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Abstract An injury to the human nervous system, which plays a major role in our
daily lives by being involved in our thought and action processes, has been one of
the greatest issues in the medical field. Social costs are considerably high because
of these injuries and the many ongoing studies searching for cures to nervous sys-
tem injuries. As a result of these efforts, electrospinning technology has been found
to a suitable alternative to fabricating scaffolds for nerve regeneration. The electro-
spun nanofibrous scaffold can provide the regenerating nervous system with cell-
friendly environments that have sufficient porosity, mechanical strength, guidance
cues, etc. First, the anatomies of the central and peripheral nervous systems and
their regeneration mechanisms are introduced and compared to each other. Second,
the mechanisms, requirements, and favored properties are discussed. Finally, vari-
ous fabrication methods and the current evolving concept of electrospun nerve con-
duits with functionalization strategies such as cell loading, neurotrophic biomolecule
or nanoparticle immobilization, and conductive polymer use are discussed.
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List of Abbreviations

a-FGF Acidic fibroblast growth factor

ASIA American Spinal Injury Association
ATF-3 Activating transcription factor-3
BDNF Brain-derived neurotrophic factor
CNS Central nervous system

CNTF Ciliary neurotrophic factor

DRG Dorsal root ganglia

ECM Extracellular matrix

EMSCs Ectomesenchymal stem cells
GAP-43 Growth-associated protein-43

GDNF Glial cell line-derived neurotrophic factor
GVHD Graft-versus-host disease
MAIs Myelin-associated inhibitors
MSCs Mesenchymal stem cells
MWCNT  Multi-walled carbon nanotubes
NGFs Nerve growth factors

NPCs Neural progenitor cells

NPs Nanoparticles

NRG1 Neuregulin 1

NSCs Neural stem cells

NT-3 Neurotrophin-3

NTFs Neurotrophic factors

OECs Olfactory ensheathing cells
OEG Olfactory ensheathing glia
PAN Polyacrylonitrile

PCL Polycaprolactone

PE Polyethylene

PHB Poly-f-hydroxybutyrate
PLGA Poly(lactide-co-glycolide)
PNS Peripheral nervous system
PPy Polypyrrole

PVC Polyvinyl chloride

RAGs Regeneration-associated genes
rNSCs Rat neural stem cells

SCI Spinal cord injuries

siRNA Small-interfering RNA

Sox11 SRY-box containing gene 11

SPRR1A  Small proline-repeat protein 1A

SWCNT  Single-walled carbon nanotube

TF-MSNs Transferrin-modified mesoporous silica nanoparticles
VEGF Vascular endothelial growth factor

al-GP Alpha-1 glycoprotein
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1 Introduction

The human nervous system is responsible for the thought processes and action con-
trol that occurs in our bodies. The nervous system consists of two main parts: the
central nervous system (CNS) and peripheral nervous system (PNS), which are
based on location and functions. The PNS collects and integrates somatic and auto-
nomic information from different sensory nerves and organs throughout the trunk
and extremities. The CNS determines the responses based on the collected informa-
tion and sends commands throughout our body via the PNS. These processes are
conducted literally millions of times each minute of our daily lives [1].

Despite being connected systems and having similarities in functions and gross
anatomy, the CNS and PNS show distinct differences. For instance, the healing
capacities of PNS injuries are considerably greater than those of CNS lesions owing
to the difference in the intrinsic properties of neurons and extrinsic cellular
environments.

With the nervous system playing such a major role, an injury to the system can
cause not only a socio-economic problem but a decline in an individual’s quality of
life. For example, spinal cord injuries (SCI) can cause various clinical manifesta-
tions including loss of motor control and sensation, pain, numbness in related areas,
and rarely death. The one-year survival rate of SCIs in the U.S. (2015, NSCISC
annual statistical report) was reported to be higher than 95.5%, due in part to the fact
that damage to the spinal cord below the cervical level rarely leads to death.
However, many American Spinal Injury Association (ASIA) Classification “com-
plete” injury cases result in permanent disabilities because neuronal cells generally
fail to regenerate in a CNS injury [2—4]. The lifetime healthcare costs for a 25-year-
old patient with cervical level tetraplegia are expected to be more than $4 million.
Even though there are various biological, pharmacological, mechanical, and surgi-
cal treatments to overcome these problems, there is no established treatment strat-
egy yet [5-7].

Even if these therapeutic strategies do not guarantee full recovery from spinal
injury, by facilitating functional recovery in the early stages of post-trauma, overall
lifetime expenses are reduced and quality of life is increased. On the other hand,
peripheral nerve injuries can be healed and can recover to some degree from neurot-
mesis, although complete functionality is not recovered and some complications
may arise even after recovery [8].

Physicians decide how to go about treatment by taking into account many differ-
ent factors, but the deciding factor is the size of the defective gap between the two
stumps. Surgical approaches, tensioned direct repair, and grafting techniques have
been the conventional treatments for nerve injuries in the past. The autograft trans-
plantation has become the most popular surgical technique since Berger and Millesi
demonstrated its superiority over direct tension repairs if the injured nerve gap is
narrow enough to avoid tension [9]. The autograft is an instantly available source in
most cases and also offers the following advantages: a peripheral nerve-friendly
environment, guidance cues, perineurium scaffolding, and the support of Schwann
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cells. Although autograft transplantation has been the treatment of choice for the
past few decades, many complications and limitations still remain [10].

The reported complications from autograft nerve repair include tender neuroma
formation, dysesthesia, paresthesia, paralysis, contracture, etc. excluding iatrogenic
complications. They are more frequently found in wounds with inadequate tension
and vascularization. Also, the donor site from where the autograft tissue is harvested
suffers from a permanent nerve injury and potential postoperative complications
from the required additional incision. More recently, alternative sutureless nerve
repair techniques by coaptation using fibrin glue and laser have come into the lime-
light offering competitive benefits [11]. Sutureless techniques are arguably more
efficient than conventional techniques, eliminate the tension caused by suturing, and
improve the alignment of fascicles.

Another emerging technology, the bioartificial nerve conduit, is a supporting tube-
like scaffold proposed as a promising new alternative or complementary therapeutic
technology to autografts. With extensive researches and advantages, nerve conduit
techniques are considered to be the current gold standard for nerve repair [12]. This
scaffolding technique focuses on entubulation, the guiding of axonal regrowth
through an enclosed tubal structure. One of the significant advantages of the entubu-
lating nerve conduit is that it is able to be used to upgrade other conventional suture
techniques and sutureless techniques or even as a stand-alone procedure.

Various artificial nerve conduit researches are being carried out to enhance func-
tionality and improve properties such as biomimetics, nanotopography, material
selection, and enhancement by the addition of biomolecules [13]. The biodegrad-
able aligned electrospun nanofibrous nerve conduit is currently the option with the
best nanotopographic properties.

The aligned electrospun nanofibrous nerve conduit is fabricated by electrospin-
ning, which is one of the most suitable techniques for producing nerve conduits.
Electrospinning is also one of the simplest methods that can produce aligned topog-
raphy with tunable porosity from a large variety of materials and additive sub-
stances. The tailored surface topography and porosity of aligned electrospun
nanofibrous nerve conduits foster nerve regeneration by providing guidance cues,
permissiveness, and a cell-friendly environment [14, 15]. Also, the polymer compo-
sition for nerve conduit and doping substances also influences nerve regeneration
with controllable drug loading capacity of electrospun nanofibers. Although nerve
conduit technology is commonly used to facilitate nerve regeneration in the PNS, it
is also expected to take part in CNS injury treatment combined with other therapeu-
tic strategies such as cell transplantation, neurotrophic factors, and nanoparticles
[16, 17].

We will discuss in brief nerve regeneration physiology, electrospinning methods
for obtaining aligned nanofibers, and the role of aligned nanofibers in cell guidance
in vitro and in vivo, by comparing aligned fibers with randomly oriented nanofi-
brous fibers.
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1.1 Anatomy of a Nerve and Neuroregeneration

The human nervous system has two main components: the central nervous system
and the peripheral nervous system. The CNS is composed of the brain and spinal
cord while the PNS can be categorized into spinal nerves and cranial nerves accord-
ing to the initiation lesion/level or three groups according to the direction of signal
conduction: afferent nerves, efferent nerves, and mixed nerves. A nerve is a cord-
like axonal bundle in the PNS that delivers electric and chemical signals from the
CNS to the innervated organ and vice versa. Axons are covered by the endoneurium,
an outer layer of connective tissue, and bundle up into fascicles, which are wrapped
in the perineurium. These fascicles are bundled together to finally form the hierar-
chical structure of the nerve covered by the epineurium, the outermost layer of con-
nective tissue as seen in Fig. 1 [1].

As seen in Fig. 2, the two nervous systems show several big differences in their
functions, structures and, more importantly, in their regeneration processes. The dif-
ference in regenerative capacities between the two systems is explained mainly by
their intrinsic regenerative potentials and different glial cells, also known as signal
transduction assistants, and their different reactions to a damaged neuron [19, 20].

Slender peripheral nerves are usually located at mechanically vulnerable posi-
tions surrounded by tissues. They can be easily injured by various traumatic events
including cuts and compressions. Once a nerve is damaged, the remnant distal nerve
tissues undergo Wallerian degeneration, the fragmentation and disintegration of the
axon, to start the regenerative process in which Schwann cells, the basal lamina, and
the neurilemma around the damaged sites begin to construct a primitive regenera-
tion tube [22-24]. Upregulation of regeneration-associated genes (RAGs) with
nerve growth factors (NGFs) also highly contributes to this process. Once the regen-
eration tube is completed, the nerves grow guided by the tube to reach its destina-
tion [25]. However, this entire regenerative process takes several months and
incomplete functional restoration often occurs when the regenerative processes are
not able to complete their tasks. Regeneration in the CNS used to be regarded as an
unachievable goal due to the limited intrinsic capacity for axonal growth and inhibi-
tory milieu. The inhibitory environmental cues in the CNS were experimentally
demonstrated by David and Aguayo, transplanting peripheral nerve graft to the CNS
and vice versa. The transplanted PNS nerve graft vastly promoted CNS neuron
regeneration but the CNS grafts dampened the regeneration capabilities of the PNS
neuron [26]. The incapability of the CNS neuron to recover postpones prompt initia-
tion of axonal regeneration. Moreover, the injury site is further beset by secondary
reactive events.

First, the glial cellular function of oligodendrocytes as a scavenger is generally
unsuccessful. As a result, they fail to rejuvenate and to make matters worse, the
astrocyte-supported oligodendrocytes secrete inhibitory substances instead of help-
ful trophic factors. Secretory inhibitors including myelin-associated inhibitors
(MAIs) and chondroitin sulfate proteoglycans (CSPGs) coincide the upregulation of
RAGS such as c-Jun, activating transcription factor-3 (ATF-3), SRY-box containing
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Fig. 1 The schematic of layered-structure of a nerve (a), histologic picture of a nerve (b) (tissue
source: simian). LM x 40. Image by OpenStax College, licensed under CC BY 3.0 [18]

gene 11 (Sox11), small proline-repeat protein 1A (SPRR1A), growth-associated
protein-43 (GAP-43) and CAP-23 [27-31]. Finally, they initiate fibrosis and a dense
scar formation, or sometimes a cyst formation, which acts as a natural obstacle that
prevents the nerve stumps from reuniting by blocking neural cell migration. Figure 3
is a graphical representation of the regeneration process of the axon.
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Fig. 2 Schematics of the nervous system responses to axon injury; (a) response in the PNS and
(b) response in the CNS. Adapted from Ref. [21] with permission from Elsevier [21]

1.2 Nerve Guide Conduits
1.2.1 Requirements of Nerve Conduit

The history of manufactured nerve conduits is traced back to the tube-shaped decal-
cified bone made by Gluck and his colleagues for the connection of transected nerve
ends in the 1880s before the microsurgery [32]. This trial for the treatment of neurot-
mesis injuries by an encapsulation strategy continued until Dahlin and Lundborg’s
silicon-based nerve conduit. Dahlin and Lundborg characterized the mechanism of
nerve regeneration in a tube-structured nerve conduit. The nerve conduit encases
both nerve stumps within the lumen of the tube to provide a gross alignment and fluid
accumulation between the stumps for nerve regeneration. The fluid accumulated
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Fig. 3 The axon regeneration equation. Pro-regenerative and anti-regenerative factors in axonal
regeneration process. Reprinted from Ref. [21] with permission from Elsevier [21]

inside the tube’s inner chamber initiates a rudimentary fibrin matrix formation that
connects the two nerve stumps. When the accumulation reaches a sufficient amount,
this primitive fibrin matrix can serve as a bridge for cell migration [23]. Once the
cells have migrated, connecting structures called Biingner’s linear band forms within
the disordered rudimentary fibrin matrix. The juvenile neurites grow along these lin-
ear bands surrounded by newly-created pseudo nerve sheaths.

This process depends heavily on the sufficiency of fluid leakage volume from
both nerve ends. If the volume of fluid is insufficient to fill up the inner lumen, the
newly formed fibrin matrix and neo nerve can often be too thin and weak due to the
mechanical contraction. The thinner nerve regeneration alters the functional regain
because the axonal regeneration is proportional to the thinnest cross sectional diam-
eter of the cable [33]. Also, there has been another issue that can cause neuroma
formation by tightly holding neurites to prevent them from potential escape. Even
with these limitations, the nerve encapsulation strategy demonstrates apparent ben-
efits. The axoplasm and milieu-containing nerve conduits provide treatment to the
injured nerve tissue by keeping it away from the inflammation of the wound bed.

A series of mixed nerve repairs in the forearm were researched by the Lundborg
group and a 5-year follow-up study reported that the peripheral nervous tubal scaf-
folding strategy is highly comparable to direct sutures. They showed a greater sen-
sory recovery in less than 5 mm gaps even with non-permissive, permanent silicon
tubes [23].

After a series of researches with efforts to improve the nerve conduit, some
requirements have been explored and are being optimized. As a tissue scaffold, a
nerve conduit must be composed of biocompatible materials to avoid rejection and
further wound inflammation. The porosity and permeability of a scaffold are also
important for invasion and migration of nerve cells, including Schwann cells and
neural stem cells, and also neurological biomolecules (such as laminin-1, NGF, &
BDNF). The porosity of a scaffold should be kept in a proper range to avoid compli-
cations. If the pores are too big, the fluids and cells needed to form a fibrin matrix in
the early stages escape before the cells can attach, leading to failed neuroregeneration
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in the later stages. On the other hand, if pores are too narrow, the supportive cells
cannot penetrate through to their destinations [14]. Also, the biodegradability of the
nerve conduit also supports the dynamic neuroregeneration condition. When the
active neuroregeneration process ends, a permanent nerve conduit that remains sur-
rounding the neo-tissue may generate unwanted compression as an unnecessary
structure.

Recently, the microscopic alignment of the scaffold surface and the electrical
conductivity of the scaffold have emerged as new supporting strategies [34, 35].
Nanotopography is considered to provide nerve cells and neurites with guidance
cues since the nerve cells need to directionally regenerate. Biodegradable aligned
electrospun nanofibers have been attracting attention for their ability to fulfill the
described requirements as nerve conduit materials.

2 Electrospun Nerve Conduits

2.1 Nanotopography of Nerve Conduit and Alignments

The nervous system comprises central and peripheral branches and functions to
deliver information to all parts of the body. An extensive network of neurons and
glia support the communication process. Nerve injury could result in painful neu-
ropathies because of reduction in sensory perception and motor function depending
on the location of the injury. There are many limitations in microsurgery techniques
for the treatment of serious peripheral nerve injuries. NGCs are limited to treating
nerve gaps of less than 4 cm in length, and sometimes the postoperative nerve is not
well connected after implanting [36]. For this reason, recent developments in bio-
materials and tissue engineering approaches seek to overcome the limitations asso-
ciated with these methods of treatment. The incorporation of topographical guidance
features and intraluminal structures have been studied to induce Schwann cell
migration and regrowth of the axon toward their distal target. Several similar studies
have been performed using various combinations of intraluminal guide structures
and external conduit materials. One approach to this intraluminal guidance struc-
ture, including gels, sponges, films, filaments, and fibers, taken alone or with mul-
tiple support factors, is to add nanoscale guidance cues to micrometric in situ
guiding structures [35, 37, 38].

Nanofiber-based scaffolds are most commonly used to add nanoscale guidance
functionality to micrometric in situ guidance structures. Nanofibers are generally
fabricated using three methods: self-assembly, phase separation, and electrospin-
ning. Of these three, electrospinning is more widely used because of the excellent
tunability of the nanotopography and diameter of the nanofibers [39]. Many studies
have demonstrated the superiority of nanofibrous scaffolds in terms of cell activity.
Also, nanofibrous scaffolds with specific patterning exhibit excellent mechanical
strength as well as significant advantages in terms of cell proliferation processes
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associated with cell proliferation such as cell attachment, migration, and orienta-
tion. For example, highly aligned nanofibers, when compared to randomly distrib-
uted nanofibers, play an important role in neurite outgrowth in the case of neurons
[40]. The reason is that the extracellular matrix of neural cells and neurites tend to
grow parallel to the nanofibers aligned along the nanofiber array [14].

The environment at the single-cell level is considered to be key in elucidating the
fundamental mechanisms of tissue regeneration [41]. While the extracellular matrix
(ECM) has been a main target to reproduce or mimic, it has been revealed that the
various properties of ECM including not only the soluble chemical factors, but also
the physical characteristics, regulate cellular processes such as attachment, migra-
tion, proliferation, and differentiation. The architecture (structural and morphologi-
cal properties) of the ECM is also a major determinant of the fate of both stem cells
and differentiated cells in its vicinity, aiding them to inherit the characteristics of the
original tissue [42].

The cell’s behaviors and functions heavily depend on the cell polarity and shape
[43]. A single abnormal polarity among many different cell types can cause an
organ malformation during fetal development and is also closely related to the
pathophysiology of various human diseases, including cancer metastasis. There are
reported cellular regulators of polarity such as Par (partitioning defective) complex
and associated Rho GTPase signaling involved in various cellular activities.
Although the physiological mechanism of the architecture of native ECM in situ is
yet unclear, the influence of topography on cell polarity in various cell types has
been researched and proven by employing an experimental process known as con-
tact guidance [44].

The polarizations of the affected cells were investigated with nano-patterned sur-
faces that had various modifications such as gradients and isotropic and anisotropic
nanotopographies. The many different cells grown on the nano-patterned substrate
were noted to prefer elongation and parallel alignment to the patterned nanogrooves.
For instance, the PNS neurons are also polarized along the fabricated nanogrooves
as they regenerate in neurite bundles. The cell proliferation rate is greatly dependent
on and sensitive to the size of the nanostructures and cell type. For example, neural
stem cells cultured on electrospun nanofibrous meshes with larger nanostructures
proliferated much less than on flat surfaces while proliferation increased with
decreased fiber size [45]. In contrast, the cell proliferation rate of mouse osteoblasts
was enhanced on hollow 100 nm diameter nanotubes.

Even though the underlying molecular mechanisms of cellular response remain
elusive, some clues can be found from investigating the integrin family of adhesion
molecules which play a key role in adhesion and mechanical signal transduction and
its related intrinsic pathways. Since the nerve acts as an electric wire, neural cell
orientation and polarization in the correct direction are crucial for nerve regenera-
tion [46]. Aligned patterned nano-sized scaffolds can support nerve regeneration not
only at the macroscopic level but also at the nano level by providing neuronal cells
with anchors in the form of nanogrooves.
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Fig. 4 (Left) Cross-sectional SEM image of a bilayer membrane consisting of a randomly ori-
ented outer layer and an aligned inner layer. (Right) Closer view of the outer and inner layer inter-
face. From Ref. [14] by Kim et al., licensed under CC BY 4.0 [14]

2.2 Aligned Electrospun Nanofibers

Aligned nanofibers provide topographic cues for nerve regeneration. Randomly ori-
ented nanofibers are generally fabricated without preferential direction by a typical
electrospinning set-up because the polymer jet that travels from nozzle tip to collec-
tor is disordered [14, 47]. It is challenging to produce a conduit from a neat aligned
nanofibrous mat. In addition, aligned nanofibers have not been used for surgical
applications as a nerve guide conduit due to their insufficient mechanical strength.
For these reasons, a conduit with a highly aligned electrospun mat is produced with
double coating using randomly oriented nanofibers by a modified electrospinning
method. This double coated conduit favorable features like selective permeability
and good hydrophilicity were made as nerve guide conduits [14, 48]. The inner part
of the nerve guide conduit is covered with ordered nanofibers for enhancement of
the proliferation of neural cells and the outer part of the conduit is double-coated
with random nanofibers over ordered nanofibers for strengthening the mechanical
properties of the inner part of the aligned nanofibrous conduit as shown in Fig. 4.

2.3 Fabrication Methods

A nerve conduit made of aligned nanofibers is favorable for nerve regeneration
because of their superior nerve cell proliferation and attachment. However, it is
challenging to fabricate a neat mat form with aligned nanofibers for biological
applications as a nerve guide conduit because of their insufficient tensile strength.
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For this reason, extensive efforts have focused on producing aligned nanofibers and
controlling the orientation of the fibers to meet requirements for medical applica-
tions. The most common fabrication technique for aligned nanofibers is the intro-
duction and the modification of the collectors like a rotating drum, cone and disk as
shown in Fig. 5.

Many researchers have used high-speed rotating drums to collect ordered nano-
fibers which are parallel to each other along a common axis. Increasing the speed of
the rotating collector results in highly aligned nanofibers. Edwards et al. reported
that the structures of aligned polycaprolactone (PCL) nanofibers are influenced by
the speed of the rotating collector [40, 49]. Theron et al. investigated an electrospin-
ning set-up with a thin rotating disk that has a tapered edge to fabricate continuous
aligned nanofibers. Afifi et al. proposed a modified rotating collector covered with
insulating materials and fixed with conductive fins to produce aligned nanofibers.
By setting up a gap between grounded conductive materials, one can obtain ordered
nanofibers between the conductive materials. Li et al. reported the density of col-
lected aligned nanofibers can differ according to the width of the gap between con-
ductive materials. Sun et al. investigated that a rotating grooved collector could
achieve the results of fabricating ordered nanofibrous mat in the electrospinning
[50]. The charged nanofibers are stretched and spun across a gap between grooved
collectors and form axially aligned nanofibers. Kim et al. demonstrated a modifica-
tion of the electrospinning process in order to collect both aligned and random nano-
fibers on a mat via a single step electrospinning process. The copper wires were
attached to a rotating collector and a semi-conductive mat was attached to the fixed
copper wires in the horizontal and vertical axes for fabrication of aligned nanofibers.
In this process of fabricating aligned nanofibers, the collector base was rotated at a
rate of about 1000 rpm to get a neat mat with aligned nanofibers as shown in Fig. 6.

Aligned nanofibers can achieve a better cell viability and migration compared to
randomly oriented nanofibers and act as a guide for neurite growth (Fig. 7). These
processing methods for ordered nanofibers can be promising candidates for manu-
facturing scaffolds for neural tissue engineering.

2.4 Improvement of Electrospun Nerve Conduit
2.4.1 Cell-Seeded Constructs

Therapeutic cell transplantation technology has taken its place in SCI treatment in
the last few decades as the importance of the supportive cellular environment in
neuroregeneration is highlighted. Several approaches to understanding more effi-
cient cell delivery routes also have been under investigation [21, 51]. Reports have
observed that the treatment outcome of cell transplantation is highly influenced by
the volumetric cell density, type, and delivery route [52, 53].

While the cell density and type are adjustable, the optimal delivery routes and
methods for cell transplantation vary from direct injection to scaffolds—seeding
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Fig. 6 Morphological analysis of PU and PLGA nanofibrous mat with diameter graph (a) SEM
image of randomly oriented PU nanofibers (d) SEM images of aligned PU nanofibers at a speed of
1000 rpm. (g) SEM image of randomly oriented PLGA nanofibers (j) SEM images of aligned
PLGA nanofibers at a speed of 1000 rpm (b, e, h, k) FFT output images (c, f, i, 1) Pixel intensity
plots against the angle of acquisition for the aligned and random nanofibers. From Ref. [14] by
Kim et al., licensed under CC BY 4.0 [14]
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Fig. 7 (a, b) Confocal microscopy images of PC12 cells attached after 1 day of culture on a ran-
domly oriented and aligned nanofibrous PLGA scaffold (e, d) Confocal microscopy images of
PC12 cells attached after 5 day of culture on a random and aligned nanofibrous PLGA scaffold (e,
f) Confocal microscopy images of S42 cells attached after 1 day of culture on a random and
aligned nanofibrous PLGA scaffold (g, h) Confocal microscopy images of S42 cells attached after
5 day of culture on a random and aligned nanofibrous PLGA scaffold. Actin Green 488 (green) was
applied for actin filament and DAPI (blue) for staining nuclei (i) Z stack from a PLGA scaffold
with aligned nanofibers in which S42 cells. Images were collected at 0.37 pm intervals using the
488 laser. From Ref. [14] by Kim et al., licensed under CC BY 4.0 [14]
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according to the target site. For SCI cell transplantation, injection through lumbar
puncture is less invasive, cost-effective, and readily available [52, 54]. The prelimi-
nary cell transplantation therapeutic outcomes of the epicenter, rostral, and caudal
injection sites at 1-2 weeks after SCI appeared to have similar levels of functional
restoration. However, the result may imply the injection requires a higher popula-
tion of therapeutic cells to reach a favorable cell density for filling up the spinal
cavity.

As a combinatorial treatment, a cell-seeded nerve conduit or a nerve conduit-
mediated cell transplantation along with additional mechanical supports and guidance
cues can be a promising alternative in providing the injured tissue with the appropriate
cell density needed in order to efficiently utilize the limited supply of cells.
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Among the many types of cells available Schwann cells, neural stem cells
(NSCs), neural progenitor cells (NPCs), ectomesenchymal stem cells (EMSCs),
mesenchymal cells (MSCs) and olfactory ensheathing cells (OECs) are considered
to be the most promising in bringing out the best outcome from cell-seeded nerve
conduit treatments. Particularly, Schwann cells are most studied neurotrophic cell
type and have demonstrated the most superior effect in treatments for both spinal
cord and peripheral nerve injuries. For example, Schwann cells are reported to
improve propriospinal axons around the injury site and also enhance the axonal
regrowth of dorsal root ganglia (DRG). However, Schwann cells alone are incapable
of helping axonal sprouts penetrate into the proximal destination so Schwann cell
therapy should be aided by a secondary scaffold such as aligned nerve conduits with
a directional topology for better therapeutic results [53].

To determine the best option and understand the behaviors and environmental
cues of the potential cells, the types and characteristics of a few neurotrophic cells
will be briefly discussed.

Schwann Cells

Schwann cells, named after physiologist Theodor Schwann, or neurolemmocytes,
are the principal glial cells of the PNS. They can be categorized into myelinating
and nonmyelinating Schwann cells depending on the myelin sheath wrapping
around the axons of neurons in the PNS. All glial cells including Schwann cells
functionally support neurons by supporting the conduction of electric signals and
synaptic activity. However, different glial cells play roles in the development and
regeneration of nerves, extracellular matrix synthesis, and immunologic monocytic
antigen presentation.

One of the many roles of glial cells and Schwann cells, in general, include reju-
venating the distal portion of the damaged area and making it permissive for further
neuronal regrowth and re-innervation. Following this cellular debridement, the
Schwann cells layer upon on each other to form what are known as bands of
Biingner, tunnels that guide axon regeneration toward the destination. Axons begin
to regenerate at a rate of approximately 1 mm per day under favorable cellular
milieu [55]. Schwann cells contribute to axonal regeneration by providing direction
and the synthesis of ECM and neurotrophic biomolecules such as NGF, BDNF, and
cell adhesion molecules. Once nerve fibers in the PNS get injured, the genes related
to Schwann cell formation are quickly upregulated. The most well-known genes
that contribute to Schwann cell formation and maintenance are SOX10 and
Neuregulin 1. SOX10 is known as a determining transcription factor for glial cell
generation from trunk crest cells and Neuregulin 1 (NRG1) promotes the formation
of Schwann cells and support the survival of immature Schwann cells [56, 57].

Owing to their neurotrophic properties, Schwann cells are popularly used in
attempts to treat neuronal injuries in a variety of ways. Novikova et al. seeded
Schwann cells on poly-p-hydroxybutyrate (PHB) nerve conduit and implanted the
nerve scaffold to cervical SCI rat models. They reported the nerve conduit enhanced
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axonal regeneration by supporting cell attachment and proliferation in the vicinity
of the injury [58]. Xu et al. evaluated the influence of Schwann cell-seeded PAN/
PVC mini-channel on a SCI rat model. Significant axonal regrowth in both direc-
tions, myelination, and improved vasculature were observed only in the cell-seeded
group [59]. Blits et al. also loaded Schwann cells to their PAN/polyvinyl chloride
(PVC)-based nerve conduit with other substances such as fibrinogen, gentamycin,
and aprotinin to promote neuroregeneration. Two adenovirus-associated vectors
were additionally administrated to two groups separately to evaluate the roles of
BDNF and NT-3 and significantly improved functional gains of the hind-limb in
both groups were observed [60].

Meanwhile, through various assessments such as histologic findings, electro-
physiologic analyses and walking track analyses, the neuroregenerative effect of
Schwann cells seeded on nerve conduits were confirmed by Keeley et al. [61]. The
supportive cellular mechanisms of Schwann cells are also gradually being revealed.
Williams et al. reported for the first time that the supportive roles of Schwann cells
in nerve regeneration are performed mainly during the early stages [54]. The guid-
ance cue provided by Schwann cells was emphasized by Brayan et al. through their
experiment on Schwann cell-seeded poly-L-lysine precoated polyethylene (PE)
nerve conduit implanted in a 20 mm neurotmesis rat model [53, 62].

To recapitulate briefly, once PNS nerve injury occurs, Schwann cells convert to
a cell phenotype that is specialized to promote nerve repair and rapidly divide,
migrate, express an appropriate set of genes, and facilitate axonal regrowth in the
early phase of nerve regeneration. Because of their many supportive properties,
Schwann cells have been extensively studied to be exploited in various neural injury
treatments [3]. Schwann cells are the most studied and potentially most favorable
candidate for cell loading nervous scaffold use, however, their application is
restricted by low availability owing to insufficient nerve donors and the time-
consuming culture processes for cell expansion.

Neural Stem Cells (NSCs) & Neural Progenitor Cells (NPCs)

Neural stem cells (NSCs) refer to multipotent cells closely involved in the embry-
onic development of the nervous system. More specifically, the neurons and glia of
the animal nervous system are generated in embryonic development by NSCs and
some NSCs will remain in the adult brain and continue to produce neurons [63, 64].
Neural stem cells can be divided into two daughter cells through asymmetric or
symmetric cell division. When NSCs undergo asymmetric cell division, one of the
daughter cells is differentiated into another cell type, primarily astrocytes, neurons,
or oligodendrocytes, while the other daughter cell remains multipotent [65]. NSCs
can also improve axonal regeneration by releasing metalloprotease-2 and multiple
neurotrophic factors [66].

Olson et al. reported the supportive influence of NSCs and Schwann cells on
neuroregeneration. In the study, Schwann cells and NSCs were seeded separately on
a multi-channel PLGA scaffold which was implanted in an SCI-injury rat model.
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Increased axonal regeneration was observed in both the Schwann cell and NSC
seeded-scaffolds, although the number of newly developed axons appeared to be
slightly higher in the Schwann cell scaffold [67]. Another group, Lee et al.,
confirmed the positive effects of NSCs in a canine SCI model instead of the conven-
tional rodent model.

Stem cell transplantation always carries with it concerns of toxicity and graft-
versus-host disease (GVHD) along with post-transplantation fever. Therefore, regi-
mens for stem cell transplantation using preventive strategies such as alloimmunization
and upregulation of Regulatory T cells, have been extensively studied [68]. Neural
progenitor cells (NPCs) are also multipotent as differentiated into hierarchically
lower cell types similarly to NSCs. The differences of NPCs from NSCs can be
found in the more specific differentiating potentials and the finite replication capa-
bilities of the cells [69]. However, these two types of cells are sometimes considered
to be equal and the concept of NPCs is still evolving.

Other Cells

Ectomesenchymal Stem Cells (EMSCs) are capable of differentiating into Schwann
cells and also supporting neuroregeneration. Nie et al. reported the effect of EMSCs-
loaded PLGA nerve conduit model in a rat sciatic neurotmesis model. The EMSCs-
loaded nerve conduit showed statistically similar results as the autograft transplant
group in a 3-month follow-up study using the sciatic functional index (SFI) while the
result of the cell-free PLGA group was substantially inferior to the other groups [70].

Mesenchymal Stem Cells (MSCs), usually referred to as bone marrow stromal
cells, are also available for cell-loaded nerve conduit technology. Although MSCs
do not differentiate into nerve cells, many studies have reported improved neuro-
genesis with MSCs transplantation. Through a lumbar puncture, human BMSCs
transplanted into a SCI rat model by Pal et al. appeared to guide axonal growth and
also significantly improved nerve functions. The transplanted hBMSCs survived in
the spinal cavity for at least 1 month and the functional regain was found to be
dependent on the volume of the transplanted cells [71]. Pereira Lopes et al. reported
the supportive effect of BMSCs as seeded on biodegradable collagen tube implanted
in a sciatic neurotmesis rat model with a 3 mm nerve gap. Compared to the control
group, a significantly greater number of regenerating clusters including both myelin-
ated and non-myelinated fibers were observed in the BMSC-loaded nerve conduit
after 6 weeks. They also confirmed the secretion of two neural growth factors,
BDNF and NGF § [72].

Olfactory ensheathing cells (OECs) also known as olfactory ensheathing glia
(OEG), are a type of glial cells distributed throughout the olfactory epithelium,
olfactory nerve, and also olfactory bulb. By phagocytosing pathogens, they contrib-
ute to the immunoprotection of the olfactory nerve which lies under a mucosal layer
of the upper nasal cavity. The human olfactory system keeps regenerating its neu-
rons even in adulthood because the exposed nerve ends must degenerate to maintain
the function [73]. During the regeneration processes, OECs play an important role



Electrospun Nanofibrous Nerve Conduits 225

in functionalization of new olfactory receptor neurons by cleaning up debris and
providing damaged neurons with a favorable environment for neuroregeneration.
Since the 1990s, the therapeutic possibility of transplantation of OECs to SCI to
promote axonal regeneration and neurogenesis began to be reported possibly owing
to the similar function of OECs in the olfactory system. In 2014, a Polish patient
suffering from SCI-induced paraplegia regained mobility via therapeutic OEG
transplantation. It was the first report of paraplegia recovery by SCI treatment [74].
The supportive mechanisms of OECs are still under investigation, but widely
thought to be due to the upregulation of NGF receptors rather than the release of
neurotrophic factors.

Neurotrophic Factors

Neurotrophic factors (NTFs) are various biomolecules related to neuronal growth,
survival, and differentiation. This family of biomolecules is widely studied to under-
stand the mechanisms of neuronal regeneration in both the CNS and PNS. NTFs are
categorized into three main groups: the neurotrophin family, the CNTF family, and
the GDNF family, based on the neurotrophic mechanisms at the cellular level [75].
Neurotrophin-3 (NT-3) of the neurotrophin family, is known for its significant role
in neuronal survival in the PNS, and improves neuroregeneration in the CNS, spe-
cifically in the corticospinal tracts. Fan et al. reported that the addition of NT-3 onto
PLGA nerve conduits promotes neural regrowth and motor function [76].

Another neurotrophin family member, brain-derived neurotrophic factor (BDNF)
is one of the most studied biomolecules in various different aspects among neuro-
trophic factors. BDNF shares structural similarities to other family members such as
NGF, NT-3 and NT-4/5 but BDNF is more closely related to the survival of neurons,
particularly of dorsal root ganglion neurons, compared to other factors although the
mechanism is still unclear [77]. Liang et al. suggested that collagen-bound BDNF
enables sufficient BDNF delivery to the injured tissue [78].

Other neurotrophic factors, acidic fibroblast growth factor (a-FGF) and basic
fibroblast growth factor also demonstrate neuroprotective effects and increase pro-
liferation of NSCs and NPCs [79]. There are also other potential neurotrophic
growth factors reported and used to support neuronal regeneration.

Vascular endothelial growth factor (VEGF) produced by cells is another support-
ing biomolecule that promotes neuronal reconstruction. Excluding traumatic neural
injury in the CNS, these angiogenetic factors have demonstrated clinical signifi-
cances in prognosis and treatment strategies of many other different diseases such
as breast cancer, rheumatoid arthritis, diabetic retinopathy, age-related macular
degeneration, and angiosarcoma. The members of the VEGF family are activated
through tyrosine kinase receptors, similar to the cellular activation mechanism of
most NTFs [80]. After the spinal cord is injured, VEGF represses apoptosis of nerve
cells in order to spare neural tissues. Improved behavior, increased vascularization,
increased spare tissue and decreased apoptosis levels were observed in rat SCI mod-
els with VEGF injection [81]. VEGF administration to SCI rat model also resulted
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in attenuated cavity formation and the production of a more permissive tissue envi-
ronment for axonal ingrowth as reported by Sundberg et al. [82]. However, the
clinical VEGF therapy for acute SCI is controversial because other studies exhibit
few adverse effects including chronic pain after VEGF injection and acute exacer-
bation to injured neural tissue possibly due to VEGF-induced microvascular
permeability.

Many ongoing researches on immobilization techniques and a number of poten-
tial substances including glial cell line-derived neurotrophic factor (GDNF), nerve
growth factor (NGF), ciliary neurotrophic factor (CNTF), and alpha-1 glycoprotein
(a1-GP) are expected to achieve great improvements in the treatment of neural
injury.

2.4.2 Nanoparticles

Nerve guide conduits have benefited from the many recent advances in nanotech-
nology, in particular aligned nanofiber membranes and nanoparticles (NPs). Various
materials from gold, silica, poly(lactide-co-glycolide) (PLGA), and titanium diox-
ide have been used to make nanoparticles for the delivery of drugs and growth fac-
tors to the injured site [83—85]. Other materials such as carbon nanotubes were
utilized to promote and direct the growth of neuronal cells [86].

Nanoparticles have the great advantage of being able to penetrate the blood-brain
barrier for more efficient and effective treatment of the CNS. To be used as drug
carriers to the brain, NPs must be smaller than 100 nm, stable in blood, avoid plate-
let aggregation as well as meet many other conditions [87]. Besides being excep-
tional drug carriers, NPs have also been reported to promote the growth of neuronal
cells and elongate neurites uniaxially for enhanced recovery rates. A property of
metallic nanoparticles that is particularly attractive is their distinctive optical prop-
erties. When metallic NPs are illuminated by external light, they generate an oscil-
lation that is called localized surface plasmon resonance. Depending on the
wavelength of the absorbed light the localized surface plasmon resonance can match
the therapeutic window of biological tissues to help with regeneration. For example,
silica-coated Au nanorods irradiated with near infrared light can stimulate electrical
activity in auditory neurons by inducing temperature increases between 0.5 and 6 °C
[88]. Metallic NPs have also been used to deliver small-interfering RNA (siRNA)
into neural stem cells for controlling their differentiation as depicted in Fig. 8.

Polymer NPs have the advantage of being biocompatible and biodegradable,
making them a prime choice in neuroprotective therapeutic strategy and drug
release. Rittchen et al. reported the delivery of pro-remyelinating factors to the CNS
using PLGA nanoparticles and targeting antibodies to induce oligodendrocyte pre-
cursor cell maturation and improve remyelination. PLGA, like other FDA-approved
polymers, degrades to biocompatible agents in the body, eliminating the need for a
surgery to recover the particles. Silica NPs have large surface areas for protein bind-
ing, but they also can be easily functionalized for targeted delivery of cargos to
neuronal cells. One study utilized transferrin-modified mesoporous silica nanopar-
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Fig. 8 Magnetic core-shell nanoparticles (MCNPs) for the delivery of small-interfering RNA
(siRNA) into rat neural stem cells (rNSCs). (a) MCNPs functionalized with siRNA. (b)
Transmission electron microscopy image of MCNPs. Scale bar: 10 nm. (¢) MCNPs dispersed in
water attracted to a magnet. (d) Schematic of magnetically facilitated delivery of siRNA to induce
neural differentiation of rNSCs using MCNPs. Fluorescence images of neuronal (top) and oligo-
dendrocyte (bottom) differentiation after siSOX9 and siCAV delivery, respectively. Adapted with
permission from Ref. [85]. Copyright 2016 American Chemical Society [85]

ticles (TF-MSN5s) conjugated with HI-6 to prevent brain damage caused by soman
poisoning [89]. These NPs were chosen because of their mesoporous structure for
storage and rapid release, important for fighting toxic nerve agents.

Carbon nanotubes (CNTs) are cylindrical nanostructures comprised of graphene
sheets that are wrapped onto themselves. The most frequently used CNTs are single
(SWCNT) and multi-walled (MWCNT) carbon nanotubes, which are made of one
layer of graphene and several concentric graphene cylinders, respectively. CNTs
have many important applications in neuroscience currently and of these is acting as
a platform to promote neuronal growth and performance. They have had unexpected
and exciting impacts on neuronal signaling and behavior.

2.4.3 Conductive Polymers

There are many different types of polymers that have unique properties and charac-
teristics such as biocompatibility and conductivity. Polymers that are conductive
can conduct charge because electrons can jump within and between the chains of
the polymer with ease. The polymers contain a conjugated backbone, meaning that
single and double bonds alternate along the polymer chain. Both single and double
bonds contain chemically strong localized 6-bonds that hold the atoms together,
while double bonds also have a weaker n-bond that allow electrons to be more eas-
ily delocalized and move freely. Moreover, doping conducting polymers can
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Fig. 9 Left column. (a) Uncoated PLGA mesh (left) and PPy-PLGA mesh (right). (b) SEM of
single strands of PPy-PLGA fibers. (¢) SEM image of section of the PPy-PLGA meshes. Right
column. (a) PC12 cells cultured on PPy-random fibers and (b) PPy-aligned fibers for 2 days. Black
arrows indicated neurites. Reprinted from Ref. [94] with permission from Elsevier [94]

increase their conductivity even further by introducing oxidizing or reducing agents
and is dependent on the type and molecular size of the dopant.

Conductive polymers typically allow excellent control of the electrical stimulus,
possess very good electrical and optical properties, and can be made biocompatible
and biodegradable [34]. Many conductive polymers such as polypyrrole (PPy) are
not inherently biodegradable, but there are ways to make them be so. One method is
to prepare a composite containing both the conducting polymer with a biodegrad-
able polymer. However, a downside to this method is that the conductive polymers
are not degraded in the body. A second route is to modify the polymer structure
itself. Studies have reported that the addition of ionizable or hydrolysable side
groups to the backbone of PPy have successfully made the PPy degradable [90].

Considering the electroactive nature of our nervous system, conductive polymers
such as PPy and PEDOT are attractive for use in neural engineering applications.
Recent studies have used these conductive polymers as neural electrodes and scaf-
folds for nerve regeneration in neural-tissue engineering [91, 92]. Conductive poly-
mers allow for the electrical stimulation of cells cultured on the polymers, as shown
by Schmidt et al. [93]. PC12 cells were cultured on PPy and subjected to electrical
stimulation, resulting in a significant increase in neurite lengths when compared to
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the passive control group. Another group explored the possibilities of combining
electrical stimulation and nanotopography as shown in Fig. 9 [94]. Several studies
have also combined neural growth factors with conductive polymers for enhanced
neurite outgrowth and obtained positive results.

3 Conclusion

Since the introduction of electrospinning technology, a number of studies on col-
lecting various types of polymers into nanofibrous architectures have been reported.
The nanofiber producing technique is also useful for tissue engineering applications
because it creates scaffolds with a fibrous structure that is similar in structure to that
of natural extracellular matrix. The biomimetic structure of electrospun nanofibers
is favorable for cell viability, attachment, growth, migration, and division. In par-
ticular, uniaxially aligned nanofibers have been reported to aid in neuronal lining
growth. Aligned nanofibrous nerve conduits meet the requirements of porosity, bio-
compatibility, biodegradability, and mechanical strength that scaffolds need while
providing guidance cues. However, in vivo transplantation of the nerve conduit
itself requires further studies such as a development of optimal surgical access to the
spinal cord, long-term adverse effects, and graft-versus-host disease. Various meth-
ods have been studied to develop nanofibrous nerve conduits, and the incorporation
of Schwann cells, neurotrophic factors, CNTs, and conductive polymers have been
reported to showing remarkable results.
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