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Abstract
Implantation of a nerve guidance conduit (NGC) carrying neuroprotective factors is promising for repairing peripheral nerve
injury. Here, we developed a novel strategy for repairing peripheral nerve injury by gold nanoparticles (AuNPs) and brain-
derived neurotrophic factor (BDNF)–encapsulated chitosan in laminin-coated nanofiber of Poly(l-lactide-co-glycolide) (PLGA)
conduit and transplantation of rat adipose–derived stem cells (r-ADSCs) suspended in alginate. Then, the beneficial effect of
AuNPs, BDNF, and r-ADSCs on nerve regeneration was evaluated in rat sciatic nerve transection model. In vivo experiments
showed that the combination of AuNPs- and BDNF-encapsulated chitosan nanoparticles in laminin-coated nanofiber of PLGA
conduit with r-ADSCs could synergistically facilitate nerve regeneration. Furthermore, the in vivo histology, immunohistochem-
istry, and behavioral results demonstrated that the AuNPs- and BDNF-encapsulated chitosan nanoparticles in NGC could
significantly reinforce the repair performance of r-ADSCs, which may also contribute to the therapeutic outcome of the
AuNPs, BDNF, and r-ADSCs strategies. In this study, we found that the combination of AuNPs and BDNF releases in NGC
with r-ADSCs may represent a new potential strategy for peripheral nerve regeneration.
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Introduction

Peripheral nerve injuries can be caused by accidental lacera-
tions, congenital defects, surgical intervention, and neuropa-
thies such as infections, inherited problems, metabolic causes,
and exposure to toxins. In addition, nerve damages can lead to
symptoms of neuropathic pain, atrophy of the target skeletal
muscles, and partial or even complete loss of motor and sen-
sory functions (Baltzis et al. 2018; Faroni et al. 2015). In the
most severe form of injury is a full transection of the axons
and myelin sheaths wherein complete discontinuity or gap of
the nerve is observed (Campbell 2008). These types of injuries

are very hard to treat and are still a challenging clinical
problem.

Autologous nerve graft represents the clinical gold stan-
dard to fill the large nerve gaps and make the junction between
the distal and proximal stumps of the injured nerves.

However, an autograft is limited due to a second surgery to
isolate the donor nerve graft, scar formation at the donor site,
limited nerve graft availability, mismatch of donor nervous
tissue geometrics and size, and the possibility of neuroma
formation (Gaudin et al. 2016).

In dealing with such limitations, an alternative approach for
nerve autograft replacement is artificial nerve guidance con-
duits (NGCs). Moreover, NGC reduces neuronal apoptosis,
neuroma formation, axonal escape, donor site morbidity, and
muscle atrophy during peripheral nerve regeneration but is
limited by range (≤ 3 cm) and low functional recovery rates
(Pabari et al. 2014). In addition, the difference between autol-
ogous nerve grafts and NGCs is that Schwann cells within
autografts can express several types of neurokines and cell
adhesion molecules to promote axon regeneration and myelin
formation. It indicates that the combination of NGCs,
neurokines, and stem cells could mimic the environment of
autologous nerve grafts and might be efficient in repair of
peripheral nerve injury (Patel et al. 2018).
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Therefore, effective therapy for nerve gaps is a coordinated
interaction among different components, including the use of
supporting cells, the utilization of structural and directional
support with NGCs, and the development of an appropriate
microenvironment to help cells promote nerve regeneration
using necessary factors.

Poly(lactic-co-glycolic acid) (PLGA) is among the ex-
cellent biodegradable synthetic polymers used for the fab-
rication of NGC. PLGA has been adopted in the drug
carrier systems due to their favorable mechanical proper-
ties and tunable degradation rates (Jahromi et al. 2019;
Vaezifar et al. 2015).

In addition, the combination of many physical and biolog-
ical strategies has been used for fabrication of suitable NGC.
Biodegradable electrospun NGCs composed of aligned nano-
fibers to mimic native nerve ECM are a new class of devices
used to guide neurite extensions and axon outgrowth
(Sivolella et al. 2014). However, PLGA is hydrophobic and
does not have biological recognition sites that can interact
with cells to increase cell adhesion and proliferation.
Therefore, PLGA should be modified (e.g., with an extracel-
lular matrix such as laminin) in order to increase their hydro-
philicity (Huang et al. 2007). In addition, it has been shown
that laminin can be stimulate neurite outgrowth in NGC and
Schwann cell differentiation (Wu et al. 2017; Zarinfard et al.
2016).

The efficacy of neural synthetic conduit can be decreased
by the absence of living cells, inadequate growth factors as
biological strategies, and lack of ECM-mimicking biomate-
rials. So, the presence of cells and neurotrophic factors in
NGCs can improve microenvironment for peripheral nerve
regeneration (Jahromi et al. 2019).

The application of ADSCs would provide not only
large numbers of exogenous seeding cells but also ade-
quate amounts of trophic factors, in situ trans-differentia-
tion, and stromal vascular fraction (Zhang and Rosen
2018). However, traditional stem cell transplantation was
usually accompanied with extreme loss and death of
transplanted cells, which prevented the therapeutic effica-
cy for peripheral nerve damage. In this situation, alginate
as a hydrogel could support NGC functions due to their
hydrophilicity property and protect the injected cells from
the immune attack of host immune biosystems (Augst
et al. 2006). One approach that has been taken to improve
these outcomes is the use of alginate hydrogels that help
to retain injected ADSCs and provide a microenvironment
that supports cell viability and function without leak out
of cells (Galateanu et al. 2012).

Another important factor in nerve tissue engineering is a
neurotrophic factor–rich environment that can promote
neurogenesis and is essential for nerve regeneration. BDNF
is an prominent neurotrophic factor in neural stem cells
(NSCs) proliferation, differentiation, and directional

migration. Adding exogenous BDNF enhances myelination,
whereas the lack of endogenous BDNF decreases the forma-
tion of mature myelin (Chan et al. 2001).

Gold nanoparticles (AuNPs) have various biomedical ap-
plications such as drug delivery, imaging, and apoptosis stim-
ulus in cancerous cells by the induction of localized hyper-
thermia (Singh et al. 2018). It has been proven that, in addition
to important factors in nerve tissue engineering, AuNPs en-
hance cell-material interactions in terms of cell adhesion, pro-
liferation, differentiation, stimulate axonal elongation, and
sprouting axons (Baranes et al. 2016; Razavi et al. 2019).

Our previous study demonstrated that the coating of
BDNF and AuNPs encapsulated in chitosan on nanofibers
leads to their continuous release for 7 days, and this could
enhance the proliferation and differentiation of adipose-
der ived s tem cel ls into Schwann cel ls in vi t ro
(Seyedebrahimi et al. 2020).

These findings can confirm the validity of the proposed
strategy in improving the peripheral nerve regeneration
in vivo. In this study, we evaluated the effect of controlled
BDNF and AuNPs releasing on r-ADSCs suspended in algi-
nate to enhancing peripheral nerve regeneration in a rat sciatic
transection model.

Therefore, electrospun PLGA scaffolds were fabricated in
different orientation at outer and inner surfaces, random and
aligned, respectively. The inner surface of the NGC was coat-
ed by laminin that containing encapsulated BDNF and AuNPs
in chitosan.

Next, the alginate hydrogel was loaded with r-ADSCs and
injected into an NGC that was transplanted to a 10-mm sciatic
nerve defect. Eventually, axonal regeneration and motor func-
tional recovery were assessed after 12 weeks.

Materials and Methods

Materials

PLGA (80:20, Mw 50,000-75,000) and chitosan (low mo-
lecular weight with a deacetylation degree of > 75%), col-
lagenase type I, 4′,6-diamidino-2-phenylindole (DAPI),
laminin, trypsin-ethylenediaminetetraacetic acid (EDTA),
anti-neurofilament 160/200, and alginic acid sodium salt
were supp l i ed by Sigma-Aldr i ch (USA) . N ,N -
dimethylformamide (DMF) and chloroform purchased
from Merck (Germany). DMEM/F12, phosphate-buffered
saline (PBS), fetal bovine serum (FBS), and penicillin-
streptomycin were purchased from Invitrogen. BDNF
and AuNPs were obtained from R&D (USA) and US
NANO (USA), respectively. Anti-S100, anti-myelin basic
protein (anti-MBP), rabbit anti-mouse FITC, and goat
anti-mouse Alexa Flour were purchased from Abcam.
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Electrospinning of PLGA Nanofibers and Scaffold
Characterization

Electrospun scaffolds were fabricated as described in our pre-
vious study (Vaezifar et al. 2015), with slight modification.
PLGA (80:20, Mw 50,000–75,000) was dissolved in a chlo-
roform: DMFmixture with a volume ratio of 80:20 to obtain a
final concentration of 20% (w/v). After stirring for 3 h at room
temperature, the polymer solution was loaded into a syringe
fitted with a 27 G blunt needle and a high voltage electric field
of 21 kVwas applied to draw the polymer solution fed at a rate
of 250 μl/h into nanofibers over a distance of 15 cm from the
needle tip to an aluminum-wrapped rotating drum. To fabri-
cate a nanofibrous scaffold with sufficient isotropic mechani-
cal properties keeping its integrity in vivo, on one hand, and to
present aligned nanofibers providing axonal contact guidance,
on the other hand, the drum rotation speed was gradually
decreased from 2500 to 300 rpm. Therefore, a highly aligned
nanofibrous inner surface was formed and, as the drum rota-
tion speed was decreased, fiber orientation gradually dimin-
ished. Electrospinning process continued for 9 h, and random-
ly oriented fibers of outer surface endowed the scaffold with
isotropic mechanical properties, while the gradual alteration in
fiber orientation could avoid sheet delamination. Finally, scaf-
folds were opened in the longitudinal direction, removed from
the drum, and vacuum dried. Scanning electron microscopy
(SEM, Seron Technology AIS 2500, India) was used to ob-
serve the morphology of PLGA. For this purpose, electrospun
PLGA samples were coated with a thin layer of gold prior to
taking SEM images (Brown et al. 2018).

Preparation of BDNF- and AuNPs-Encapsulated Chitosan
Nanoparticles in Laminin and Coating on PLGA Sheets

The ionotropic gelation method was used for producing of
either AuNPs- or BDNF-encapsulated chitosan nanoparticles
(BDNF-CNPs and AuNPs-CNPs) (Seyedebrahimi et al.
2020).

Briefly, 0.1% chitosan solution was prepared and then
emulsified with 5 μg/ml BDNF or 50 ppm AuNPs (Lin
et al. 2008) for 15 min using a magnetic stirrer. Next, 0.03%
TPP of an aqueous solution as cross-linker was added drop
wise into the previous solution. The chitosan nanospheres
containing BDNF or AuNPs were suspended in 20 μg/ml
laminin and then coated on PLGA scaffold at 4 °C for 24 h.

Fabrication of NGCs

PLGA membrane was cut to the appropriate size (14 ×
20 mm) and UV sterilized for 2 h. Then, the membrane was
coated with chitosan nanospheres encapsulated BDNF or
AuNPs mixed in 20 μg/ml laminin. In the next step, the scaf-
fold was rotated 2.5 rounds around Teflon-coated tubes with

diameters of 2 mm, while fixing its edges to form a tubular
structure like an NGC. All these procedures were performed
under sterile conditions.

Isolation and Culture of r-ADSCs

Subcutaneous adipose tissue in the inguinal region was har-
vested from adult male Wistar rats. The fatty tissue was
washed with PBS containing antibiotics (50 ml PBS + 1 ml
penicillin/streptomycin) to remove cellular debris, blood cells,
and tissue sterilization. The solid fat was cut into pieces.
Finally, rat minced fat was transferred into a 15-ml reaction
tube and then enzymatic digestion was performed by 0.075%
collagenase type I and the mixture was incubated at 37 °C for
30 to 45 min. In the next step, to neutralize the enzyme activ-
ity, Dulbecco’s modified Eagle’s medium containing 10%
fetal bovine serum was added into each tube. After centrifu-
gation (1200 rpm for 5 min), the upper fat layer and superna-
tant were discarded. The remaining cell pellet containing the r-
ADSCs was resuspended in DMEM + 10% FBS at 37 °C and
5%CO2, and the culture mediumwas changed every 3–4 days
(Cornejo et al. 2012).

Surgical Procedures of Animal Subjects

Male Wistar rats (n = 48) weighing ~ 200–250 g were ran-
domly divided into six groups (all animal experiments were
approved by the Animal Ethics Committee of Isfahan
University of Medical Sciences): (1) control group (Co); (2)
PLGA conduit coated by laminin and filled with DMEM/F12
and transplanted in 10mm sciatic gap (PL); (3) PLGA conduit
coated by laminin and filled with 2 × 106 r-ADSCs transplant
in 10 mm sciatic gap (PLC); (4) PLGA conduit coated by
laminin containing BDNF-chitosan nanoparticles (CNPs)
and AuNPs-CNPs, filled with DMEM/F12, and then
transplanted in 10 mm sciatic gap (PLGB); (5) PLGA conduit
coated by laminin containing BDNF-CNPs and AuNPs-
CNPs, filled with 2 × 106 r-ADSCs, and then transplanted in
10mm sciatic gap (PLGBC); and (6) PLGA conduit coated by
laminin containing BDNF-CNPs and AuNPs-CNPs, filled
with 2 × 106 r-ADSCs suspend in alginate, and then
transplanted in 10 mm sciatic gap (PLGBCA).

Each rat was anesthetized by an intraperitoneal injection of
xylazine 10 mg/kg and ketamine 100 mg/kg. The thigh areas
on left sides were shaved and then disinfected by povidone-
iodine.

The left sciatic nerve was chosen as the examination side in
each animal. Afterward, a skin incision was made to expose
the sciatic nerve and then the underlying muscles were split in
the left thigh.

Next, 10 mm of nerve segment was removed before it
branches to fibular, tibial, and sural nerve and coated PLGA
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conduit with or without 2 × 106 r-ADSCs injection to the
NGC-implanted in different groups.

In the alginate group, 40 μl alginate containing 2 × 106

cells with 20 μl CaCl2 was injected into the NGC. The nerve
segment was inserted 2 mm into the ends of the NGC and
fixed using 10-0 nylon sutures. Following the implantation,
the muscle incision was closed using 7-0 nylon sutures and the
skin was closed with 7-0 nylon sutures. Finally, rats were free
to access to water and food and housed in a controlled room
with 12 h light/dark cycles.

SFI

The motor functional recovery of the peripheral nerve was
assessed by sciatic functional index (SFI) during 12 weeks
post-operatively. The hind feet of all rats were painted into
blue ink. Next, they were allowed to walk in a 50-cm × 10-cm
wooden track covered with a white paper. The rats’ footprints
were used to calculate their SFI by the following formula:

SFI ¼ −38:3 EPL−NPLð Þ=NPLþ 109:5 ETS−NTSð Þ=NTS
þ 13:3 EIT−NITð Þ=NIT−8:8

The print length (PL) is the distance from the heel to the
third toe, the toe spread (TS) is the distance from the first to the
fifth toe, and the intermediary toe spread (IT) is the distance
from the second to the fourth toe. All measurements were
calculated from the normal (N) and the experimental (E) sides.
SFI ranged from 0 for normal nerve function till − 100 for
complete injury (Bain et al. 1989).

Muscle Mass

Twelve weeks post-operatively, the gastrocnemius muscle of
experiment and normal legs in all rats were dissected and
immediately weighed (while still wet) using an electronic bal-
ance (A&D Weighing EK-3000I Portable Balance, 3000g
Capacity). The recovery ratio and muscle atrophy of the gas-
trocnemius were calculated by the muscle wet weight of the
injured limb/the weight of the contralateral one × 100% (Li
et al. 2018).

Histological Examination

To evaluate the physiological status of nerve fiber, myelin
sheath, and muscle recovery at 12 weeks after NGC implan-
tation, the operated nerve and muscle specimens were stained
and analyzed. After sacrificing an animal, the gastrocnemius
of both the limbs and the nerve-implanted conduits was har-
vested for histological examination. The central segment
nerves and muscles were fixed in 10% neutral buffered for-
malin for 48 h. The samples were then dehydrated through a

graded ethanol series, cleared in xylene, and cut into 5-μm-
thick sections after paraffin embedding. The transverse sec-
tions of the gastrocnemius muscle were stained with Masson
trichrome and observed using a lighted microscope. The mean
diameter of the muscle fibers was calculated using Digimizer
software an image analysis system.

Nerve samples were stained with toluidine blue to label the
myelin sheath and evaluated under light microscopy. The de-
gree of myelination was estimated by G-ratio (the axon-to-
fiber diameter ratio). To quantify the mean number of a mye-
linated axon, nine images were randomly captured at × 400
magnification for each group and 5 fields of all images were
counted to obtain the mean numbers of myelinated nerve fi-
bers. The average diameter of the sciatic regenerated nerve
fibers, axon, and myelin and the mean number of myelinated
axons were calculated using Digimizer software.

Immunohistochemistry

Twelve weeks after surgery, the regenerated sciatic nerves
were removed from rats in each group. The immunohisto-
chemistry (IHC) staining was performed to detect specific
Schwann, myelin, and growing axon markers using S-100,
MBP, and NF-200, respectively. Briefly, nerve animals were
fixated with 4% paraformaldehyde (PFA) at 4 °C for 6 h and
then paraffin embedded cut into 3-μm-thick sections.

For double immunostaining analysis of NF200 and S100 or
NF200 and MBP in the sections, antigen unmasking was per-
formed using a 10 mM sodium citrate buffer with pH= 6.0, at
90 °C for 10 min. Afterward, it was incubated for 30 min in
blocking serum (10% normal goat serum to cover unspecific
binding) and then incubated overnight at 4 °Cwith the following
diluted primary antibodies: anti-S-100 β (1:500), anti-myelin
basic protein (anti-MBP) (1:500), and anti-neurofilament 200
(NF-200) antibody (1:100). After washingwith PBS, the sections
were incubated with secondary antibodies: rabbit anti-mouse
FITC (1:500) and goat anti-mouse Alexa Flour (1:1000).

The cell nuclei were stained with DAPI (1:1000). The stained
sections were studied under a fluorescent microscope (Olympus
BX51, Japan). For each section, three images were captured
randomly with a digital camera at × 100 magnification. Then,
the total area of the images was measured for intensity with
ImageJ software. Finally, the percentage of positive intensity of
NF200, S100, and MBP staining were assessed and compared
with the control group.

TEM

The middle segment of the regenerated nerve was cut and
fixed in 2.5% glutaraldehyde. Subsequently, the specimen
was fixated in 1% osmium tetroxide, dehydration in graded
ethanol, and then embedded in epoxy resin. Ultrathin sections
of 50 nm thickness were prepared using an ultramicrotome,
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collected on copper grids, contrasted in lead citrate, and ex-
amined by TEM. Next, the morphology of neural fibers was
compared for axon and myelin diameter in different groups.

Real-time Reverse Transcription Polymerase Chain Reaction

Quantitative real-time RT-PCR was conducted to detect the
S100, MBP, GFAP, and Nestin mRNA levels in the NGC of
the regenerated sciatic nerve. The expression levels were nor-
malized against the reference gene, β-actin as the control
housekeeping gene, and the relative gene expression was
analyzed.

Total RNA was isolated from the nerve tissues using Total
RNA Prep Kit (BIOFACT). The RNAwas reverse transcribed
using BioFact™ 5× RT Pre-Mix cDNA Synthesis Kit
(BIOFACT) with oligo dT primers. The real-time PCR was
performed using BioFact™ 2× Real-time PCRMaster Mix kit
(BIOFACT) and the StepOne Plus™ quantitative Real-time
PCR Detection System (Applied Biosystems). The primers
were purchased from metabion (Germany). The detailed se-
quences of primers for each gene are displayed in Table 1.

Statistical Analysis

Descriptive analysis was used for all of the results, and the
data of the behavioral test (comparing groups at different
times) and a quantitative analysis of immunohistochemical,
histology, and real-time RT-PCR were statistically analyzed
by the one-way analysis of variance (one-wayANOVA) using
SPSS 22 statistical software, and a post hoc analysis for com-
paring the mean of examined different variables between ex-
perimental groups was performed according to Tukey’s meth-
od. Also, data related to immunohistochemical and the muscle
wet weight are presented as percentages of control. Data are

described as mean ± standard error (SE). The significant dif-
ference mean between experimental groups was determined at
p < 0.05, whereas p < 0.01 and p < 0.001.

Results

Characterization of the NGC and Transplanted Cells

The PLGA conduit was fabricated by electrospinning method,
and the structure of the scaffold was observed by SEM. The
fabrication of two surface of nanofiber scaffold was verified
by SEM (Fig. 1a). The outer surface consisted of random
arranged PLGA fibers (Fig. 1a (a)), while the inner surface
of the membrane contained align fibers (Fig. 1a (b)). The
average thickness of the PLGA sheets was 73.8 ± 2.05 μm.
But the mean thickness of laminin-coated scaffolds with or
without BDNF/AuNP-encapsulated chitosan nanoparticles
was calculated 77.8 ± 2.05 μm. The PLGA scaffold (14 ×
20 mm) was rolled around 2-mm diameter Teflon mandrel,
and edges of the roll were secured together to form PLGA
conduit in ~ 1.4 cm in length and 2 mm in diameter (Fig. 1 b
and c). The size of PLGA conduit is suitable for bridging a 1-
cm gap of the sciatic nerve in the rat.

After 3–4 passages, the r-ADSCs had fibroblast-like form,
appeared regular, and were larger in size (Fig. 1d).

Animal Model and NGC

At 12 weeks after surgery (Fig. 1e), NGC implantation was
successful in all experimental groups (Fig. 1f). All experimen-
tal rats survived without any infections or complications and
surgical wounds restored well. Twelve weeks after the sur-
gery, surgical areas were re-exposed and it was observed that
the sciatic NGC bridged the defects of the NGC in all groups.
Moreover, muscle tissues and mild adhesion to surrounding
muscles with no dislocation were observed in all groups. The
new blood capillaries were observed on the NGC surface. No
obvious swelling or scars were observed on the nerve implan-
tation surface.

SFI Outcome

Motor functional recovery after sciatic nerve injury was eval-
uated using the SFI as a reliable method to assess the recovery
of innervation of foot muscles and nerve regeneration at 1, 2,
4, 8, and 12 weeks post-implantation. The mean of SFI value
was not significantly different among the five implanted NGC
groups before 2 weeks; however, there was an ascending time-
dependent trend. From week 8, the mean of SFI value in all of
the implanted groups was significantly different from each
other and the control group (p < 0.05). Moreover, the superior
recovery in the PLGBCA group continued during 4, 8, and

Table 1 The list of primer sequences of S100 (Schwann cell marker),
Nestin (marker of neural progenitor cells), Gfap (glial fibrillary acidic
protein), Mbp (myelin basic protein), and β-actin (as the control
housekeeping gene) for real-time RT-PCR analysis

Gene Primer (forward (top) reverse (bottom))

S100 5′-ATAGCACCTCCGTTGGACAG-3′

5′-TCGTTTGCACAGAGGACAAG-3′

Nestin 5′-CCGGGTCAAGACGCTAGAAGA-3′

5′-CTCCAGCTCTTCCGCAAGGTTGT-3′

Gfap 5′-CTCCTATGCCTCCTCCGAGACGAT-3′

5′-GCTCGCTGGCCCGAGTCTCTT-3′

Mbp 5′-CACAGAAGAGACCCTCACAGCGAC-3′

5′-CCGCTAAAGAAGCGCCCGATGGA-3′

β-actin 5′-TGTCCACCTTCCAGCAGATGT-3′

5′-GCTCAGTAACAGTCCGCCTAGA-3′
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12 weeks (Fig. 2a and b). The motor function in the PLGBC
and PLGBCA rats was superior to the PLGB, PLC, and PL
animals but inferior to the normal control rats. Moreover, the
superior recovery in the PLGBCA group continued through
week 12.

Histological Analyses of the Gastrocnemius Muscle

After peripheral nerve injury, Masson’s trichrome staining
was used to assess the regrowth of target muscles (Fig. 3a–
f). The atrophy can be gradually relieved in animals that re-
ceived one of the artificial implants, which contained encap-
sulated r-ADSCs in alginate, BDNF, and AuNPs (Fig. 3a–f).
The mean of muscle fibers diameter in the PLGBCA group
was significantly higher than other implanted groups at
12 weeks (p < 0.001) and was comparable with the control
group. The results demonstrated that the recovery from atro-
phy and regain muscle mass after undergoing regenerating
nerve reinnervation of the PL group was slightly lower than
that in the other implanted groups (13.2 ± 0.36) (Table 2).

Wet Muscle Weight of the Gastrocnemius Muscle

The gastrocnemius muscle atrophy is a secondary effect after
sciatic nerve defect due to the lack of activity that regains
innervation after nerve regeneration. The atrophy leads to
muscle weight loss, smaller muscle fibers, and a high amount
of collagen fibers, which continue until the muscle is fully

reinnervated. The mean gastrocnemius muscle weight of the
PLGBCA group showed significant difference with other im-
planted groups at 12weeks after implantation (p < 0.001) (Fig.
3g and h). Also, in PLC, PLGB, and PLGBC, muscle atrophy
was significantly lower compared with the PL group
(p < 0.001).

Nerve Histomorphometry and Transmission Electron
Microscopy Study

Toluidine Blue staining was used to visualize regenerated
nerve morphology and assess myelin sheath thickness, the
axon diameter, nerve fibers, and the degree of myelin forma-
tion which was calculated by the axon-to-fiber diameter ratio
(G-ratio) and counting the average number of myelinated
axons (Fig. 4a–f; Table 2). Nerve regeneration was examined
in the transverse sections of the implanted NGC with regen-
erated myelinated nerve fibers in different numbers and sizes
for normal control and implanted nerve groups (Fig. 4a–f).

The myelinated nerve fibers in the control group were
depicted as the most regular arrangement. However, the my-
elinated nerve fibers in the PL group were arranged in a rela-
tively sparse and irregular manner. Also, the arrangement of
the axons in PLBG, PLGBC, and PLGBCA groups was the
most regular compared with the PL and PLC treatment
groups.

A large number of connective tissue and new blood vessels
were found around the nerve fiber in PL, PLC, and PLGB

Fig. 1 Scanning electron
microscope images of the PLGA
nerve conduit (scale bar is 5 μm)
(a), the outer surface of the
membrane contained random
fibers (a (a)), while the inner
surface consisted of aligning
arranged PLGA fibers (a (b)). The
length and diameter of nerve
conduit (b, c); Morphology of r-
ADSCs (scale bars = 200 μm)
(d). Conduit implanted surgery
(e). Conduit implanted in 10 mm
rat sciatic nerve gap 12-week
post-operative (f)
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groups in comparison with the normal control group. The
average number of myelinated axons in PLGBCA group
was significantly increased compared with the PL and
PLGBC groups (p < 0.05). In addition, the mean diameter of
myelinated axons and nerve fiber, the G-ratio, and the thick-
ness of myelin sheath of the NGC-implanted groups were
found to be statistically no significant difference in all groups
(p ˃ 0.05). In this regard, PLGBCA and PLGBC groups were
comparable with the normal control group. However, there is
still a significant difference between the NGC-implanted
groups and normal control group in the number myelinated
axons, the diameter of axon myelinated, and the fiber diame-
ters (p < 0.05) (Table 2).

The result of toluidine blue staining for the regenerated
nerves was confirmed by transmission electron microscopy
(TEM) images (Fig. 4g–l).

Immunohistochemical Analysis of Regenerated Nerves

The immunohistochemical assessment was carried out by
double NF200/S100 and NF200/MBP staining shown in

Fig. 5, respectively. First, we evaluated nerve regeneration
by evaluating of S100, MBP, and NF200 markers in longitu-
dinal tissue sections of the middle portion in NGCs implanted
12 weeks after the surgery.

All groups had significant intense staining of NF200,
MBP, and S100 positive cells in the NGC-implanted region
(p < 0.001). In comparison with PL group, the intensity of
MBP marker was significantly lower in the PLC, PLGB,
PLGBC, and PLGBCA groups 12 weeks after surgery
(P < 0.001). The defect sciatic nerve of rats that implanted
with PLGBCA contained significantly NF200 and S100 in-
tensity area compared with the control and other implanted
groups (p < 0.001) (Fig. 6a–c).

Quantitative Real-time PCR

In order to assess the effect of NGC contain nanoparticles
and r-ADSCs in nerve regeneration, the levels of specific
Schwann cell markers (S100β), glial marker (GFAP),
myelination ability (MBP), and neural precursor marker

Fig. 2 The representative operative left footprints in sciatic functional
index (SFI) (a) in the control group (a), PL group (b), PLC group (c),
PLGB group (d), PLGBC group (e), and PLGBCA (f) at 12 weeks post-
operative. The SFI of six groups at 1, 2, 4, 8, and 12 weeks after surgery

(b) (#p < 0.001, conduit-implanted group compared with normal control
group). Co (control), P (PLGA), L (laminin), G (AuNPs), B (BDNF), C
(Cell), A (alginate)

Table 2 Quantified diameter of muscle fiber, myelinated axon, nerve fiber, G-ratio, average number of myelinated axon and thickness ofmyelin sheath
in Co (control), P (PLGA), L (laminin), G (AuNPs), B (BDNF), C (cell), and A (alginate) groups. Data are mean ± standard error

Groups Muscle fibers
diameter (μm)

Myelinated axons
diameter (μm)

Nerve fibers
diameter (μm)

Myelin sheath
thickness (μm)

Average number of myelinated
axon (per field)

G-ratio

Co 23.6 ± 2.3 4.5 ± 0.09 8.35 ± 0.37 3.78 ± 0.32 27.7 ± 0.88 0.54 ± 0.02

PL 13.02 ± 0.36*** 2.03 ± 0.15*** 4.76 ± 0.25*** 2.72 ± 0.24 14.2 ± 1.05*** 0.42 ± 0.02*

PLC 14.4 ± 0.67*** 2.7 ± 0.21*** 6.11 ± 0.34** 3.36 ± 0.20 17.6 ± 0.60*** 0.45 ± 0.02

PLGB 13.5 ± 0.92*** 2.4 ± 0.28*** 5.76 ± 0.73** 3.36 ± 0.52 17.6 ± 0.75*** 0.49 ± 0.04

PLGBC 16.5 ± 0.71** 2.9 ± 0.34*** 6.27 ± 0.54* 3.35 ± 0.24 15.4 ± 1.5*** 0.46 ± 0.02

PLGBCA 19.0 ± 0.90* 2.9 ± 0.06*** 6.45 ± 0.31* 3.52 ± 0.31 22.1 ± 1.1* 0.45 ± 0.02

*p < 0.05; **p < 0.01; ***p < 0.001 significant values of conduit implanted group compared with normal control group
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(Nestin) were evaluated through real- time RT-PCR tech-
nique 12 weeks after the surgery (Fig. 6d–g).

The level of GFAP was significantly downregulated in the
PLGB group compared with the control group (p ˂ 0.05), but
there was no significant difference in the expression of this
gene between PL, PLC, PLGBC, and PLGBCA groups with
the control group.

Despite the expression level of S100 by Schwann cells, no
significant difference was observed among the NGC-
implanted groups and control group (p ˃ 0.05). However,
there was a significant difference in the expression of S100

gene between PLGBCA group and other NGC-implanted
groups (p < 0.05), except with the PLC group (Fig. 6e).

Compared with the control group, the expression of MBP
marker was significantly lower in the PL, PLGB, and PLGBC
groups 12 weeks after the operation (p < 0.05). However, we
observed that the presence of alginate also could increase in
the expression level of MBP in PLGBCA group (1.24 ± 0.34)
compared with the control group (1 ± 0.1), but it was not sig-
nificant (p ˃ 0.05) (Fig. 6f). Also, the level of Nestin expres-
sion in nerve-implanted conduit containing alginate
(PLGBCA) group was significantly upregulated compared
with control and other implanted NGC groups (p ˂ 0.001).

Fig. 3 Representative images of transverse sectioned gastrocnemius
muscle following Masson trichrome staining (a–f); The control group
(a), PL group (b), PLC group (c), PLGB group (d), PLGBC group (e),
and PLGBCA (f) at 12 weeks post-operative (scale bars = 100 μm).
Photographs and determination mean ratios of gastrocnemius muscles

weight (%) at 12 weeks post-operative (g, h). The control group (a), PL
group (b), PLC group (c), PLGB group (d), PLGBC group (e), and
PLGBCA (f) (p < 0.001 ***, conduit implanted group compared with
normal control group). Co (control), P (PLGA), L (laminin), G
(AuNPs), B (BDNF), C (cell), A (alginate)
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Discussion

In this study, the effect of AuNPs- and BDNF-encapsulated
chitosan nanoparticle in laminin-coated nanofiber PLGA con-
duit with or without r-ADSCs suspend in alginate to promot-
ing axonal regeneration after sciatic nerve injury is evaluated.

The nanofiber scaffolds consisted of aligned inner surface
of PLGA fibers that coated with laminin for directional guid-
ance, containing AuNPs and BDNF encapsulated in chitosan
nanoparticle filled with r-ADSCs for promoting the sciatic
nerve regeneration. In comparison, the outer surface of the
NGC was prepared with randomly oriented PLGA nanofibers

to strengthen the weak mechanical property of aligned
nanofibers.

Previously, we have demonstrated that controlled release of
BDNF and AuNPs by chitosan nanoparticles could signifi-
cantly promote the viability, proliferation, and differentiation
of ADSCs in vitro. In addition, BDNF was released from
nanofibers about 74 ± 2.42% after 7 days while the release
rate of AuNPs was slower (47.24 ± 1.78%). Also, 20 μg/ml
laminin peptide–coated PLGA nanofibers have no cytotoxic
effect on ADSCs viability and could promote the proliferation
of ADSCs in vitro. Also, in previous study, the effect of func-
tionalized PLGA scaffold with laminin and nanoparticles

Fig. 4 Histology of regenerated axons for toluidine blue staining in the
regenerated nerve under light microscopy at 12 weeks post-operative
(scale bars = 50 μm) (a–f); TEM micrographs of repaired axons and my-
elin sheath in different groups at 12 weeks post-operative (scale bars =

5 μm) (g–l); in the control group (a, g), PL group (b, h), PLC group (c, i),
PLGB group (d, j), PLGBC group (e, k), and PLGBCA group (f, l); P
(PLGA), L (laminin), G (AuNPs), B (BDNF), C (cell), A (alginate)
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showed that the presence of laminin and constant release of
BDNF and AuNPs improve the differentiation of adipose-
derived stem cells into Schwann and myelinating ability
(Seyedebrahimi et al. 2020). Thus, in this study, we purposed
coating exogenous encapsulated BDNF and AuNPs on the
surface of electrospun PLGA nerve conduits to promoting
peripheral nerve regeneration after injury.

In the current study, immunohistochemical staining of
nerves longitudinal sections revealed different degrees of
nerve regeneration, while the nerve growth pathwaywas prox-
imal to distal in all groups. This may be due to the presence of
longitudinally aligned nanofibers on the inner surface of the
NGC to mimicking the native peripheral nerve’s fascicular
architecture. Overall, aligned nanofibers not only provide ef-
fective physical guidance but also foster accelerated nerve
repair by supporting axonal path finding during regrowth
(Dinis et al. 2013).

Our finding is constant with the results of Schuh et al.
(2014), who showed that highly aligned electrospun
fibrin-PLGA fibers promote the differentiate and prolifer-
ation of r-ASCs to Schwann cell–like cells (SCLs) (Schuh
et al. 2014).

We chose PLGA scaffold as a biodegradable NGC for
guiding nerve repair. The biodegradable NGC has the advan-
tage of avoiding a secondary surgery of NGC removal after
nerve regeneration. Also, PLGA is one of the few biomaterials
approved by the US Food and Drug Administration (FDA) for
experimental and clinical application. Also, PLGA has broad
applications in drug delivery and tissue engineering, especial-
ly in neural tissue engineering (Jahromi et al. 2019) .

To mimic the in vivo condition, different factors such as
stem cells, growth factor, and other stimulating particles have
been included in the NGCs, and observations indicate that
they have a positive effect on nerve regeneration.

It has been shown that ADSCs have the potential of inhibit
neuronal cell death and muscle atrophy after nerve injury
(Zhang and Rosen 2018). In addition, Schwann-like cell in-
duced fromADSCs can decline the level of pro-apoptotic Bax
marker and caspase-3 expression as well as increase anti-
apoptotic Bcl-2 expression in the NGC. Therefore, the anti-
apoptotic effect of ADSCs in NGCmay be through of BDNF,
NGF, and GDNF factors releasing and neuroprotective effect
of ADSCs via IGF-1 and BDNF secretions (Reid et al. 2011;
Wei et al. 2009).

Hydrogels such as alginate can serve as biocompatible and
FDA-approved drugs that might be used as a hydrogel inside
the NGC for clinic application of nerve regeneration because
alginate does not stimulate the host immune response
(Hashimoto e t a l . 2002) . Alg ina te as a na tura l
polysaccharide has several advantages such as injectability,
biodegradability, and porosity (Galateanu et al. 2012). In ad-
dition, it is rapidly cross-linked in the presence of divalent
cations such as calcium gluconate (Ma and Elisseeff 2005).
Based on our findings, the presence of hydrogel alginate in-
side the NGC not only leads to stability of the PLGA conduit
but also facilitates the suturing procedure by preventing col-
lapsing of the NGC.

In the current study, we used BDNF and AuNPs for pro-
moting peripheral nerve regeneration. Exogenous BDNF can
promote outgrowth of axon into the distal nerve stumps as

Fig. 5 Double-immunohistochemical staining of regenerated nerve
longitudinal sections with NF-200/S-100 and NF-200/MBP in each
group; neurofilaments were labeled with NF-200, which exhibits a red
color. Schwann cells were labeled with S-100 appears as green (scale

bars = 200 μm). Cells were labeled with MBP, which appears as green
(scale bars = 200 μm); Co (control), P (PLGA), L (laminin), G (AuNPs),
B (BDNF), C (cell), A (alginate)
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well as endogenous source of this factors from Schwann cells
(Boyd and Gordon 2003).

However, several neurotrophic factors, such as nerve
growth factor, hepatocyte growth factor, vascular endothelial
growth factor, glial-derived neurotrophic factor (GDNF),
brain-derived neurotrophic factor (BDNF), and insulin-like
growth factor (IGF), play an essential role in neural survival
by protecting neurons from death and finally increasing the
potential for axonal repair and treatment of neuropathies after
neural injury (Ismail et al. 2020; Jiang et al. 2020; Li et al.
2020). On the other hand, researchers have found that treat-
ment with FGF2 can induce production of different growth
factors in vitro and in vivo (Jiang et al. 2020). Following
sciatic nerve injury, a transient increase in the expression of
BDNF is found in motoneurons. Thus, the rapid upregulation
of BDNF makes it likely that BDNF is the main neurotrophin
that mediates early motor neuron response to nerve injury. It
has been shown that BDNF application to damaged axons
increases the number of actin waves (transport of actin fila-
ments and associated proteins toward the growth cone) per
hour.

The importance of a single nucleotide polymorphism in the
BDNF gene, Val66Met, which is present in 30% of the human

population and may hinder the efficacy of these treatments in
promoting regeneration after injury is considered (Katsarou
et al. 2017; McGregor and English 2019; Siokas et al.
2019). Thus, genetic factors may influence outcomes and the
application of exogenous BDNF can enhance axonal regener-
ation, functional recovery, and decreases synaptic stripping
specially among BDNF genetic mutations of human popula-
tions (McGregor and English 2019).

Also, it has been shown that AuNPs modulate neural ac-
tivity, promote call adhesion and proliferation, and stimulate
branching of axons (Baranes et al. 2016).

But the administration of exogenous growth factors or
AuNPs in environment would result in uncontrolled release
and quickly degradation due to deactivation by enzymes and
other physical-chemical effectors in vitro and in vivo (Zhuang
et al. 2016). Therefore, we used chitosan, as a protective and
effective polymer, which provides controlled release of the
BDNF and AuNPs for differentiation of ADSCs in NGC.

In the present study, we focus on the effect of controlled
release of neurotrophic factor to enhance peripheral nerve re-
generation. Twelve weeks after left sciatic nerve transection
and implantation of NGC in different groups, a macroscopic
examination was performed to assess the degradation

Fig. 6 A comparison intensity value for MBP, NF200, and S100 in
different groups is shown in a–c. The level of GFAP, S100, MBP and
Nestin, expression in different groups evaluated by real-time RT-PCR (d–

g), Co (control), P (PLGA), L (laminin), G (AuNPs), B (BDNF), C (cell),
A (alginate) (*p < 0.05, ***p < 0.001 conduit implanted group compared
with normal control group)
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conditions of the NGC and the presence of nerve filaments
inside the NGC reconnecting between the two nerve stumps.
This qualitative analysis demonstrated that all rats of different
groups had NGCs with appropriate degradation. However,
macroscopic observation was confirmed by histological
analysis.

Jing et al. showed that PLGA conduit with aligned fibers
provided strong orientation guidance and desirable degrada-
tion 12 weeks post-implantation (Jing et al. 2018).

The behavioral test is essential for the quantitative analysis
of motor recovery during the neural tissue regeneration. In this
study, we investigated motor nerve recovery via the SFI test.

The motor function in the PLGBC and PLGBCA rats was
superior to the PLGB, PLC, and PL animals but inferior to the
normal control rats. In addition, the mean SFI values in all the
implanted groups were significantly different from each other
and the control group (p < 0.05).

Our findings in SFI test demonstrated that the BDNF and
AuNPs may be delivered locally in the implanted NGC to
influence of chitosan degradation, and subsequent direct trans-
fer of alginate could enhance differentiation and proliferation
of r-ADSCs and finally increase significant axon growth in
implanted site.

Shanbhag et al. demonstrated that alginate acts as a multi-
functional scaffold for CNS regeneration and delivery of neu-
rotrophic factors, such as the brain-derived neurotrophic factor
to influence the survival, migration, and differentiation of neu-
ral progenitor cells (NPCs) seeded on its surface (Shanbhag
et al. 2010).

Overall, we observed beneficial effects on gait analysis in
PLGBCA compared with other NGCs. This treatment resulted
in a significant increase in axon regeneration and re-
innervation of the gastrocnemius muscle in different methods,
which suggests that alginate could be protect and enhance
effect of neural promoting factors in nerve regeneration and
functional recovery.

Although, the gold standard for measuring of functional
recovery following rat sciatic nerve injury is the SFI.
However, the application of additional tools such as automat-
ed recording of motor activity of rats using Photobeams
Activity System is recommended (Dziwenka et al. 2020;
Wang et al. 2018).

The histological evaluations showed that in PLGBCA
group and then other implanted groups containing r-ADSCs,
AuNPs, and BDNF, the myelinated axon and neural fiber had
larger diameters; however, the thickness of the myelin sheath
and the G-ratio was not significantly different between the
normal control and other implanted groups (p ˃ 0.05), except
in PL group where G-ratio had a significant difference with
control group (p < 0.05). Our results are consistent with pre-
viously published reports, which demonstrated that alginate
gel has excellent biocompatibility for Schwann cell migration
and regenerating axon outgrowth. Also, it was reported that

the regenerated fibers in alginate group became as large in
diameter as those in the normal sciatic nerve (Hashimoto
et al. 2002).

In addition, the number of myelinated axons in the alginate
group was close to the control. As a result, in the groups
containing the AuNPs and the BDNF, there was a higher
number of axons, suggesting that the synergistically encapsu-
lated two nanoparticles can differentiate r-ADSCs to Schwann
cells and ultimately lead to repair of the damaged nerve.

The presence of alginate probably provides microenviron-
ment that protects the r-ADSCs from external factors
(Galateanu et al. 2012). Moreover, it provides an appropriate
environment for distributing AuNPs and BDNF delivery re-
sult supporting differentiation, survival, and proliferation of r-
ADSCs (Keshavarz et al. 2018; Shanbhag et al. 2010).

Although, there is still insufficient knowledge about the
consequences of nanomaterials effects on intracellular path-
ways of in vivo, but the results showed that the presence of
AuNPs in the NGCs was able to support regeneration of the
sciatic nerve injury (Paviolo and Stoddart 2017).

The available literature reports about cellular toxicity of a
AuNPs, both in vitro and in vivo, vary widely in their conclu-
sions (Ostrowski et al. 2009).

Since the AuNPs are considered as a synthetic exogenous
factor, it has been shown that synthetic materials such as ben-
omyl can be neurotoxic potentially via evaluating oxidative
stress and cytotoxicity and, finally, induce cell apoptosis and
death (Kara et al. 2020).

It has been implied that oxidative stress seems to be one of
the molecular mechanisms; available scientific information is
scarce, especially those that related to the nervous system.
Gurunathan et al. showed that the toxic effect of retinoic acid
appeared to be reduced in cells treated with retinoic acid in the
presence of AuNPs, which was coincident with the increased
levels of anti-oxidant markers including glutathione peroxi-
dases, thioredoxin, glutathione disulfide, catalase, glutathione,
and superoxide dismutase. Simultaneously, AuNPs ameliorat-
ed the apoptotic response by decreasing the mRNA expres-
sion of p21, p53, Bak, Bax, caspase-3, and caspase-9 and
increasing the expressions of Bcl-Xl and Bcl-2. Therefore,
they suggested that AuNPs could be appropriate therapeutic
agents for the treatment of oxidative stress–related diseases
such as diabetes, atherosclerosis, rheumatoid arthritis, cancer,
and neurodegenerative diseases (Gurunathan and Kim 2018).

In addition, Shukla et al. demonstrated that the cytotoxicity
of gold nanoparticles has been correlated with a detailed study
of their endocytosis uptake and their findings by the assess-
ment of cytotoxicity and immunogenic effects of gold nano-
particles on RAW264.7 macrophage cells found that AuNPs
are not cytotoxic, reduce nitrite species and reactive oxygen
production, and do not elicit secretion of proinflammatory
cytokines IL1-β and TNF-α, making them proper candidates
for nanomedicine (Shukla et al. 2005).
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However, many reports indicated that AuNPs are nontoxic,
in the study of Dobrovolskaia et al., AuNPs of diameter 30
and 50 nm have been shown to be “blood compatible” and did
not induce any detectable platelet aggregation, immune re-
sponse , o r change in p la sma coagu la t ion t ime
(Dobrovolskaia et al. 2009).

In nerve tissue–engineered delivery systems, the release of
exciting and growth factors plays a crucial role for axonal
repair (Böcker et al. 2019). In our previous study, we showed
that the BDNFwas constant released of chitosan/TPP particles
during the 7 days (Seyedebrahimi et al. 2019) and BDNFmay
affect on ADSCs differentiation into Schwann-like cells phe-
notype during this time, new differentiated SCs, lead to ex-
press a range of growth factors in environment for stimulating
neurite outgrowth (Georgiou et al. 2015). Additionally, the
encapsulation of ADSCs in alginate may further enhance their
therapeutic effects by localizing and maintain the cells to the
site of nerve injury and isolating them from a host immune
response. Also, alginate hydrogel has been shown to affect
encapsulated cell proliferation, secretion of therapeutic pro-
teins, and increase mechanical stability of the NGC (Purcell
et al. 2009).

Also, it was shown that laminin, present in the basement
membrane ofmost cells, has the potential of promoting neurite
outgrowth, survival, and attachment of neuronal cells (Wu
et al. 2017).

After the injury, Schwann cells begin to proliferate along
with nerve stump and this process alters the gene expression
profile of Schwann cells (Zhang et al. 2017). In addition,
Schwann cells have an essential role in the developmental
and morphological property during the axonal repair. Mature
Schwann cells were labeled with S100, but after peripheral
nerve injury, they can back to an immature state and dediffer-
entiate to the myelinating Schwann cells, which elevate glial
fibrillary acidic protein (GFAP) expression and the ability of
regeneration of a nerve after injury (Zhang et al. 2017). In this
study, a higher expression of S100 marker was found in the
NGC filled with r-ADSCs, AuNPs, and BDNF, especially
those containing alginate, which may be due to its protective
effect.

Our real time RT-PCR results demonstrated that MBP
marker has a high expression in Schwann-like cells in
PLGBCA group compared with control and other conduit-
implanted groups.

Besides, the expression of Schwann cells helps axon regen-
eration while the expression of NF200 may lead to nerve fiber
regeneration.

Longitudinal sections showed that many NF200-positive
regenerated axons have arrangement in the NGCs containing
r-ADSCs with gold and BDNF nanoparticles, which especial-
ly incorporate with alginate hydrogel.

Our immunohistochemistry results agreed with behavioral
analysis. As can be seen, the presence of BDNF, gold, and r-

ADSCs encapsulated in alginate hydrogel improved better
nerve recovery. In this regard, Galateanu et al. showed that
the combination of hADSCs suspended with alginate hydro-
gel and cross-linked by calcium gluconate increased cell via-
bility, proliferation, and differentiation in vitro. Moreover,
they demonstrated that calcium gluconate successfully sup-
ported the adipogenesis and survival of hADSCs (Galateanu
et al. 2012). Finally, the obtained results are encouraging and
prove that therapy performed using PLGA nerve conduits
with BDNF and AuNPs as an alternative to effective clinical
procedures is viable, but more research is still needed.
However, there are some factors that influence recovery fol-
lowing a nerve injury and regeneration such as time elapsed,
proximity of the lesion to distal targets, patient age, and asso-
ciated vascular or soft tissue damages.

Conclusion

Our findings show that the laminin-coated PLGA nerve con-
duit containing r-ADSCs, BDNF, and AuNPs significantly
improves axonal regeneration and remyelination especially if
suspended in alginate hydrogel and the combination of neu-
rotrophic factor AuNPs, natural hydrogel, and stem cells may
be synergistically enhancing axonal regeneration and
remyelination. Our results suggest that simultaneous applica-
tion of BDNF, AuNPs, and encapsulated ADSCs in the
laminin-coated PLGA nerve conduit could be an effective
treatment alternative for autologous nerve graft.
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