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a b s t r a c t

Different therapeutic strategies have been designed and developed for the repair and regeneration of
peripheral nerve injury (PNI) tissue as a result of advancements in tissue engineering and regenerative
medicine. Due to its versatility, controlled delivery and administration of multifunctional therapeutic
agents can be regarded of as an effective strategy in treating nerve injury. In this study, melatonin (Mel)
molecules and recombinant human nerve growth factor (rhNGF) were loaded on the surface and in the
core of polycaprolactone/chitosan (PCL/CS) blended nanofibrous scaffold. To simulate the in vivo
microenvironment, a dual-delivery three-dimensional (3-D) nanofibrous matrix was developed and the
in vitro neural development of stem cell differentiation process was systematically examined. The
microscopic technique with acridine orange and ethidium bromide (AO/EB) fluorescence staining
method was used to establish the adipose-derived stem cells (ADSCs) differentiation and cellecell
communications, which demonstrated that the effective differentiation of the ADSCs with nanofibrous
matrix. As investigated observations, ADSCs differentiation was further evident through cell migration
assay and gene expression analysis. According to the biocompatibility analysis, the nanofibrous matrix
did not trigger any adverse immunological reactions. Based on these characteristics, a 5-week in vivo
investigation examined the potential of the developed nanofibrous matrix in the regeneration of sciatic
nerve of rats. Additionally, compared to the negative control group, the electrophysiological and walking
track analyses demonstrated improved sciatic nerve regeneration. This study demonstrates the nano-
fibrous matrix's ability to regenerate peripheral nerves.
© 2023, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

The condition of PNI is a typical medical complication that
frequently causes prolonged deterioration of motor and sensory
actions and possibly leads to permanent disability by interfering
with the brain's capacity to communicate with specific muscles and
organs [1,2]. End-to-end microsurgery is typically accepted as a
successful therapeutic option for PNI with a small defect gap
(<5 mm). Nevertheless, for chronic PNI with a big defect gap
(>5 mm), the body's ability to regenerate itself is severely con-
strained, and an effective form of implant is required to bridge the
se Society for Regenerative

ative Medicine. Production and ho
nerve gap in order to stimulate axonal regrowth function and
functional recovery [3]. The potential implants containing regen-
erative components like cells and an extracellular matrix in their
microenvironment could provide favourable regeneration effi-
ciency to nerve regeneration, autografting, a typical treatment for
peripheral nerve injury, demonstrates a high therapeutic impact in
the tissue engineering applications [4]. Due to the limited avail-
ability of donors and the potential benefit of neuromas at the site
where the donor tissue was removed, an alternate non-invasive
treatment is necessary [5].

The utilization of nerve guidance conduits (NGCs) as an alter-
native therapy for the regeneration of peripheral nerves has been
the subject of recent researches. An NGC combines the biological
and topological features of the scaffolding materials to create an
effective microenvironment for nerve repair while suppressing the
invasion of inflammatory tissues by enclosing the area of the nerve
sting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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defect with a tubular structure [6]. According to previous research,
topological signals from aligned nanofibers made as a framework
for the NGC by electro-spinning can regulate regenerative neurons
[7]. Instead, the majority of recent scientific researches are focused
on developing synthetic or natural polymer-based NGCs [8]. The
developed NGCmaterials are designed to protect the conditions for
nerve regeneration, control axon regeneration, retain nerve growth
factors (NGFs) in the area designated for wound healing, and
significantly resist the invasion of cells that might lead in scarring
[9]. The electrospun fiber-based NGCs have greatly attracted the
significant attention among the reported systems because of their
porous structure walls and potential to show the uniaxially aligned
array fibers [10]. A topographical signal to guidance of aligned
nanofibers could significantly promote axonal extension during
regeneration [11]. Furthermore, the nanofiber conduit can easily
integrate with bioactive molecules like growth factors. Peripheral
nerve regeneration has been improved by the sustained release of
these effectors from the conduit [12].

Growth factors have been found to be particularly effective at
accelerating the angiogenesis and neurogenesis of scaffolds. Nerve
growth factor (NGF) is an extensively used growth factor type to
promote neuronal differentiation [13]. For the majority, NGF has
indeed been encapsulated or introduced to culture medium
together with other tissue-engineering scaffolds to influence neural
tissue repair [14]. For a controlled release of the growth factor from
the matrix, Lee et al. disclosed loaded NGF in a fibrin matrix [15].
The axonal growth of the neural cells was greatly improved in a
dose-dependent manner when this matrix was used to bridge pe-
ripheral nerve deficits [16]. In a different investigation, NGF was
made physically immobile on cover slips to encourage the growth
of pheochromocytoma cells [17]. The potential choice to be used as
biological elements in a nerve conduit is adipose-derived stem cells
(ADSCs). Because differentiation of ADSCs promisingly secrete
growth factors, help to form myelin, and significantly improve
nerve repair, which were therapeutically employed to stimulate
nerve tissue repair [18]. Neural stem cells (NSCs) are type of stem
cells that could effectively develop into neurons or glial cells [19].
The recent reports stated that many complications of acute pe-
ripheral nerve injuries that are promisingly treated by NSC im-
plantation therapy. The brain is the main source of NSCs, which is
why neuroblastoma formation is related with a higher rate [2]. The
quantity of ADSCs obtained per unit of adipose tissue is substan-
tially larger than with other forms of stem cells, and ADSCs can be
obtained by common procedures like liposuction. Furthermore,
ADSCs can be converted into NSCs by mixing an appropriate me-
dium with equal amounts of epidermal growth factor (EGF) and
fibroblast growth factor (FGF) [20,21]. ADSCs have more potential
for differentiation and proliferation than other mesenchymal stem
cells [22]. The nanofibrous matrix must be used to completely fill
the nerve conduit in order to achieve a uniform distribution of cells
throughout the conduit and optimise the transmission of r-ADSCs.
The prepared nanofibrous matrix must have certain features
including maintaining the cells, not interfering with the axonal
growth channel into the conduit lumen, being consistent with cell
proliferation, and continuing to be alive [23]. The pineal gland is
responsible for the majority of the secretion of melatonin mole-
cules, an endogenous indoleamine hormone that plays a critical
role in the control of circadian rhythms. Importantly, the melatonin
molecules play a preventive effect in many biomedical therapies
including myocardial infarction, hypertension, diabetic cardiomy-
opathy, and heart failure. Melatonin's anti-inflammatory, anti-
oxidative, and anti-apoptotic qualities are responsible for its posi-
tive benefits on disorders and regenerative therapies [24,25].

In the present investigation, we designed and constructed a
blended CS/PCL nano-fibrous scaffolds for rat sciatic nerve
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regeneration. The hydrogel patterning procedure was used to
connect the different layers that made up the blended nanofibrous
scaffolds. Importantly, blended CS/PCL biodegradation rates pro-
vided the controlled release of multiple growth factors in a variety
of patterns that provided spatiotemporal biochemical cues. After
being covered with rhNGF containing melatonin and encapsulated
on the inner surfaces of blended nanofibrous nerve conduits, the
electrospun nanofiber materials were transformed into nerve
conduits. Then, r-ADSCs were injected into a nanofibrous conduit
that had been implanted in a transected sciatic nerve rat model
while being loadedwith fibrin gel. In vivo studies, such as behaviour
and attitude and biological tests, were performed in order to
demonstrate the successful regeneration of neural tissue at the site
of the injured sciatic nerve. This was done after it was confirmed
that the multi-layered scaffolds had been successfully constructed
and had the capability to regulate the release behavior of multiple
growth factors.

2. Materials and methods

2.1. Preparation of PCL/chitosan blended solution for nanofibrous
scaffolds

A PCL solution (10 wt%) was made by dissolving bare PCL
(MW ¼ 80,000; Sigma Aldrich, USA) in 2,2,2,-trifluoroethanol, and
then 5wt% of chitosan powder (85% deacetylated, Sigma Aldrich, St.
Louis, MO) dissolved in trifluoroacetic acid to prepare CS solution.
Chitosan and PCL solutions were blended in a 40:60 ratio and
vortexed to create a functional PCL-CS blended solution just before
electrospinning. This solution ratio has previously been optimised
and shown to yield homogenous nanofibers that are stable in both
cell culture medium and aqueous solutions. The chitosan and PCL
solutions were diluted to 1 and 1.7 wt%, respectively, for spin-
coating of the 2-D films, and blended at a ratio of 40:60.

2.2. Fabrication of melatonin and rhNGF loaded blended PCL-CS
nanofibers

The disposable syringe (3 mL size) with a 0.5 mm diameter tip
was takenwith about 2mL of the prepared chitosan-PCL solution to
fabricate electrospinning nanofibers. Setting the syringe's tilt angle
allowed the solution to be supplied by gravity. The syringe tip was
placed in 20 cm away from a fiber-collecting disc and 25 cm from
the horizontal area. The solution was charged at a voltage of 22 kV.
For the objective of collecting randomly oriented and aligned
nanofibers, respectively, the PCL/CS solution was spinning towards
either a 200 rpm revolving grounded drum or two connected
consecutive electrodes. Spin-coating the diluted PCL-CS solution at
1000 rpm for 1 min on a coverslip with a 10 mm diameter formed
2-D PCL-CS nanofibrous films. To fabricate Mel molecules and
rhNGF loaded nanofibrous scaffolds, 1 mL of rhNGF (10 mg/mL) and
Mel in PBS mediumwas blended with PCL/CS solution. The samples
were neutralised with ammonium hydroxide (14%) for 5 min, then
thoroughly rinsed with DI water to eliminate any remaining acids
from the PCL-CS solution base. Prior to cell seeding, the scaffolds
were sterilised by immersing in ethanol (100%) for at least 1 h and
then being rinsed with DI water.

2.3. Characterization of blended nanofibers

The scanning electron microscope (SEM) was used to examine
themorphology of the prepared PCL-CS nanofibrous scaffolds. Prior
to morphological imaging with a JEOL 7000F SEM (JEOL Ltd., Japan)
at an accelerating voltage of 5e10 kV, the samples were sputter-
coated with gold for 30 s at 18 mA. The nanofibrous diameter
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size of the 2-D nanofibers was measured for 100 number of indi-
vidual fibers using ImageJ software. A versatile uniaxial nanoscale
tensile tester that was created in our laboratory was used to assess
the tensile characteristics of prepared PCL-CS nanofibers. PCL-CS
nano-fiber specimens (10 mm gauge length, 3 mm width) were
placed into spring-loaded grips that had surfaces made of fine grit
sandpaper, and then the specimens were secured with glue in
preparation for tensile tests. The tests were run to fracture at room
temperature (25 �C) with the strain rate set to 100 nm/min. Each
sample's thickness was determined using SEM at five separate
places, and the mean value was used to calculate the stress.

2.4. Study of encapsulation efficiency of rhNGF in blended
nanofibers

According on the dissolution of PCL-CS scaffolds encapsulating
rhNGF in a 1 mL dichloromethane/PBS (1:1) solution with nano-
fibrous scaffolds (20 mg) and experiments performed in triplicate,
the rhNGF loading level and encapsulation efficiency in the PCL-CS
nanofibers were evaluated. Phase transfer would result from this,
moving the CS and NGF to the aqueous phase while the PCL moved
to the organic phase. After being vortexed for 1 min, the mixture
was centrifuged at 7000 rpm for 10 min. After separation, the su-
pernatant was taken out and put through an analysis utilising an
NGF ELISA kit and the Bio-Rad assay kit. Triplicate tests were per-
formed on each sample. The ratio of rhNGF loaded, estimated from
the supernatant, to the total rhNGF supplied to the PCL-CS during
scaffold construction was used to calculate the entrapment
efficiency.

2.5. In vitro release analysis of rhNGF

The rhNGF@PCL-CS nanofibers were split into small (1 � 1 cm)
pieces, added to 1 mL of serum-free RPMI medium culture sup-
plemented with fungizone (0.01%) and penicillin-streptomycin
(1%), and then placed on 24-well plates in a water bath under
suitable physiological conditions (37 �C). At the pre-set time points
(days 1, 4, 7, 14, 21, and 28), release samples were collected,
replaced with new medium, and kept at �20 �C until they were
required for quantification using an ELISA or PC12 bioassay, in
accordance with Aebischer et al [28]. All samples that were ob-
tained and examined underwent statistical significance testing
before being reported as mean standard deviation.

2.6. Isolation and expansion of rat ADSCs

All animal-related investigations were carried out in compliance
with Isfahan University of Medical Sciences' animal ethics com-
mittee's approval and the National Institutes of Health's Guide for
the Care and Use of Laboratory Animals. The isolated tissue from
SpragueeDawley (SD) rats was transported to the cell culture lab
on ice under sterile settings. Briefly, the inguinal region's adipose
tissue was divided into tiny pieces, treated with collagenase type I
(0.075%), and agitated for 40 min at suitable condition (37 �C). Each
tube of DMEM/F12 (Gibco, USA) medium containing 10% foetal
bovine serum (FBS) received the consequent to neutralising
enzyme activity. The top layer of fat tissue and the supernatant
were removed following centrifugation at 1400 rpm for 10min. The
cell pellet was put into culture flasks with DMEM and 10% FBS
before being placed in an incubator with 5% CO2, 37 �C, and satu-
rated humidity. The media were changed after three to four days,
and the cells were sub-cultured until passage four. In this experi-
ment, r-ADSCs, which were obtained from passage 3e4, were used
in complete protocol.
182
2.7. In vitro cell compatibility and cell proliferation analysis

The cell survival ability of the PCL-CS NFs, rhNGF@NFs, and
rhNGF-Mel@NFs samples was assessed using isolated ADSCs. PCL-
CS NFs are considered as a control group. The ADSCs cells were
cultivated at 37 �C and 5% CO2 in DMEM/F12 with FBS (10%),
penicillin (5%). Using PBS and trypsin/EDTA, ADSCs cells were sub-
cultured every two days until they reached confluence before being
employed in the experiment between passages five and ten. The
nanofibrous scaffolds were inserted in 6-well plates and disinfected
with 70% ethanol before being used to culture the cells on them.
Using an MTT assay, a colorimetric assay that gauges the activity of
enzymes that convert MTT to formazan dyes, which give purple
colours, the scaffolds' in vitro biocompatibility was examined. The
manufacturer's protocol for the MTT assay was followed. In spe-
cifics, a scaffold was seeded with 5 � 104 cells per scaffold, and the
scaffold was cultivated in a 6-well culture plate with 5% CO2 at
37 �C. The culture mediumwas removed on days 1, 3, 5, and 7 after
which theMTT reagent was added to thewells and incubated for an
hour. The MTT reagent was then removed, and each well received
DMSO. The plates were then agitated for 15 min. The spectropho-
tometric plate reader was used to calculate the optical density (OD)
at 570 nm. Live-dead cell staining (AO/EB) was done to examine the
cell proliferation on the nanofibers. After 1, 3 and 7 days of incu-
bation, the culture plate's cell media were discarded, and the live
cells were dyed using a liveedead cell staining kit in accordance
with the kit's instructions. The cells on the nanofibers were stained
and then examined with an Olympus fluorescence microscope
(CKX53). The fluorescence intensity was used to semi-
quantitatively calculate the number of cells.

The process for cell migration was performed as follows: The
upper compartment is filled with 0.1 mL (5 � 104 cells) of ADSCs,
which are then incubated there for 24 h at 37 �C. Non-migrated
cells were removed from the upper chamber using a cotton swab
and then washed in water. Migrated cells were then fixed in 4%
paraformaldehyde and stained for 10 min with crystal violet (0.1%).
Next, a bottom surface count was performed using an inverted
microscope. Each sample underwent the titration three times, with
the results being averaged. The treatment groups were concealed
from the researcher who carried out the cell counts.

2.8. Encapsulation of ADSCs on prepared NFs

The identical procedure as stated in the section 2.7 was used to
load ADSCs onto the rhNM@NFs. The cell density was increased to
2 � 105/mL to improve loading efficiency. Before use, the cells were
grown on the NFs for two days. The cells were stained with a
liveedead cell staining kit and seen under a fluorescence micro-
scope to study the cells on the NFs in a 2D image (CKX53, Olympus,
Japan).

2.9. Animal care and surgical protocol

The Institutional Animal Research Ethics Committee of Tongji
University granted its approval for this study, which was conducted
strictly in accordance with the guidelines outlined in the Associa-
tion for Assessment and Accreditation of Laboratory Animal Care
International's guideline. Adult SpragueeDawley (SD) rats (male:
280 ± 30 g) were employed in this study in following the estab-
lished protocols. The animal chamber was maintained at suitable
temperature conditions around 24 ± 3 �C with 40e60% humidity
and electronically illuminated from 8:00 a.m. to 8:00 p.m. Keta-
mine hydrochloride (1.15 mL/g) and xylazine hydrochloride (0.5 mL/
g) were used to anaesthetize the SD rats. Rats' left sciatic nerves
were exposed before being clamped for 10 s with a 100 g force
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micro clamp (jaw width ¼ 2 mm). The nanofibrous scaffold
(10 � 15 mm2) wrapped the damaged sciatic nerves. With the
scaffold, we bandaged the crushed nerve three times. The muscle
and skin were closed with a running suture made of polyglactin 3/
0 (Vicryl®) following the injury and scaffold implantation.

2.10. Histological observations

The animals were sacrificed with a high dose of pentobarbital
for histology investigation. At frequent intervals of 2, 4, 6, and 12
weeks, the implant was removed and preserved in PFA (4%) for
24 h. The dehydrated tissue sections were paraffin embedded, and
the proximal, middle, and distal segments were sliced into thin
slices measuring 10 m both longitudinally and transversely. To
explore the nerve anatomy, these sections were stained with H&E
staining afterwards deparaffinized and rehydrated.

2.11. Animal behaviour testing

Following sciatic nerve damage, all SD rats were exposed to a
sequence of behavioural assessments. When the left hindlimb lo-
comotor activity returned, it was viewed as evidence that the sciatic
nerve lesion had sufficiently healed and had regained its functional
capacity. This recovery was tracked by examining the free-walking
pattern, a technique that had been used in a prior study. In this
experiment, SD rats were put on a track that was 500 mm long,
100 mm wide, and ended in a dark box. The SD rats were then
permitted to walk after having a dark dye painted on the plantar
surface of their hind paws. The sciatic functional index (SFI) was
determined using the rat footprints. Three measurements were
made from the footprints: the print length (PL), which is the
measurement from the heel to the third toe, the toe spread (TS),
which is the measurement from the first to the fifth toe, and the toe
spread (ITS), which is the measurement from the second to the
fourth toe (ITS). The experimental (E) and normal (N) sides were
used to collect data for all threemeasurements. The equations were
changed to reflect the measured values, and the SFI values were
calculated (n ¼ 12). A basal pain sensitivity was assessed both
before and after the scaffolds were implanted as an extra behavior
investigation. On a raised wire grid, SD rats were positioned. The
plantar surface of the hind paw was stimulated with a set of von
Frey hairs to alleviate mechanical allodynia. In this investigation, a
dynamic plantar esthesiometer was used to quantify the mechan-
ical paw withdrawal threshold (PWT) (Ugo Basile, Varese, Italy).
The threshold was defined as the minimal force required to cause a
quick withdrawal reaction (1e50 g in 50 s). The mechanical stim-
ulus was automatically withheld when the rat retracted its hind
paw (n ¼ 12).

2.12. Statistical analysis

Using SPSS 23 statistical software (IBM, NY), the results of the
behavioural studies and quantitative analyses were statistically
assessed by one-way ANOVA. P < 0.05 was used to state as a sig-
nificant difference between groups, while P < 0.001 was used to
define a highly significant difference.

3. Results and discussion

During electrospinning process, a variety of factors affect fibre
morphology and diameter size. The nanofiber shape is significantly
influenced by the emulsion's composition and contents. The elec-
tric forces in the spinning process may cause some of the emulsion
droplets to fragment into smaller droplets if they are noticeably
elongated.When the solvent evaporates, the emulsion jet generates
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nanoscale fibers with integrated drug molecules and/or proteins.
Fig. 1 displays SEM microscopic images of the various electrospun
nanofiber scaffold types with different contents. The nanofibers are
homogeneous, have smooth surfaces, and have a fibrous structure
with no beads at the nanoscale. The PCL, PCL-MCS, and
rhNGF@PCL-MCS nanofiber scaffolds had fibre diameters in the
ranges of 160e240 nm, 180e260 nm, and 160e320 nm, respec-
tively (Fig. 1). This study demonstrates that pure PCL and PCL-MCS
nanofibers made using the same electrospinning method had
larger diameters than rhNGF-encapsulated PCL-MCS nanofibers.
Tensile tests were employed to evaluate the mechanical charac-
teristics of the electrospun fabricated PCL-MCS NFs and rhNGF-PCL-
MCS as shown in Fig. 2. The characteristic stressestrain graphs
(Fig. 2a) indicated that each sample of nanofibers acted similarly,
exhibiting linear elastic response followed by plastic distortion
until breakdown. Both the PCL-MCS NFs and rhNGF@PCL-MCS had
significantly higher Young's moduli (Fig. 2b) and ultimate tensile
strengths (Fig. 2c) than pure PCL nanofiber, but lower ultimate
stresses (Fig. 2d). This revealed that, because to the high rigidity
and high tensile strength of melatonin-loaded chitosan molecules,
the addition of Melatonin-CS enhanced the stiffness and strength of
as-prepared NFs but also partially lost the NFs' extensibility.
Additionally, we discovered that the addition of rhNGF significantly
boosted the PCL-ultimate MCS's strength while correspondingly
reducing its ultimate strain.

The percentage of rhNGF that was successfully encapsulated in
PCL and PCL-MCS nanofibers was 96.15% ± 2.30% and
70.45% ± 1.15%, respectively. The findings indicate that the blended
nano-fiber had a substantial impact on the efficiency of encapsu-
lation. More rhNGF were lost during the preparation of PCL nano-
fibers alone, which reduced the encapsulation effectiveness of bare
PCL nanofibers. The total content of encapsulated rhNGF in two
groups (PCL NFs and PCL-MCS NFs) all exhibited an obvious
improvement with the increasing in rhNGF reaction concentration
as shown in Fig. 3a. At the same concentration, the loading content
of PCL-MCS NFs group had substantially greater than PLC NFs
group. ELISA assay method was used to evaluate the cumulative
release patterns of rhNGF from PCL and PCL-MCS NFs at each time
point (Fig. 3b). It was observed that PCL NFs had released rhNGF in
bursts at a faster rate than PCL-MCS NFs within four days. The long-
term release profile demonstrated that as incubation days were
increased, the release of rhNGF for both NFs slowed until it reached
to a complete standstill. Within the first four days, about
32.13 ± 1.2% of rhNGF was rapidly released; after that, the release
kinetics slowed and came to a release rate at 55.20 ± 2.5% on the
tenth day. The release of rhNGF showed that a medication or pro-
tein might be successfully delivered over time using a porous and
nanofibrous morphological framework.

Fig. 4a illustrates cell compatibility behaviour by MTT assay
method, in which absorbance values are significantly proportional
to the number of viable cells introduced to the prepared samples,
was used to assess the in vitro biocompatibility of the fabricated
nanofibrous scaffolds. It is obvious that the ADSCs were effectively
viable and could proliferated when increasing incubation time
(days) in all nanofibrous scaffold groups. On developed PCL-MCS
nanofibrous matrix, more than 90% of ADSCs continued to viable
and migrated after 7, 14, and 21 days of in vitro culture. At days 1, 4,
7, 14, and 21, MTS assays were used to determine the proliferative
potential of ADSCs sown on various nanofibrous scaffolds. The
proliferation of ADSCs did not significantly change between the
first and fourth day, as seen in Fig. 4b. After 7 days of cell seeding,
ADSC proliferation on PCL-MCS NFs and NGF@PMCS NFs groups is
significantly efficient than that of the PCL NFs group. The prolifer-
ation of cells seeded on the PCL group was less than that in the
other three groups on days 14 and 21. Proliferation of ADSCs was



Fig. 1. The morphological observation (SEM images) of nanofibers as well as measurements of nanofibers size distribution of electrospun PCL NFs, PMCS NFs and rhNGF@PMCS NFs;
the scale bar is 2 mm.
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sown on NGF@PMCS NFs on day 21 is greatly higher than that of
other comparative groups. Meanwhile, transwell migration tech-
nique is used to evaluate how rhNGF influences ADSCs cell migra-
tion ability as exhibited in Fig. 5a. When rhNGF is added to
fabricated NFs, it can significantly increase the potential of ADSC
cells to migrate across nanofibrous membranes. When compared to
other NFs samples, the majority of these cells move through
nanofibrous membranes at rhNGF loaded PMCS NFs. However, as
demonstrated in Fig. 5b, without the addition of rhNGF, the ca-
pacity of ADSCs cells to migrate is gradually reduced. The current
findings agree with previous research [26]. The specialized pur-
poses of FDA approved PCL and chitosan, the biocompatible poly-
meric materials used in this study to fabricate nanofibrous scaffolds
for tissue engineering and drug delivery applications. The fabri-
cated PCL-MCS nanofibrous scaffold exhibited potential cell pro-
liferations during the first seven days of culture and was also
biocompatible as anticipated (Fig. 4a). Since it is well known that
the electrospun nano-fibrous framework accurately reflects the
extracellular matrix and facilitates the cell attachment, migration,
and proliferation of cells more effectively, the cells were planted on
and grew within the fibrous structure.

The quantitative technique (qRT-PCR) was used to evaluate the
gene expression of different nanofibrous scaffolds encapsulated
with ADSCs and rhNGF molecules, respectively. Fig. 6 displays the
gene expression levels for -actin, GFAP, MAP2, NSE and Tuj1 for 4, 7,
and 14 days. At 7 and 14 days, the PCL NFs group had significantly
lower expression levels of b-actin, GFAP, MAP2, and Tuj1 than the
other three groups. At day 14, the MAP2, NSE, and Tuj1 expression
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levels in the ADSCs/rhNGF@PCMS NFs group were significantly
greater than those in the rhNGF@PCMS NFs and PCMS NFs groups
as shown in Fig. 6. According to qRT-PCR results (Fig. 6), at three
separate time durations (7, 14 and 21 days), there were significant
changes in themRNA expression levels of the particular markers for
neuronal development. Although we did not quantify howmuch of
the bioactivity was lost due to the alteration, this finding clearly
indicated that the conjugated rhNGF and ADSCs demonstrated
good bioactivity on the nanofibrous scaffold. In addition to rhNGF,
which is frequently used to promote neuronal differentiation,
ADSCs have also been proven to promote neuritic development and
to promote neuroprotection. Since ADSCs further enhanced
rhNGF's ability to induce neuronal differentiation, the ADSCs/
rhNGF loaded nanofibrous group displayed statistically significant
greater expression levels of the markers for neuronal differentia-
tion than the other groups (Fig. 6).

We initially examined motor function in a rat injury model of
biceps femoris injury to the sciatic nerve to assess whether the local
delivery of rhNGF and ADSCs from the developed nanofibrous
scaffolds at the site of injury was efficient in regeneration of pe-
ripheral nerve injury. The sciatic functional index (SFI), a robust
approach to measure the restoration of foot muscle innervation,
was used to assess motor recovery following sciatic nerve damage.
Fig. 7a displays the SFI values for all four groups at 0, 1, 2, 3, and 5
weeks following the implantation of nanofibrous scaffolds. All
groups' SFI values increased over time. After twoweeks, the ADSCs/
rhNGF@PMCS NFs group and rhNGF@PMCS NFs had more superior
progressive improvements than the rhNGF and the control groups.



Fig. 2. Mechanical characterization of prepared nanofibrous scaffolds; (a) stressestrain behaviour, (b) young modulus, (c) ultimate strength and (d) ultimate strain.

Fig. 3. (A) rhNGF content of PCL NFs and PMCS NFs at different reaction concentration and (B) long term in vitro release of rhNGF form PCL NFs and PMCS NFs.
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At all points following implantation, it was determined that the
improvements in the ADSCs encapsulated NFs group's results
relative to the control and rhNGF groups were statistically signifi-
cant. Overall, there was a highly significant difference between the
ADSCs/rhNGF@PMCS NFs and the control and other groups in the
SFI values at weeks 4 and 5. There was a significant difference be-
tween the ADSCs/rhNGF@PMCS NFs and control groups for the
outcome after 5 weeks.

Subsequently, the pain signal induced by a touch stimulation
employing von Frey hairs was used to assess the sensory function.
As seen in Fig. 7b, all groups have seen an increase in ipsilateral
mechanical allodynia after injured sciatic nerve with implantation
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of developed nanofibrous scaffolds, and similar trends could be
seen with SFI data (Fig. 6a). After two weeks, the rhNGF@PMCS
NFs and control groups exhibited threshold values that were
considerably lower than the ADSCs/rhNGF@PMCS NFs. There was
no discernible difference between these two groups for any of the
testing times, despite the fact that the rhNGF@PMCS NFs group
likewise had greater values than the ADSCs encapsulated NFs
group. These two behavioural experiments revealed that the SCI
regeneration was not improved by the bare PCMS NFs without
simultaneous loading of rhNGF and ADSCs. Due to the more
consistent release of rhNGF and the bio-activity of ADSCs, PMCS
NFs have exponential activity at the same time and produced



Fig. 4. (A) Live/dead staining observations of ADSCs cultured on different nanofibrous scaffolds at different incubation period (7, 14 & 21 days) in vitro. AO/EB dual staining labelled
with cells to show green/red fluorescence to visualize live/dead cells. (B) In vitro cell viability of ADSCs treated with different nanofibers (PCL NFs, rhNGF, PCL-MCS NFs and
rhNGF@PCL-MCS NFs) at different incubation time from 1 to 21 days. Scale bars: 50 mm.

Fig. 6. Quantitative observations of the gene expression (b-actin, GFAP, MAP2, NSE and Tuj1) in ADSCs after seeded on developed nanofibrous scaffolds at different incubation time
(7 days, 14 days and 21 days). Data are expressed as mean ± SD (n ¼ 3).

Fig. 5. (A) The ADSCs migration ability after treated with PCL NFs, rhNGF, PCL-MCS NFs and rhNGF@PCL-MCS NFs observed by transwell migration assay and (B) quantitative
measurement of migrated cells through different nanofibers.
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substantially better results than the control. The quantitative
measurement of the motor recovery in regeneration of neural
tissue regeneration depends on the results of the behavioural
analysis [19]. Using the rat as a model animal, we examined
mechanical allodynia and SFI for 5 weeks in this investigation. To
186
examine the impact of controlled release ADSCs and rhNGF to the
wounded site, a recovery period of 5 weeks was chosen for the
adult rat model's sciatic nerve tissue regeneration. This recovery
period was chosen in agreement with the injured short gap
(2 mm) model. The SFI has been extensively utilized to evaluate



Fig. 8. The histopathological observation of injured sciatic nerve at 1 and 5 weeks after repair. The respective treated sample images of (A) H&E staining and MTS staining of
autograft, PCL NFs, PMCS NFs, rhNGF@PMCS NFs and ADSCs-rhNGF@PMCS NFs after transplanted for 1 and 5 weeks. Magnifications: 10�.

Fig. 7. (A) Sciatic functional index (compression injury) and mechanical allodynia measurement for the control, PMCS NFs, rhNGF@PMCS NFs and ADSCs-rhNGF@PMCS NFs groups
from 1 to 5 weeks period.
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the restoration of motor function as a result of the wounded
sciatic nerve's regeneration. Due to the animals' tendency to
attack their denervated hind limbs following sciatic nerve tran-
section, some previous researches do not advise using SFI for the
evaluation of motor function recovery [23]. We used a micro
clamp to damage the tissue rather than transecting the sciatic
nerve to reduce this concern. The release rate of growth factors
had a substantial impact on the neural tissue regeneration, as was
noted in the in vivo experiments above. The behaviour
187
experiments show that the PCL NFs and PCL/MCS NFs groups only
slightly improved the regeneration of the damaged sciatic nerve
in the absence of rhNGF and ADSCs. Conversely, the ADSCs/
rhNGF@PCMS NFs group, whose growth factor was delivered
gradually, had a much superior recovery than the bare nano-
fibrous groups in terms of both the SFI value and the mechanical
allodynia force. The ADSCs/rhNGF@PMCS NFs were much greater
than the rhNGF@PMCS group, as evidenced by the SFI result from
week 5 in particular.
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After weeks 1 and 5 of post-operation period, the histological
morphology changes in the various experimental groups were
assessed using H-E staining and Masson's trichrome (MTS) staining
methods under microscopic technique as shown in Fig. 8a and b.
The autograft group's nerve tissue displayed degradation of myelin
sheath and vacuoles in the nerve fibres at one month after post-
surgery. Sciatic nerve fibres with vacuoles and an unorganised
arrangement were present in the PCL NFs group. The PCL/MCS NFs
group, rhNGF@PMCS NFs group, and ADSCs/rhNGF@PMCS NFs
group all had better orderly arrangement and much less vacuola-
tion as compared to the PCL NFs group. In comparison to the PCL
and PCL/MCS NFs groups, there was higher cell infiltration in the
rhNGF@PMCS NFs group and the ADSCs/rhNGF@PMCS NFs group.
At three months after surgery, the autograft group's nerve tract and
architecture were uniformly normal, and fresh blood vessels were
also apparent. In the PCL NFs group, there were more inflammatory
cells visible in the spaces between the fibres, the myelin sheath was
arranged erratically, and the distribution of fibres was irregular. The
PMCS NFs group demonstrated more pronounced cell proliferation,
more homogeneous cell distribution, and more new blood vessel
creation as compared to the PCL NFs group. The distribution of
nerve fibres was much more uniform in the rhNGF@PMCS NFs
group than in the PMCS NFs group. The developed rhNGF@PMCS
NFs group excelled regeneration performance than the PCL NFs and
PCL-MCS NFS group in terms of ADSCs cell proliferation, cell dis-
tribution, the arrangement of nerve fibres, and the development of
new blood vessels. According to the results of H&E (Fig. 8a) and
MTS (Fig. 8b) staining on slices of the gastrocnemius muscle, the
ADSCs/rhNGF@PMCS NFs group had the highest healing outcomes
at three months of post-operation period. The H&E staining
(Fig. 8a) revealed that the ADSCs/rhNGF@PMCS NFs group had the
most vasculature at 5 weeks compared to the other groups. The
nerve conduit nanofibrous scaffolds' vascularity can provide the
ideal milieu for distributing nutrition, oxygen, and a number of
neurotrophic agents for nerve regeneration [27]. In addition to
angiogenesis, neural stem cells' migratory responses in the rhNGF-
releasing nanofibrous scaffolds were also seen during the process of
nerve regeneration. Additionally, the ADSCs/rhNGF@PMCS NFs
group's results were similar to those of the autograft group ac-
cording to the MTS stain of the gastrocnemius muscle. The nano-
fibrous scaffold with rhNGF encapsulation could regulate the
proliferation and neural differentiation of ADSCs in vitro, fulfilling
the requirement of blood vessel formation and nerve regeneration
in vivo, according to the in vitro and in vivo experiments as well as
the thorough evaluation.

4. Conclusion

The present study established a facile technique for adminis-
tering rhNGF to PCL/MCS nanofibrous scaffolds. Melatonin mole-
cules were added to the electrospinning solution in a way that
increased substantially the biocompatibility of the released rhNGF.
For up to 28 days, the bioactivity of rhNGF was properly main-
tained. The current approach could encourage axon elongation and
enhance functional recovery of the rat sciatic nerve by combining
rhNGF, ADSCs, and bioactive nanofibrous materials. The nano-
fibrous nerve conduits have the ability to be employed as a thera-
peutic material for peripheral nerve injury even though the
regeneration efficacy is really only substantially equivalent to
autograft.
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