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Abstract
Motor and sensory recovery following critical size peripheral nerve defects is often incomplete. Although nerve grafting has been
proposed as the gold standard, it is associated with several disadvantages. Here we report a novel approach to peripheral nerve
repair using Human Unrestricted Somatic Stem Cells (USSC) delivered through an electrospun neural guidance conduit.
Conduits were produced from PCL and gelatin blend. Several in vitro methods were utilized to investigate the conduit’s
physicochemical and biological characteristics. Nerve regeneration was studied across a 10-mm sciatic nerve gap in Wistar rats.
For functional analysis, the conduits were seeded with 3 × 104 USSCs and implanted into a 10-mm sciatic nerve defect. After
14 weeks, the results of functional recovery analysis and histopathological examinations showed that animals implanted with
USSC containing conduits exhibited improved functional and histopathological recovery which was more close to the autograft
group compared to other groups. Our results support the potential applicability of USSCs to treat peripheral nerve injury in the
clinic.
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Introduction

Peripheral nerve injuries cause pain and significant disability in
many affected patients (Miller et al. 2016). For peripheral
nerve damages that result in critical size defects, nerve grafting
is performed as the gold standard of treatment. However, this
treatment option has several disadvantages such as limited har-
vestable nerve, the donor site damage, and the necessity for

multiple surgeries (Gao et al. 2016). Allograft is another treat-
ment modality; however, the risk of transmittable diseases and
immune rejection are unsolved issues (Kehoe et al. 2012).
Therefore, alternative strategies are highly demanded.

One of the potential strategies to improve peripheral nerve
repair, cell-based therapy represents a promising tool for
regenerating the defective nerve tissue (di Summa et al.
2010; Kemp et al. 2008). Among various cell types, Schwan
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cells (SCs) have shown the most effectiveness to treat periph-
eral nerve injuries. However, their isolation and expansion are
associated with several disadvantages such as the sacrifice of a
donor nerve, donor site morbidity, and unavailability of a har-
vestable tissue (Jessen and Mirsky 2016; Sanen et al. 2017;
Sparling et al. 2015). These problems have driven efforts to
search for alternative supporting cells in the field of peripheral
nerve regenerative medicine.

Stem cell therapy has established itself as a promising field
of regenerative medicine (Murakami et al. 2016). While the
bone marrow-derived stem cells lead the researches, other
sources of stem cells have been investigated, seeking sources
with higher potential (Polymeri et al. 2016; Marín 2016).
Currently, there is a growing interest in the clinical potential
of stem cells isolated from disposable tissues such as the am-
niotic fluid, placenta, and umbilical cord blood (Fauza and
Bani 2016; Mimeault et al. 2007). Human unrestricted somat-
ic stem cells (USSCs) represent a novel source of stem cells
which are recognized by their remarkable proliferative capac-
ity, ease of harvest, and lack of ethical dilemmas (Ghodsizad
et al. 2009). Secretion of neurotrophic factors, neural differ-
entiation potential, and immunomodulatory activities are their
possible footholds as therapeutic agents for peripheral nerve
regeneration (Santourlidis et al. 2011; Schwartz et al. 2008;
Nauta and Fibbe 2007).

The use of a suitable cell delivery vehicle in the peripheral
nerve injury site may enhance stem cells potential in the
healing process (Ma et al. 2017; Faroni et al. 2015). Use of
neural guidance conduits (NGCs) made of synthetic and/or
natural polymers provides a suitable platform for cell delivery
(Muheremu and Ao 2015). For the development of next gen-
eration of NGCs, great efforts have been dedicated to mim-
icking the structures and components of the autologous nerves
(Tung et al. 2015; Jiang et al. 2014). With the progress of
fabrication methods, structures of NGCs have been greatly
improved to meet different requirements including porous
channel wall allowing for good nutrients diffusion along with
suitable mechanical properties to prevent rupture during su-
turing process (Jiang et al. 2014; de Ruiter et al. 2009). In
addition, with the increasing understanding of cell-material
interactions, more attention is directed towards the fabrication
of scaffolds that can mimic the structural and componential
features of extracellular matrix (ECM) to stimulate desirable
cellular activities such as cell attachment, cell proliferation,
and cell differentiation (Sill and von Recum 2008; Lannutti
et al. 2007).

ECM of tissues is composed of a three-dimensional (3-D)
network of 50–500 nm diameter structural protein and poly-
saccharide fibers (Alberts et al. 2002). Electrospinning is a
method of fabrication of nanofibrous scaffolds which highly
resemble the structural hierarchy of natural ECM (Li et al.
2006). Electrospun nanofibrous scaffolds offer a high surface
area for better cell adhesion and possibly topographical cues

for directing cellular functions (Peng et al. 2016). These
unique characteristics have made them appealing for neural
tissue engineering (Cao et al. 2009).

Cellular behavior on the scaffolds greatly depends on the
characteristics of the polymer or polymers used in the fabrica-
tion of matrices (Barnes et al. 2007). In general, using a single
polymer cannot meet all the requirements of an ideal scaffold,
but by taking polymer blends or copolymers, it is possible to
attain a scaffold with desired properties (Lee et al. 2012;
Bhattarai et al. 2009). PCL is a synthetic aliphatic polyester
that shows a high mechanical strength, biocompatibility, and
biodegradability (Kweon et al. 2003). Although the scaffolds
composed of PCL nanofibers architecturally imitate the natu-
ral ECM, lack of cell recognition sites and poor hydrophilicity
hurdle their tissue engineering applications (Sarasam and
Madihally 2005). On the other hand, gelatin is a natural ma-
terial which is derived from collagen by controlled hydrolysis
(Parenteau-Bareil et al. 2010). Because of its many merits
such as biodegradability, biocompatibility, and low-cost, gel-
atin has gained attention in biomedical applications (Hoque
et al. 2015). However, this polymer fails to impart the required
mechanical strength to produced scaffolds (Huang et al. 2004;
Meng et al. 2010). Preliminary studies have indicated that
combination of PCL and gelatin can solve the drawbacks as-
sociated with natural and synthetic polymers, exploiting the
advantages of each one which results in a new biomaterial
with improved physical and biological properties (Zhang
et al. 2005; Ghasemi-Mobarakeh et al. 2008). In the present
study, we fabricated the PCL/gelatin NGCs using the
electrospinning method and then seeded them with USSCs
to improve their healing potential. Physicochemical and bio-
logical properties of fabricated NGCs were studied using var-
ious in vitro methods. Furthermore, we examined the level of
nerve repair in a critical size defect in rats using several func-
tional analyzing methods, electrophysiological tests, and his-
topathological evaluations of the muscle and nerve tissues.

Materials and Methods

Fabrication and Characterization of Electrospun
PCL/Gelatin Nerve Conduits

Firstly, PCL (average Mn 80,000 (CAS Number: 24980-41-4,
Aldrich)) was dissolved in acetic acid (CASNumber: 64-19-7,
Aldrich) to the final concentration of 14 w/v %. Similarly,
gelatin (CAS Number: 9000-70-8, Aldrich) solution (14 w/v
%) was prepared in acetic acid at room temperature. Then
PCL and gelatin solutions were mixed at the volume ratio of
70:30 (PCL/gelatin) and stirred for 24 h. The resulting solu-
tion was transferred to a 10-mL syringe ending to an 18-gauge
metal needle and the syringe was placed in a syringe pump
(SP1000, Fanavaran Nano-Meghyas, Iran) with 15 cm
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distance between the needle tip and the collecting mandrel. A
positive high voltage (20 kV) was applied to the needle tip and
the flow rate was set to 0.5 mL/h. The NGC with the size of
14 mm and the inner diameter of about 1 mmwas prepared by
rolling up the PCL/gelatin electrospun sheets (Fig. 1a). NGCs
were then cross linked in a 1% (wt/v) glutaraldehyde (CAS
Number: 111-30-8, Aldrich) solution in ethanol for 6 h follow-
ed by washing in 0.1 M glycine aqueous solution for 30 min
and then in distilled water three times.

Scanning Electron Microscopy Analysis of Scaffolds

The morphology of the PCL/gelatin scaffolds was studied by
scanning electron microscope (SEM; DSM 960A, Zeiss,
Germany) at 15 kV by coating with gold for 250 s using a
sputter coater (SCD 004, Balzers, Germany).

Contact Angle Measurement

The hydrophilicity of the PCL/gelatin and PCL-only sub-
strates was investigated using a static contact angle measuring
device (KRUSS, Hamburg, Germany).

Weight Loss Measurement

For in vitro degradation rate measurement, the PCL/gelatin
and PCL-only scaffolds were weighted, and totally immersed
in 10 mL of PBS and kept at 37 °C in an incubator. After
predetermined degradation times (30 and 60 days), samples

were taken out and dried to a constant weight. Weight loss was
calculated using the Eq. 1 as we previously described (Salehi
et al. 2015).

Where “W0” is the initial weight of samples and “W1” is
the dry weight after removing from the media.

Weight loss %ð Þ ¼ W0−W1

W0
� 100 ð1Þ

Mechanical Properties (Tensile Strength and Young’s
Modulus)

Mechanical analysis (tensile strength and Young’s modulus)
was carried out on PCL/gelatin and PCL-only scaffolds
(80 mm× 10 mm) by an Instron 5566 universal testing ma-
chine (Instron, USA) at a strain rate of 10 mm/min.

Porosity Measurement

To evaluate the porosity of the scaffolds, liquid displacement
method was exploited using the Eq. 2:

Porosity %ð Þ ¼ V1−V3

V2−V3
� 100 ð2Þ

Where V1 is initial volume of 96% ethanol, V2 is its volume
after scaffold immersion, and V3 is the volume of the ethanol
after the scaffold removal.

Fig. 1 a Photomacrograph of the
conduits produced from
electrospun matrices, b
representative SEM images of the
PCL/gelatin electrospun yarns,
and c representative SEM images
of Schwann cells cultured on
electrospun PCL/gelatin
nanofibrous scaffolds
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Schwann Cells Isolation

SCs were isolated from the sciatic nerves of adult male Wistar
rats (weighing 200–250 g) according to our previous study
(Hoque et al. 2015). The cells were cultivated in Dulbecco’s
modified Eagle’s medium: nutrient mixture F-12
(DMEM/F12; Gibco, Grand Island) supplemented with 10%
(v/v) fetal bovine serum (FBS; Gibco, Grand Island), 100
unit/mL of penicillin, and 100 μg/mL of streptomycin in a
humidified incubator at 37 °C with 5% CO2.

Cell Viability Assay

The viability of SCs grown on the PCL/gelatin and PCL-only
scaffolds was evaluated by using 3-(4,5-dimethyl thiazol-2-
yl)-2,5-diphenyl tetrazolium bromide (MTT) assay after 1, 3,
7 days of cell seeding. Scaffolds were cut into appropriate
sizes and placed in each well of 96-well plates and seeded
with SCs at the density of 1 × 104 cells per scaffold. At each
time interval, the culture medium in the wells was aspirated
and 200 μL of 0.5 mg/mL MTT solution was added to each
well and incubated for 4 h. After the incubation period, the
MTT solution was discarded, and after the formazan crystals
had formed, they were dissolved in 150 μL DMSO and the
plate was incubated in a dark place for 10 min on a rotary
shaker. The absorbance values of the samples were read at
570 nm by an ELISA reader (Expert 96, Asys Hitch, Ec
Austria).

Cell Adhesion and Morphology Studies

Of SCs, 1 × 104 were seeded onto PCL/gelatin scaffolds and
cultured for 24 h. After this time period, the cell-scaffold con-
structs were rinsed with PBS and then fixed in 4% glutaralde-
hyde solution at ambient conditions for 2 h. The samples were
then dehydrated via graded concentrations of ethanol in dis-
tilled water. The samples were dried and after sputter coating
observed under the SEM. 4′,6-Diamidino-2-phenylindole
(DAPI) staining was used to further evaluate the cell attach-
ment. After 2 days of incubation, SCs grown on electrospun
scaffolds were rinsed twice with PBS. The cells were fixed
with fresh 3.7% paraformaldehyde in PBS for 10 min. Then
the samples were washed with PBS and permeabilized with
0.1% Triton X-100 (in PBS) for 5 min. DAPI staining solution
(1:1000 dilution) was added onto the scaffolds and incubated
in dark for 20 min. The SCs attached on the scaffolds were
examined under the fluorescent microscope, after repeated
washing with PBS.

USSCs Isolation and Culture

Harvest and culture of human USSCs were carried out as
described previously by Kogler et al. (Kögler et al. 2004).

Informed consent was obtained from all parents before blood
collection. Umbilical cord vein blood was collected and its
mononuclear cell fraction was separated by Ficoll-Hypaque
density gradient centrifugation. USSCs were cultured in low-
glucose Dulbecco’s Modified Eagle’s Medium supplemented
with 30% fetal calf serum (FCS), dexamethasone (10−7 M),
penicillin (100 units/mL), streptomycin (100 μg/mL), and
ultraglutamine (2 mM). Cells were incubated in a humidified
incubator with 95% air and 5% CO2 at 37 °C. After the incu-
bation period, when USSC reached 80% confluency, they
were detached by 0.25% trypsin treatment and passaged.

Osteogenic and Adipogenic Differentiation

Osteogenic and adipogenic differentiation of USSCs was per-
formed according to a protocol as we previously described
(Ahmadbeigi et al. 2010). For osteogenic differentiation, the
cells were grown in culture medium containing 10−8 M dexa-
methasone, 0.2 mM ascorbic acid 2-phosphate, and 10 mM β-
glycerophosphate. The medium was refreshed every 3 days.
After 21 days of culture, the presence of hydroxyapatite crystals
was evaluated by Alizarin Red (Sigma–Aldrich) staining ac-
cording to the manufacturer’s instructions. For adipogenic dif-
ferentiation, the cells were grown in inductionmedia containing
0.5 mM hydrocortisone, 0.5 mM isobutylmethylxanthine, and
60 mM indomethacin. After 3 weeks of culture, Oil Red O
staining (Sigma–Aldrich) was performed according to the pro-
tocol provided by the manufacturer to confirm differentiation to
this lineage.

Flow Cytometry

USSCs were characterized by flow cytometry for the expres-
sion of surface markers using mouse monoclonal antibodies
against human CD34, CD45, CD73, CD105, and CD166 (all
from eBioscience). Cells were incubated with each antibody
according to the manufacturer’s instructions for 1 h and then
studied by Attune flow cytometry (Applied Biosystems) and
FlowJo software.

In Vivo Studies

Sciatic Nerve Defect

Thirty healthy adult male Wistar rats (3 months old, weighing
250–270 g) were purchased from Pasture Institute (Tehran,
Iran). Animal experiments were approved by the ethics com-
mittee of Shahroud University of Medical Sciences and were
performed in accordance with the university guidelines. The
rats were randomly divided into five groups: (1) Positive con-
trol (rats without sciatic nerve injury), (2) Negative control
(with nerve injury but without surgical interventions), (3)
Autograft, (4) NGCs without cells, (5) NGCs seeded with
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USSCs (3 × 104 cells in each conduit). For sciatic nerve defect
model creation, the animals were anesthetized by intraperito-
neal injection of ketamine 5%/xylazine 2% (25% (v/v),
0.10 mL/100 g body weight). Their right lower limb’s skin
was shaved and disinfected by povidone-iodine. After skin
incision, a 10-mm-long segment of their sciatic nerve was
resected. For the rats in the NGC and NGC/USSCs group,
2 mm of distal and proximal nerve stumps was inserted into
the conduit’s lumen and their epineurium was sutured to the
conduit’s wall by no. 6-0 polyglycolic acid suture (SUPA
Medical Devices, Tehran, Iran) leaving a 10-mm gap between
two ends. Nerve gap in the autograft group was bridged by
resected nerve segment, which was reversed and sutured to the
proximal and distal nerve stumps.

Walking-Foot-Print Analysis

Sciatic functional index (SFI) was evaluated by recording the
rats’ footprints 4 and 8 weeks post-surgery. At each time in-
terval, rat’s hind paws were painted with ink and theywere left
to walk through an acrylic corridor (43 cm length, 8.70 cm
width, and 5.50 cm height) ended to a darkened goal box.
White papers covered the floor of the corridor to record the
foot printings. The SFI was calculated according to a method
as we described previously (Farzamfar et al. 2018). SFI = 0
represented the normal function, while the SFI = − 100 repre-
sented the complete loss of function.

Functional Assessment of Sensory Recovery (Hot Plate Test)

Fourteen weeks post-surgery, rats were investigated for ther-
mal pain sensitivity by placing their injured limb on a hot plate
(56 °C). The time passed on the hot plate until the animals
reacted by licking their paws or jumping was recorded. The
cutoff time for their reaction was set at 12 s.

Nerve Conduction Test

Fourteen weeks after surgery, compound muscle action poten-
tial (CMAP) amplitudes of the sciatic nerves were recorded.
The animals were anesthetized by intraperitoneal injection of
ketamine 100 mg/xylazine 10 mg/kg body weight. The skin
was shaved and the sciatic nerve was exposed. Sciatic nerve
just before the injury site was stimulated with an electric stim-
ulus (3–5 mA) using a needle electrode. The CMAP ampli-
tudes were measured from the needle and the response of the
gastrocnemius muscle was recorded by the cap electrodes lo-
cated on it (filtering frequency of 10 Hz to 10 kHz, sensitivity
of 2 mV/division, and sweep speed of 1 ms/division,) using an
electromyographic recorder (Negarandishegan, Tehran, Iran).

Gastrocnemius Muscle Wet Weight Loss

At the end of 14th-week post-surgery, rats were sacrificed and
the posterior gastrocnemius muscles on the operated and non-
operated hind limbs were harvested and their weight was im-
mediately measured to calculate the wet weight loss of gas-
trocnemius muscles using the Eq. 3.

Gastrocnemius muscle wet weight loss %ð Þ

¼ 1−
Wet weight of the muscle on the injured side

Wet weight of the muscle on the uninjured side

� �
� 100

ð3Þ

Histopathological Examination

At the end of 14th-week post-surgery, the animals were
sacrificed and their sciatic nerve and gastrocnemius muscle
were harvested and fixed in a 10% buffered formalin. After
processing and embedding in paraffin, they were sectioned
into 5 μm sizes and stained with hematoxylin-eosin (H&E).
The prepared tissue slides were observed and imaged under a
light microscope (Carl Zeiss, Thornwood) with a digital cam-
era (Olympus, Tokyo, Japan).

Statistical Analysis

The results were statistically analyzed by Graph pad prism
version 5 software using one-way ANOVA and post hoc test.
The data were expressed as the mean ± standard deviation
(SD). All experiments were performed at least three times
and in all evaluations, p < 0.05 was considered as the statisti-
cally significant.

Results

Scaffold Characterization

Figure 1a, b illustrates the macroscopic and microscopic im-
ages of the scaffolds, respectively. SEM observation revealed
that the scaffolds were composed of randomly oriented fibers
with diameters of about 856 ± 69 nm. This ECM-like structure
may be favorable to improve axonal outgrowth and extension
(Xie et al. 2014; Xie et al. 2010). Surface wettability is an
important feature of the scaffolds which can affect the attach-
ment, proliferation, migration, and viability of cells (Fu et al.
2014). The results of surface wettability measurement
(Table 1) showed that PCL scaffolds had the highest contact
angle (111.8 ± 7.6°) which is consistent with its hydrophobic
nature (Tran et al. 2015). The incorporation of gelatin with
PCL significantly reduced the contact angle to 66.4 ± 8.1° (p
value < 0.005) making it more favorable for cellular activities
(Naseri-Nosar et al. 2017). An ideal NGC should be

52 J Mol Neurosci (2019) 67:48–61



biodegradable to obviate extra surgery for conduit removal
after regeneration (Salehi et al. 2017). Table 1 shows the
weight loss percentage of NGCs in phosphate-buffered saline
solution after 30 and 60 days. Results showed that PCL’s
weight loss percentage was negligible after 30 days (1.83 ±
0.34%). Incorporation of gelatin with PCL significantly in-
creased the degradation rate of the scaffolds at both time in-
tervals (p value < 0.005). This can be due to the higher hydro-
philicity of PCL/gelatin scaffolds and consequently further
interaction with water molecules (Binulal et al. 2014). NGCs
require a good mechanical strength to withstand suturing and
to prevent collapse when implanted (Salehi et al. 2017). The
analysis of mechanical properties (Table 1) showed that PCL
scaffolds had a significantly higher tensile strength compared
to PCL/gelatin samples (4.86 ± 0.07 vs. 2.83 ± 0.44 MPa).
This can be due to the superior mechanical strength of PCL
compared to gelatin (Yao et al. 2016). The mechanical prop-
erties have a direct influence on suturing ability, and the higher
the ultimate tensile strength, the easier the suturing during
grafting surgery (Naseri-Nosar et al. 2017). We could show
that the ultimate tensile strength values measured for all NGCs
were greater than that of the fresh transected adult rat sciatic
nerve (0.78 MPa) (Wang et al. 2009). The suitable porosity of
the NGC’s wall facilitates nutrients diffusion through the con-
duit and enhances nerve regeneration (de Ruiter et al. 2009).
The results of porosity measurement (Table 1) showed that
PCL and PCL/gelatin conduits had an average porosity of
78.6 ± 4.5 and 76.7 ± 3.2%, respectively. Statistically, no sig-
nificant difference was observed between the two measure-
ments. It is generally accepted that the optimum porosity per-
centage for a suitable tissue engineered scaffold is above 80%
(Ghasemi-Mobarakeh et al. 2007). Therefore, the fabrication
method utilized in this study could not produce scaffolds with
ideal porosity.

In Vitro Biological Evaluations of the NGCs

Cell Viability and Proliferation Assay

SCs play a major role to support the repair of injured periph-
eral nerves (Jessen and Mirsky 2016). A significant body of
studies has implanted SCs with NGCs to enhance nerve re-
generation (Jessen et al. 2015; Luo et al. 2015; Fairbairn et al.
2015). Hence, NGCs with a beneficial effect on the SCs is
desirable in peripheral nerve tissue engineering. MTT assay

was conducted to investigate the effects of nanofibrous scaf-
folds on the proliferation and viability of SCs. As shown in
Fig. 2, during 7 days of culture, SCs went through a consid-
erable increase on PCL/gelatin scaffolds indicating that these
scaffolds can support the proliferation of SCs. At 7 days the
amount of SCs on PCL/gelatin scaffolds surpassed that on
tissue culture plate and PCL scaffolds. The higher absorbance
values in PCL/gelatin group compared to PCL group can be
due to the presence of gelatin which is known to have excel-
lent cell adhesion and proliferative properties (Gautam et al.
2013).

Cell Attachment Analysis on the NGCs

Cell adhesion is an important parameter which markedly in-
fluences various cellular responses including proliferation and
migration within the scaffold as well as tissue repair time
(Chang and Wang 2011). To investigate the cell attachment
to the scaffolds, the presence of SCs in fabricated films was
investigated using DAPI staining and SEM. Figure 1c illus-
trates the SEM images of SCs grown on electrospun PCL/
gelatin scaffolds. It is clear that SCs could show good attach-
ment on the nanofibrous scaffolds. The results of DAPI stain-
ing (Fig. 3) showed that the number of cells attaching to the
PCL/gelatin scaffolds was greater than those present on PCL-
only samples. This is not surprising because the presence of
gelatin enhances cell attachment due to its numerous cell

Table 1 Characterization of the
scaffolds. Values represent the
mean ± SD, n = 4, *p < 0.05,
**p < 0.01, and ***p < 0.005

Samples Contact angle (°) Mechanical
strength (MPa)

Porosity (%) Weight loss after
30 days (%)

Weight loss after
60 days (%)

PCL 111.8 ± 7.6*** 4.86 ± 0.07* 78.6 ± 4.5 1.83 ± 0.34 9.10 ± 1.47

PCL/gelatin 66.4 ± 8.1 2.83 ± 0.44 76.7 ± 3.2 47.16 ± 3.97*** 72.46 ± 2.57***

Fig. 2 Histogram comparing the viability of Schwann cells on the PCL
and PCL/gelatin scaffolds obtained by MTT assay 1, 3, and 7 days after
cell seeding. Values represent the mean ± SD, n = 3, *p < 0.05,
**p < 0.01, and ***p < 0.005
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adhesion sites while high hydrophobicity of PCL hampers cell
attachment to the PCL-only substrates (Ghasemi-Mobarakeh
et al. 2008; Liu et al. 2009). These results indicated that PCL/
gelatin matrices were more conducive to cell attachment and
proliferation.

USSC Characterization

USSCs demonstrated fibroblast-like morphology which could
adhere to the tissue culture plate (Fig. 4a). The results of the
flow cytometry study showed that USSCs were positive for
CD73, CD105, and CD166 but were negative for CD34 and
CD45 (Fig. 5). Furthermore, adipogenic and osteogenic

differentiation potential of USSCs was validated by Oil Red
O and Alizarine Red S staining, respectively (Fig. 4b, c).

In Vivo Regenerative Capacity of Conduits

Sciatic Function Index

For motor function recovery study, walking track analysis is
often performed in the rat model of sciatic nerve injury (Lee
et al. 2013). Figure 6 displays the average SFI values for all
groups. The negative control group showed a slight improve-
ment from − 92.23 ± 6.40 after 4th week to − 85.067 ± 3.69 at
the end of 8th week post-surgery. The autograft as the gold

Fig. 3 DAPI staining images of
Schwann cells on PCL and PCL/
gelatin scaffolds. a For PCL and b
for PCL/gelatin scaffolds

Fig. 4 a Representative live
microscopy images (objective
magnification ×400) of USSCs, b
Oil Red O staining images of
USSCs (objective magnification
×100) after 3 weeks of culture
under adipogenic differentiation
medium, and c Alizarin Red S
staining images of USSCs
(objective magnification ×100)
after 3 weeks of culture under
osteogenic differentiation
medium
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standard of nerve bridging had a significantly higher rate of
improvement compared to other groups at both time intervals
(p value < 0.05). SFI values for this group were measured to be
− 57.47 ± 7.51 and − 26. 67 ± 3.66 at the end of 4th and 8th
week after surgery, respectively. NGCs containing USSCs had
significantly greater SFI values compared to cell-free NGC
group at 8th week post-surgery (− 53.6 ± 3.8 vs. − 64.7 ± 4.07,
p value < 0.05). These results indicate that USSCs could exhibit
better motor function recovery compared to cell-free NGCs.

Hot Plate Latency Time Analysis

HPL time test is used for sensory recovery measurement
(Salehi et al. 2017). Figure 7 presents the data for the HPL
time during the recovery period. Signs of recovery of nocicep-
tive function were seen at 14 weeks after injury. The autograft
group exhibited a significantly (p value < 0.05) better sensory
recovery among other groups. However, the normal value of
4 s was unachievable (Hu et al. 1997). There was a significant

Fig. 5 Immunophenotyping of USSCs by flow cytometry. CDmarkers are shown in blue and the red line indicates background fluorescence. The results
are presented as median (range)

Fig. 6 Histogram comparing
sciatic functional index study
results of different groups 4 and
8 weeks post-surgery. Values
represent the mean ± SD, n = 4,
*p < 0.05, **p < 0.01, and
***p < 0.005
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difference between HPL time of rats treated with USSC con-
taining NGCs and NGCs without cells (6.66 ± .96 s vs. 9.66
± .57 s, p value < 0.05). This enhanced sensitivity to heat in
the cell-containing NGC groups indicates that USSCs could
possibly induce greater sensory axons regeneration.

Electrophysiological Studies

For electrophysiological assessment, the amplitude of CMAP
indirectly reflects the motor nerves regeneration (Farzamfar
et al. 2018). Measurements of peak amplitude (Fig. 8) showed
that sciatic nerve of rats bridged with autograft nerve had the
highest CMAP amplitude among all operated animals (repre-
sentative EMG waveform images for different groups are
shown in Fig. 9). These value for nerves bridged with USSC

containing NGCs was nearest to the autograft group. The am-
plitude of CMAP in USSC delivering conduits was signifi-
cantly higher than cell-free NGCs (22.4 ± 3.77 vs. 16.66 ±
2.08 mV, p value < 0.05). It can be inferred that USSCs could
aid in re-innervating the damaged limb.

Gastrocnemius Muscle Wet Weight Loss

When the gastrocnemius muscle is denervated as a conse-
quence of sciatic nerve injury, it undergoes atrophy and weight
loss (Wu et al. 2015). The wet weight loss of the gastrocne-
mius muscle is a useful method to investigate the efficacy of
muscle re-innervation. The lower the gastrocnemius muscle
wet weight loss percentage, the better re-innervation of the
muscle (Wang et al. 2014; Farzamfar et al. 2017). Figure 10

Fig. 7 Hot plate latency time
measurement results 14 weeks
post-surgery. Values represent the
mean ± SD, n = 4, *p < 0.05,
**p < 0.01, and ***p < 0.005

Fig. 8 Representative EMG waveform images for different groups. a
EMG waveform image for Negative control, b for NGCs without
USSCs, c for NGCs with USSCs, d for autograft, and e for the positive

control group, f histogram comparing the amplitudes of compound
muscle action potential 14 weeks after surgery. Values represent the
mean ± SD, n = 4, *p < 0.05, **p < 0.01, and ***p < 0.005
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shows that the autograft group had significantly smaller gas-
trocnemius muscle wet weight loss percentage compared to
other groups (p value < 0.05). The weight loss percentage in
the conduits containing USSCs was smaller than the NGCs
without USSCs; however, the observed difference was not
statistically significant.

Histopathological Assessments

After 14 weeks, the animals were sacrificed and the sciatic
nerve and gastrocnemius muscle tissues were harvested for
histopathological examinations. No signs of hematoma or
infection were observed at the implantation site, indicating
good tissue compatibility of the conduits which is in accor-
dance with the MTT results. Figure 10 illustrates the histo-
pathological examination of the sciatic nerves of all
groups. Histopathological analysis of sciatic nerves
showed that in the positive control group nerve fibers had
well-arranged structure without any sign of damage. Nerve
fibers were irregularly distributed in the negative control
group. Axonal degeneration, perineural fibrosis, noticeable
edema, and various degrees of vacuola formation were also
clear in this group. In the autograft group, less axonal
swelling and vacuolation were observed compared to the
negative control group. Moreover, nerve fibers almost re-
covered their normal structure demonstrating improved fi-
ber arrangement. Histopathological assessment of sciatic
nerves bridged with NGCs without cells exhibited a mild
myelin vacuolation and edema around nerve fibers.
Histological evaluation of NGCs with USSCs group exhib-
ited a considerable degree of regeneration compared to
cell-free NGC group. NGC containing USSCs could partly
alleviate the signs of nerve damage. Well-arranged nerve
fibers, intact myelin sheath, and a negligible vacuolation
and edema were evident in this group. Micrographs of
muscle fibers (Fig. 10) in normal groups (positive control)
showed that muscle fibers were intact with no sign of mus-
cular atrophy. In the negative control group, cell connec-
tions were weak and muscular atrophy was evident.
Fibrosis has dramatically increased between muscle bun-
dles and the overall arrangement of the fibers was distorted.

In the autograft group, the cell connections were relatively
tight and the muscle could partly retain its normal structure.
In the NGC without USSC group, a significantly lower
degree of muscular fibers atrophy and fibrosis was ob-
served when compared to the negative control group. In
the NGC with USSC group, gastrocnemius muscle has re-
covered its normal structure and there was no evidence of
fibrosis between the muscle bundles; however, mild atro-
phy was still seen in some fibers. In overall, the muscle
bundles in the limbs treated with NGC + USSCs were more
similar to those of the autograft group. Measuring the mus-
cular area of the gastrocnemius muscle cross-sections by
image pro-plus software (version 6.0, Media Cybernetics,
Rockville, USA) showed that the cross-sectional area
(Table 2) of the muscle bundles was the greatest in the
normal muscles. In addition, this area was greater in the
autograft group than NGC + USSC group and significantly
greater in cell-laden NGCs compared to NGC without
USSCs and in the negative control group (p value < 0.05).

Discussion

Peripheral nerve regeneration is a complex process of interre-
lated phaseswhich is characterized byWallerian degeneration,
axonal sprouting, and re-myelination (Jiang et al. 2017). The
accumulating body of evidences support the integral role of
SCs in nerve regeneration (Frostick et al. 1998; Mosahebi
et al. 2002). Despite showing promising results, harvest and
expansion of SCs is time-consuming and requires the sacrifice
of an autologous nerve with the accompanying complications
(Dai et al. 2013; Wang et al. 2017). Therefore searching for
alternative sources seems crucial.

This is the first study demonstrating the regenerative po-
tential of USSCs for peripheral nerve regeneration. Our find-
ings proved that USSCs delivered through a nanofibrous NGC
had superior regenerative capacity compared to the same
NGCs but without USSCs, as evidenced by an enhanced mo-
tor and sensory function recovery and histopathological
examinations.

Fig. 9 Gastrocnemius muscle wet
weight loss percentages of
different groups after 14 weeks of
surgery. Values represent the
mean ± SD, n = 4, *p < 0.05,
**p < 0.01, and ***p < 0.005
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Fig. 10 Hematoxylin-eosin (H&E) stained images of the sciatic nerve
and gastrocnemius muscle at the end of 14th-week post-surgery. Thin
arrows and thick arrows indicate vacuolation and blood vessels

respectively in the images of sciatic nerve. Thick arrows and asterisk
indicate atrophied myocytes and fibrosis respectively in the image of
gastrocnemius muscle
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It has been shown that USSCs obtained from human um-
bilical cord blood has tri-lineage differentiation potential.
Neural lineage differentiation capability of USSCs has been
reported in vitro and in vivo (Kögler et al. 2004). Greschat
et al. could show that under defined growth and differentiation
factors incubation, USSCs acquired a neuronal phenotype and
function (Greschat et al. 2008). Furthermore, Dastjerdi et al.
showed that Wnt/β-catenin signaling pathway is involved in
USSCs differentiation towards neural fate (Dastjerdi et al.
2012). Hence, the therapeutic potential of USSCs in sciatic
nerve regeneration may be partly due to the inherent ability
of USSCs to replace damaged neurons.

Neuroprotection capability of cord blood-derived stem
cells has been proved by previous studies (Arien-Zakay
et al. 2011; Lv et al. 2016). The mechanism by which stem
cells exert their therapeutic effects is thought to be due to
shuttling biological information and releasing soluble bioac-
tive molecules (Andaloussi et al. 2013; Rani et al. 2015).
Although less data is available with regard to USSCs secretion
profile, it would be expected that USSCs may also secrete
various neurotrophic factors which would have therapeutic
benefits in peripheral nerve regeneration. Finally, USSCs
seeded in the NGC may aid in regeneration by releasing ex-
tracellular matrix proteins that build up a basement membrane
to provide a permissive environment for nerve repair (Jiang
et al. 2017; Sullivan et al. 2016; Shirzadeh et al. 2018).

USSCs can be harvested in advance, expanded to clinically
sufficient numbers, and cryopreserved until the time of trans-
plantation. In addition to high differentiation potential of
USSCs, they have a high proliferative activity which can be
expanded in vitro without developing genetic abnormalities
(Schira et al. 2015; Liao et al. 2014). On the other hand, the
application of USSCS to repair nerve gaps may be associated
with some complications that need to be addressed before any
clinical trial. The clearest obstacle is cell survival after
thawing and administration in the damaged site. The hostile
environment in the injured tissue may also endanger cell via-
bility (Amer et al. 2017; Tabar and Studer 2014). Another
concern is that USSCs may differentiate into non-neural cell
types. There is always the possibility that USSCs may

differentiate into non-desired cell lineages (Ikehara 2013;
Bongso et al. 2008). Therefore, strict regulations with ade-
quate follow-ups must be taken into account to ensure the
safety of the proposed treatment modality.

Conclusion

In the current study, USSCs delivered through a nanofibrous
NGC could promote nerve regeneration over a 10-mm nerve
gap with the comparable regenerative capacity to autograft
group. Further studies need to be performed to follow-up
long-term potential adverse effects of this cell type application
in peripheral nerve regeneration. This preliminary study sug-
gests that the USSCs can be used as a potential source for cell-
based therapies in peripheral nerve injuries.
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