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Abstract

Introduction: The repair process of severed peripheral nerves is conducted by the bridging of the regenerating neural fibers across a gap in the
case of the existence of an appropriate route (space) between the proximal and distal severed stumps. The current study aimed to improve the
transected sciatic nerve of rats with a 10 mm gap by means of applying electrospun conduits composed of polymer nanocomposites of
polyglycolic acid (PGA), collagen, and nanobioglass (NBG). Then, the efficacy of the designed conduits (PGA/collagen/NBG, PGA/collagen, and
PGA alone) was histologically and electrophysiologically compared with autograft nerves to determine whether these conduits have superiority
over the autograft procedures in the process of nerve regeneration.

Materials and Methods: In this experiment, 50 healthy adult male Wistar rats underwent sciatic nerve transection. After four, eight, and 12
weeks of the surgical procedures, the therapeutic effects of conduits on sensory and motor recovery of transected nerves were evaluated.
Results: The analysis of the functions of motor and sensory nerves showed marked improvement in rats treated with PGA/collagen/NBG conduit.
Also, histological staining and immunohistochemical assessment of the expression of NF200, S100, and CD31 proteins revealed newly-formed
nerve fibers with micro blood vessels at the proximity of regenerated nerve fibers.

Conclusions: It seems that due to the high surface area of electrospun nerve conduits to adhere the cells, the application of these compounds
would be beneficial in clinical practice in the future. The results suggest that PGA/collagen/NBG nanofibrous conduit possesses the highest

capability in increasing nerve regeneration following nerve transection in murine models.
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Introduction
The Peripheral Nervous System (PNS) is located outside the
Central Nervous System (CNS) and contains the cranial,
spinal, and peripheral nerves that conduct impulses from and
to the CNS. The Peripheral Nerve Injury (PNI), a global
clinical impairment that damages the quality of life of
patients, can be caused by mechanical, thermal, chemical, or
ischemic injuries, mainly resulting from traumatic accidents
or some degenerative disorders. It has been shown that the
severity of injuries determines the functional outcome. PNI
can also lead to the destruction of neuronal communication
in sensory and motor nerves bridging the CNS to peripheral
organs.! The annual incidence of PNI in the world is
estimated to be 13 to 23 cases per 100.000,2* and currently,
more than 200.000 individuals are under-treatment of PNI in
the United States.> Among these patients with PNI, less than
half of injured individuals could be fully recovered
following the therapeutic procedures.®

In contrast to the CNS, peripheral nerves have the ability

to regenerate after cell injury; however, in mammalian
neural cells, the intrinsic and spontaneous restoration of the
peripheral nerve cells is partial. Therefore, seeking
therapeutic approaches to boost the process of nerve repair
would be requisite.”® Microsurgical nerve autograph is the
most frequently used interventional strategies used for the
restoration of structural and functional nerve regeneration
following PNS injury. Nevertheless, despite much efforts
made in this field, several restrictions, including the limited
accessibility of the donor site, sensation loss of donor areas,
and discrepancies in the dimension of nerves between donor
and recipient, are considered major obstacles in the field of
regenerative medicine.® Biological sciences, tissue engineering,
and biomaterial engineering have cooperatively established a
new approach to restore and reconstruct the damaged tissues
and organs.'® One of the most favored attitudes in the file of
neuroscience is nerve tissue engineering.!* Natural and
synthetic neural guidance channels (conduits), as well as
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hollow and tubular catheters that bridge between the two
ends of the transected nerves, are designed by tissue
engineering, and they contribute to axonal outgrowth,
minimizing the formation of scar tissues, and reduction of
stretching in repairing regions of lesions.’>® PGA is a
member of biodegradable aliphatic polyesters with appropriate
biocompatibility and high tensile strength, and has the
potential to be applied in various tissue engineering
applications.** The applicability of PGA-based absorbable
suture suggested that polymers containing PGA could be
safely incorporated into soft tissues.’® PGA is also useful
when utilized in various tissue engineering approaches, such
as vascular tissue engineering.'® Since the purified form of
PGA has a rigid structure, this property has limited the
applicability of this material in the implantation process. The
combination of PGA polymer with the extracellular and
natural matrix polymers, such as collagen, could improve the
physical properties of this polymer to be employed in animal
models and humans. In most studies, the extracellular matrix
molecules, such as collagen, are used to increase the rate of
cell adhesion to conduits.!” Nano-bioactive glasses (NBGs)
are incorporated into biodegradable polymers to enhance
their mechanical properties. NBGs have appropriate features,
including biocompatibility, controlled biodegradability, and
the ability to release the cells, connect to both soft and hard
tissues, and secrete the ions during the degradation process.
These types of materials could be used for bone tissue repair
and wound healing, and their positive effects on the
angiogenesis process have been addressed in some reports.®
The fidelity of NBGs in tissue repair might be attributed to
their mineral structures. Accordingly, ions releasing from
NBGs can stimulate tissue repair within the human body,
thus facilitating the process of recovery. The released ions
could be used as a critical factor in the regeneration of
axonal fibers.!® In this study, we aimed to examine the
impact of our fabricated nerve conduits that were made of
nanocomposite polymers PGA/collagen/NBG on the repair
process of the transected sciatic nerve in a rat model and to
compare its properties with PGA and PGA/collagen conduits.

Materials and Methods

Sciatic Nerve Surgery

All of the experimental procedures were confirmed by the
University of Science and Research Branch of Islamic Azad
University (Approval ID: IR.IAU.SRB.REC.1397.062) and
was conducted according to the Animal Care and Use
guidelines. In this experiment, 50 healthy adult male Wistar
rats (10-12 weeks old, weighing 200-250 g) were purchased
from the Pasteur Institute (Tehran, Iran). They were
randomly divided into ten groups of five rats as follows: 1)
Positive control group in which healthy rats neither received
any treatment nor underwent surgery (sciatic nerve
transection), 2) Negative control group in which the animals

underwent surgery but did not receive any interventions, 3 &
4) PGA conduit groups in which the animals underwent
surgery and received PGA conduit for eight and 12 weeks, 5
& 6) PGA/collagen conduit groups in which the animals
underwent surgery and received PGA/collagen conduit for
eight and 12 weeks, 7 & 8) PGA/collagen/NBG conduit
groups in which the animals received PGA/collagen/NBG
conduit for eight and 12 weeks, 9 & 10) Autograft groups in
which the animals underwent surgery and received nerve
autograft for eight and twelve weeks in the absence of any
conduits. The animals were anesthetized by intraperitoneal
injection of ketamine (60 mg/kg) and xylazine (10 mg/kg) as
previously described.® The right sciatic nerve was chosen for
each animal, and all of the implantation procedures were
conducted by inverted microscopy. As shown in Figure 1,
the right feet of rats were carefully shaven and then cleaned
by alcohol. Under an inverted microscope, the posterior side
of the right thigh was gently cut, and the muscle and fascia
were pulled away to expose the sciatic nerve. Consequently,
in the experimental groups that received different types of
conduits, the right sciatic nerve was dissected as proximal
and distal segments at the center of the right thigh. Then, the
nerve guidance conduit at a length of 12 mm was sutured by
7-0 nylon to bridge the lesion site to the proximal and distal
nerve stumps in which both ends entered the conduit by 1
mm, and skin was sutured with 6-0 silk.20:!

In the experimental groups that received the nerve
autograft, a 10 mm nerve segment was resected, reversed
180°, and re-implanted across the defect. In the negative
control group, there was no bridge to connect two stumps.
As a routine stage of post-operation, intraperitoneal injection
of lidocaine was administered at the end of the surgery,
immediately after the incision was closed and before the
animals regained consciousness. Finally, all of the animals
were housed, fed with chow and tap water, and monitored to
analyze the changes in their conventional conditions and
motor functions.

Walking-Footprint Analysis

One of the most common methods for evaluating the
improvement of the sciatic nerve function in laboratory
animals is the calculation of the Sciatic Functional Index
(SF1).2% Following four, eight, and 12 weeks of surgery and
implantation of nerve conduits, the rats' footprints were
recorded to measure the SFI. To this aim, the hind limbs of
rats were soaked in ink, and were allowed to walk inside a
walking alley (100 x 20 x 15 c¢m) lined with a millimeter
paper and ended along with a darkened goal box. The SFI
values were calculated according to the below equation:

SFI =-38.3 (OPL - NPL)/NPL + 109.5 (OTS - NTS)/ NTS +
13.3(OIT - NIT)/NIT - 8.8
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Figure 1. Surgical Implantation of Fabricated Nerve Conduits Bridging a Damaged Sciatic Nerve at a Length of 10 mm in Rats, A) Early stages of the
surgical processes, B) Exposed sciatic nerve, (C and D) Nerve guidance conduits sutured to the distal and proximal ends, E) Nerve autograft group: a
10 mm length of the nerve fiber was resected, reversed 180°, and re-implanted across the lesion, F) Rats after the surgical operation.

where PL shows the print length that denotes the distance
from the heel to the top of the third toe, TS exhibits the toe
spread that implies the distance between the first and the
fifth toe, and IT indicates the intermediary toe spread,
denting the distance from the second to the fourth toe. NPL,
NTS, and NIT were the measured values obtained from non-
operated feet, while OPL, OTS, and OIT were the measured
values obtained from the operated feet.z
Closer values to zero point represent the normal function,
while -100 implies the complete loss of function. The values
of SFI were expressed as the means of values obtained from
all five rats in each group.

Hot-Plate Latency Test

The hot-plate latency test was carried out following four,
eight, and 12 weeks of surgery to assess the thermal pain
sensitivity. The hot-plate latency test is used to evaluate
animals' pain perception by measuring the withdrawal reflex
latency (WRL). Throughout the experiment, rats were placed
at the center of an open-ended cylinder-shaped space with a
floor containing a heated plate. The plate was warmed to
56 °C, causing two behavioral reactions, namely paw licking
and jumping in which the duration of each behavioral
reaction is recorded. The time elapsed from the onset of hot
plate contact to a withdrawal of hind limb was measured by
a timer activated by an external switch and recorded as
withdrawal reflex latency. The cut off time for their reaction
was set at 16 seconds. The values of WRL were presented
as the means of all measurements obtained from all rats in
each group.

Nerve Conduction Test
Gas chromatography (GC) is an analytical technique to
separate compounds based on their volatilities. In this study,

Gas chromatography (GC) was used to determine the
concentration of each chlorinated product of PCE. This
apparatus was equipped with two detectors, Electron
Capture Detector (ECD) and Flame lonization Detector
(FID). After taking the samples, it could take a while that
equilibration of water samples and headspace of 2 mL vials
by use of Solid Phase Micro Extraction (SPME) (Supelco)
device would be achieved. SPME was inserted into the inlet
of GC for 3 minutes for desorption of the adsorbed volatile
compounds at 240 °C. GS-GasPro column (30 mm x 0.31
mm) was used for chromatographic separation. In addition,
helium was used as the carrier gas. The GC oven was
initially set at 30 °C for 3 minutes, heated at 30 °C/min to
180 °C and 25 °C/min to 230 °C, and kept at 230 °C for 10
minutes.

Histological and Immunohistochemical Evaluation of
Regenerated Nerve

After three months of surgery and electromyography, the
animals were euthanized by overdose injection of ketamine
(200 mg/kg). The distal part of the sciatic nerve was
harvested and fixed in a 10% formalin solution at room
temperature for six hours, then dehydrated by ascending
concentrations of ethanol, embedded in paraffin, sectioned at
a thickness of 4 um, and stained with hematoxylin-eosin (H
& E) and toluidine blue (TB). The prepared samples were
examined under a light microscope (Carl Zeiss, Thornwood,
NY, USA) equipped with a digital camera (Olympus, Tokyo,
Japan). Mammalian neuro-filaments are one of the major
components of the neuronal cytoskeleton and play essential
roles in axonal structure, diameter, and outgrowth. In order
to determine the axonal regeneration rate, the anti-NF-200
antibody (Abcam, USA), which specifically binds to
neurofilament proteins at a molecular weight of 200-kDa,
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was utilized. The presence of Schwann cells and the degree
of angiogenesis, primary antibodies against S100 (a specific
marker of Schwann cells), and anti-CD31 proteins as a marker
of endothelial cells (Duccio-Artiuo, Abcam, USA) were
applied. The rabbit anti-rats secondary antibody (Envision
Templas Dakumus) was employed for the identification of
primary antibodies. Finally, tissues were stained with
Diaminobenzidine (DAB), and the immunohistochemical
reaction was evaluated.%

Statistical Analysis

The analysis of the obtained data was conducted by SPSS
software (SPSS, Chicago, IL, USA) version 16.0. The
difference between the data was analyzed by one-way
analysis of variance (ANOVA) followed by Tukey’s post
hoc test. The values were expressed as the means + standard
deviation (means = SD). The level of statistical significance
was set at P <0.05.

Results
Walking-Footprint Test
Figure 2 illustrates the average SFI values of all experimental

groups. The average SFI for the negative control showed a
slight improvement and increased from -88.95 + 4.91 to
-78.58 + 1.28 after eight weeks, and to -73.38 + 1.23 after
12 weeks. The autograft group had the means SFI values of -
65.13 £ 2.36, -61.83 = 2.59, and -19.79 + 0.82 following
four, eight, and 12 weeks of surgery, respectively. The SFI
values of the PGA/collagen/NBG conduit group were
remarkably enhanced from -76.39 + 1.42 to -62.41 + 3.12
and -23.71 + 2.94 after four, eight, and 12 weeks of surgery,
respectively. Such values for the PGA/collagen conduit group
were -79.14 + 1.42, -70.23 + 2.63 and -59.14 + 2.24 after
four, eight, and 12 weeks of surgery, respectively. Similar to
the negative control, the PGA conduit group exhibited poor
healing conditions, and its SFI values were -80.92 + 1.98,
-76.11 + 1.64, and -70.24 + 0.97 following four, eight, and
12 weeks of surgery, respectively. The SFI values of the
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PGA/collagen/NBG conduit group were significantly (P <0.001)
higher than those of PGA conduit, PGA/collagen conduit,
and negative control groups at the following 12 weeks of
surgery, showing the beneficial role of this conduit in
improving the motor function of the sciatic nerve.
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Figure 2. The Comparison of the Sciatic Function Index (SFI) at Four,
Eight, and 12 Weeks Post-Implantation of Conduits.

Hot-Plate Latency Test

For the assessment of nociceptive functions of the injured
hind limb, the hot-plate latency assay was performed, and
the results are presented in Figure 3. Figure 3 indicates that
the WRL values of injured feet were markedly altered
after sciatic nerve transection, and a significant (P <0.001)
difference was found in WRL values between positive and
negative control groups. The animals in the negative control
group did not withdraw their paws from the hot plate within
16 seconds, whereas the positive control group had the
smallest hot plate latency (4.45 £ 0.57 seconds) after 12
weeks of surgery. Following four weeks of surgery, signs of
recovery were detectable in the form of the WRL values of
feet in all groups except the negative control group, and the
healing process continued until week 12 post-surgery.
However, a normal value of four seconds was unachievable.?®
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Figure 3. The Comparison of the Hot-Plate Response of the Experimental Groups that Underwent Surgery Four, Eight and 12 Weeks Post-Surgery.
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Figure 4. The Comparison of CMAP among Experimental Groups that Underwent Surgery Eight and 12 Weeks Post-Surgery. A) The comparison of
the amplitudes of CMAP between conduit groups and positive control and autograft groups, B) The comparison of latency between conduit groups

with positive control and autograft groups.

After 12 weeks, all rats receiving conduits (PGA, PGA/
collagen, and PGA/collagen/NBG) had significantly smaller
WRL time compared with the negative control group (P
<0.001). Among the experimental groups that received
conduits, the PGA/collagen/NBG group had the lowest rate
of WRL after 12 weeks of surgery, and there was no
significant difference (P >0.05) between the PGA/collagen/
NBG group, autograft and positive control groups.

Figure 5. Light Microscopic Images of Nerve Tissues Stained with H &
E Staining Obtained 12 Weeks after Surgery, Showing a Cross-Section
of Reconstructed Nerves in (A) Autograft, (B) PGA/collagen/NBG
conduit, (C) PGA/collagen conduit, and (D) PGA conduit groups
(x100). Red arrows: blood vessels; blue arrows: vacuole degeneration;
green arrow: endoneurium focal loss; black arrows: Schwann cells.

Nerve Conduction Test
The amplitudes of CMAP and latency time results are

displayed in Figure 4. The results demonstrated that, after
week 12 post-surgery, the lowest amplitude (2.79 + 0.22)
and maximum latency (2.26 = 0.48) were found in the
negative control group, whereas the highest amplitude
(11.29 + 1.86) and lowest latency (0.49 + 0.21) were
detected in the positive control group. Among the
experimental groups that received nerve conduits, the
PGA/collagen/NBG group had the highest amplitude (9.88
+ 1.2) and lowest latency (0.78 + 0.56). Following 12 weeks
of surgery, there was no statistically significant difference
(P >0.05) in amplitude and latency between PGA/collagen/
NBG group and autograft and positive control groups,
implying that the rate of muscle innervation in the
PGA/collagen/NBG group is similar to the autograft group.

Histological and Immunohistochemical Evaluation

Figures 5 and 6 showed the histological assessments of the
longitudinal and cross-sectional tissue slides obtained from
the distal part of the regenerated nerve fibers in different
groups following 12 weeks of surgery. Accordingto H & E
staining, the sciatic nerve was successfully restored in the
autograft group (Figure 5A), and the PGA/collagen/NBG
group (Figure 5B) had normal nerve fibers with central
axons, normal myelin space, a low rate of connective tissue
growth, and low degree of vacuolar formation. These
findings were further confirmed by toluidine blue staining
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Figure 6. Toluidine Blue Staining of the Nerve Tissue of (A, E)
Autograft, (B, F) PGA/collagen/NBG conduit, (C, G) PGA/collagen
conduit, and (D, H) PGA conduit groups (x100). Red arrows: vacuole
degeneration; A-D: cross-sectional nerve tissue; E-H: longitudinal
section of nerve tissue.
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Figure 7. The Immunohistochemical Analysis of Anti-Neurofilament
(NF) in the Transverse Sections of the Reconstructed Nerve in (A)
Autograft, (B) PGA/collagen/NBG conduit, (C) PGA/collagen conduit,
and (D) PGA conduit groups (x100).

that stains the myelin sheath in blue color. Toluidine blue
staining showed a higher rate of demyelination in the
PGA/collagen/NBG conduit group compared with the other
conduit groups. Regenerated nerve fibers in the PGA/
collagen/NBG conduit was almost similar to the group
autograft. It had the most number of new capillaries
regenerated around the lesion, suggesting that the application
of PGA/Collagen/NBG conduit has the most efficacy in the
nerve regeneration compared with the other conduit groups.

This may be due to the role of bioglass in the process of
angiogenesis and its presence in the designed conduit. For
the determination of the degree of nerve regeneration in the
experimental groups, axonal neurofilaments were analyzed
qualitatively (Figure 7). Following 12 weeks of nerve grafting,
immunohistochemical analysis of the anti-NF200 protein
demonstrated a higher rate myelinated nerve fibers (increased
immunohistochemical reaction) in autograft and PGA/
Collagen/NBG conduit groups (Figure A and B) compared
with PGA and PGA/collagen groups. Besides, immunoreactivity
of the S100 protein was assessed as a marker of Schwann
cells 12 weeks after surgery. The secondary antibody was
visualized by DAB staining, in which the intensity of
brown-colored protein bands indicated the contribution of
Schwann cells in the regenerated nerves. According to
Figure 8, the highest incorporation of Schwann cells was
observed in autograft (Figure A) and PGA/collagen/NBG
conduit groups (Figure B), while the lowest S100 immunoreactivity
was detected in the PGA conduit groups (Figure D). The
immunohistochemical evaluation of anti-CD31 proteins as a
specific marker of the endothelial cells and index of
angiogenesis during the nerve regeneration process was
evaluated. As shown in Figure 9, following 12 weeks of
surgery, the highest rates of blood vessel formation and
angiogenesis were observed in the PGA/collagen/NBG
conduit group (Figure B) in which the degree of angiogenesis
was similar to that of in the autograft group (Figure A).
Discussion

Neural tissue engineering has emerged as one of the most
promising applications for the development of ideal
substitutes for native tissues with similar properties. The
design of these scaffolds must meet several chemical and
physical criteria of the normal nervous system, such as
having proper biodegradability and biocompatibility, as
well as mechanical properties close to that of native nervous
tissues.?® Nanofibrous structures can be fabricated by
electrospinning in the form of neural guidance channels
whose polymeric components play a pivotal role in nerve
regeneration. The optimal neural guidance channels should
possess the following features: (a) they must be non-toxic
and non-carcinogenic, (b) they should stimulate axonal
growth as much as possible, (c) they must be fully absorbed
through the normal metabolic pathways in the host’s body,
(d) the rate of the degradation should be proportional to the
axonal growth rate, and (e) they must have good physical
properties, and not collapse. They should be flexible to be
able to use for in-vivo purposes.?’ Natural and synthetic
materials can be employed for the fabrication of neural
guidance channels.?® PGA and collagen are classified as
polymers with acceptable biodegradability, biocompatibility,
desired cell adhesion, and suitable surface properties, which
enabled them to be widely applied in biomedical fields.?°
Bioceramics are usually utilized in combination with

http://www.biotechrep.ir

J App! Biotechnol Rep, Volume 8, Issue 3, 2021 | 288


http://www.biotechrep.ir/

Dehnavi et al

Figure 8. The Immunohistochemical Analysis of Anti-S100 in the
Transverse Sections of the Rreconstructed Nerve in (A) Autograft,
(B) PGA/collagen/NBG conduit, (C) PGA/collagen conduit, and (D)
PGA conduit groups (x100).

Figure 9. The Immunohistochemical Analysis of Anti-CD31 in the
Transverse Sections of the Reconstructed Nerve in (A) Autograft,
(B) PGA/collagen/NBG conduit, (C) PGA/collagen conduit, and (D)
PGA conduit groups (x100).

biodegradable polymers to achieve optimal biological and
mechanical functions.®® Furthermore, the addition of NBG
has a profound effect on the growth of peripheral axons and
effective participates in the process of angiogenesis.>13! |n
a previous study,* it was proved that PGA/collagen/NBG
conduits possess suitable mechanical properties and
biocompatibility to support the adhesion and proliferation of
rat bone marrow mesenchymal stem cells (rbMSCs). This
finding was in agreement with the study performed by
Reilly et al., who indicated that bone marrow mesenchymal
stem cells could proliferate in a culture medium containing
bioglass 4555.% A study demonstrated the antibacterial activity
of bioglass 45S5, which could confirm the biocompatibility of
bioglass nanoparticles used in this study.** The walking-
footprint analysis, hot-plate latency, and nerve conduction

assay are the most popular postoperative examinations to
assess the regeneration of the sciatic nerve.33¢ The
evaluation of SFI showed that after four weeks of surgery,
the lowest amount of SFI (better motor functional recovery)
was observed in the PGAJ/collagen/NBG and autograft
groups (Figure 2). The application of PGA and PGA/
collagen conduits had lower effects on functional motor
recovery compared with other experimental groups and
showed no significant difference when compared with the
negative control groups following four weeks of surgery (P
>0.05). The SFI values of the PGA/collagen/NBG conduit
group were significantly (P <0.001) higher than those of
PGA, PGAJ/collagen conduit and negative control groups
after 12 weeks of surgery, which showed the superiority of
this conduit on improving the motor function of the sciatic
nerve. Our results were in line with the findings of the study
performed by Nakamura et al.*” For the determination of the
nociceptive functions of the injured hind limb, the hot-plate
latency test was performed.®” Following four weeks of
surgical sciatic nerve transection, the signs of recovery of
the WRL of feet were detectable in all groups except the
negative control group, and the healing process continued
until week 12 post-surgery. The animals in the conduit
groups receiving PGA, PGA/collagen, and PGA/collagen/
NBG had significantly lower WRL time in comparison with
the negative control group (P < 0.001) after 12 weeks.
Among conduit groups, the PGA/collagen/NBG group had
the lowest rate of WRL after 12 weeks of surgery, and there
was no significant difference (P > 0.05) between the PGA/
collagen/NBG group, autograft and positive control groups.
The improved recovery of response in the heat-exposed
groups after 12 weeks could be attributable to enhanced
regeneration of sensory axons. The results of the present
study were consistent with the study of Matsumoto et al.®®
For the evaluation of the electrophysiological activity of
reconstructed nerves, the amplitude of CAMP (a parameter
indirectly representing the number of reconstructed motor
nerve fibers and the rate of muscle innervation) and latency
(‘an indirect index of the maturation of nerve fibers) were
analyzed.*® Our findings showed a significant difference (P
<0.001) between the negative control group compared with
conduit, autograft, and positive control groups following
the12-week of surgery. In this time, there was no significant
difference (P >0.05) between the PGA/collagen/NBG
conduit group and autograft and positive control groups,
which implied the superiority of PGA/collagen/NBG
conduit over other conduits for neural regeneration. Our
results were in line with the results obtained in the study of
Matsumoto et al.*® As shown in Figure 10, after complete
neural regeneration, PGA/collagen/NBG conduit was
entirely absorbed by the metabolic pathway as confirmed by
Niimi et al., whose findings showed that PGA conduit could
be fully absorbed in the body and a second operation would
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Figure 10. The Regenerated Nerve in Response to the Treatment of
Rats with PGA/collagen/NBG Conduit after 12 Weeks of Surgery. (A)
Complete absorption of conduits (note the newly regenerated nerve
between the two ends of the stitch (red arrows), (B) Hematoxylin-eosin
and (C) Toluidine blue staining of the regenerated nerve (x10). (P:
Proximal ends of the nerve; D: Distal ends of the nerve).

not be required.*’ The thin layer of the surrounding fibrous
tissue and minimal inflammation indicated that PGA/
collagen/NBG conduit was biocompatible. Also, in the
PGA/collagen/NBG conduit groups, a vast majority of
newly-formed capillaries were formed, indicating that
PGA/collagen/NBG conduit can induce the angiogenesis
process. This could be attributed to the presence of bioglass
nanoparticles and their pivotal role in stimulating angiogenesis
which is inconsistent with the findings of Day et al., who
reported an enhanced secretion of VEGF in response to low
concentrations of bioglass 45S5, as well as the formation of
the endothelial cells and improved angiogenesis.** Furthermore,
Zhai et al. showed that the expression of VEGFRs could be
increased by silicate-based bioglass in the presence of high
concentrations of Si. Besides, they demonstrated an increased
rate of angiogenesis in response to silicate-based bioglass,
which indicates the essential role of silicate extracts
containing high Si concentrations in upregulating the
expression of VEGFRs.#? Although autograft and conduit
groups regenerated numerous bundles of sciatic nerve fibers
in the distal region of the regenerated tissues, no marked
regeneration of axons was detected in the negative control
group. The results of the H & E staining method indicated
less vacuole formation and higher rate angiogenesis. As
depicted in Figure 5, a lower degree of vacuole formation, a
higher number of Schwann cells, and an increased rate of
angiogenesis was found in autograft and PGA/collagen/
NBG conduit groups in comparison with PGA and
PGA/collagen conduit groups. These findings were further
confirmed by the Toluidine blue staining method (Figure 6).
The histological assessments showed that regenerated nerves

in response to autograft and PGA/collagen/NBG conduit
successfully grew across the gap and connected the proximal
and distal nerve stumps. The immunohistochemical analysis
of anti-NF200, S100, and CD31 demonstrated higher levels
of axonal remodeling, increased number of Schwann cells,
and an increased rate of angiogenesis in the PGA/collagen/
NBG conduit group in comparison with PGA and PGA/
collagen conduit groups.

Conclusion

Since the restoration of PNI following the spontaneous
regeneration is partially fellfield after microsurgical procedures,
we designed a novel neural guidance channel containing
PGA/collagen/NBG by means of the electrospinning method,
and its effects on the improvement of the transected sciatic
nerve were examined in a rat animal model. Our finding
revealed that the fabricated conduit has the potential to
improve sciatic nerve regeneration, and its effectiveness on
nerve regeneration is higher than PGA and PGA/collagen
conduits. Although various examinations proved our claim
about the beneficial role of this conduit in peripheral nerve
restoration, further studies are warranted to unravel the
detailed mechanism(s) of these effects.

Authors’ Contributions

All authors contributed to the study conception and design.
Sciatic nerve surgery was performed by MRN and ND. The
study of neural conduction was performed in collaboration
with KM. Material preparation, data collection, and analysis
were completed with the cooperation of all authors. The
first draft of the manuscript was written by ND and all
authors commented on previous versions of the manuscript.
All authors read and approved the final manuscript.

Conflict of Interest Disclosures
The authors declare that they have no conflicts of interest.

Acknowledgements

The authors would like to thank their colleagues from the
Laboratory Animal Center of Science and Research Branch
of Islamic Azad University for all their assistance during
this study. All applicable national and institutional
guidelines for the care and use of animals were followed in
this study.

References

1. Arslantunali D, Dursun T, Yucel D, Hasirci N, Hasirci V.
Peripheral nerve conduits: technology update. Med Devices
(Auckl). 2014;7:405-24. doi:10.2147/MDER.S59124

2. Asplund M, Nilsson M, Jacobsson A, Von Holst H. Incidence
of traumatic peripheral nerve injuries and amputations in
Sweden between 1998 and 2006. Neuroepidemiology.
2009;32(3):217-28. doi:10.1159/000197900

3. Evans GR. Peripheral nerve injury: a review and
approach to tissue engineered constructs. Anat Rec.

http://www.biotechrep.ir

) App! Biotechnol Rep, Volume 8, Issue 3, 2021 | 290


http://www.biotechrep.ir/
https://dx.doi.org/10.2147%2FMDER.S59124
https://doi.org/10.1159/000197900

Dehnavi et al

2001;263(4):396-404. doi:10.1002/ar.1120

Taylor CA, Braza D, Rice JB, Dillingham T. The
incidence of peripheral nerve injury in extremity trauma.
Am ] Phys Med Rehabil. 2008;87(5):381-5. doi:10.1097/
PHM.0b013e31815e6370

Ichihara S, Inada Y, Nakamura T. Artificial nerve tubes
and their application for repair of peripheral nerve injury:
an update of current concepts. Injury. 2008;39:29-39.
doi:10.1016/j.injury.2008.08.029

Kehoe S, Zhang XF, Boyd D. FDA approved guidance
conduits and wraps for peripheral nerve injury: a review
of materials and efficacy. Injury. 2012;43(5):553-72.
doi:10.1016/j.injury.2010.12.030

Artico M, Cervoni L, Nucci F, Giuffre R. Birthday of
peripheral nervous system surgery: the contribution of
Gabriele Ferrara (1543-1627). Neurosurgery. 1996;39(2):
380-3. doi:10.1097/00006123-199608000-00030
Battiston B, Papalia I, Tos P, Geuna S. Peripheral nerve
repair and regeneration research: a historical note. Int Rev
Neurobiol. 2009;87:1-7. doi:10.1016/S0074-7742(09)87
001-3

Mohamadi F, Ebrahimi-Barough S, Nourani MR, Mansoori
K, Salehi M, Alizadeh AA, et al. Enhanced sciatic nerve
regeneration by human endometrial stem cells in an
electrospun poly (e-caprolactone)/collagen/NBG nerve
conduit in rat. Artif Cells Nanomed Biotechnol. 2018;
46(8):1731-43. doi:10.1080/21691401.2017.1391823
Koudehi MF, Fooladi AA, Mansoori K, Jamalpoor Z,
Amiri A, Nourani MR. Preparation and evaluation of
novel nano-bioglass/gelatin conduit for peripheral nerve
regeneration. ] Mater Sci Mater Med. 2014;25(2):363-73.
doi:10.1007/s10856-013-5076-1

Mohamadi F, Ebrahimi-Barough S, Reza Nourani M, Ali
Derakhshan M, Goodarzi V, Sadegh Nazockdast M, et al.
Electrospun nerve guide scaffold of poly (e-
caprolactone)/collagen/nanobioglass: an in vitro study in
peripheral nerve tissue engineering. ] Biomed Mater Res
A. 2017;105(7):1960-72. doi:10.1002/jbm.a.36068

Meek MF, Coert JH. Clinical use of nerve conduits in
peripheral-nerve repair: review of the literature. )
Reconstr Microsurg. 2002;18(2):097-110. doi:10.1055/s-
2002-19889

Lotfi L, Khakbiz M, Moosazadeh Moghaddam M,
Bonakdar S. A biomaterials approach to Schwann cell
development in neural tissue engineering. ] Biomed
Mater Res A. 2019;107(11):2425-46. doi:10.1002/jbm.a.
36749

Andreani T, Silva AM, Souto EB. Cell scaffolds and
fabrication technologies for tissue engineering. Adv funct
polym compos. 2013.

Boland ED, Wnek GE, Simpson DG, Pawlowski K],
Bowlin GL. Tailoring tissue engineering scaffolds using
electrostatic processing techniques: a study of poly
(glycolic acid) electrospinning. J] Macromol Sci A. 2001;
38(12):1231-43.

Wang C, Cen L, Yin S, Liu Q, Liu W, Cao Y, et al. A small
diameter elastic blood vessel wall prepared under
pulsatile conditions from polyglycolic acid mesh and
smooth muscle cells differentiated from adipose-derived
stem cells. Biomaterials. 2010;31(4):621-30. doi:10.1016
/j.biomaterials.2009.09.086

Nakamura T, Inada Y, Fukuda S, Yoshitani M, Nakada A,
Itoi SI, et al. Experimental study on the regeneration of
peripheral nerve gaps through a polyglycolic acid-
collagen (PGA—collagen) tube. Brain Res. 2004;1027(1-
2):18-29. doi:10.1016/j.brainres.2004.08.040

Yu H, Peng J, Xu Y, Chang J, Li H. Bioglass activated skin
tissue engineering constructs for wound healing. ACS
Appl Mater Interfaces. 2016;8(1):703-15. doi:10.1021/

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

acsami.5b09853

Bunting S, Di Silvio L, Deb S, Hall S. Bioresorbable glass
fibres facilitate peripheral nerve regeneration. ] Hand Surg.
2005;30(3):242-7. doi:10.1016/).JHSB.2004.11.003
Wang S, Cai L. Polymers for fabricating nerve conduits.
Int J Polym Sci. 2010;2010:138686. doi:10.1155/2010/1
38686

Jiao H, Yao J, Yang Y, Chen X, Lin W, Li Y, et al.
Chitosan/polyglycolic acid nerve grafts for axon
regeneration from prolonged axotomized neurons to
chronically denervated segments. Biomaterials. 2009;30
(28):5004-18. doi:10.1016/j.biomaterials.2009.05.059

de Medinaceli L, Freed WJ, Wyatt RJ. An index of the
functional condition of rat sciatic nerve based on
measurements made from walking tracks. Exp Neurol.
1982;77(3):634-43. doi:10.1016/0014-4886(82)90234-5
Dijkstra JR, Meek MF, Robinson PH, Gramsbergen A.
Methods to evaluate functional nerve recovery in adult
rats: walking track analysis, video analysis and the
withdrawal reflex. ] Neurosci Methods. 2000;96(2):89-
96. doi:10.1016/S0165-0270(99)00174-0

Moosazadeh Moghaddam M, Bonakdar S, Shokrgozar
MA, Zaminy A, Vali H, Faghihi S. Engineered substrates
with imprinted cell-like topographies induce direct
differentiation of adipose-derived mesenchymal stem cells
into Schwann cells. Artif Cells Nanomed Biotechnol.
2019;47(1):1022-35. doi:10.1080/21691401.2019.1586718
Hu D, Hu R, Berde CB. Neurologic evaluation of infant
and adult rats before and after sciatic nerve blockade.
Anesthesiology. 1997;86(4):957-65. doi:10.1097/000005
42-199704000-00026

Wang X, Ding B, Li B. Biomimetic electrospun
nanofibrous structures for tissue engineering. Mater Today.
2013;16(6):229-41. doi:10.1016/j.mattod.2013.06.005
Archibald SJ, Krarup C, Shefner J, Li ST, Madison RD. A
collagen-based nerve guide conduit for peripheral nerve
repair: An electrophysiological study of nerve regeneration
in rodents and nonhuman primates. ] Comp Neurol.
1991;306(4):685-96. doi:10.1002/cne.903060410
Ghasemi-Mobarakeh L, Prabhakaran MP, Morshed M,
Nasr-Esfahani MH, Ramakrishna S. Electrospun poly (e-
caprolactone)/gelatin  nanofibrous scaffolds for nerve
tissue engineering. Biomaterials. 2008;29(34):4532-9.
doi:10.1016/j.biomaterials.2008.08.007

Kiyotani T, Teramachi M, Takimoto Y, Nakamura T,
Shimizu Y, Endo K. Nerve regeneration across a 25-mm
gap bridged by a polyglycolic acid-collagen tube: a
histological and electrophysiological evaluation of
regenerated nerves. Brain Res. 1996;740(1-2):66-74.
doi:10.1016/S0006-8993(96)00848-7

Rezwan K, Chen QZ, Blaker J), Boccaccini AR. Biodegradable
and bioactive porous polymer/inorganic composite
scaffolds for bone tissue engineering. Biomaterials. 2006;
27(18):3413-31. doi:10.1016/j.biomaterials.2006.01.039
Gorustovich AA, Roether JA, Boccaccini AR. Effect of
bioactive glasses on angiogenesis: a review of in vitro
and in vivo evidences. Tissue Eng Part B Rev.
2010;16(2):199-207. doi:10.1089/ten.teb.2009.0416
Dehnavi N, Parivar K, Goodarzi V, Salimi A, Nourani
MR. Systematically engineered electrospun conduit based
on PGA/collagen/bioglass nanocomposites: The evaluation
of morphological, mechanical, and bio-properties. Polym Adv
Technol. 2019;30(9):2192-206. doi:10.1002/pat.4648
Reilly GC, Radin S, Chen AT, Ducheyne P. Differential
alkaline phosphatase responses of rat and human bone
marrow derived mesenchymal stem cells to 45S5
bioactive glass. Biomaterials. 2007;28(28):4091-7.
doi:10.1016/j.biomaterials.2007.05.038

Hu S, Chang J, Liu M, Ning C. Study on antibacterial

291 | J Appl Biotechnol Rep, Volume 8, Issue 3, 2021

http://www.biotechrep.ir


http://www.biotechrep.ir/
https://doi.org/10.1002/ar.1120
https://doi.org/10.1016/j.injury.2008.08.029
https://doi.org/10.1016/j.injury.2010.12.030
https://doi.org/10.1097/00006123-199608000-00030
https://doi.org/10.1016/S0074-7742(09)87001-3
https://doi.org/10.1016/S0074-7742(09)87001-3
https://doi.org/10.1007/s10856-013-5076-1
https://doi.org/10.1002/jbm.a.36068
https://doi.org/10.1002/jbm.a.36749
https://doi.org/10.1002/jbm.a.36749
https://doi.org/10.1016/j.biomaterials.2009.09.086
https://doi.org/10.1016/j.biomaterials.2009.09.086
https://doi.org/10.1016/j.brainres.2004.08.040
https://doi.org/10.1021/acsami.5b09853
https://doi.org/10.1021/acsami.5b09853
https://doi.org/10.1016%2FJ.JHSB.2004.11.003
https://doi.org/10.1155/2010/138686
https://doi.org/10.1155/2010/138686
https://doi.org/10.1016/j.biomaterials.2009.05.059
https://doi.org/10.1016/0014-4886(82)90234-5
https://doi.org/10.1016/S0165-0270(99)00174-0
https://doi.org/10.1016/j.mattod.2013.06.005
https://doi.org/10.1002/cne.903060410
https://doi.org/10.1016/j.biomaterials.2008.08.007
https://doi.org/10.1016/S0006-8993(96)00848-7
https://doi.org/10.1016/j.biomaterials.2006.01.039
https://doi.org/10.1089/ten.teb.2009.0416
https://doi.org/10.1002/pat.4648
https://doi.org/10.1016/j.biomaterials.2007.05.038

Regeneration of Sciatic Nerve Injury

35.

36.

37.

38.

effect of 45S5 Bioglass®. ] Mater Sci Mater Med.
2009;20(1):281-6. doi:10.1007/s10856-008-3564-5

Bain JR, Mackinnon SE, Hunter DA. Functional
evaluation of complete sciatic, peroneal, and posterior
tibial nerve lesions in the rat. Plast Reconstr Surg.
1989;83(1):129-38. doi:10.1097/00006534-198901000-
00024

Gu Y, Zhu J, Xue C, Li Z, Ding F, Yang Y, et al.
Chitosan/silk  fibroin-based, =~ Schwann  cell-derived
extracellular matrix-modified scaffolds for bridging rat
sciatic nerve gaps. Biomaterials. 2014;35(7):2253-63.
doi:10.1016/j.biomaterials.2013.11.087

Wong KH, Kanagasabapathy G, Bakar R, Phan CW,
Sabaratnam V. Restoration of sensory dysfunction
following peripheral nerve injury by the polysaccharide
from culinary and medicinal mushroom, Hericium
erinaceus (Bull.: Fr.) Pers. through its neuroregenerative
action. Food Sci Technol. 2015;35(4):712-21. doi:10.15
90/1678-457X.6838

Matsumoto K, Ohnishi K, Kiyotani T, Sekine T, Ueda H,
Nakamura T, et al. Peripheral nerve regeneration across
an 80-mm gap bridged by a polyglycolic acid (PGA)-

39.

40.

41.

42.

collagen tube filled with laminin-coated collagen fibers: a
histological and electrophysiological evaluation of
regenerated nerves. Brain Res. 2000;868(2):315-28.
doi:10.1016/S0006-8993(00)02207-1

Wolthers M, Moldovan M, Binderup T, Schmalbruch H,
Krarup C. Comparative electrophysiological, functional,
and histological studies of nerve lesions in rats.
Microsurgery. 2005;25(6):508-19. doi:10.1002/micr.20156
Niimi Y, Matsumine H, Takeuchi Y, Hironobu O,
Tsunoda S, Miyata M, et al. A collagen-coated PGA
conduit for interpositional-jump graft with end-to-side
neurorrhaphy for treating facial nerve paralysis in rat.
Microsurgery. 2019;39(1):70-80. doi:10.1002/micr.30291
Day RM. Bioactive glass stimulates the secretion of
angiogenic growth factors and angiogenesis in vitro.
Tissue Eng. 2005;11(5-6):768-77. doi:10.1089/ten.2005.
11.768

Zhai W, Lu H, Wu C, Chen L, Lin X, Naoki K, et al.
Stimulatory effects of the ionic products from Ca-Mg-Si
bioceramics on both osteogenesis and angiogenesis in
vitro. Acta Biomater. 2013;9(8):8004-14. doi:10.1016/j.
acthio.2013.04.024

http://www.biotechrep.ir

) Appl Biotechnol Rep, Volume 8, Issue 3, 2021 | 292


http://www.biotechrep.ir/
https://doi.org/10.1007/s10856-008-3564-5
https://doi.org/10.1016/j.biomaterials.2013.11.087
https://doi.org/10.1590/1678-457X.6838
https://doi.org/10.1590/1678-457X.6838
https://doi.org/10.1016/S0006-8993(00)02207-1
https://doi.org/10.1002/micr.30291
https://doi.org/10.1089/ten.2005.11.768
https://doi.org/10.1089/ten.2005.11.768
https://doi.org/10.1016/j.actbio.2013.04.024
https://doi.org/10.1016/j.actbio.2013.04.024

