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Therapeutic potential of placenta-derived
stem cells cultivated on noggin-loaded
nanochitosan/polypyrrole-alginate
conductive scaffold to restore spinal cord
injury
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Abstract

Objective Spinal cord injury (SCI) is a severe and permanent nerve damage condition that poses significant burdens
on individuals and society. Various therapeutic approaches have been explored to mitigate the consequences of SCI.
Tissue engineering and regenerative medicine have emerged as a promising avenue for addressing this issue. This
study aims to investigate the potential of a nanochitosan/polypyrrole-alginate conductive scaffold, loaded with the
Noggin growth factor, an inhibitor of BMP-4 signaling, and human amniotic epithelial cells (hAECs), in promoting the
regeneration of SClin animal models.

Methods The attachment and distribution of isolated hAECs on a fabricated nanochitosan/polypyrrole-alginate
conductive scaffold were assessed using SEM. Additionally, the neural differentiation of hAECs on the scaffold was
investigated by analyzing the expression of specific neuronal (Calca, Fox3), oligodendrocyte (MBP), and astrocyte
(GFAP) genes in vitro. To evaluate the combined effect of the scaffold and Noggin growth factor in animal models,
a Noggin-loaded scaffold was designed using bioinformatics, and the loading and release capacity of Noggin
were measured. For in vivo studies, rats underwent laminectomy and were transplanted with the scaffold, either
alone or with Noggin and DIl labeled- hAECs, at the T10-T11 level. Motor functions of the animal were evaluated
using BBB scoring weekly in an open field for four weeks. Furthermore, the expression of neural genes and
immunohistochemical tests were evaluated after four weeks.

Results hAECs exhibited uniform distribution and attachment to the scaffold. In vitro differentiation analyses
showed increased expression of Calca, Fox3, MBP, and GFAP genes. Docking results indicated that Noggin could
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interact with chitosan nanoparticles through hydrogen bonds. The chitosan nanoparticles effectively loaded 22.6%
of exposed Noggin, and the scaffold released 28.5% of the total incorporated Noggin. In vivo studies demonstrated
that transplanting nanochitosan/polypyrrole-alginate conductive scaffolds with DIl labeled-hAECs, with or without
Noggin, improved motor functions in animal models. The assessment of gene expression patterns in transplanted
hAECs revealed that neuronal (Calca, Fox3) and oligodendrocyte (MBP) genes in the injured spinal cord of the animal
models were upregulated. Histopathological analysis showed a reduction in inflammation and glial scar formation,
while neural fiber regeneration increased in the treated animals. Also, DIl labeled-hAECs in the lesion site were alive

after a period of four weeks.

Conclusion Based on these findings, it can be inferred that the integrative therapeutic effects of human amniotic
epithelial cells, nanochitosan/polypyrrole-Alginate conductive scaffold, and Noggin (as BMP-4 signaling inhibitor)
represents a promising and innovative approach in the field of translational medicine.
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Introduction

Spinal cord injury (SCI) is devastating central nervous
system (CNS) damage that may stem from trauma, spi-
nal bone fracture, and spinal cord ischemic damage [1, 2].
Studies showed an incidence rate of 10.4—83 cases/mil-
lion/year for SCI globally, which imposes an impressive
burden and cost to individuals and societies [3]. During
SCI, the direct damage to the spinal cord impairs signal
transmission from brain to body, which may result in a
broad range of symptoms, including complete (or incom-
plete) loss of sensation, movement, reflexes, sphincter
function, and potential paralysis [4].

Various therapeutic approaches, such as spine immo-
bilization, spinal decompression through surgery, admin-
istrating corticosteroids, and rehabilitation, have been
applied [5-7]. However, the therapeutic outcomes were
disappointing mainly due to neurons’ extrinsic and
intrinsic repairment inabilities. The extrinsic inhibitory
factors, including Nogo, inhibitory chondroitin sulfate
proteoglycans, myelin-associated glycoprotein, netrin,
and ephrin, are associated with glial scars, myelin debris,
and axonal growth inhibition [8]. Besides, exclusive pat-
terns of intracellular pathways of damaged CNS neurons
impede the regeneration and reconstruction of func-
tional connections between neuron and their original tar-
gets [9]. Thus, considering new therapeutic approaches
for SCI and neurodegenerative diseases is necessary.

One of the promising approaches for CNS regeneration
is utilizing cell-based therapy (CBT) in order to enhance
CNS reconstruction via modulating intra- and extracel-
lular conditions. Various cell sources are being used for
CBT with their exclusive pros and cons. Human amniotic
epithelial cells (hAECs), isolated from human placentae,
possess desirable features that bring them up as a high-
lighted and attractive source for CBT. The immune-priv-
ileged features of hAECs reduce the chance of immune
rejection after the transplantation of hAECs. It has been
shown that hAECs express immunosuppressive human
leukocyte antigens (HLA)-G, while expressing low

amounts of immune-stimulating HLAs such as HLA-
A, HLA-B, HLA-C, and HLA-DR. These cells can be
expanded up to 10 million after six passages without ethi-
cal consideration. Besides, hAECs possess low tumori-
genicity, display immunomodulatory effects, and secrete
several growth factors necessary for tissue regeneration,
including epithelial growth factor (EGF), keratinocyte
growth factor (KGF), and transforming growth fac-
tor (TGF) P [10, 11]. Studies have reported that hAECs
express pluripotency transcription factors and stem cell
markers, including octamer-binding-protein-4 (OCT-4),
tumor rejection antigens (TRA) 1-60, TRA-1-81, fibro-
blast growth factor (FGF)-4, sex-determining region
Y-box 2 (SOX-2), teratocarcinoma-derived growth factor
1 (TDGF1), stage-specific embryonic antigen (SSEA)-3,
and SSEA-4, and homeobox protein NANOG [12, 13].
Considering the maintained pluripotency of hAECs,
studies have reported that these cells are able to differ-
entiate into endodermal, mesodermal, and ectodermal
linage [14]. In this regard, the differentiation potency
of hAECs to functional neural cells that synthesize and
release neurotransmitters such as acetylcholine, norepi-
nephrine, and dopamine was reported [15, 16]. In order
to persuade hAECs to differentiate to ectodermal lineage,
modulating evolutionary signaling pathways is criti-
cal. Among several pathways involved in the ectodermal
differentiation of hAECs, bone morphogenetic protein
(BMP) signaling as a constituent molecule in ectodermal
fate affecting both neural and keratinocyte differentia-
tion [17]. Recently, we have shown that BMP-4 inhibi-
tion by Noggin plays a critical role in the differentiation
of hAECs into neural cells [18]. Thus, modulating BMP
signaling will persuade hAECs toward a neural fate that
provides an appropriate intracellular condition for SCI
treatment.

Along with reprogramming stem cells to regener-
ate functional neurons, it seems that redirecting axonal
growth across damaged sites and providing appropriate
extrinsic conditions is critical for promoting SCI repair.
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In this regard, tissue engineering (TE) approaches have
provided scaffolds that maintain desirable cell adhesion,
differentiation, and proliferation conditions to regenerate
target tissue with proper functions. Various biomateri-
als from natural or synthetic sources have been studied
as a proposed microenvironment for CNS regeneration
[19, 20]. Considering the electrical activities within the
nervous system, conductive polymers are potential can-
didates for SCI repair. Recently, we have shown that the
nanochitosan/polypyrrole (PPy)—alginate (Alg) scaf-
fold composite displayed high conductivity and potency
for neural cell attachment [21]. In the present study, the
differentiation of hAECs to neural cells (neuron, oligo-
dendrocyte, and astrocyte) was investigated on the con-
ductive scaffold by Real-Time PCR technique in vitro and
in vivo. Also, in order to investigate the synergic effects
of scaffold and Noggin (a BMP-4 inhibitor) on repairing
damaged spinal cord in vivo, the interaction of nanochi-
tosan particles, as scaffold components with the active
site of Noggin protein was investigated using molecular
simulation (Bioinformatics). Subsequently, we prepared
the scaffold loaded with Noggin, then the efficacy of Nog-
gin loading and release from the designed scaffold was
evaluated. For the animal study, a unilateral injury (hemi-
section) was made at the T10-T11 level of the spinal cord
in rats, and nanochitosan/PPy—Alg scaffold alone or
together with DII-labeled hAECs, Noggin-loaded scaffold
alone or jointly with hAECs labeled with DII, and DII-
labeled cells alone were transplanted into the lesion site.
After four weeks, motor functions, histology results, and
immunohistochemistry tests were evaluated. We hypoth-
esize that the combination of a conductive nanochitosan/
PPy-Alg scaffold loaded with Noggin growth factor and
hAECs will promote spinal cord regeneration after SCI
by enhancing cell attachment, differentiation, axonal
redirection, and survival, while simultaneously reducing
inflammation and glial scarring.

Materials and methods

Collection of human placentae

All experimental procedures were carried out after
approval by the ethics committee of Shahid Beheshti
University of Medical Sciences (IR.SBMU.MSP.
REC.1401.001). Besides, all methods were performed
under the relevant guidelines and regulations. The term
human placenta (#=36) was provided after elective
Cesarean sections. All placentas were obtained from
mothers who were negative for viral and bacterial infec-
tions such as hepatitis C, hepatitis B, HIV, and syphi-
lis. The human placentae were carried to the laboratory
under appropriate sterility and temperature of 4—8 °C.
Prior to the collection process, written consent was
obtained from each donor.
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Isolation and culture of hAECs from human placenta
Human amniotic epithelial cells were isolated according
to our previous studies [18, 22, 23]. The mechanically
separated amniotic layer was cleaned with cold phos-
phate-buffered saline (PBS) to eliminate clots and debris.
The amniotic membrane (AM) was divided into smaller
pieces and digested with trypsin-EDTA enzyme 0.15%
(Merck, Germany) at 37 °C for ten minutes. After the sec-
ond and third 40 min of incubation with trypsin-EDTA
enzyme 0.15%, supernatants were collected, and trypsin
was neutralized with FBS (Gibco, UK). The supernatants
containing hAECs were centrifuged at 1200 rpm for
12 min. Then, hAECs were cultured in Dulbecco Modi-
fied Eagle’s Medium (DMED) (Gibco, UK) containing 100
U/ml penicillin/streptomycin (Thermo Fisher, USA) and
10% FBS (Sigma-Aldrich).

In vitro studies

Fabrication of nanochitosan/PPy-Alg scaffold

The nanochitosan/PPy—Alg scaffold was fabricated
according to our previous study [21]. The process con-
sists of (a) the preparation of polypyrrole—alginate com-
posites, (b) the synthesis of nanochitosan, and (c) the
fabrication of nanochitosan/ PPy—Alg scaffold.

Attachment and distribution of hAECs on nanochitosan/PPy-
Alg scaffold

The scaffolds were sterilized with 70% ethanol and then
washed several times with sterile PBS containing peni-
cillin/streptomycin. Sterilized scaffolds were incubated
for 24 h in a complete culture medium to increase the
adhesion of cells to the scaffold. The next day, the cul-
ture medium was replaced, and 20,000 hAECs were cul-
tured per well on each scaffold in an incubator for 2 h.
Then 150 pl of complete culture medium was added to
each well and incubated at 37 °C with 5% CO, and 95%
humidity for one week. The attached cells on the scaf-
folds were fixed with 2.5% glutaraldehyde for 2 h and
dehydrated with different ethanol concentrations (50, 70,
90, and 100%). Finally, the morphology and distribution
of hAECs were evaluated on the nanochitosan/PPy-Alg
scaffold using a scanning electron microscope (SEM).

Neural differentiation of hAECs cultured on the
nanochitosan/PPy-Alg scaffold in vitro

The scaffolds were sterilized with 70% ethanol and then
washed several times with sterile PBS containing peni-
cillin/streptomycin. Subsequently, sterilized scaffolds
were transferred to a 12-well plate with 2 ml of complete
culture medium, and incubated for 24 h at the standard
condition described. On the subsequent day, the culture
medium was aspirated from each well, and 20,000 hAECs
were seeded onto each scaffold and incubated for 2 h
under standard conditions to allow cell attachment to the
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scaffold. After 2 h, the culture medium was slowly added
to each well. The neural differentiation of cells was evalu-
ated after 21 days in four groups: (a) hAECs without scaf-
folds, (b) hAECs without scaffolds exposed to 50 ng/ml
of Noggin growth factor, (c) hAECs cultured on scaffolds
without Noggin, and (d) hAECs with scaffolds exposed
to 50 ng/ml of Noggin growth factor. For the first seven
days period, differentiation culture medium consisting
of DMEM supplemented with 10% FBS, 100 IU/mL pen-
icillin-streptomycin, 5 ng/mL of epidermal growth fac-
tor (EGF) (Sigma-Aldrich, USA), 1 mM sodium pyruvate
(Sigma-Aldrich, USA), 1% insulin/transferrin/selenium
(ITS) (Gibco, UK), 2 mM ascorbic acid (Sigma-Aldrich,
USA), 10 ng/mL basic fibroblast growth factor (bFGF)
(Sigma-Aldrich, USA), and 1 puM retinoic acid (RA)
(Sigma-Aldrich, USA) was added to the culture environ-
ment according to the previous studies [18]. After seven
days, the experimental groups with Noggin (groups b and
d) were exposed to Noggin growth factor at a concentra-
tion of 50 ng/mL (n=5). To the groups without Noggin
(groups a and c), only the differentiation culture medium
was added to each well. After the fourteen-day period fol-
lowing the addition of the growth factors, the expression
levels of neural markers derived from hAECs (includ-
ing FOX3, GFAP, Calca, and MBP genes) were analyzed
using the real-time PCR technique.

The expression level of neural markers in differentiated
hAECs in vitro

After the differentiation period, the expression level
of neural markers FOX3, GFAP, Calca, and MBP was
evaluated in hAECs using real-time PCR. The RNA was
extracted based on the manufacturer’s instructions (Bio-
fact, Korea). Accordingly, cDNA was synthesized using
the Biofact Kit and stored at -70 °C. Syber green PCR
master mix, ABI STEP ONE plus system (Applied Biosys-
tems, USA), and specific gene primers (Table 1), designed
by Primer Express software, were used to perform the
Real-Time PCR. The expression level of B-actin, a house-
keeping gene, was used to normalize FOX3, GFAP, Calca,
and MBP genes. The relative expression level was calcu-
lated according to the 2722¢T (Livak) analysis method.

Table 1 The sequence of primers used in the study

Gene Sequence

Fox3 F="TGAGATTTATGGAGGCTA>
R="CGATGGTGTGATGGTA3'

CalCa F=>GCGGTAATCTGAGTA®
R="TAGTTGGCATTCTGG”

GFAP F =" GAAGCAGATGAAGCCA®
R="GAACCTCCTCCTCGTG®

MBP F=>ACCTACTGACCCACCTT*
R="CACGCTGACTACTCCTC

B-actin F=""GCC CTG AGG CACTCTTCC A¥

R="CGG ATG TCC ACGTCA CACTTC?
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The properties of the designed primers are shown in
Table 1.

Molecular simulation of Noggin-chitosan interaction

In advance, we performed a molecular simulation study
of Noggin, a BMP-4 inhibitor, with chitosan using Mae-
stro 10.2 platform software (Schrédinger, LLC) in order
to evaluate the interaction of nanochitosan particles as a
scaffold component with active sites of Noggin.

Loading of Noggin on chitosan nanoparticles

After the bioinformatic study, the loading process started
by assessing the absorbance of Noggin’s concentration
range from 0.1 to 0.6 (ng/ml) in PBS at 260 nm wave-
length and obtaining the standard curve. The mixture
of 0.01 mg of nanochitosan with 5 ml of deionized water
and ethanol with a ratio of 1:1 was homogenized by ultra-
sonication for 15 min. Afterward, 60 pL of Noggin (50
ng/ml) was added to the medium. The reaction mixture
was stirred on a shaker for 48 h at ambient temperature
and then centrifuged at 5000 rpm for 30 min. The super-
natant was collected to assess the absorbance. Finally,
the absorbance of the supernatant (unloaded Noggin
amount) was evaluated by the UV detector at 260 nm.
The loaded Noggin amount and encapsulation capacity
were calculated using formulae 1 and 2.

Wt—Wf
_ J 1
EE% Tl 100 (1)
LC% = Wi-Wwrs x 100 2)

EE: entrapment efficiency; LC: loading capacity; Wn: the
amount of nanochitosan; Wt: the amount of primary
Noggin; Wf: the amount of unloaded Noggin.

Fabrication of Noggin-loaded nanochitosan/PPy-Alg
scaffold

In order to evaluate the synergism effects of the nano-
chitosan/PPy—Alg scaffold and Noggin in vivo, the Nog-
gin-loaded nanochitosan with a concentration of 3% was
stirred in 1% acetic acid for 30 min. Then PPy—Alg pow-
der (2:10) with a concentration of 1% was added to this
mixture, stirred again for 5 h, placed in a freezer at -80 °C
for 24 h, and freeze-dried for 48 h.

Investigating the Noggin release from the nanochitosan/PPy-
Alg scaffold loaded with Noggin

A release test was performed to investigate the rate and
pattern of Noggin release from the Noggin-loaded nano-
chitosan/PPy—Alg scaffold. This way, the rate of Nog-
gin release from the scaffold was analyzed for 12 days
with a spectrophotometer at 260 nm. The scaffolds were
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placed in 1 ml of PBS and incubated at 37 °C. At certain
intervals, 100 pl of PBS was taken as a sample, and its
absorption was measured. Then 100 ul of fresh PBS was
replaced. Finally, the amount of released Noggin in differ-
ent time intervals were calculated based on the obtained
standard curve.

In vivo studies

Culture of DIl labeled hAECs on nanochitosan/PPy-Alg
scaffold and Noggin-loaded nanochitosan/PPy-Alg scaffold
In order to track hAECs in animal studies, we used
1,1'-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine
perchlorate (DII). The sterilized scaffolds were incu-
bated in a complete DMEM culture medium to enhance
cell adhesion to the scaffold. Subsequently, the culture
medium was replaced, and 20,000 hAECs labeled with
DII dye were seeded onto the scaffold and incubated in
the cell incubator for 2 h, allowing the cells to adhere
to the scaffold fully. Afterward, the complete culture
medium was slowly added, and cells were incubated at
37 °C containing 5% CO2 and 95% humidity. The labeled
cells were observed with a fluorescent microscope and
then used for transplanting modeled spinal cord lesions.

Animal model preparation

Each of the animal experiments and procedures in this
study was approved according to international guide-
lines and codes approved by the ethics committee of the
Ministry of Health. Adult male Wistar rats (n=36) with a
body weight ranging from 230 g to 260 g were obtained
from the animal center of Shahid Beheshti University of
Medical Sciences. The animals were kept at constant tem-
perature and humidity (25 °C, 50% + 5 humidity) under a
12-hour dark/lighting cycle. Besides, they had free access
to food and water. On the day of surgery, animals were
anesthetized by intraperitoneal (IP) injection of ketamine
(60 mg/kg)-xylazine (10 mg/kg) solution under sterile
conditions. The study has been conducted and reported
in accordance with the ARRIVE 2.0 guidelines.

2 "*»"’f{fg.g i
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Establishment of right hemisection SCI model and grafting of
the scaffold at the site of the injury

Following the administration of anesthesia, the animal’s
fur was shaved, and a longitudinal incision was made
along the back to expose the vertebral column. Retrac-
tors were used to displace the muscle layers on both sides
of the vertebral column. Rats were subjected to laminec-
tomy at the level of T10-T11 under aseptic conditions.
Following laminectomy, a 2x4 mm cavity was made on
the right side of the T10-T11 segment. Rats were ran-
domly divided into six experimental groups for four
weeks to evaluate behavioral and histological analyses.
(a) SCI group (control) (n=6), (b) SCI group transplanted
with conductive scaffold without hAECs and Noggin
growth factor (n=6), (c) SCI group grafted with scaf-
fold cultured with labeled hAECs (n=6), (d) SCI group
grafted with Noggin-loaded scaffold without hAECs
(n=6), (e) SCI group grafted with Noggin-loaded scaf-
fold cultured with labeled hAECs (n=6) (f) SCI group
transplanted with an injection of labeled hAECs alone.
In the control group, the injury cavity was empty with-
out any intervention (a). In the treatment groups, scaf-
folds or scaffolds cultured with hAECs were transplanted
into the lesion cavity with the longitudinal axis parallel
to the spinal cord, and a piece of fascia was used to fix
the scaffolds at the injury site. In the hAECs transplanted
group (group f), DII-labeled hAECs were gently injected
into the lesion cavity with a Hamilton syringe. Then, the
muscle and skin layers were sutured separately, and the
mice were placed on the hot plate until they became con-
scious. After the surgery, enrofloxacin was injected sub-
cutaneously in the arm of the animal at a dose of 5 mg/
kg along with sterile distilled water for one week (Fig. 1a).

Assessment of locomotor behavior

The motor function of the right hind limb of the animal
was evaluated through the motor scoring system Basso,
Beattie, and Bresnahan (BBB) in an open field [24]. The
BBB scale ranges from 0 (no hind limb movement) to 21
(natural movements, including coordinated walking with

b

Fig. 1 a) A mouse undergoing surgery where the retractor has pushed aside the two muscle layers surrounding the vertebral column. b) The perfor-
mance of the BBB Score test in the open field. The right leg is paralyzed after right hemisection surgery
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paws parallel to the body). Rats were placed weekly in
an open field for four weeks after surgery, and a 4-min-
ute video was recorded. Besides, two blinded observers
evaluated the hindlimb locomotor performance (Fig. 1b).

The expression level of neural markers for in vivo studies

The expression levels of the genes mentioned in the in
vitro experiments section, including FOX3, GFAP, Calca,
and MBP, were evaluated in spinal cord lesions of animal
groups transplanted with hAECs using qPCR. In this way,
the RNA of the spinal cord samples transplanted with the
scaffold cultured with hAECs, transplanted with the scaf-
fold loaded with Noggin along with hAECs, the group of
hAECs alone, and the spinal cord lesion was extracted,
and cDNA was synthesized accordingly. The following
procedures were conducted as per the protocols of in
vitro studies.

Histologic assessment

At the end of the study, euthanasia and tissue collection
were carried out through intraperitoneal administration
of 60 mg/kg ketamine combined with 10 mg/kg xylazine.
Following this, transcardial perfusion was performed
with 0.9% saline containing heparin to remove blood and
minimize artifacts caused by blood components during
fixation. The procedure was completed with perfusion
of ice-cold 4% paraformaldehyde to preserve the tis-
sues. After fixation, a part of the spinal cord, including
the damaged and adjacent parts along with the vertebral
bones, was cut off and embedded in a 4% paraformalde-
hyde solution for one week. Afterward, the spinal cord
was carefully separated from the vertebrae and fixed
again for five days in 4% paraformaldehyde. The selected
samples were dehydrated with a tissue processor and
molded with paraffin. Sections of 5 um were prepared
and used for H&E and immunofluorescent staining. H&E
staining was used to show the location of the injury in
the control group and the site of the scaffold in the injury
cavity in the treatment groups. The stained samples were
photographed using optical microscopes.

Immunohistochemistry (IHC) study
Initially, tissue samples were sectioned into slides with
a thickness of 5 um. Subsequently, the slides were sub-
jected to a 90 °C oven for 15 min to facilitate the melting
of the paraffin surrounding the samples, enabling depar-
affinization. The sections were then immersed in Xylene
to clarify and eliminate the paraffin from within the
samples. Tissue sections were permeabilized with Triton
0.3%, and the secondary antibody reaction was blocked
with 10% goat serum.

Diluted primary antibodies (1:1000), including GFAP,
microglia, and macrophage-specific protein (Ibal), neu-
ron-specific protein (B-tubulin), and myelin-specific
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protein (MBP), were added to the samples. Antibody-
treated samples were placed in a refrigerator at 2 °C to
8 °C overnight. Samples were washed three times with
PBS. The samples were incubated with a secondary
antibody at 37 °C. After washing three times with PBS,
DAPI was added to the samples. Finally, the samples were
observed by a fluorescent microscope with standard fluo-
rescent filters Labomed*TCS400 and Image] software
was used to evaluate the immunohistochemical analyses.

Statistical analysis

Graph pad Prism 9 software program was used for the
statistical analysis and drawing graphs. Data were pre-
sented as mean*SEM. ANOVA statistical analyzes
were used to check the significance level of the differ-
ence in the experimental groups. A P -value less than
0.05 was considered significant. Statical significance was
shown as follows *: P<0.05, **: P<0.01, ***: P<0.001, ****:
P<0.0001.

Results

Isolation and culture of hAECs from human placentae
Human amniotic epithelial cells were harvested from
amnion membranes of eligible healthy women after dou-
ble-step enzymatic digestions. We evaluated the mor-
phology and viability of isolated cells using by inverted
microscope (Nikon ECLIPSE, TS100) and trypan blue,
respectively. In this regard, over 95% of harvested cells
were viable with elongation and spindle shape after three
days (Fig. 2). Based on our previous immunocytochemis-
try evaluations of the pan-cytokeratin marker on isolated
cells, over 98% of the cells tested positive for pan-cyto-
keratin [18].

Fabrication of the scaffold and attaching hAECs to the
nanochitosan/PPy-Alg scaffold

In accordance with our previously established study
protocol [21], the nanochitosan/PPy-Alg scaffold was
fabricated. SEM images of hAECs cultured on the
nanochitosan/PPy-Alg scaffold demonstrated success-
ful attachment of hAECs to the scaffold surface after
one week (Fig. 3). These findings indicated that hAECs
adhered uniformly to the nanochitosan/PPy-Alg scaffold
while maintaining their characteristic morphology.

Neural differentiation of hAECs on nanochitosan/PPy-Alg
conductive scaffold in vitro

The expression of neuronal (Calca, Fox3), oligodendro-
cyte (MBP), and astrocyte (GFAP) genes extracted from
hAECs cultured on nanochitosan/PPy—Alg scaffold was
evaluated after 21 days. The result showed that the pres-
ence of Noggin, nanochitosan/PPy-Alg scaffold, or their
combination increased the level of FOX3 neuronal gene
expression in the hAECs. (Fig. 4A). However, both Calca
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Fig. 2 The process of isolating hAECs from the amniotic membrane. A) The term human placenta was provided after elective Cesarean sections. B)
Thoroughly washing the amniotic membrane with PBS. C) Evaluating the morphology of the cells on the day of isolation. D) Allowing the cells to reach

80% confluence three days after isolation

and MBP gene expressions showed significant increases
in the cells cultured on the scaffold, regardless of the
presence or absence of Noggin. (Fig. 4B, C).

After 21 days of culture, hAECs grown on the nanochi-
tosan/PPy-Alg scaffold exhibited a significant increase
in GFAP gene expression. In contrast, hAECs cultured
without the scaffold did not show a significant increase
in the expression of this gene, even in the presence of
Noggin. (Fig. 4D). Additionally, in our previous study, we
thoroughly evaluated the distribution and attachment
of OLN-93 cells, a neural cell line, on the scaffold. Our
results demonstrated that after 7 days, the cells were uni-
formly attached and evenly distributed throughout the
scaffold [21].

Noggin protein loading on chitosan nanoparticles
Noggin, a known BMP signaling antagonist, is considered
a neural differentiation growth factor. Since we aimed to

investigate the therapeutic role of Noggin and nanochito-
san/PPy—Alg conductive scaffold in SCI simultaneously,
the interaction of nanochitosan particles as a scaffold
component with active sites of Noggin was investigated
using molecular simulation. The results showed that
Hydrogen bonding of chitosan’s OH and NH3 groups
with Glu, Cys, Lys, Ser, and Trp amino acids caused the
ligand binding and considerable stability in the Noggin
active sites (Fig. 5).

After the bioinformatic study, the optical density (OD)
of Noggin serial concentrations was assessed at 260 nm.
The amount of Noggin loaded on chitosan nanoparticles
was calculated based on formulas 1 and 2. The percent of
loaded Noggin was 22.6%, and the entrapment efficiency
was 75.3%.
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Fig. 3 a) Adhesion of hAECs cells on the Nanochitosan/PPy—Alg scaffold b) Magnified image of hAECs cells in the yellow circle area in Figure a

Release of Noggin from Noggin-loaded nanochitosan/PPy-
Alg scaffold

The release of Noggin from the engineered scaffold was
assessed for a duration of 12 days. The total amount of
Noggin released during this period was determined to be
28.5%. Within the initial four days, 15% of Noggin was
released, primarily attributed to the amount of Noggin
that was initially attached to the surface of nanochito-
san. Subsequently, the release process proceeded gradu-
ally over the following eight days, primarily influenced by
the quantity of proteins incorporated within the chitosan
nanoparticle matrix (Fig. 6).

Histology of the lesion site

The current study utilized the right hemisection spi-
nal cord lesion model (Fig. 7). Following the immedi-
ate creation of the lesion in the experimental groups,
the scaffold was transplanted into the T10-T11 region.
To determine the positioning of the scaffold within the
lesion site one week after transplantation, longitudi-
nal sections of the control lesion and scaffold-treated
samples were subjected to H&E staining. Macroscopic
(Fig. 7A) and microscopic (Fig. 7C) observations of the
lesion control group revealed an empty cavity devoid
of cells at the center of the lesion (Fig. 7C). In contrast,
the treatment group displayed a filled lesion cavity with
the scaffold (Fig. 7B), forming a rostrocaudal connect-
ing bridge across the lesion (Fig. 7D). Furthermore, the
scaffold exhibited strong cohesion with the surrounding

native tissue, and no scarring was observed in the trans-
planted group featuring an intermediate scaffold.

Motor behavior assessment (BBB)

To evaluate the therapeutic effect of nanochitosan/PPy—
Alg conductive scaffold, animals grafted with nanochi-
tosan/PPy—Alg scaffold (with and without hAECs and/
or Noggin) were analyzed through BBB motor scor-
ing once a week. All animals had normal motor func-
tions before inducing SCI (BBB=21). The right lateral
hemisection spinal cord lesion model was created that
caused paralysis in the right hind limb in all experimental
groups. Immediately after the injury, all groups showed
similar BBB scores in which the right posterior limb mus-
cle strength decreased from 21 to 0, causing ipsilateral
paralysis of the hind limb. During the four-week evalu-
ation period, the mice in all groups demonstrated grad-
ual improvement in their BBB scores. However, a more
peominent therapeutic effect was observed after trans-
planting nanochitosan/PPy-Alg scaffolds combined with
hAECs and Nogging throughout the assessment dura-
tion. This indicates a substantial enhancement in motor
function for the hind limbs, signifying a better improve-
ment in the treated groups (Fig. 8). Significantly higher
BBB scores were observed in the rats treated with the
transplanted Noggin-loaded nanochitosan/PPy-Alg scaf-
fold combined with hAECs (14+1.43, **P<0.01) com-
pared to those in the scaffold alone, hAECs alone, and
lesion groups after four weeks.
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Fig. 4 Real-time PCR of neural marker genes expression in hAECs on nanochitosan/PPy—Alg scaffold in vitro after 21 days. (A) Real-time PCR of FOX3
gene expression, (B) CALCA gene expression in experimental groups, (C) MBP gene expression in experimental groups, and (D) GFAP gene expression in
experimental groups (comparison was made with the control group, and data were presented as mean = SEM). *P <0.05, **P<0.01, **P < 0.001

Similarly, the group treated with the nanochito-
san/PPy-Alg scaffold combined with hAECs showed
improved BBB scores (13.5+0.7, **P<0.01) vs. SCI group.
Moreover, the rats treated with the Noggin-loaded nano-
chitosan/PPy-Alg scaffold alone also exhibited increased
BBB scores (12.5+0.51, *P<0.05) vs. SCI group. In con-
trast, the hAECs alone group achieved a BBB score of
10£+1.41, while the control group had a BBB score of
9.5+1.52 that showed no significant difference (Fig. 8).

Exploring the in vivo neural differentiation of hAECs

The expression level of human neuronal (Calca, Fox3),
oligodendrocyte (MBP), and astrocyte (GFAP) genes in
animal samples extracted from SCI after four weeks were
evaluated by RT-PCR. Considering RT-PCR findings, in
untreated SCI mice, the human Calca, Fox3, MBP, and
GFAP genes were not expressed. However, there was a
notable increase in FOX3, CALCA, and MBP expression
in the mice transplanted with Noggin-loaded scaffold

along with hAECs compared to the control group (hAECs
injected group). On the other hand, in both intervention
groups, the astrocytic GFAP gene expression level was
significantly lower, indicating a poor astrocytic pheno-
type in the improved SCI. (Fig. 9).

Immunofluorescence analysis of the inflammation responses
Inflammation impedes neural regeneration in the acute
phase of SCI. In this study, anti-inflammatory effects
and biocompatibility of nanochitosan/PPy—Alg scaffold,
Noggin, hAECs, and their combination were assessed
through assessing Ibal, a microglia/macrophage-specific
calcium-binding protein, seven days after SCI induction
(Supp Fig. 1). The IHC results showed that the Ibal lev-
els of two hAECs seeded scaffold transplanted groups
(with and without Noggin) were significantly decreased
(Fig. 10a).
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Fig. 6 The Noggin release profile from Noggin-loaded nanochitosan/
PPy—Alg scaffold

Immunofiuorescence analysis of the scar formation in SCI

Astrocytes constitute the primary component of the glial
scar that forms after SCI, potentially impeding the recov-
ery or regeneration process following the injury. This
study analyzed the staining density of reactive astrocytes
around the injury zone in grafted groups after four weeks.
The results showed that GFAP* astrocytes were present
around the injury area at the host/lesion boundary in

all SCI groups (Supp Fig. 2). The density of GFAP stain-
ing around the injury site in scaffold groups and scaffold
groups cultured with hAECs was significantly decreased
compared to the lesion group (*P<0.05). These findings
indicate that the nanochitosan/PPy-Alg scaffold, Noggin,
hAECs, and their combination transplantation signifi-
cantly reduced the number of GFAP* astrocytes within
the SCI lesions (Fig. 10b).

Immunofluorescence analysis of the nerve density in SCI

In order to evaluate the therapeutic effects of nanochito-
san/PPy—Alg scaffold, Noggin, and hAECs on regenera-
tion and sprouting of damaged nerve cells and axons in
acute SCI, the density of nerve fibers was analyzed by
immunofluorescence staining analysis of p-tubulin III
(Supp Fig. 3) and MBP (Supp Fig. 4) at the lesion site. The
results showed scaffold transplantation induced more
nerve fibers in the lesion site four weeks after transplan-
tation. Also, we observed a significant increase in nerve
fibers density in the Noggin-loaded scaffold with the
hAECs group compared to the nanochitosan/PPy—Alg
scaffold group with hAECs that shows Noggin induced
more prominent increase in p-tubulin+nerve fibers
density (Fig. 10c). In addition, B-tubulin-positive nerve
fibers have extended and grown toward the scaffold. The
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Fig. 7 Both the lesion group and the scaffold-treated lesion group were examined using macroscopic and microscopic images to assess the injured
spinal cord. A) The macroscopic picture illustrates the injured spinal cord without any treatment, displaying the extent of the injury (Control). B) The
macroscopic image depicts the injured spinal cord with the scaffold positioned at the injury site, demonstrating the application of the scaffold for
treatment (Treatment). C) A microscopic image obtained from H&E staining reveals the gap formed at the injury site in the lesion group (Control). D) A
microscopic image resulting from H&E staining displays the successful placement of the scaffold at the injury site in the lesion group that underwent

scaffold transplantation (Treatment).

increase in cellular penetration in the scaffold-treated
groups was associated with a significant increase in the
density of nerve fibers determined by p-tubulin-stained
fibers.

The remyelination of nerve fibers was observed by pos-
itive staining of MBP as a structural component of myelin
exclusively expressed by mature oligodendrocytes. The
evaluation showed that four weeks after the transplan-
tation, more MBP-positive immunofluorescence fibers
presented in all grafted groups except the Noggin-loaded
scaffold without hAECs (Fig. 10d). Besides, the density of
MBP nerve fibers was significantly increased in the Nog-
gin-loaded scaffold with hAECs group compared to the
nanochitosan/PPy—Alg scaffold group with hAECs which

showed the possible effect of Noggin on the remyelin-
ation of nerve fibers.

Discussion

Neurodegenerative diseases such as SCI result from func-
tion loss of CNS cells in the brain or spinal cord. Along
with the negligible ability of neurons to repair them-
selves during self-repairment, the survival and growth
of these cells are reduced due to glial scar formation.
Therefore, the reconstruction of the central nervous sys-
tem has many challenges [25, 26]. Destruction of nerve
cells, demyelination, and glial scar formation are destruc-
tive processes after SCI. Recently, several therapeutic
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Fig. 8 The BBB movement scoring diagram was employed to assess the
scores in various weeks following SCI. Throughout the four-week evalu-
ation period, all groups of mice showed gradual improvement in their
BBB scores. However, the groups that received the combination of hAECs,
nanochitosan/PPy-Alg scaffolds and Noggin demonstrated a more pro-
nounced therapeutic effect throughout the entire assessment duration

approaches based on the use of stem cells from various
origins have been studied in the treatment of SCI.

The amniotic membrane is enriched with multipo-
tent stem cells, including hAECs. It has been shown that
hAECs are suitable for cell therapy in CNS injuries due to
minor immune system rejection, low tumorigenicity, and
differentiation capacity to nervous system cells. hAECs
can express neuronal and neuroglia cell phenotypes such
as MAP-2 and GFAP and neural stem cell markers such
as nestin and musashi-1 [27, 28]. Thus, hAECs are poten-
tial candidates for regenerating the injured spinal cord.
In this context, a study by WU Zhi-yuan et al. revealed
that transplanted hAECs exhibited excellent survival in
the injured neural tissue even after eight weeks. Notably,
the transplantation process led to the filling of the lesion
site without forming cysts or scars, which holds signifi-
cant importance in promoting axonal regeneration in the
CNS [28].

However, cell-based therapeutic methods yield minor
functional improvements due to the lack of structural
and biochemical frameworks for guiding, protecting, and
stimulating the regrowth of axons in the damaged area.
Scaffolds provide a suitable platform for cell transplan-
tation to the lesion site or the simultaneous delivery of
neurotrophic factors, as well as structural and chemical
support for the regrowth of axons. However, there is a
need to design scaffolds with appropriate mechanical
properties and porosity to allow the regrowth of guided
axons across the lesion [29]. In the current study, for
the first time, we evaluated the neural differentiation of
hAECs on a newly designed nanochitosan/PPy—Alg con-
ductive scaffold. Besides, we developed a drug delivery
system for Noggin in order to investigate the simultane-
ous effect of scaffold and Noggin, a nerve regeneration
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factor, on neuron regeneration inability and improving
the motor function of the hemisection SCI animal model.

The non-toxicity of PPy—Alg composite has been stud-
ied in various studies [30, 31]. Besides, it has also been
shown that combining chitosan with PPy—Alg compos-
ite provides a suitable substrate for interaction between
cultured cells and the external electric field [31]. Huang
et al. cultured various cells, including neurons, glial
cells derived from dorsal root ganglia, endothelial cells,
and mesenchymal cells on pyrrole-based scaffolds and
evaluated the activity level, survival, morphology, and
reproduction. They showed that pyrrole not only had
no adverse effect on these cells but also increased their
adhesion, proliferation, and activity [32]. In our study, the
assessment of hAECs viability in the scaffold showed that
nanochitosan/PPy—Alg scaffold did not reduce the viabil-
ity of hAECs and is biocompatible. In addition, adhesion
studies showed that hAECs were attached correctly and
distributed in the nanochitosan/PPy—Alg scaffold.

Another critical step in regenerating functional nerves
is reprogramming intracellular pathways to persuade
hAECs to differentiate into nervous system cells. Some
studies have revealed the pivotal role of BMP signaling in
neural development [17]. Recently, we studied the impact
of inhibiting BMP signaling using its antagonist, Noggin,
on the neural differentiation of hAECs. The results dem-
onstrated a notable increase in the expression of neuro-
nal markers, specifically MAP2 and p-tubulin, indicating
a significant enhancement in the process of neural dif-
ferentiation [18]. As a novelty, our study demonstrated
that hAECs cultured on nanochitosan/PPy—Alg scaffold,
exposed to Noggin, expressed all three subtypes of ner-
vous system cells, including neurons (FOX3, Calca), oli-
godendrocytes (MBP), and astrocytes (GFAP) during 21
days. In other words, this scaffold can differentiate cells
into neural lineage due to its exclusive electrical and
chemical properties.

In order to optimize the differentiation of the hAECs
on the nanochitosan/PPy—Alg scaffold and develop effec-
tive nervous tissue in vivo, it is necessary to maintain
sufficient amounts of differentiation factors, including
Noggin, inside the scaffolds. Covalent binding to scaf-
fold materials is one of the most commonly used meth-
ods for combining growth factors and scaffold molecules
[33-35]. Since the study aimed to simultaneously inves-
tigate the potential effect of Noggin nerve growth factor
and nanochitosan/PPy—Alg conductive scaffold in the
healing of SCI, the interaction of nanochitosan particles
as a scaffold component with the active site of Noggin
protein was investigated using molecular simulation. Our
bioinformatics evaluation indicated that the interactions
of OH and NH3 groups of chitosan with Glu, Cys, Lys,
Ser, and Trp amino acids of Noggin via hydrogen bond-
ings caused proper stability in the Noggin active sites.
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Fig. 9 Real-time PCR of neural marker genes expression after transplantation in vivo. (A) the expression level of FOX3 gene, (B) CALCA gene expression
level, (C) MBP gene expression level, and (D) GFAP gene expression (comparison was made with the control group). ***P <0.001 SCI: Spinal cord injury;

AECs: Amniotic epithelial cells

Besides, Noggin was released slowly during 12 days from
the scaffold, which was desirable considering the goal set
for the slow release of Noggin over a long period in the
body.

After transplantation of our regenerative system into
the injured spinal cord, the macroscopic and microscopic
results (H&E staining) showed that the scaffold was bio-
compatible with the host spinal cord tissue. The scaffold
was adequately integrated with the spinal cord and filled
the wound gap. Besides, neither scar tissues nor cystic
cavities were observed. We noticed that our regenerative
system improved the motor function of hemisected SCI
animals in all tested weeks (1, 2, 3, 4) more than other
SCI groups. This observation could be attributed to the

potential protective effects of Noggin and hAECs on the
preservation of remaining neurons at the lesion site, as
well as the possible differentiation of hAECs into neurons
and oligodendrocytes via Noggin differentiative effects.
In order to shed light on the underlying mechanisms
of motor function improvement, we evaluated the altera-
tion of cells and microenvironment patterns in the dam-
age site. The gene expression pattern analysis revealed
notable changes in the differentiation of hAECs when
cultured on the nanochitosan/PPy—Alg scaffold supple-
mented with Noggin in vivo. Specifically, there was a
significant increase in the differentiation of hAECs into
neurons and oligodendrocytes at the lesion site. In con-
trast, the differentiation of these cells into astrocytes was
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Fig. 10 Expression of specific neural and immune markers. Immunohistochemical analysis on longitudinal spinal cord sections in grafted spinal cords,
stained for Iba1, GFAP, tubulin, MBP was evaluated by Image J software showed: a) significant decrease in Ibal expression level within the SCl lesion, b)
reduction in the number of GFAP* astrocytes within the SCl lesions, ¢) significant increase in the density of nerve fibers within the SCl lesions, d) significant
increase in the density of nerve fibers within the SCl lesions. *P<0.05 SCI: Spinal cord injury; AECs: Amniotic epithelial cells

reduced. This indicates that the presence of the PPy—Alg
scaffold and Noggin played a role in limiting the differen-
tiation of hAECs into astrocytes. The combination of the
scaffold and Noggin appears to have directed the differ-
entiation process towards neurons and oligodendrocytes
instead, potentially contributing to the overall neural
repair and regenerative outcomes observed in the study.
Previous studies have shown that the expression of BMP4
increased in the acute phase of SCI, which limited neu-
ronal and oligodendrocyte differentiation of transplanted
cells and encouraged differentiation into astrocytes [36,
37].

Regulating immune reactions may be crucial as another
possible therapeutic mechanism of our regenerative sys-
tem. It has been suggested that leukocytes, especially T
lymphocytes, and macrophages, infiltrating the injured
spinal cord are directly involved in the pathogenesis

and progression of SCI. In addition, some inflammatory
processes, such as the production of cytokines, proteo-
lytic enzymes, and oxidative metabolites, aggravate the
injury [38]. Therefore, controlling inflammation promises
to improve the recovery of SCI after the destruction of
the spinal cord structure [39]. Considering that a dam-
aged blood-brain barrier during the SCI process prone
the spinal cord to leukocyte infiltration and inflamma-
tion, reconstructing or mimicking the function of the
blood-brain barrier would enhance spinal cord regenera-
tion [40]. In this regard, we showed that this regenerative
system consisting of hAECs, Noggin, and nanochitosan/
PPy—Alg scaffold reduced Ibal* cells (microglia and
macrophages of peripheral origin) in the lesion site. The
scaffold seemed to create a mechanical barrier that pre-
vented immune cells and fibroblast infiltration into the
lesion site. This mechanical blockage led to the reduction
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of inflammatory responses and subsequently reduced
the formation of scar tissue in the spinal cord. Besides,
several studies have reported that hAECs possess the
ability to modulate the immune system response by mod-
ifying the expression pattern of inflammatory cytokines
through paracrine signaling or direct cell contact. hAECs
release certain small molecules, such as IL-10 and pros-
taglandin E2 (PGE2), which play a crucial role in modu-
lating inflammatory cells responsible for inflammation
[41-43]. Additionally, hAECs can alter the polarization of
macrophages, shifting them from the pro-inflammatory
M1 phenotype to the anti-inflammatory M2 phenotype,
which is associated with tissue repair and regeneration
[44]. Moreover, hAECs express HLA-G, a non-classi-
cal HLA molecule, which helps regulate the immune
response by promoting the expansion of regulatory T
cells (Tregs) and inhibiting the activation of natural killer
(NK) cells and dendritic cells [45]. This ability to modu-
late both innate and adaptive immune responses high-
lights the potential of hAECs to control inflammation
and promote immune tolerance in pathological condi-
tions characterized by immune dysregulation, such as in
SCI. Considering the immunomodulatory roles of hAECs
and Noggin, suppressing the inflammation may be attrib-
uted to the cooperation of the nanochitosan/ PPy-Alg
scaffold, Noggin, and hAECs [10, 46].

Inhibitiong glial scar tissue formation as an additional
potential therapeutic mechanism of our regenerative
system induces successful tissue repair [47]. The combi-
nation of Nanochitosan/PPy—Alg scaffold, Noggin, and
hAECs reduced the accumulation of GFAP* astrocytes
at the border of the SCI lesion. Thus, astrocyte reduction
increases the ability of axons to extend to the lesion site
by diminishing inhibitory signals.

As the final evaluated mechanism, the primary objec-
tive in healing SCI is to promote the regeneration of
damaged axons and guide them to reconnect with the
pre-existing nerve cells at the lesion site. This process is
critical for restoring neural connectivity and function in
the injured spinal cord [48]. After four weeks, the com-
bined action of Nanochitosan/PPy-Alg scaffold, Noggin,
and hAECs resulted in enhanced proliferation of host
cells and repair of axons at the injury site. Fibers were
observed to grow towards the scaffolds. The viability of
transplanted hAECs was assessed using DII staining,
confirming that these cells could survive and exert their
therapeutic effects for up to four weeks after transplan-
tation. Furthermore, after transplantation, the scaffold
showed the expression of neural (B-tubulin) and remy-
elination (MBP) markers, indicating the differentiation
of the transplanted cells into neurons. Therefore, we
showed that our drug delivery system supported neural
tissue regeneration by increasing hAECs viability in the
damaged area, providing a suitable bridge for guided
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axonal growth, corporating and sustain releasing of Nog-
gin neural growth factor in the injured area, and modu-
lating immune reaction resulting in lower scar formation
and subsequently enhanced nerve fiber regeneration. A
schematic summarizing the regenerative system compo-
nents, preparation, and their proposed mechanisms of
action is shown in Fig. 11.

There have been limitations in this study that need to
be acknowledged. Animal models of SCI do not fully rep-
licate the complex pathology of human SCI, particularly
regarding the variability in injury severity and recov-
ery potential [49]. In our study, potential variability may
have arisen from factors such as differences in the preci-
sion of injury induction, individual biological responses
among the rats, scaffold fixation in lesion site, variations
in postoperative care. To minimize this variability, we
standardized the injury induction process by employing
a consistent hemisection protocol at the T10-T11 spinal
level, performed by the same individual across all sub-
jects. The day after surgery, the models with 0 BBB score
for right lower extremity were included in the study to
better represent SCI model [50, 51]. To efficiently fix the
scaffold in the lesion site we used animal fascia which
led to better outcome. These steps were taken to reduce
inconsistencies and enhance the reliability of our data,
but we acknowledge that inherent biological variability
remains a limitation of the SCI model.

While this study provides promising evidence for the
therapeutic effects of the nanochitosan/polypyrrole-
alginate scaffold loaded with Noggin and hAECs, sev-
eral factors warrant further investigation. For instance,
longer-term animal studies are necessary to assess the
durability and long-term efficacy of the treatment, espe-
cially in terms of functional recovery, tissue regeneration,
and the prevention of long-term complications such as
fibrosis or secondary injury. Additionally, larger sample
sizes would help to strengthen the statistical power of
the findings, reduce the potential for bias, and ensure
that observed effects are consistently reproducible across
a broader population. Finally, clinical translation should
be considered, where the application of this therapeutic
strategy in larger, more diverse cohorts and under vary-
ing conditions would further validate the results and pro-
vide insights into its potential application in human SCI
treatments.

Conclusion

This study demonstrated the suitability of the nanochi-
tosan/PPy-Alg scaffold for facilitating the attachment
and differentiation of hAECs into various types of ner-
vous system cells, including neurons, oligodendrocytes,
and astrocytes. Animal investigations further revealed
that the grafting of nanochitosan/PPy-Alg scaffold, along
with Noggin-loaded nanochitosan/PPy-Alg scaffold and
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reduced scarring and enhanced neuroprotection and tissue regeneration by inhibiting BMP-mediated fibrosis. hAECs differentiated into neural cells,
promoting tissue repair and regeneration. The system reduced inflammation and glial scarring, allowing better neural fiber regeneration. The combined
effects led to improved motor function through enhanced neural network formation and functional recovery post-injury (designed by Biorender)

hAECs, exhibited several positive effects. These effects
included the reduction of inflammation and glial scar-
ring at the lesion site, promoting neural regeneration and
remyelination. The hAECs cultured on the nanochitosan/
PPy-Alg scaffold demonstrated long-term survival with-
out provoking immune system rejection at the lesion site.
Moreover, they induced axonal regeneration and sprout-
ing, leading to improvements in motor functions of the

hind limb through the release of neurotrophins. Overall,
these findings suggest that the transplantation of Nog-
gin-loaded PPy-Alg conductive scaffolds cultured with
hAECs presents a novel approach in regenerative medi-
cine and holds potential as a therapeutic strategy for SCL
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