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Abstract  
The nerves of the peripheral nervous system are not able to effectively regenerate in cases 
of severe neural injury. This can result in debilitating consequences, including morbidity 
and lifelong impairments affecting the quality of the patient’s life. Recent findings in neural 
tissue engineering have opened promising avenues to apply fibrous tissue-engineered 
scaffolds to promote tissue regeneration and functional recovery. These scaffolds, known 
as neural scaffolds, are able to improve neural regeneration by playing two major roles, 
namely, by being a carrier for transplanted peripheral nervous system cells or biological 
cues and by providing structural support to direct growing nerve fibers towards the target 
area. However, successful implementation of scaffold-based therapeutic approaches 
calls for an appropriate design of the neural scaffold structure that is capable of up- and 
down-regulation of neuron-scaffold interactions in the extracellular matrix environment. 
This review discusses the main challenges that need to be addressed to develop and 
apply fibrous tissue-engineered scaffolds in clinical practice. It describes some promising 
solutions that, so far, have shown to promote neural cell adhesion and growth and a 
potential to repair peripheral nervous system injuries.
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Introduction 
The peripheral nervous system (PNS) involves the ganglia and 
nerves that connect the central nervous system (CNS) with the 
limbs and peripheral organs. Although, the nerve cells of the PNS 
have some power of regeneration compared to the CNS, most PNS 
pathways with large injury gaps caused by severe nerve injury display 
inadequate regenerative capacity. As a result, the nerve defects and 
injuries in the PNS often lead to an irreversible loss of the damaged 
neurons and, consequently, a permanent impairment. Injuries to the 
PNS are formally recognized as serious public health issues and affect 
millions of individuals worldwide (Silver and Miller, 2004; Aijie et al., 
2018). 

Various treatments are available for repairing the PNS injuries; 
however, none of the known treatments are yet able to effectively 
restore the function of the damaged site. Nerve autografts from 
the patient, allografts and xenografts from cadavers and animals 
have been broadly investigated in research studies and trials. The 
effectiveness of nerve autografts is limited by an inadequate supply/
source of donor cells, a mismatch between the damaged and donor 
nerves and a loss of function at the target area. Possible disease 
transmission and immunogenic responses limit the application of 
allografts and xenografts. The disadvantages associated with using 
the aforementioned grafts in nerve-regenerating procedures have 
encouraged researchers to explore other therapeutic approaches 
(Mackinnon and Hudson, 1992; Chen et al., 2015; Ashraf et al., 
2018). 

The extensive research developments behind the neural tissue 
engineering studies demonstrate that cell-based therapy treatments 
that focus on glial cell delivery and/or support can lead to at least 
moderately successful nerve regeneration in the injured PNS sites 
(Barton et al., 2017; Ghane et al., 2021). Glia offer a significant 
therapeutic potential due to their ability to repair and maintain the 
function of the neurons of the PNS and regenerate the nerve cells 
following injury or neuropathology. To illustrate, after a peripheral 
nerve injury, Schwann cells at the damaged site proliferate and 
secrete neurotrophins that elicit axonal regrowth and control the 
restoration of neurons (Chew et al., 2008; Cao et al., 2009; Barton 
et al., 2017; Ashraf et al., 2018; Tsui et al., 2019; Muangsanit et 
al., 2021). Transplanting exogenous Schwann cells can therefore 
potentially aid the endogenous repair processes. These cell-based 
modalities, however, require a suitable microenvironment for the 
delivery, survival and integration of the transplanted cells, as well 
as for supporting the endogenous Schwann cells and damaged 
neurons in order to restore and enhance cell-to-cell interactions and 
regeneration. As such, tissue-engineered scaffolds have been the 
focus of recent investigations as prominent means of re-connecting 
the damaged nerve tissue (Yi et al., 2019). These scaffolds can 
provide support to the transplanted cells and act as structural bridges 
to guide the neurite growth from the proximal to the distal nerve 
stump site and, consequently, aid the restoration of the nerve. The 
scaffold- and the cell-based approaches, therefore, offer a possibility 
of replacing the conventional nerve graft transplantation methods 
(Chang et al., 2008; Seidlits et al., 2008; Dutta et al., 2017; Aijie et al., 
2018; Yi et al., 2019; Behtaj et al., 2020).
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In order to offer suitable structural support to the PNS cells, the cell-
supporting scaffolds should meet some fundamental requirements. 
For example, the scaffold should mimic the natural extracellular 
matrix (ECM) at the damaged site and display morphological, 
physical and mechanical properties close to the ECM, including a 
three-dimensional (3D) fibrillar network structure (Chen et al., 2015; 
Asadian et al., 2020; Behtaj et al., 2021a). 

Recent advances in neural tissue engineering research have shown 
that the use of 3D fibrous substrates as supportive platforms is a 
highly promising approach that is capable of enhancing cell-to-
scaffold interactions. Designing such scaffolds with structural and 
functional characteristics that mimic the ECM of the PNS is a key 
consideration that should lead towards successful neural scaffold 
developments. In order to draft the structural design of fibrous 
scaffolds to support the PNS cells, we first need to address the 
structural requirements that are needed for the implementation of 
fibrous scaffolds in clinical practice to treat the PNS injuries.

Retrieval Strategy
Bibliographic citation databases that were searched: Google 
Scholar, Science Direct, Scopus, ProQuest and Web of Knowledge. 
Search date: April–July 2021. Search terms include PNS, tissue 
engineered scaffolds, fibrous scaffolds, electrospinning, nerve 
conduit, regenerative medicine, surface topography and surface 
modifications.

Fibrous Scaffolds for Peripheral Nervous System 
Regeneration
Recent progress in neural tissue engineering has resulted in the 
development and fabrication of fibrous electrospun scaffolds 
which enable cells to interact with the scaffolds’ structure in a 3D 
environment and replicate the characteristics of the endogenous 
nerve (Yousefzadeh and Ghasemkhah, 2018). While this approach is 
promising, understanding the limitations of the various natural and 
synthetic scaffolds can help in the design of improvements needed to 
create an effective clinical product.

Electrospinning (ES) is a fibre fabrication method which uses electric 
force to draw fibre threads with diameters ranging from tens of 
microns down to a few hundreds of nanometers from liquid or solid 
polymer precursors. Fibrous scaffolds fabricated using the ES method 
have been shown to display a considerable variation in the scaffold 
morphology, and by altering the chemical composition of the spun 
polymer solutions and the ES processing parameters, including 
the pump speed, voltage, working distance, temperature, polymer 
viscosity, solvent types, fibre collection modes and other parameters 
a broad range of  scaffolds with extended fibrous 3D networks and 
varying morphologies can be fabricated in a cost-effective and a 
relatively straight-forward way (Chang et al., 2008; Xue et al., 2017, 
Badea and Wu, 2018). In fact, almost 80 % of tissue-engineered 
scaffolds fabricated over the last two decades have been produced 
employing the ES method (Asadian et al., 2020). 

Applications of Fibrous Scaffolds in Nerve Tissue 
Engineering 
3D fibrous scaffolds as carriers for cell transplantation 
Due to their fibrous and porous structure, 3D nanofibrous scaffolds 
can be loaded with cells to create a transplantable product and 
various cell-based scaffolds have been broadly investigated (Katiyar 
et al., 2019). 

The porous 3D structure of the fibrous scaffolds can increase cell 
attachment and neurite growth enabling the exchange of fluid, 
supply of nutrients and removal of cell metabolic waste products, 
overall leading to an improved cell growth. The porous structure 
of the fibrous scaffolds is a major benefit as it can enable cell 
penetration throughout the scaffold and increase cell attachment; 
this is important as once cells are attached, they can generate stable 
cell-cell interactions and having a uniform distribution of cells will 
promote neurite extension through the construct. The porous nature 
of nanofibrous scaffolds also enables the exchange of fluid, supply 
of nutrients and removal of cell metabolic waste products all of 
which are important for improved cell growth. In contrast, constructs 
which do not have porous structures such as the solid structures 
of spheroid-based constructs which were trialed as cell-supporting 
carriers, have shown a limited capacity to provide an adequate 

fluid flow and sufficient nutrient exchange, which often result in 
the formation of necrotic cores and hypoxic microenvironment in 
studies were solid cell supporting structure were used (Watson et 
al., 2017). Consequently, the 3D characteristics of fibrous scaffolds 
such as porosity, volume, a relative pore size and fibre diameters 
and mesh densities have been recognized as playing significant 
roles in facilitating appropriate nutrient and gas exchange, as well 
as providing a 3D cellular infiltration and degradation rates (Balguid 
et al., 2009; Behtaj et al., 2021a). Individual fibre diameters also can 
have an effect on cellular processes, for example, larger diameter 
fibres (with diameters of a few microns) were found to simulate the 
morphology of blood vessels, whereas the smaller ones (sub-micron 
diameter fibres) replicate the topography of radial glial processes 
(Yang et al., 2021). In addition to the nanofibrous structure itself, vital 
biological cues can be incorporated within the scaffolds to further 
promote cell growth. In this context, the engineered substrates can 
be functionalized or loaded with drugs or neurotrophic factors to aid 
the seeded cells.

Fibrous scaffolds as a guidance conduit
Bridging and re-connecting a damaged nerve tissue is an important 
role of the neural scaffold. To achieve this goal, scaffolds which 
resemble the architecture of a nerve conduit were selected in 
earlier studies owing to their structural similarity to the tubular-
like structures of nerves (Figure 1A and B). However, the hollow 
architecture can, potentially, lead to the axons extending through 
and along the internal surfaces of the conduit with only a few axons 
remaining in the centre of the tubular structure, which can limit the 
connectivity and nerve repair (Brushart et al., 1995; Yi et al., 2019; 
Ghane et al., 2021). Without an appropriate axon distribution across 
the whole width of the nerve conduit, there is a possibility of axon 
mismatching and, subsequently, disconnection in the target area (Gu 
et al., 2011). 

The next generation of neural scaffolds that succeeded the earlier 
tubular model was the multi-channel nerve conduit comprised 
of multiple sub-micron-sized hollow tubes that were intended 
to mimic nerve fascicles within a nerve (Figure 1C). While this 
approach would have potentially resulted in a greater long-distance 
nerve regeneration compared to a single hollow conduit type, the 
effectiveness of the multichannel nerve conduit was found to be 
limited by its low permeability for the fluids to enter the interior of 
the multichannel structure and its high rigidity (De Ruiter et al., 2008; 
Yi et al., 2019).

Another approach that has been considered is to infuse nerve 
conduits with physical lumen fillers in which the filaments are 
embedded into the internal area of the nerve tubes (Figure 1D) 
allows the potential surfaces to grow on across the entire breadth of 
the conduit. The neurites growing through the filled lumen are able 
to retain their alignment, orientation and spatial arrangements, which 
reduce unwanted axon dispersions and increase the interactions with 
the distal nerves (Yi et al., 2019). To date, the ECM components such 
as collagen, laminin, fibrin, heparin and heparin sulphate, as well as 
micro- or nano-filaments coated and/or functionalized with the ECM 
components, are the most frequently used lumen fillers for this type 
of the conduit. These conduit fillers have been shown to promote 
neural growth in various models. Recent work by Entekhabi et al. 
(2021) employed collagen-hyaluronic acid sponge as a filler of an 
electrospun conduit to increase axonal growth in dorsal root ganglion 
cells. 

The constructs with lumin fillers can also be loaded with cells prior 
to transplantation (Liu et al., 2021a; Onode et al., 2021). Debski et al. 
(2021) reported that a tubular-shaped structure made of electrospun 
fibres enriched with adipose-derived stem cells produce a high 
density of axons in a nerve gap of a rat sciatic nerve. Lee et al. (2021) 
suggested that transplanting olfactory ensheathing cells embedded 
in a nerve conduit in the form of a lumen filler can enhance the 
regeneration of injured PNS cells. 

Despite the fact that the nanofibrous scaffolds themselves are quite 
promising for use as luminal fillers (Yi et al., 2019), these scaffolds 
with their own pseudo two dimensional geometries are still far from 
being able to offer a desired structure that is required for the ideal 
nerve conduits and as such, re-shaping fibrous sheets into a tubular 
design structure has been proposed as a possible solution. However, 
a possible damage to the sheet during the re-shaping process and a 
spontaneous folding of the sheet at the target site remain the main 
concerns if this approach to be implemented. The combination of 
additive fabrication technology with the application of ES methods 
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may help to overcome the current challenges, and these technical 
solutions can lead to the next generation of truly 3D fibrous 
substrates, including carefully designed multilayer nerve scaffolds  
(Asadian et al., 2020; Liu et al., 2021b; Figure 1E). 

role in increasing the cell-to-scaffold interactions and in aiding the 
infiltration of neuronal and glial processes, as well as by guiding the 
neurite outgrowth (Seidlits et al., 2008; Asadian et al., 2020). 3D 
nanoplatforms, with their large surface-to-volume ratios, enable 
cell attachment and provide in-growth sites for cell growth (Asadian 
et al., 2020). These 3D nano-sized architectures resemble the ECM 
structure quite closely by simulating the structural environment 
that is needed for cell growth and by modulating the neuronal 
behaviour, which could effectively enhance the PNS regeneration 
processes after injury (Cao et al., 2009; Tian et al., 2015; Aijie et 
al., 2018; Badea and Wu, 2018). Notably, an ideal nerve scaffold 
needs to display a homogeneous structure with a minimally varying 
tubular fibre diameter and tubular wall thickness to replicate the 
ECM environment and provide the rigidity, mechanical strength and 
biological support to bridge the lesion cavity effectively (Ghane et al., 
2021).

Aligned and oriented fibers
An ideal neural network requires an appropriate direction to guide 
neuron growth in the repairing process (Yang et al., 2021). The 
alignment of fibres in the neural network is an important factor, 
which has been shown to have a direct influence over neurite growth 
and migration; neurites have been shown to grow along the fibre 
axes following the direction of the fibres along their lengths (Masaeli 
et al., 2013; Satish and Korrapati, 2017; Behtaj et al., 2021b; Ghane et 
al., 2021). The aligned structure of the substrates may have the ability 
to increase the expressions of markers for the neural progenitor cells, 
such as Nestin and other neurons, such as β3-tubulin and MAP2. 
The aligned structure and oriented 3D features can also regulate the 
expression of genes such as was shown with myelin-specific gene P0 
expression in Schwann cells leading to the initiation of myelination 
(Chew et al., 2008; Aijie et al., 2018). Recently, oriented microfibres 
that were used as a core of a nerve conduit induced macrophages to 
a pro-healing phenotype which consequently promoted Schwann cell 
migration and myelination to increase axonal extension in an animal 
model of PNS nerve damage (Dong et al., 2021). 

Therefore, the alignment of the scaffolds not only provides the 
oriented parallel guidance cue for axon growth but can also aid 
positive changes in various cell phenotypes to promote regeneration 
(Chew et al., 2008; Aijie et al., 2018; Asadian et al., 2020; Amini et al., 
2021; Ghane et al., 2021).  

Surface morphology
For successful neural repair and reconstruction, the interactions 
between the substrate surface and the neurons and the glia 
should be considered. Cells sense various topographic features of a 
substrate by receptor clustering or curvatures on the cell membrane 
(Santoro et al., 2017; Yang et al., 2021). Orientation, symmetry, 
pattern and roughness are the main features of the scaffold surface 
(Zhang et al., 2021). Various topographic patterns and the spatial 
features on a scaffold have a strong influence over the cellular 
behaviour, including the adhesion, migration, morphological changes, 
growth, differentiation and proliferation of cells (Lim and Donahue, 
2007; Bramini et al., 2019; Yang et al., 2021), which all depend on 
the cell-to-surface receptor activation (Behtaj et al., 2020; Zhang 
et al., 2021). Therefore, surface topography is another key physical 
property that can strongly impact the biological environment of 
surrounding cells and tissues. Some specific topographical features 
such as the surface stiffness (or hardness) and the surface roughness 
have been shown to induce the desired signaling events by affecting 
the secretion of specific channel proteins from the cells (Torres et al., 
2008; Blumenthal et al., 2014; Yang et al., 2021). 

The topographical modification of the scaffold, including the 
alterations to the types, sizes and spacing of surface patterns, can be 
a means to guide intrinsic signaling pathways and control neural cell 
development (Chen et al., 2015; Zhang et al., 2021). Alteration of the 
scaffold surface roughness results in changes in surface energy and, 
consequently, enhances the adsorption and bioactivation of the ECM 
proteins on the surface of the scaffold (Yang et al., 2021). Common 
surface roughening approaches include the application of laser 
and plasma to the surface of synthetic or naturally inspired scaffold 
materials, or tools and surfaces that are used to fabricate or imprint 
the scaffolds. These include the use of photoablation methods and 
an application of conventional thermal nano- and pico-second laser 
light, and a non-thermal femto-second laser light irradiation, the use 
of ultraviolet, soft- and plasma lithography methods, electrospray 
and electrospinning methods and a combination of micro-modelling 
and lyophilization (Chen et al., 2015; Ermis et al., 2018; Ali et al., 

Figure 2 ｜ Schematic of the peripheral nerve components across an injury 
site. 
The axons are covered by epineurium, perineurium and endoneurium; 
numerous axons form a nerve fascicle, with several fascicles combining to 
form the nerve fiber.

In the ECM, the proteins are assembled into a 3D network of 
nanofibres, and therefore it could be possible to mimic the ECM of 
the PNS by producing nanofibrous structures of chemically identical 
substrates. Nano-sized fibrillar features of the scaffold play a key 

Figure 1 ｜ Design of various 
tubular constructs as nerve 
conduits.

Structural Design Considerations for Fibrous 
Scaffolds in the Peripheral Nervous System 
Extracellular matrix mimicking scaffolds
The ultimate aim of scaffold fabrication is to reproduce the features 
of the natural ECM (Watson et al., 2017). The ECM of the PNS displays 
a non-homogeneous 3D structure and an intricate architecture with 
complex components consisting of many different proteins and 
polysaccharides which influence the cellular response (Hernández 
et al., 2007; Soman and Vijayavenkataraman, 2020). In the PNS, the 
Schwann cells and axons are covered by epineurium, perineurium 
and endoneurium, and the ECM is located in the endoneurium 
and the basal lamina of the Schwann cells. The peripheral nerve 
components across the site of an injury are illustrated in Figure 2.
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2021). The application of these modification methods to alter 
the topographical features of the cell-supporting surfaces and, in 
addition, loading the surface with micro- or nano-sized particles 
result in significant changes in the surface free energy, roughness, 
oxidation potential and wettability characteristics and offer more 
favourable properties to the scaffold surface for cell adhesion 
and, ultimately, nerve regeneration. The subsequent neuron/
axon attachment, spread and directed growth can be enhanced 
by increasing the interface area of the scaffold-to-cell via a higher 
charge transfer (Chen et al., 2015; Ghane et al., 2021). The nano-
sized topography of the scaffold results in a more intimate contact 
between the surface and the neurons (Badea and Wu, 2018). Even 
though a wide range of topographical modification approaches have 
been used for exploring the direct interaction of cells and substrates, 
much uncertainty still exists about the exact effects of topographical 
cues on the cell fate (Santos-Ferreira et al., 2017; Bramini et al., 
2019). It is, however, certain that a more detailed and clearer 
characterization of the cell-to-scaffold interaction mechanisms is 
required to modulate the cell interactions with the scaffold surface 
for the nerve regeneration in the PNS.

Points to Consider for Modulating the Cell 
Interactions with the 3D Scaffolds for the 
Treatment of the Injured Peripheral Nervous 
System Cells
A more detailed characterization of the native ECM of PNS cells 
and a deeper understanding of the cell-to-ECM interactions are 
necessary for designing novel scaffolds with suitable morphological 
properties. Scaffolds that closely mimic the native ECM environment 
would be able to incorporate different biomimetic characteristics at 
a molecular level to guide and align the cell growth in the desired 
direction. 

Developing multilayer scaffolds with varying properties in different 
layers may improve the structure (Mu et al., 2014; Amini et al., 
2021). The cellular responses to these multilayer scaffolds depend on 
the scaffold characteristics such as flexural properties, a range and 
an average fiber diameter, a relative layer porosity and the number 
of electrospun fiber layers. Thus, controlling these parameters during 
the fabrication process is essential (Rahmati et al., 2021). 

The nerve conduits containing the physical lumen fillers could 
potentially offer an appropriate path-finding for the regenerating 
axons and, in this regard, the cellular and molecular mechanisms 
of axon path-finding can be an important area of future nerve 
scaffold research (Gu et al., 2011; Yi et al., 2019). Also, modulating 
the degradation time of the filler and optimizing the regenerating 
process by altering matrix concentrations and densities of the lumen 
fillers could bring an improved regeneration rate to the PNS cells (De 
Luca et al., 2014).

A succinct and reliable analysis of the mechanical properties of the 
target nerve tissue is yet to be developed to identify and specify ideal 
mechanical features of the scaffolds. The increased rigidity of nerve 
scaffolds can exert chronic compression of the new tissue, whereas 
scaffolds with low rigidity may compromise the desired outcome of 
the transplantation procedure (Ghane et al., 2021).

Addit ional  b iochemical  and physical  factors  such as  the 
immobilization of the ECM proteins and growth factors onto the 
scaffolds may create a more conducive microenvironment for nerve 
cell attachment and growth. For example, a recent study of Jahromi 
et al. (2021) have shown that loading the combination of gold 
nanoparticles and brain derived neurotrophic factor encapsulated 
chitosan nanoparticles on a fibrous nerve conduit increased the 
nerve regeneration rate in a rat sciatic nerve transection model. 
Generating concentration gradients of such biological factors have 
been suggested to direct the genesis of endogenous tissues and 
improve the regeneration rate (Jiang et al., 2010; Nguyen and Liu, 
2013; Binan et al., 2014; De Luca et al., 2014; He et al., 2016; Patel et 
al., 2018; Tajdaran et al., 2019).

The extensive research findings behind the cell replacement 
approaches have demonstrated the potential efficacy of gene and cell 
therapy methods, however, more work is needed to further enhance 
neural regeneration (Patel et al., 2018; Behtaj and Rybachuk, 2021).

Nanotechnology advances that are able to control scaffold geometry 
and/or manipulate the fibrous scaffold surfaces is an emerging 

technology. While still in early stages, it is possible that these 
manufacturing techniques, including a combination of 3D printing 
approaches with the ES technique may be able to produce a viable 
alternative to autografts in patients with extensive nerve defects in 
the near future (Nguyen and Liu, 2013; Chen et al., 2015; Ermis et 
al., 2018; Rahmati et al., 2021; Zhang et al., 2021). 

Although this brief review does not focus on the material selection 
and the desired chemical properties of scaffold surfaces, it is evident 
that a due consideration should be given to materials selection and 
scaffold morphology. Both the topographical and the chemical cues 
are essential for the axon outgrowth and the successful implication 
of the fibrous scaffolds in neural tissue engineering (Katiyar et al., 
2019). As such, the application of the conductive material and/
or incorporation of different conductive nanoparticles to provide 
electrical stimulation or piezo-electrical signaling may result in 
an enhanced axonal outgrowth on the scaffold (Nguyen and Liu, 
2013; Ashraf et al., 2018). Moreover, achieving a desire mechanical 
strength, degradation rates and biocompatibility of the scaffold 
requires both a proper morphological structure and the use of 
materials with appropriate chemical and physical properties (Mu et 
al., 2014). 

Establishing safe, highly reproducible and reliable transplantation 
strategies to preserve scaffold architecture during the delivery 
and to reduce the risk of immunological rejection is another 
crucial consideration (Katiyar et al., 2019). Moreover, generating 
innovative modalities for post-surgical intervention to decrease the 
rehabilitation period after transplantation are also needed (Ghane et 
al., 2021).

Summary and Future Research Prospects
Long-distance axonal repair of the nerves of the PNS remains a 
challenge based on the currently used therapeutic modalities. The 
research has shown that creating a supportive microenvironment 
can bridge the nerve injury area and lead towards an improved 
regeneration rate (Kim et al., 2018; Katiyar et al., 2019). The current 
and emerging technologies are able to fabricate electrospun scaffolds 
with controlled 3D spatial orientation, arrangement and structure of 
fibers, which are highly promising in mimicking the natural ECM of 
the PNS (Amini et al., 2021). However, further studies focused on the 
functional outcomes of the neural scaffolds are required to assess 
their suitability before clinical applications (Kim et al., 2018; Patel et 
al., 2018). Advances can be made by combining the use of a defined 
3D architecture and topography of the scaffolds with essential 
biological guidance cues for stimulating the intrinsic regenerative 
capacity of the neurons and the glia. Overall, an effective clinical 
treatment will require a collaborative input from the areas of 
neuroscience, genetic engineering, cell transplantation, materials 
science, materials engineering and nanotechnology.
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