “*p<0.001, and ****p<0.0001.
3 Results
3.1 Preparation and characterization of

decellularized rat peripheral nerves

The process of decellularizing rat sciatic nerves is illus-
trated in Fig. la. To evaluate the effectiveness of this pro-
cess, both native and decellularized nerve tissues were sub-
jected to H&E staining. As shown in Fig. 1b, the decellular-
ized tissues exhibited a highly porous structure, with nearly
undetectable nuclei and cytoplasm of resident cells. SEM
imaging revealed that the fibers in the dECM maintained
considerable alignment (Fig. 1c, yellow arrows). Quantita-
tive analysis indicated a substantial reduction in DNA con-
tent from 270 ng/mg to 4 ng/mg following decellulariza-
tion, representing a decrease of (98.5+0.5)% (Fig. 1d).
These results indicate that decellularization effectively re-
moved cellular components from the sciatic nerves, yield-
ing a dECM suitable for subsequent studies.

3.2 Viability and morphology of SCs seeded
on dECM

To investigate the viability and morphology of SCs seeded
on dECM in vitro, decellularized nerves were sliced into

(@)
N /

L 2% Triton X-100
Sciatic nerve

(b) Before After

T,

H&E

100 pym

approximately 50-pm sections and adhered to PLL-coated
coverslips, which served as a substrate for the SCs culture
(Fig. 2a). SEM images (Fig. 2b) revealed that SCs were
densely packed and well-adhered to the highly porous
dECM after 3 d of culture. GFP signaling confirmed that
the SCs were evenly distributed across the dECM (Fig. S1
in the supplementary information). Live/Dead staining was
performed on Days 3 and 5 post-seeding to assess SC viabil-
ity. As shown in Fig. 2c, the number of viable cells—
stained with Calcein-AM (green)—increased over the cul-
ture period, while the number of dead cells—stained with
PI (red)—remained minimal. Statistical analyses showed no
significant difference in the percentage of dead cells be-
tween the dECM and control groups (Fig. 2d). Cell meta-
bolic activity, assessed using the CCK-8 assay, indicated ac-
tive proliferation of SCs seeded on the dECM (Fig. 2e). Col-
lectively, these results demonstrate that dECM supports the
adhesion, survival, and proliferation of seeded SCs.

3.3 Nerve conduit fabrication, mechanical
testing, and in vivo application

Three experimental groups (PLGA, PLGA/dECM, and
PLGA/dECM-SC) were established for nerve regeneration
in a rat sciatic nerve defect model, with autologous nerve
grafts as the control group. Figure 3a presents cross-
sectional views of these NGCs and the surgical scheme.
Their mechanical properties were evaluated through tensile
testing. Figure 3b shows that the PLGA conduits exhibited a
characteristic stress—strain curve, which included initial elas-
tic deformation, followed by yielding, plastic deformation,

Decellularized
sciatic nerve

0.1% SDS

cN dN
IZ' B-actin
E GAPDH

Fig. 1 Decellularization of rat nerves. (a) Schematic of the decellularization process. (b) H&E staining of rat sciatic nerves before and after de-
cellularization. (c) Scanning electron microscope image of decellularized rat neural tissue. (d) Quantitative comparison of DNA content and
Western blot analysis of housekeeping protein detection in neural tissue before and after decellularization (cN: control nerve; dN: decellularized

EEET

nerve). Data are expressed as mean+standard deviation (n=3,
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Fig. 2 In vitro culturing of SCs on dECM. (a) Schematic of preparing coverslips with dECM for in vitro cell culture. (b) SEM images of dECM
and dECM seeded with SCs. (c) Live/Dead staining of SCs cultured on dECM. (d) Percentage of dead cells in the dECM and control groups (n=

5). (e) Analysis of cell metabolic activity of SCs cultured on dECM
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Fig. 3 Nerve regeneration in a rat sciatic nerve defect model and mechanical properties of PLGA and PLGA/dECM conduits. (a) Schematic of
incorporating dECM into PLGA conduits and implanting the composite conduits in rats with PNIL. (b) Representative stress—strain curves.
(c) Ultimate tensile stress. (d) Nominal tensile modulus. (e) Elongation at break. Data are expressed as mean+standard deviation (n=3; ns: not

significant)

and ultimately brittle fracture, indicated by a sudden decline
in stress. Conversely, the PLGA/dECM conduits demon-
strated a distinct stress profile characterized by multiple
sharp declines in stress, likely due to the sequential rupture of
the decellularized nerves and PLGA tubes. Figures 3c-3e
show that incorporating the dECM resulted in marginal
decreases in the ultimate tensile stress, tensile modulus,
and elongation at break. However, these differences were
not statistically significant among the experimental groups.

In conclusion, dECM integration did not significantly affect
the strength, stiffness, or flexibility of the conduits.
Following mechanical testing, the NGCs were trans-
planted into a rat sciatic nerve defect model to assess nerve
regeneration. Figure S2a (supplementary information)
shows photographs taken immediately after surgery, demon-
strating suture-mediated anastomosis of nerve ends with
grafts or NGCs. At 16 weeks post-surgery, the animals were
euthanized, and their nerves were harvested for analysis.
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Figure S2b (supplementary information) indicates that the
nerve ends in all groups were well connected to either the
grafts or NGCs. H&E staining of regenerated nerves was
conducted, and cross-sectional areas were compared to as-
sess the progress of nerve regeneration. The cross-sectional
areas of the nerve fibers were similar between the autograft
and PLGA/dECM-SC groups and were considerably larger
than those in the other two groups, with the PLGA group
showing the smallest cross-sectional area (Fig. S2c in the
supplementary information). Sirius Red staining was also
performed to evaluate collagen fiber content in the regener-
ated peripheral nerve. The PLGA/dECM-SC and PLGA/
dECM groups exhibited collagen fiber levels comparable to
those of the autograft group, while the PLGA group showed
significantly lower collagen levels (Fig. S2d in the supple-
mentary information).

Immunochemistry analysis of CD68 was conducted to
evaluate macrophage infiltration in the regenerated periph-
eral nerves. Figure S3 (supplementary information) reveals
a limited presence of CD68-positive cells in all groups, indi-
cating a low inflammatory response following peripheral
nerve recovery. Furthermore, GFP signals were imaged,
showing detectable signals in the SC-transfected group,

while few GFP signals were detected in the autograft group
(Fig. S4 in the supplementary information). This suggests
that transplanted SCs survived after 16 weeks. These results
indicate that incorporating dECM promotes more effective
peripheral nerve regeneration, which is further enhanced by
seeding SCs. This combination resulted in nerve regenera-
tion comparable to that achieved using autografts, highlight-
ing its potential as a promising approach for PNI treatment.

3.4 Motor function analysis

Motor function was quantitatively assessed using the SFL
Footprints taken at 16 weeks post-surgery revealed that all
animals exhibited reduced paw extension on the operated
side compared to the non-operated side, indicating impaired
motor function following PNI (Fig. 4a). Regarding postsur-
gical recovery, the highest SFI values were observed in the
autograft group (-47.90), followed by the PLGA/dECM-SC
(-53.84), PLGA/dECM (-62.87), and PLGA (-77.89)
groups (Fig. 4d). The significantly higher SFI values in the
PLGA/dECM-SC group compared to the other conduit-
implanted groups indicate that both dECM and SCs facili-
tated the restoration of walking ability in rats with PNI.
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Reinnervation of the regenerated nerves and restoration
of nerve function were further assessed through electro-
physiological studies. The highest CMAP amplitudes were
observed in the autograft group (11.33 mV), followed by
the PLGA/dECM-SC (6.96 mV), PLGA/dECM (5.73 mV),
and PLGA (3.29 mV) groups (Figs. 4b and 4e). Addition-
ally, the shortest latency time was found in the autograft
group (3.2 ms), which was slightly shorter than that of the
PLGA/dECM-SC group (3.9 ms; no statistical significance)
and the PLGA/dECM group (4.6 ms; no statistical signifi-
cance) but significantly shorter than that of the PLGA
group (5.6 ms) (Fig. 4f).

TEM was used to visualize the ultrastructure of the regen-
erated sciatic nerve axons (Fig. 4c, yellow arrows), and the
thickness of the myelin sheath was quantified (Fig. 4g). The
myelin sheath thickness in the PLGA/dECM-SC group was
the closest to that in the autograft group, while sheaths in
the other two groups were noticeably thinner, corroborating
the electrophysiological findings.

Collectively, these results indicate that combining dECM
and SCs enhances nerve conduction capacity and motor
function recovery. Although autografts provided the best
treatment outcomes, the healing achieved using the PLGA-
dECMY/SC conduit was comparably effective, despite show-
ing slightly lower efficacy.
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3.5 GM analysis

To evaluate the impact of PNI and subsequent surgical treat-
ments on GM reinnervation, GMs from both hind limbs
were harvested at 16 weeks post-surgery. GMs on the oper-
ated side (right) were noticeably smaller than those on the
unaffected side (left) across all groups, indicating substan-
tial muscle atrophy following PNI (Fig. 5a). The extent of
recovery, calculated as the weight ratio of the treated to the
unaffected (control) GM, was highest in the autograft group
(58.3%), followed by the PLGA-dECM/SC (42.6%), PLGA/
dECM (38.8%), and PLGA (20.0%) groups (Fig. 5¢).

Harvested GMs were then subjected to Masson’s tri-
chrome staining to examine muscle fiber (red) and collagen
fiber (blue) distribution. Muscle fiber percentages were
quantified using ImageJ. Compared to the autograft group,
specimens from the PLGA group mostly contained collagen
fibers, while GMs from the PLGA/dECM and PLGA/
dECM-SC groups mostly contained muscle fibers (Figs. 5b
and 5d). Notably, no significant differences were observed
between the PLGA-dECM/SC and autograft groups, indicat-
ing that incorporating nerve ECM and SCs enhanced GM
reinnervation, achieving results comparable to autograft
treatment.

Overall, these findings demonstrate the efficacy of
PLGA-dECM/SC conduits in promoting muscle recovery
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GM weights (n=6). (d) Quantitative analysis of collagen fiber areas in stained GM sections (n=6). Data are expressed as mean+standard devia-
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and reinnervation following PNI, presenting a promising al-
ternative to autografts in peripheral nerve repair.

3.6 Expression of proteins related to nerve
regeneration in regenerated nerves

Western blotting was conducted to analyze the overall ex-
pression of proteins associated with nerve regeneration—
NF-H, pII-tubulin, and GAP-43—in the harvested tissues.
Protein levels in the autograft and PLGA/dECM-SC groups
were comparable, while the PLGA and PLGA/dECM
groups exhibited considerably lower expression levels
(Figs. 6a—6d). Immunofluorescence staining was utilized to
visualize the expression of S100p and NF-H, specific bio-
markers for myelin glial cells and neurofilaments, respec-
tively. Positive staining for both S100p and NF-H was
evenly distributed across regenerated nerves in all groups
(Fig. 6e). Notably, the autograft and PLGA/dECM-SC
groups displayed similar levels of staining intensity, contrast-
ing with the significantly lower intensity in the other two
groups. These findings were confirmed by quantitative analy-
sis of the immunofluorescence staining intensity, performed
using Imagel and normalized to the area (Figs. 6f and 6g).
To assess the blood vessel formation accompanying
nerve regeneration, we analyzed the expression of CD31, a

key biomarker for blood vessels. Figures S5a and S5b
(supplementary information) show that the autograft and
PLGA/dECM-SC groups exhibited significantly higher
CD31-positive areas than the PLGA and PLGA/dECM
groups. Additionally, the angiogenic potential of SCs cul-
tured on dECM was assessed through HUVEC migration
and tube formation assays in vitro. HUVECs were placed in
Transwell chambers with different conditioned media in the
lower chambers, and cell migration was determined by
staining. Media from dECM-cultured SCs exhibited signifi-
cantly stronger chemotaxic effects on HUVECs compared
with the control at 12 h (Fig. S6a in the supplementary in-
formation), with quantification confirming this difference
(Fig. S6b in the supplementary information). A tube forma-
tion assay further evaluated the impact of conditioned me-
dia from dECM-cultured SCs on HUVEC angiogenesis.
HUVECs treated with this medium demonstrated signifi-
cantly enhanced tube formation compared with the control
group, with quantification of branch points yielding similar
results (Figs. S6c and S6d in the supplementary informa-
tion). Overall, these data indicate that the inclusion of
dECM and SCs in NGCs improves angiogenesis, axonal re-
generation, and cell differentiation, providing a promising
alternative for peripheral nerve repair with regenerative po-
tential closely resembling that of autografts.
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3.7 Function of dECM on SCs

In vitro studies were conducted to investigate the effects of
dECM on SC morphology, proliferation, and functions rel-
evant to nerve regeneration. As shown in Fig. S7a (supple-
mentary information), SCs became more densely packed as
the culturing period was extended, with cytoskeletons,
stained by phalloidin (green) exhibiting elongated mor-
phologies. This observation suggests that the dECM, charac-
terized by an aligned fibrous structure, supports SC prolif-
eration and alignment. Similar alignment effects were ob-
served in DRGs, which demonstrated notable axon exten-
sion when cultured on the dECM substrate (Fig. 7a). Re-
garding their proliferative activity, SCs cultured on dECM
showed elevated mRNA levels of Ki67 expression, al-
though this increase was not statistically significant (Fig. 7b).
Regarding their role in nerve regeneration, SCs cultured on
dECM expressed higher levels of NF-H and GAP-43 than
those cultured on blank coverslips (control). Similarly, pro-
tein levels of NF-H, GAP-43, and pIII-tubulin were upregu-
lated in SCs cultured on dECM (Fig. 7c), with quantifica-
tion data provided in Fig. S7b (supplementary information).
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Furthermore, the secretion of neurotrophic factors NGF,
BDNF, and GDNF, analyzed by ELISA kits, was higher in
the dECM-cultured SCs (Fig. 7d). We also analyzed the
PI3K/Akt signaling pathway, which regulates cellular func-
tions, including growth, survival, metabolism, and prolifera-
tion. Western blot data (Fig. 7e¢) demonstrated PI3K/Akt ac-
tivation in SCs cultured on dECM, with quantification data
shown in Figs. 7f and 7g.

In summary, these results indicate that dECM promotes
SC function by supporting its proliferation, inducing cyto-
skeletal elongation, and upregulating nerve-regenerative
genes. These biological activities are considered essential
for PNI healing. Hence, dECM shows promise as a sub-
strate for enhancing SC function in nerve repair, potentially
through the activation of the PI3K/Akt signaling pathway.

4 Discussion
PNIs with significant gaps between nerve ends present a sig-

nificant clinical challenge, necessitating novel treatments
that match the effectiveness of neural autografts without the
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Fig. 7 Effects of dECM on SC morphology and gene expression. (a) Axon extension testing using DRGs cultured on dECM and blank plates.
(b) gPCR analysis showing mRNA expression levels of NF-H, GAP-43, and Ki67 in SCs cultured on dECM compared with the control (n=3).
(c) Western blot analysis of NF-H, GAP-43, and BIII-tubulin protein levels in SCs. (d) ELISA-based detection of neurotrophic factor secretion (n=
3). (e) Western blot analysis of p-Akt (Akt) and p-PI3K (PI3K) protein levels in SCs. Quantitative analysis of p-Akt (f) and p-PI3K (g) expression

(n=3). Data are expressed as mean+standard deviation; *p<0.05, -

p<0.01. ns: not significant; qPCR: quantitative polymerase chain reaction
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issues of limited availability and donor site morbidity. Al-
though synthetic polymer nerve conduits can physically
guide the reconnection of injured nerves, their efficacy is of-
ten limited by insufficient bioactivity, which is essential for
enhancing regeneration. This highlights the need for addi-
tional biological [25, 26] or chemical [27] cues to stimulate
the repair process. To address this, we integrated dECM
loaded with SCs from sciatic nerves into PLGA-based
nerve conduits to enhance bioactivity. This study demon-
strated that the composite conduits significantly outper-
formed bare PLGA conduits in promoting peripheral nerve
regeneration, as evidenced by the restoration of structural
integrity and neurological function.

The value of ECM in regenerative medicine is well rec-
ognized due to its excellent biomimetic properties and rich
biochemical composition, which facilitate tissue regenera-
tion [28, 29]. For instance, Guan et al. found that modifying
PCL/silk fibroin electrospun nanofibers with ECM derived
from human umbilical cord mesenchymal stem cells led to
highly effective peripheral nerve repair, largely due to the
bioactive molecules preserved in the ECM [30]. Addition-
ally, dECM has been reported to significantly lower the ra-
tio of proinflammatory M1 macrophages to proregenerative
M2 macrophages, thereby facilitating the healing of spinal
cord injury [31]. Similarly, Tian et al. reported that dECM
promotes axon regeneration and remyelination in the recov-
ery of transected spinal cords [32]. Our previous research
supports this approach, showing that decellularized rat
nerves promote the unidirectional extension and prolifera-
tion of PC-12 cells [33] and effectively enhance the healing
of sciatic nerve injuries in rats when incorporated into
PLGA conduits [8].

The decellularized sciatic nerves in this study exhibited a
highly porous structure, with fibers generally aligned in a
single direction (Figs. lc, 2b, and 7a). This structural char-
acteristic is believed to enhance neuronal adhesion and
growth while physically guiding axon extension [34]. The
importance of physical guidance cues in healing nerve de-
fects was well documented in the literature [35-37]. More-
over, studies have shown that the decellularization process
removes proteins that inhibit axon growth while preserving
those that facilitate neurite growth, thereby enhancing nerve
regeneration [38]. However, ensuring the complete removal
of cells and DNA from the original tissues is crucial, as re-
sidual components can be highly immunogenic and increase
the risk of graft rejection after implantation [39]. In this
study, the decellularization process successfully reduced re-
sidual DNA by 98.5%, and similar results were observed in
GAPDH and f-actin protein levels (Fig. 1d), resulting in
dECM with low immunogenicity suitable for subsequent
implantation.

In the in vivo study, the PLGA/dECM-SC conduits out-
performed both the PLGA and PLGA/dECM groups in
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promoting effective nerve regeneration. This superiority
was confirmed through histological staining, motor func-
tion analysis, and nerve conduction tests. Histological
analysis of axon elongation and myelination provides valu-
able insights into the progress of nerve regeneration [40].
The elongation of axons to reach target cells or tissues is
pivotal in re-establishing functional neural connections [41],
whereas myelination, characterized by the formation of a
thick myelin sheath, is crucial for rapid nerve signal
transmission [42]. Histological findings revealed in-
creased axonal growth, well-organized nerve fibers, and
thicker myelin sheaths following treatment with the PLGA/
dECM-SC conduits. These findings suggest that the dJECM
and SCs create an environment conducive to peripheral
nerve regeneration. Correspondingly, rats treated with
the PLGA/dECM-SC conduits demonstrated higher nerve
conduction velocities and improved restoration of motor
function.

In addition to histological analysis, the in vivo expression
of nerve growth-related genes—NF-H, S1003, GAP-43, and
PllI-tubulin—was investigated. NF-H, a major component
of the neuronal cytoskeleton, provides structural support to
axons and regulates axon diameter [43]. GAP-43 is actively
expressed during nerve regeneration to enhance axonal
growth and synaptic plasticity [43]. The quantitative poly-
merase chain reaction (qQPCR) results indicated that the ex-
pression of these genes in SCs was upregulated when cul-
tured on dECM (Fig. 7b). A more pronounced expression
was also observed in the Western blot images (Fig. 7¢). Ad-
ditionally, neurotrophic factor secretion was higher in the
dECM-cultured SC group than in the control group (Fig. 7d),
suggesting increased proliferative activity of SCs in the tis-
sue samples. PIlI-tubulin, a molecule synthesized in the
first two weeks following nerve injury to support axonal
regrowth, also showed upregulated expression in the pres-
ence of dECM [44]. These findings demonstrate that dECM
stimulates SC activities related to nerve regeneration, ulti-
mately leading to the restoration of neurological function
in vivo.

Additionally, the activation of the PI3K/Akt signaling
pathway was investigated to explore the molecular mecha-
nisms underlying the positive effects of dECM on SCs. The
Western blot results demonstrated significant upregulation
of key components of the PI3K/Akt pathway in dECM-
cultured SCs (Figs. 7e-7g), suggesting that dECM enhances
SC proliferation, survival, and neurotrophic factor secretion
through this pathway. Given that the PI3K/Akt pathway is
crucial for regulating cellular processes such as growth, sur-
vival, and metabolism, its activation likely contributes sig-
nificantly to the improved nerve regeneration observed in
our study. These findings provide insight into the molecular
basis of how dECM supports SC behavior, reinforcing the po-
tential of dECM-based conduits to enhance peripheral nerve
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repair through a bioactive and mechanistically driven ap-
proach. Moreover, CD31 expression was more pronounced
following repair with autografts and PLGA/dECM-SC
composite NGCs, as shown in the immunohistochemical
analysis (Fig. 6e). CD31, also known as platelet endothe-
lial cell adhesion molecule-1, plays a key role in forming
new blood vessels and maintaining vascular integrity.
CD31-mediated angiogenesis likely contributed to vascu-
larization, which is crucial for transporting nutrients and
oxygen necessary for nerve regeneration [45]. This finding
is supported by similar data showing the migration and
tube formation of HUVECs (Figs. S6a—S6d in the supple-
mentary information).

Notably, preventing regenerating nerves from mechani-
cal irritation and invading fibrous tissue is crucial for sup-
porting axonal growth. To ensure the biocompatibility, bio-
degradability, and adequate mechanical strength of the
NGCs, we employed PLGA—a synthetic biopolymer ap-
proved by the United States Food and Drug Administra-
tion (FDA) for clinical applications as a drug carrier—for
conduit fabrication [46]. In this study, the PLGA conduit
sutured to the injured nerves not only enclosed the nerve
ends but also prevented surrounding fibrous tissue from in-
vading, which could impede the reconnection of injured
nerves. Microscopic images showed that the dECM ad-
hered well to the PLGA conduits, with no visible gaps.

Although the efficacy of these composite NGCs has only
been validated in animal models, they show significant po-
tential for clinical translation. The dry jet-wet spinning pro-
cess has proven to be a robust and economical method for
upscaling PLGA conduit production [47]. In addition, there
is increasing interest in the clinical application of decellular-
ized cadaver-derived human nerve allografts [48, 49],
which offer efficacy comparable to autologous nerve grafts
while reducing donor site morbidity and costs [50, 51]. De-
spite these advantages, PLGA/dECM conduits cannot sus-
tainably provide bioactive cues (e.g., cytokines, extracellu-
lar proteins, and exosomes [52]) to the injury site. This limi-
tation hinders their ability to support long-term axonal
growth and myelination [53, 54]. To address this, viable
SCs were incorporated into the composite NGCs. We hy-
pothesized that SCs, which could potentially be harvested in
the future from human adipose stem cells and human-induced
pluripotent stem cells (hiPSCs) less invasively [55, 56],
can remodel the ECM and release additional growth factors
and cytokines, thereby synergizing with dECM to enhance
tissue regeneration.

Our proposed composite NGC offers several potential ad-
vantages over clinically approved NGCs. A key feature is
the incorporation of nerve-derived ECM, which significantly
enhances the colonization and subsequent regenerative activi-
ties of SCs, whether they are seeded or locally recruited.
The PLGA component of the conduit also contributes

significantly to repairing nerve defects. Compared to polyg-
lycolic acid, the primary component of NeuroTube®, the co-
polymerization with polylactic acid results in decreased
crystallinity and increased hydrophobicity in PLGA [57].
This process reduces the degradation rate of the NGC, miti-
gating the risk of acute pH reduction, which can cause pain
and impede healing [58]. In vivo studies have also demon-
strated that PLGA conduits exhibit comparable efficacy and
safety profiles to the FDA-approved Neurolac® conduits in
facilitating regeneration following sciatic nerve injury in
rats [59]. While collagen, another naturally derived mate-
rial, offers excellent biocompatibility and low immunoge-
nicity, it has limited mechanical strength and degrades
rapidly [60]. In contrast, our PLGA-based NGC, with its
superior strength and stiffness, offers greater stability and
prevents nerve compression due to conduit collapse [61, 62].
However, a long-term follow-up study is necessary to eluci-
date the extended safety profile of the studied composite
NGC.

Despite the promising results, several limitations of our
study must be addressed. First, while the rat sciatic nerve
model provides valuable insights, its clinical relevance has
limitations. Rat models, especially those with 6—10 mm
nerve gaps, are widely used due to their low cost and ease
of handling [63]. However, the regenerative capacity of ro-
dents far exceeds that of humans, and these models do not
accurately replicate the critical nerve gaps observed in clini-
cal cases [64]. Therefore, the efficacy of the PLGA/dECM-
SC conduit should be further validated in larger animal
models, such as dogs, sheep, and pigs—which more closely
resemble human nerve injuries. These studies should also
involve longer observation periods to assess nerve regenera-
tion over larger gaps and ensure clinical applicability before
progressing to human trials. Second, the small sample size
of the animal model may limit the statistical power and gen-
eralizability of our findings. Increasing the number of ani-
mals in future studies will facilitate more robust conclusions.
Third, the long-term biocompatibility and degradation profile
of the PLGA/dECM-SC conduit were not fully elucidated
within the 16-week study period. Future studies should focus
on assessing the safety, immune response, and efficacy of the
conduit over extended periods. Furthermore, preventing SC
senescence during cell harvesting is crucial [65, 66], as aging
SCs exhibit diminished regenerative capacity. Finally, fu-
ture research should explore the integration of advanced
bioengineering strategies to further enhance nerve regen-
eration. This includes the controlled release of neuro-
trophic factors and the incorporation of genetically modi-
fied SCs that overexpress genes beneficial for nerve re-
pair. These enhancements could significantly improve the
regenerative potential of NGCs and lead to improved clini-
cal outcomes.
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5 Conclusions

In this study, we developed PLGA-based composite NGCs
incorporating dECM from rat sciatic nerves and viable SCs
to treat PNIs in rats. The PLGA component provided struc-
tural support, while the dECM served as a bioactive sub-
strate that promoted SC adhesion, elongation, and prolifera-
tion. The dECM also upregulated genes associated with
nerve regeneration. Incorporating SCs into the NGCs fur-
ther enhanced the regeneration of the structural and func-
tional features of peripheral nerves, leading to improved
myelination, restored motor function, enhanced nerve con-
duction, and increased local vascularization compared to
acellular conduits. The activation of the PI3K/Akt signaling
pathway likely underlies these regenerative effects. Our
findings highlight the crucial role of the nerve ECM and vi-
able SCs in promoting nerve regeneration and offer a prom-
ising approach for clinical applications in PNI treatment.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1631/bdm.2400334.
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