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Abstract

The complex pathophysiology of spinal cord injury may explain the current lack of an effective therapeutic
approach for the regeneration of damaged neuronal cells and the recovery of motor functions. Many efforts
have been performed to design and develop suitable scaffolds for spinal cord regeneration, keeping in mind
that the reconstruction of a pro-regenerative environment is the key challenge for an effective neurogenesis.
The aim of this review is to outline the main features of an ideal scaffold, based on biomaterials, produced
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by the electrospinning technique and intended for the spinal cord regeneration. An overview of the poly-

mers more investigated in the production of neural fibrous scaffolds is also provided.

Key Words: spinal cord injury; biomaterials; electrospun fibers; conductive scaffolds; morphological properties;

biodegradability

Introduction

Spinal cord injury (SCI) is a highly debilitating pathology that
results in devastating and, in most cases, irreversible sensory,
motor and autonomic disabilities.

Huge emotional, social and financial costs of SCI solicit the
development of more effective therapeutic strategies, consid-
ering that, nowadays, the treatment of SCI is largely palliative,
modulating secondary complications and promoting functional
recovery by rehabilitation (Oyinbo, 2011; Ramer et al., 2014).

SCI is, generally, caused by a mechanical trauma that exerts
compression on the spinal cord, triggering, in a few minutes, a
cascade of cellular, biochemical and vascular events. Such sec-
ondary injury responses induce an enlargement of the area of
damage, contributing to the formation of a glial scar, which acts
as both physical and chemical barrier to any further attempts
to promote axonal regeneration. Moreover, secondary injury
events, particularly oxidative stress and glutamate excitotoxic-
ity, promote an extensive oligodendrocyte apoptosis and, thus,
a widespread demyelination of axons, which are no longer able
to guarantee a rapid salutatory conduction (Almad et al., 2011;
Oyinbo, 2011; Plemel et al., 2014; Silva et al., 2014).

Therefore, the spinal cord regeneration represents a current
challenge for the researchers in the biomedical and pharma-
ceutical field. Following SCI, the harsh microenvironment pro-
duced by the recruitment of pro-inflammatory and pro-apop-
totic signalling molecules and the disruption of the native
spinal cord architecture limits endogenous mechanisms able
to promote neural repair and functional recovery. Moreover,
at a chronic stage of the pathology, the high complexity of the
post-injury milieu hinders the possibility for any therapeutic
interventions to be really effective in the treatment of SCI (Kabu
et al,, 2015; Ahuja and Fehlings, 2016).

Current neuroregenerative therapies propose the use of bio-
materials to repair the broken neuronal circuitry of the injured
spinal cord. Implantable biomaterials can be mainly used to re-
generate a damaged area of the spinal cord, bridging the formed
gap and acting as support for axonal re-growth. These scaffolds
represent also promising substrates for the transplantation of
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somatic and/or neural stem cells in SCI microenvironment and
excellent systems for the delivery of neuroprotective drugs and
bioactive molecules (Tian et al., 2015; Faccendini et al., 2017;
Ziemba and Gilbert, 2017). Scaffolds based on biomaterials have
been demonstrated a successful alternative to natural nerve
guides, such as autografts, allografts or xenografts, reducing the
risk of an inflammatory reaction and avoiding the potential loss
of sensation and function at donor sites. Another advantage is
that they could be developed with tailored physical, chemical
and mechanical properties based on the application to which
they are designed (Cao et al., 2009).

A successful approach in the design of neural biomaterials
is to mimic the native extracellular matrix (ECM) of the spinal
cord, providing an artificial pro-regenerative environment
at the injury site to facilitate neural repair. According to bio-
mimetic principles, an ideal neural scaffold should combine
appropriate physicochemical, biochemical, mechanical, topo-
graphical and electrical cues, which could enhance and guide
axon migration and extension. Based on ECM composition,
mechanical framework and biochemical interactions, fibrous
polymeric scaffolds are recognized as the most promising im-
planted biomaterials for spinal cord regeneration. In particular,
the large surface area-to-volume ratio of a fibrous membrane
maximizes the contact with the surrounding cells. Moreover,
the architecture of the fibrous scaffolds can act as a guide for
the axonal extension (Raspa et al., 2016; Sensharma et al., 2017).

In the last decades, electrospinning has emerged as a com-
pelling technique for the production of biomimetic fibrous
scaffolds with controlled architectural properties, such as mor-
phology, geometry and topography. Many reviews have been
recently published on the electrospinning process, proposing
the use of electrospun fibers in several biomedical applications,
such as in spinal cord injury regeneration (Guo et al., 2014;
Johnson et al., 2016; Schaub et al., 2016; Faccendini et al., 2017).
The basic principle of this method is to apply a high-voltage
supply to overcome the surface tension of a polymeric solution,
which flows through a syringe needle tip, in order to induce
a jet formation and, thus, the deposition of dried fibers on
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Table 1 Polymers and/or their blends used for the production of electrospun fibers for the treatment of spinal cord injury

Polymer Morphological cues Preclinical evaluation Biological performance References
PLLA Random nanofibers (150-  In vitro studies on neural stem  Promote NSC adhesion. Yang et al. (2004)
350 nm) cells (NSCs) Support NSC differentiation and neurite
out-growth.
PLLA Aligned nanofibers and In vitro studies on NSCs Aligned nanofibers promote NSC Yang et al. (2005)
microfibers (respectively elongation and neurite out-growth.
about 300 nm and 1.5 um) Nanofibers improve NSC differentiation
rate more than micro ones.
PLLA Nanofibers (about 500 nm) In vitro studies on embryonic rat Highly aligned nanofibers increase DRG ~ Corey et al. (2007)
characterized by a high, dorsal root ganglia (DRG) body elongation and neurite extension.
intermediate and random
alignment
PDS Aligned glia-seeded fibrous In vitro studies on embryonic rat Astrocyte seeding on resorbable PDS Chow et al. (2007)

matrices

PCL alone (100% Aligned nanofibers (about

In vitro studies on embryonic

DRG co-cultured with astrocytes matrices provides an ideal aligned trophic

support for DRG neurite out-growth.

Collagen/PCL nanofibers guide neurite ~ Schnell et al. (2007)
extension. DRG neuritis are shorter on

collagen/PCL fibers than PCL ones.

Aligned microfibers induce a robust Hurtado et al. (2011)

spinal cord transaction rat model growth from the rostral spinal cord,

promoting significantly greater host

neural tissue regeneration than random

microfibers.

Liu et al. (2012)
cellular infiltration. Support neural fiber

sprouting at the site of injury.

PLC) or in 550 nm) chick DRG, Schwann cells (from
combination with sciatic nerves of new-born rats),
Collagen type I fibroblasts (from rat sciatic nerve)
(25:75 collagen/ and olfactory ensheathing cells
PCL blend) (rom adult rat olfactory bulbs)
PLLA Random/aligned In vivo studies on a complete
microfibers (1.2-1.6 um)
(Ts_y0» 3 mm gap)
Collagen typeI ~ Random/aligned nanofibers In vivo studies on complete spinal Provide a permissive environment for
(about 200 nm) cord transection rat model (C,,
2.5 mm gap)
Bombyx mori SF - Nano and microfibers (400, In vitro co-culture of neurons and Nanofibers with smaller diameters

800 and 1,200 nm) astrocytes

Qu et al. (2013)
promote neurite extension more than

micro-scale fibers. SF fibers enhance

astrocyte migration efficacy.

PLLA: Poly(L-lactic acid); PDS: polydioxanone; PCL: poly-e-caprolactone; SF: silk fibroin.

grounded collector. Processing (applied voltage, flow rate and
spinneret-collector distance), solution (polymer concentration,
viscosity, surface tension and conductivity) and environmental
(temperature and humidity) parameters can affect electrospun
fiber diameters and orientation, which in turn influence cell mi-
gration, proliferation and differentiation (Rogina, 2014; Haider
etal., 2015).

The aim of this review is to outline the main features of an
ideal scaffold, based on biomaterials, produced by the electro-
spinning technique and intended for the spinal cord regener-
ation. An overview of the polymers more investigated in the
production of neural fibrous scaffolds is also provided. More-
over, the development of electrically conductive scaffolds that
represent a novel strategy for neural application is discussed.

Biomaterials
A wide range of natural and synthetic polymers and/or their
blends could be electrospun (Schiffman and Schauer, 2008); fi-
ber chemical composition, geometry and surface modifications
can influence their biocompatibility, degradation kinetics and
mechanical properties, as well as their biological performance
(Kennedy et al., 2017). In the context of SCI treatment, the
most promising polymers used for the development of electro-
spun fibers were summarized in Table 1; a brief comment of
the characteristics of the resulting fibers was also provided.
Therefore, desirable implantable electrospun fibers can be

developed for spinal cord regeneration following a list of fun-
damental criteria, which are related to each other (Figure 1).

Biocompatibility and biodegradability

Electrospun fibers must be biocompatible specifically with the
spinal cord environment. The success and the long-term effec-
tiveness of implanted scaffolds, particularly at the injury site,
are strictly correlated to their biocompatibility and, thus, to
their chemical composition. Both natural and synthetic poly-
mers are identified as suitable biomaterials for the design and
production of fibrous scaffolds via electrospinning. Natural
polymers, such as collagen, gelatin, laminin and chitosan, are
generally preferred due to their similarity with the soft tissue
components in terms of biomolecular recognition sites, phys-
ical and mechanical properties. On the other hand, synthetic
polymers, such as polyesters and their co-polymers, appear
attractive materials for neural tissue engineering purposes due
to the possibility of tailoring their degradation kinetic and me-
chanical properties. Lots of studies, both in vitro and in vivo,
have confirmed the ability of the electrospun fibers to act as
permissive substrates for axons to penetrate the injured area,
without eliciting any immune or inflammatory reaction that
could compromise tissue regeneration (Cao et al., 2009).

In the context of neural tissue regeneration, the biological
performance of scaffolds depends also on its degradation rate.
Electrospun fibers, intended for spinal cord repair, may be de-
signed in order to show a controlled biodegradability, which is
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Biomaterial choice
Origin (natural or synthetic)
Spinnable solution parameters
Concenreation blending ratio

| l

Chemical properties
Biocompatibility
Biodegradability

Conductivity
Swelling behaviour

Physical properties
Morphological properties
Fiber diameter
Fiber alignment
Topographical properties
Surface hydrophilicity
Porosity and pore size

Geometry (i.e., core-shell structures)

T

Electrispinning method
Polymer solution parameters
Viscosity
Surface tension
Conductivity
Process parameters
Applied voltage
Spinneret-collector distance
Flow rate
Colletor geometry
Environmental parameters
Temperature
Humidity
Technique
Co-axial or multi-axial appartus

strictly related to the nature, concentration and blending ratio
of their components. The use of biodegradable polymers elimi-
nates the need for a surgical removal of the implanted scaffold:
re-growing axons migrate and extend within the framework of
electrospun fibers, which slowly degrades in harmony with the
regeneration of new tissues. Such scaffolds act as temporary
substrates to fill the formed gap in the injured spinal cord: the
peculiar morphology and porosity of implanted electrospun
fibers enhance neighbouring cell infiltration and ECM depo-
sition within their structure, which gradually lose its integrity
leading to degradation products that can be resorbed by the
surrounding tissues. Degradation kinetics of fibrous scaffolds
may be accelerated by their large surface area-to-volume ratio
that maximizes the contact with the biological fluids in the spi-
nal cord environment. Electrospun fiber geometry (multi-axial
fibers) and surface modifications could also affect their degra-
dation profile (Sensharma et al., 2017).

Morphological features
Electrospun fibers have been demonstrated as effective ther-
apeutic platforms in neural tissue regeneration due to their
unique morphological features: fiber orientation and diameter,
recognized as the parameters that mainly affect axon behaviour,
can be tailored by tuning electrospinning parameters and poly-
meric solution properties. Aligned fibrous microstructures are
designed to guide alignment and elongation of regenerating
cells and to induce neural differentiation of stem cells at the site
of spinal cord injury (Schaub et al., 2016).

Several studies have evidenced that highly aligned elec-
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Figure 1 Schematic representation of design criteria of
electrospun fibrous scaffolds for the treatment of spinal
cord injury.

trospun fibers enhance neurite outgrowth more than ran-
dom-oriented ones, confirming that alignment patterns, closely
mimicking the neural ECM, are pivotal in directing neural cell
phenotype towards spinal cord regeneration (Schaub et al.,
2016). The desirable fiber alignment can be obtained by using
a rotating cylinder as collector, setting up an adequate rotating
speed (Rogina, 2014).

Lots of evidence reveals that alterations in neural cell phe-
notype can be observed after fiber diameter modifications.
Different in vitro studies have investigated the effect of fiber
diameters, within nano- to micro-scale, on cell morphology as
well as on cytoskeletal arrangement and focal adhesion localiza-
tion: a more robust neurite outgrowth was induced on aligned
electrospun fibers with diameters in the range of few microns
(1-2 um), if compared to nanofibrous scaffolds (Johnson et al,,
2016; Kennedy et al., 2017). Dorsal root ganglia cultures have
been routinely used to investigate the effects of fiber morphol-
ogy on neurite extension. From a review of literature, it has
been evidenced that i) random-oriented fibers, with diameters
larger than 750 nm, induce neurite outgrowth in all directions,
ii) aligned fibers, with diameters larger than 750 nm, strong-
ly guide neurite extension, iii) aligned fibers, with diameters
smaller than 750 nm, direct neurite elongation to a lesser ex-
tend (Schaub et al., 2016).

Moreover, micro and nanofibrous scaffolds exhibit a large
surface area-to-volume ratio, which makes them effective de-
livery systems for neuroprotective drugs. These morphological
properties ensure that any biochemicals (such as drugs and/or
growth factors), incorporated into fiber matrix, can be efficient-
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ly release at the injury site and optimize the contact between the
fibers and the damaged cells, favouring chemical uptake (Cao et
al., 2009).

As above-mentioned, electrospun fiber morphology depends
on the properties of the polymer solution, such as rheological
properties, surface tension and conductivity. In our opinion, a
design of experiments (DoE) approach could be a useful tool to
investigate, on a statistical basis, the role of each polymeric solu-
tion parameter on the production of homogeneous fibers having
optimal morphological properties. Such an approach could lead
to draw up guidelines to be used for fiber production.

To date, no studies on the influence of viscoelasticity of
polymer solution on electrospun fiber morphological cues are
reported in literature. This evaluation is legitimate particularly
when polymers (such as poly(ethilen oxide)) with well-known
viscoelastic properties were electrospun alone or in combina-
tion with other polymers.

Porosity and pore size

In the context of neural tissue engineering, scaffold perfor-
mance is extensively influenced by porosity and pore size, which,
in turn, affect cell migration and proliferation, vascularization,
mechanical stability, biochemical diffusion, nutrient flow and
waste product removal. An interconnected architectural tem-
plate is required to create a pro-regenerative environment at the
spinal cord injury site, in which neurites can outgrowth. Poros-
ity, in addition to size and alignment, contributes to define elec-
trospun fiber density that is crucial for cell infiltration. Aligned
nanofibers are generally characterized by pores in the order of 1
pm, which are prohibitively small for any regeneration process.
In this case, fiber porosity can affect cell phenotype: when void
size is too small, cells adhere on the rough surface of the scaf-
fold with amoeboid movements, squeezing their cytoskeleton
(Madigan et al., 2009; Kennedy et al., 2017; Sensharma et al,,
2017).

Swelling properties

After implantation, electrospun fibers are exposed to the moist
environment of spinal cord injury: cerebral spinal fluid freely
flows within the network of fibrous scaffolds that swell produc-
ing a kind of hydrogel materials. An efficient neural scaffold
must be designed in order to preserve its structural features,
particularly an appropriate fiber alignment, even after hydra-
tion, to guarantee a temporary guide for regenerative axon
migration and extension. Electrospun fiber swelling degree and
rate depend on their chemical composition and, in turn, affect
scaffold degradation. Polymers, with the tendency to form hy-
drogels, represent attractive materials for spinal cord applica-
tions. After swelling, fibrous scaffolds, based on these polymers,
result soft enough to adequately fill the formed gap and not
compress surrounding neural tissues. The swelling properties
could also influence scaffold permeability to oxygen and nu-
trients, of which cerebral spinal fluid is poor. This is a crucial
element to evaluate, particularly in designing tissue engineered
scaffolds, which have to support cell metabolism and, thus, via-
bility, prior and after implantation (Madigan et al., 2009; Kabu
etal., 2015).

Mechanical properties

For an effective neuroregenerative intervention, scaffolds
should be designed in order to exhibit similar mechanical prop-
erties to the native tissue ones. Chemical composition, mor-

phology, geometry and porosity can influence the mechanical
behaviour of a tissue engineered scaffold and, thus, its stability
and effectiveness. Electrospun fibers display unique mechanical
parameters, such as tensile and shear moduli, which seem to in-
crease with fiber diameter decreasing. It has been hypothesized
that this phenomenon is correlated to the higher crystallinity
of nano-scale fibers with respect to micro-scale ones due to a
higher macromolecular chain alignment reached by nanofibers
during electrospinning.

A desirable scaffold for spinal cord application must resem-
ble the anisotropic mechanical properties of neural tissue: cells
sense the mechanical cues of the electrospun fibers through cell
surface mechanoreceptors and grow along the direction of fiber
alignment. Fibrous scaffolds must be strong enough to support
and drive cell attachment and migration. The incorporation of
crosslinking polymers, in different concentrations and blending
ratios, can improve electrospun fiber strength and stiffness, but
also their surface roughness and hydrophilicity and, thus, cell
behaviour. As alternative, multi-axial electrospinning methods
provide an efficient method for producing fibers with improved
mechanical properties, without altering surface chemistry
(Kennedy et al., 2017).

Electrical cues

Recently, a growing interest in bioelectricity leads to the de-
velopment of electrically conductive scaffolds for neural appli-
cations. It is well known that neurons are highly responsive to
electrical stimuli: the axon is responsible for the transmission
of the electrical signal, which affects ion influx across neuronal
membrane, inducing a membrane potential alteration and,
thus, interference in the intracellular signal transduction path-
ways. Several studies, both in vitro and in vivo, have demon-
strated that the application of an electrical stimulation could
affect the rate and the orientation of neurite outgrowth as well
as stem cell neuronal differentiation. In this context, the use of
electrically conducting polymers, particularly polypirrole (Ppy)
and polyaniline, appears particularly attractive: these materi-
als simultaneously provide the physicochemical properties of
organic polymers and the electrical cues of metals. Conduct-
ing polymer-based scaffolds, including electrospun fibers, can
be act as architectural template through which the electrical
stimulation could be applied to cells. The only drawback of
these materials is the difficulty associated to their processing,
particularly through an electrospinning apparatus. Different
research groups have investigated the possibility of blending
electrically conducting polymers with spinnable ones (such as
poly(ethilenoxide) or polystyrene), even if compromising their
conductive and morphological properties (Ghasemi-Mobar-
akeh et al., 2011; Balint et al., 2014). Tian et al. (2016) designed
and produced an electrically conductive nanofibrous scaffold
by electrospinning a blend of poly(lactic acid) (PLA) and Ppy.
The obtained electrospun nanofibers were well characterized
in terms of conductivity, surface and topography properties
and, then, demonstrated to be able to support the adhesion,
proliferation and differentiation of PC12 cells. Moreover, in
presence of pulsed electrical stimulation, PLA-Ppy scaffold in-
duced a more pronounced cell differentiation as evidenced by
longer neurite extension (Tian et al., 2016). Another method
to exploit the peculiar properties of conductive polymers is
to use them for the coating of electrospun fibers (Balint et al.,
2014). According to this strategy, Aznar-Cervantes et al. (2012)
produced electrospun silk fibroin fibers coated with Ppy, which

1789



Vigani et al. / Neural Regeneration Research. 2017;12(11):1786-1790.

were demonstrated to be a suitable support for the adhesion
and proliferation of both human mesenchymal stem cells and
fibroblasts.

Conclusions

Several research groups have investigated the feasibility of
electrospun fibers as scaffolds for neural tissue applications,
outlining the main features that they must exhibit to guarantee
an effective intervention. In the context of spinal cord regenera-
tion, electrospun fibrous scaffolds, based on biomaterials, could
be considered promising therapeutic platforms, if designed
according to well-defined criteria. Firstly, they must be biocom-
patible and characterized by a degradation rate in equilibrium
with neurite migration and extension. Secondly, they must be
soft enough to not compress surrounding growing tissues, but
sufficiently strong to support cell activities. Finally, they must
display suitable topographical and conductive properties to en-
hance neuronal proliferation.

Many efforts have been performed to design and develop
suitable scaffolds for spinal cord regeneration, keeping in mind
that the reconstruction of a pro-regenerative environment is
the key challenge for an effective neurogenesis.
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