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The repairing process in the nervous system is complicated and brings great challenges to researchers. Tissue
engineering scaffolds provide an alternative approach for neural regeneration. Sub-micron and nano-scale
fibrous scaffolds which mimic the topography of natural extracellular matrix (ECM) can be potential scaffold
candidates for neural tissue engineering. Two fiber-fabrication methods have been explored in the field of
nerve regeneration: electrospinning and self-assembly. Electrospinning produces fibers with diameters
ranging from several micrometers to hundreds of nanometers. The fibrous nerve conduits can be introduced
at lesion sites by implantation. Self-assembly fibers have diameters of tens of nanometers and can be injected
for central nervous system (CNS) injury repair. Both fibrous scaffolds would enhance neurite extension and
axon regrowth. These functional nanofibrous scaffolds can serve as powerful tools for neural tissue
engineering.

© 2009 Elsevier B.V. All rights reserved.
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1. Introduction

The regeneration capability of the human adult nervous system
is often limited. As a result, patients who have injuries or traumas in
the nervous systemoften suffer from the loss of sensory ormotor func-
tion, and neuropathic pains. In order to facilitate nerve regeneration,
ews theme issue on “Nanofibers
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many therapeutic approaches have been attempted. In the peripheral
nervous system (PNS), direct end-to-end surgical reconnection is a
commonmethod of treatment for nerve transection injuries when the
injury gap is small. Nerve autografts are considered as the ‘golden
standard’ for bridging larger nerve defect gaps. However, the shortage
of donor grafts, the potential loss of function at donor sites and the
requirement of multiple surgeries are among the reasons that con-
strain the use of autografts. Allografts and xenografts [1–3] are also
taken into consideration to substitute autologous nerve grafts. How-
ever, these treatments are hampered by immunological rejections and
chances of disease transfer. Nerve regeneration in the central nervous
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Table 1
Nanofibrous scaffolds for nerve regeneration.

Polymer Solvent/medium Diameter Cells/nerve injury model Reference

A) Electrospun fibrous scaffolds

In vitro
Poly(L-lactic acid) (PLLA) 10 w/v%, chloroform 500 nm (R/A) Rat DRG [38]

1 wt%, DCM:DMF (7:3 v/v) (272±77) nm (R) Neural stem cell line C17.2 [21]
1–5 wt%, DCM: DMF (7:3 v/v), 250 nm (1 wt%, R); Neural stem cell line C17.2 [55]

1.5 μm (3 wt%, R);
300 nm (2 wt%, A);
1.5 μm (5 wt%, A)

10 w/v%, HFP 100–500 nm (R) PC12 cells [43]
10 w/v%, THF:DMF (1:1 v/v) (0.51±0.38) μm (R) Mouse embryonic cortical neurons [22]
15 w/v%, DCM:THF (7:3) (4.3±0.5) μm (R) Rat Schwann cell (RT4-D6P2T) [29]

Poly(�-caprolactone) (PCL) 16 wt%, DCM: methanol (4:1 v/v) (1.03±0.03) μm (A); Human Schwann cells [48]
(2.23±0.08) μm (R)

20 w/v%, DCM:DMF (4:1 v/v) 250 nm (A) Mouse embryonic stem cell [56]
9 wt%, chloroform:methanol
(75:25 w/w)

(559±300) nm (A) Chick DRG explants; neurons from
dissociated chick DRG;
rat Schwann cells; rat OECs

[42]

15 wt%, chloroform:
methanol (75:25 v/v)

(630±40) nm (R) Rat Schwann cell [39]

6 wt%, HFP (431±118) nm (R) Neural stem cell line C17.2 [41]
12 w/v%, DCM:DMF (1:1 v/v) (0.95–1.26) μm (R) Rat Schwann cell line (RT4-D6P2T) [29]

PCL/gelatin 6 wt%, HFP PCL/gelatin 50:50:
(113±33) nm,

Neural stem cell line C17.2 [41]

PCL/gelatin 70:30:
(189±56) nm (R)

PCL/collagen (75:25 wt%), HFP (541±164) nm (A) Chick DRG explants; neurons from
dissociated chick DRG;
rat Schwann cells; rat OECs

[42]

PCL/chitosan (75:25 wt%), HFP and TFA/DCM (190±26) nm (R) Rat Schwann cell [39]
Poly(D,L-lactide-co-glycolic acid) (PLGA) 50 wt%, DMF:THF (1:1 v/v) 3–5 μm (R/A) PC12 cells [95]

10 w/v%, THF: (1:1 v/v) (0.76±0.30) μm (R) Mouse embryonic cortical neurons [22]
Poly-L-lactate (PLA) 3 wt%, chloroform (524±305) nm (A) Rat embryonic DRG [46]
Poly(e-caprolactone-co-ethyl

ethylene phosphate) (PCLEEP)
12 wt%, DCM (5.01±0.24) μm (A) PC12 cells [64]

Poly(3-hydroxybutyrate) (PHB) 14 w/v%, chloroform (3.7±1.7) μm (A) Rat Schwann cell line (RT4-D6P2T) [23]
Poly(3-hydroxybutyrate-co-3-

hydroxyvalerate)(PHBV)
14 w/v%, chloroform (2.3±2.1) μm (R) Rat Schwann cell line (RT4-D6P2T) [23]

Poly (acrylonitrile-co-methylacrylate) (PAN-MA) 18 w/v%, DMF (400–600) nm (A) Rat DRG; rat Schwann cells [67]
Copolymer of methyl methacrylate

(MMA) and acrylic acid (AA) (PMMAAA)
8 wt%, acetone (450±88) nm (R) Rat embryonic cortical neural stem cells [37]

Polydioxanone (PDS) 10 w/v%, HFP 2–3 μm (R/A) Rat primary astrocytes; rat embryonic DRG [47]
Polyamide Commercially available 180 nm (R) Rat cerebellar granule neurons. Rat

cerebral cortical neurons, rat
hippocampal and ventral spinal cord
neuronal cultures, rat DRG tissue

[35]

Chitosan 8 wt%, TFA:DCM (75:25 V/V) (450±48) nm (R) Rat Schwann cell [39]

In vivo
Poly(e-caprolactone-co-ethyl

ethylene phosphate) (PCLEEP)
12 wt%, DCM (5.08±0.05) μm (A) Rat sciatic nerve, 15 mm gap [65]

PCL/PLGA 5.5 wt% PCL and 4 wt% PLGA,
chloroform:methanol (3:1 v/v)

140–500 nm (R) Rat sciatic nerve, 10 mm gap [25]

Poly(�-caprolactone) (PCL) 15 w/w%, chloroform 2.5–8 μm (R) Rat sciatic nerve, 10 mm gap [25]
Poly (acrlonitrile-co-methylacrylate) (PAN-MA) 18 w/v%, DMF 400–600 nm (A) Rat tibial nerve, 17 mm gap [67]
Polyamide Commercially available 180 nm (R) Laminectomy at T8 in rats [24]
Chitosan 6.4 w/v%, TFA:DCM (4:1 v/v), (700±502) nm (R) Rat sciatic nerve, 10 mm gap [34]

B) Self-assembled nanofibers

In vitro
Isolucine–lysine–valine–alanine–

valine (IKVAV)
Aqueous 5–8 nm Murine neural progenitor cells [57]

RAD16-I (AcN-RADARADARADARADA-COH2) Aqueous Information not provided Postnatal rat hippocampal neural cells [81]
RADA16 (Ac-ARDARADARADARADA-COHN2) Aqueous 10 nm Mouse neural stem cells [75]
Synthesized peptide amphiphile (PA)

containing RGD (arginine–glycine–aspartic acid)
Aqueous 7.6±1 nm Rat mesenchymal stem cells from

femur bone shaft
[82]

Arginine–alanine–aspartate
RAD 16-I, and RAD 16-II

Aqueous 10–20 nm PC12 cells; mouse cerebellar granule
neurons; mouse hippocampal neurons;
rat hippocampal neurons

[80]

In vivo
Arginine–alanine–aspartate–alanine

(RADA 16-I)
Aqueous 10 nm • Knife wound in superior colliculus

in hamsters
[92]

• Optic tract transection at brachium of
mouse spinal cord
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Table 1 (continued)

Polymer Solvent/medium Diameter Cells/nerve injury model Reference

In vivo
RADA 16-I Aqueous 10 nm 1 mm dorsal column tissue removal

between C6 and C7 in rats
[88]

Isolucine–lysine–valine–
alanine–valine (IKVAV)

Aqueous Information not provided Spinal cord compression at
T10 of mouse

[96]

Legend: A: aligned, non-woven fibrous mesh; DCM: dichloromethane; DMF: dimethylformamide; DRG: dorsal root ganglia; HFP: 1,1,1,3,3,3 hexafluoroisopropanol; OEC: olfactory
ensheathing cells R: random, non-woven fibrous mesh; RAD16-I: + − + − + − + − AcN-RADARADARADARADA-CNH2; RAD16-II: + + − − + + − − AcN-
RARADADARARADADA-CNH2; THF: tetrahydrofuran; TFA: trifluoroacetic acid.
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system (CNS) is even more challenging, with the inhibitory environ-
ment formed after injury in the CNS often restricting nerve regen-
eration [4]. Current methods of treatment are often not effective
enough to restore nervous function in the CNS.

Due to the above reasons, tissue engineered scaffolds may serve as
an alternative choice for implantation to facilitate neural repair. The
physical and chemical properties of artificial grafts can be tailored
based on applications. Biodegradable and biocompatible materials
are often used to reduce the occurrence of immune responses. By
controlling scaffold morphology, architecture and components, suit-
able topographical and biochemical cues may be provided to promote
tissue regeneration. These artificial scaffolds can also be modified to
provide a permissive substrate for axons to penetrate the injured area
in CNS tissue engineering [5].

A common approach in tissue engineering is to mimic the archi-
tecture of the natural extracellular matrix (ECM). The ECM plays an
important role in regulating cellular behaviors by influencing cells
with biochemical signals and topographical cues [6,7]. It has twomain
components: polysaccharides and fibrous proteins. As such, nanofi-
brous constructs have been used extensively as potential tissue engi-
neering platforms. It is generally hypothesized that a close imitation
of the ECM will provide a more conducive environment for cellular
functions ranging from adhesion, migration, proliferation to differ-
entiation [8]. Meanwhile, nanofibers exhibit extremely high surface
area-to-volume ratio. This property facilitates the release of biochem-
icals, including proteins, drugs, and nucleic acids [9–11], which may
be delivered by the fibers. Additionally, the large surface increases the
contact area between cells and the fibers, thereby enhancing chemical
uptake by cells. Therefore, nanofibrous scaffolds may also be used as a
potential drug carrier for chemical therapy.

Many approaches have been developed to produce nanofibers. In
this paper, we will review two widely-studied fiber-fabrication meth-
ods as applied to neural tissue engineering, namely electrospinning
and self-assembly. We will also discuss in detail the respective out-
comes of using such nanofibers for nerve repair and regeneration as
evaluated by in vitro and in vivo studies.

2. Electrospun fibrous scaffolds in nerve tissue engineering

Electrospinning is a simple method of producing continuous fibers
with diameters within the micron to sub-micron regime [12–14]. The
flexibility of the technique is evident from the ease of forming fibers
out of a wide range of materials including natural and synthetic poly-
mers, composites and ceramics [15,16]. Like conventional fiber
spinning processes, parameters such as polymer solution concentra-
tion and viscosity, and polymer solution dispense rate may be con-
trolled during fabrication to alter the dimensions of the fibers. In
addition, because of the nature of electrospinning, electrical field
strength and field pattern may be varied to manipulate the archi-
tecture andmorphology of the resulting scaffold. For a comprehensive
review on the electrospinning process and approaches to control
scaffold architecture, one may refer to the works by Chew et al. [12]
and Murugan et al. [17].

Due to the versatility of the electrospinning technique, electrospun
scaffolds have found applications in various areas of tissue engineer-
ing ranging from cardiovascular [18] to musculoskeletal tissue engi-
neering [19] and stem cell engineering [20]. The large surface area-to-
volume ratio property of these scaffolds ensures that any incorporated
bioactive agents are released efficiently and that the contact between
cells and these biochemicals is maximized.

The feasibility of using electrospun fibrous scaffolds as substrates
for neural tissue engineering has also been investigated by several re-
search groups [21–23]. Comparisons between substrates made out of
polymer films versus electrospun fibers have been tested both in vitro
and in vivo to demonstrate the efficacy of these fibers in enhancing
nerve regeneration. In vivo, axonal extension within electrospun
fibrous nerve conduits and partial functional reconnection have been
demonstrated [24,25]. Altogether, these findings indicated that elec-
trospun fibers are potential candidates for nerve repair applications
[26,27]. A summary of electrospun fibrous scaffolds used in nerve re-
generation studies is listed in Table 1.

2.1. Effects of electrospun materials on nerve regeneration

Material choice plays a vital role in ensuring the success of neural
tissue engineering strategies. Appropriate material degradation rate
and mechanical properties help minimize inflammatory response and
prevent nerve compression situations, while providing the required
support and guidance to regenerating axons.With these requirements
in mind, the search for the suitable scaffolding material remains and
many have been attempted via electrospinning. These materials may
be broadly categorized into three groups: 1) synthetic materials;
2) natural materials; and 3) biosynthetic materials.

2.1.1. Electrospun biocompatible synthetic materials
Biocompatible synthetic materials are attractive for constructing

neural tissue engineering scaffolds because of the ease in tailoring the
degradation rate and mechanical properties of these materials to suit
the applications. Polyesters such as poly(glycolic acid) (PGA), poly
(L-lactic acid) (PLLA), poly(caprolactone) (PCL), poly(3-hydroxybu-
tyrate) (PHB) and their copolymers have been extensively investi-
gated as electrospun scaffolds applied to neural tissue engineering
(see Table 1). Polyesters can be degraded by hydrolysis of the ester
bond leading to degradation products that can be resorbed through
metabolic pathways, causing minimal toxicity to the hosts [28]. Other
synthetic polymers such as polydioxanone (PDS), poly (acrylonitrile-
co-methylacrylate) (PAN-MA)have also been reported asmaterials for
electrospun fibers to induce nerve growth. In general, these synthetic
materials support neural cell growth, but their ability in terms of
supporting cell proliferation and viability differs due to their distinct
properties.

Sangsanoh et al. [29] studied the cytocompatibility of several bio-
degradable polymeric electrospun fibers and solution-cast films by
culturing rat Schwann cells on these platforms. After 24 h, the rank of
cell viability on various substrates was: PCL filmNTCPSNPCL fibersN
PLLA fibersNPHBV filmNchitosan (CS) fibers≈CS film≈PLLA filmN

PHB filmNPHBV fibersNPHB fibers. The rank, however, was different
at day 3: TCPSNPHBV filmNPLLA filmNPCL filmNPLLA fibersNPHB
film≈PCL fibersNCS fibersNCS filmNPHB fibersNPHBV fibers. While
it was clear that scaffold architecture and chemistry affect Schwann
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cell viability, the exact relationship between these factors and
Schwann cell behavior could not be elucidated from the study due
to the lack of obvious experimental trends. An additional size effect
was also present due to the different fiber diameters of different
electrospun materials, which varied from 130 nm to 3.7 µm. More in-
depth comparison studies are thus required in order to understand
the mechanisms of how material property may affect neural cell
behaviors.

2.1.2. Electrospun natural materials
Natural materials may share similar properties with the soft tis-

sues which they are replacing, such as similar mechanical strength,
physical properties and biomolecular recognition sites [30]. Collagen,
gelatin, laminin and chitosan [31–33] are among the examples of elec-
trospun natural materials that have been used for nerve reconstruc-
tion. Wang et al. [27,34] developed chitosan micro/nanofiber mesh
tubes for treatment of a 10 mm rat sciatic nerve gap. It was observed
that sensory function begun to recover as early as 8 weeks after im-
plantation of the nano/microfiber mesh tubes. Regenerating axons
also elongated through the lumen of the chitosan tubes. In spite of
the regeneration obtained in these fibrous scaffolds, the weak me-
chanical properties of natural electrospun constructs may limit their
application as nerve guide conduits. In order to maintain structural
integrity during both operation and post-operation periods, sufficient
mechanical strength is required of a nerve conduit. As evident from
Wang's study, tube collapsemay occur when the degree of acetylation
of chitosan is lower than 93%. Meanwhile, the use of natural materials
is also jeopardized by its high cost, possible immunogenicity and
batch-to-batch variability.

2.1.3. Electrospun biosynthetic materials
Biosynthetic materials serve to combine the merits of both syn-

thetic and natural materials, with improved mechanical properties
over natural polymers and enhanced biocompatibility over synthetic
ones. These unique properties can be achieved by covalent binding or
blending synthetic and natural polymers, or surface adbsorption.

Ahmed et al. [35] surface-modified polyamide nanofibers by co-
valent attachment of fibronectin type III repeat D of human tenascin C,
D5 and extended version D5'. These peptides were identified to pro-
mote neurite outgrowth for cerebellar granule neurons [36]. After
covalent modification with these neuroactive peptides, neuronal cell
attachment, neurite generation and neurite extension were signifi-
cantly enhanced as compared to plain electrospun polyamide fibrous
scaffolds. Collagen was also conjugated onto a copolymer of methyl
methacrylate (MMA) and arylic acid (AA) (PMMAAA) electrospun
nanofibers by Li et al. [37]. The collagen content ranged from 0% to
5.7% in the electrospun fibers. It was observed that at Day 2 and Day 4,
the neurite length of cortical neural stem cells increased in accordance
with collagen content. At the same time, cell viability was enhanced
with respect to the increase in collagen content at Day 4. This in-
dicated that the collagen-conjugated electrospun fibers could im-
prove the attachment and viability of the cultured neural stem cells.
The advantages of biosynthetic materials were also demonstrated by
Patel et al. [38] through the immobilization of laminin onto PLLA nano-
fibers for the culture of rat dorsal root ganglia (DRG) tissues. After
culturing for 6 days in vitro, cells on laminin-conjugated PLLA fibers
had significantly longer neurite length as compared to cells grown on
plain PLLA fibers.

Due to the uniqueness of electrospinning, an even simpler way of
producing biosynthetic scaffolds is to prepare a polymer blend as the
working material during the fabrication process. By choosing suitable
solvents, synthetic and natural materials may be dissolved into the
same medium and uniform mixtures can be obtained for electrospin-
ning. Prabhakaran et al. [39] blended PCL with chitosan to produce
electrospun nanofibers. These blended scaffolds (PCL/CS) had a nar-
row distribution of fiber diameter and improved hydrophilicity as
compared to PCL fibers. With the appropriate hydrophilicity, cell
adhesion and spreading became more rapid and more effective [40].
Moreover, the tensile strength and ultimate strain of the PCL/CS scaf-
folds increased in comparison with chitosan fibers. Their study dem-
onstrated that the proliferation rate of rat Schwann cells on PCL/CS
nanofibers was significantly higher than that on PCL nanofibers. Bio-
synthetic electrospun fibers were also fabricated by Ghasemi-
Mobarakeh et al. [41]. By comparing PCL/gelatin electrospun scaffolds
at 100:0, 70:30 and 50:50 weight ratios, the presence of gelatin im-
proved the hydrophilicity of PCL scaffolds. C17.2 neural stem cells
showed longer neurite length and higher proliferation rate on 70:30
PCL/gelatin fibers in comparison with PCL constructs. Although the
inclusion of gelatin positively influenced neural stem cell behavior,
there appeared to be a limit of ~50 wt.% gelatin that one may include
into PCL fibers, as indicated by this study. 50:50 PCL/gelatin fibrous
constructs, while demonstrating higher hydrophilicity, also possessed
loose and weak fibrous structures and enhanced degradation rate that
may not be favorable for nerve regeneration. Schnell et al. [42] com-
pared PCL and PCL/collagen nanofibers as nerve regeneration
scaffolds. They found that both kinds of scaffolds were favorable sub-
strates for neurite outgrowth and glial migration from DRG explants.
However, Schwann cell migration, neurite orientation and process
formation of Schwann cells, fibroblasts and olfactory ensheathing cells
improved on PCL/collagen fibers.

Finally, the effects of the mode of biopolymer inclusion to syn-
thetic electrospun fibers on neural cell behavior were evaluated by
Koh et al. [43]. The authors studied three different methods of in-
corporating laminin into PLLA fibers — covalent binding, physical
adsorption and blended electrospinning. In terms of supporting PC12
cell proliferation and enhancing neurite outgrowth, blended electro-
spinning was the most facile and efficient method as compared to the
other two modification approaches.

In all studies, it appears that the presence of biopolymers, although
drastically changing the degradation rate and mechanical perfor-
mance of synthetic polymeric scaffolds, significantly helps in pro-
moting neural cell proliferation and neuron extension. Such materials
may find useful applications in promoting nerve regeneration in vivo.

2.2. In vitro studies

2.2.1. Effects of electrospun scaffold architecture on nerve regeneration

2.2.1.1. Neurons and axonal outgrowth. Neurite outgrowth and cell
migration are indispensible processes for nerve repair. Guided axonal
extension towards designated targets to reform synaptic connections
can help in the restoration of nerve functions. The migrated glial cells
to the injured sites can secrete neurotrophic factors and support
regenerated neurons to help nerve regeneration. Accordingly, the
ability to enhance neurite outgrowth, direct axon extension, and
facilitate cell migration is an essential factor to be included during the
design of tissue engineering scaffolds for nerve repair. While micro-
and nano-patterned substrates have been extensively studied to
understand the effects of contact guidance on neural cell behavior and
function [44,45], electrospun scaffolds with aligned fibers are also
gaining importance for their promise in providing topographical cues
for nerve regeneration and as direct implantable devices.

Compared to randomly-oriented fibers, aligned fibers are able to
promote neurite outgrowth (Fig. 1). DRG cultured on PLLA randomly-
oriented nanofibers showed no neurite outgrowth after 6 days. In
contrast, significant extension of neurites from DRG explants was
observed on aligned fibers [38]. In addition, many studies have proved
that neurons cultured on aligned electrospun fibers have longer
neurite lengths than those on random fibers [42,46,47].

The aligned fibrous scaffolds serve as contact guidance for
directing neurite orientation and cell alignment (Fig. 2). It is found
that neurites emanated radially from DRG tissues when cultured on



Fig. 1. Neurite outgrowth from DRG tissue on PLLA nanofibers. DRG was cultured on PLLA (A) randomly-oriented and (B) aligned nanofibers for 6 days in vitro. The neurofilaments
staining indicated significant neurite outgrowth from DRG cultured on PLLA aligned nanofibers. Adapted with permission from American Chemical Society [38].
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randomly-oriented electrospun fibers, generating a round appear-
ance. In contrast, on aligned fibrous substrates neurites grew in a
radial manner initially when they emanated out from DRGs, but
would follow the orientation of the fibers as they continued to grow.
In addition, neurites that grew in the direction of the underlying fibers
had a faster growth rate than those perpendicular to the aligned fiber
axis or those grown on randomly-oriented fibers. The same growth
behavior was observed in astrocytes. On randomly-oriented fibers,
however, astrocytes were positioned more haphazardly. A branched
net shape structure was observed due to the lack of specificity in the
direction of projections by the processes of the astrocytes. In contrast,
astrocytic processes were well aligned, following the orientation of
the fiber axis when cultured on aligned fibrous substrates [47].

Different neurite outgrowth results were observed in both studies
discussed above [38,47]. It is possible that the variations in scaffold
properties, cell culture conditions and duration influenced neurite
outgrowth. Scaffold properties such as material, fiber diameters, and
scaffold porosity can affect cellular behavior. In work by Petal et al.,
PLLA was used to fabricate electrospun fibers of diameter of 500 nm
while in the latter case, PDS was chosen and the fiber diameter ranged
between 2 and 3 µm. Meanwhile, cell culture condition also plays a
very important role in affecting neurite outgrowth. Different types of
culture medium used in these two studies could strongly affect cell
growth. Neural basal medium supplemented medium was used for
cell culture in Petal et al.'s work. However, Chow et al. added nerve
growth factor to supplement cell growth. Embryonic and postnatal
cells harvested for these two studies may also have varied activities in
terms of neurite extension. Lastly, in Patel et al.'s work, the cells were
cultured for 6 days whilst Chow et al. incubated cells for 10 days
whichmay allowmore extensive neurite outgrowth. Altogether, these
differences may explain the variations in neurite outgrowth on
random fibers in both studies.

Corey et al. [46] also found that ganglia changed their shape as a
result of culture on aligned electrospun fibers. They explained that the
Fig. 2. The effect of electrospun fiber orientation on neurite alignment. Immunostaining of ast
and (B) aligned PDS electrospun fibers after 20 days in vitro culture. Scale bar: 100 μm. Ada
references to colour in this figure legend, the reader is referred to the web version of this a
ganglia deformation in the direction of the fibers was encouraged by
the tension, which was generated by neurites following the fiber
orientation. This elongated morphological change was also observed
for human Schwann cells cultured on micron-sized electrospun fibers
(Fig. 3.) [48], indicating that the diameter of the fiber, at least up to
2 μm, is not a crucial factor in influencing cell alignment. The
alignment of glial cells would further enhance the rate and extent of
neurite outgrowth [49]. Additionally, these morphological alterations
may elicit functional changes that will influence cellular phenotypes,
ranging from apoptosis to proliferation, cell migration, differentiation,
contractility and gene expression [50–52].

2.2.1.2. Schwann cells. Schwann cells support peripheral nerve
recovery by secreting neurotrophins and producing ECM molecules
which elicit axonal regrowth [53]. The migration and formation of
aligned Schwann cells to form bands of Büngner have to precede the
infiltration of axons following nerve injuries. However, Schwann cell
migration is often the rate-limiting step. Therefore, one of the
approaches to enhance peripheral nerve recovery is to imitate the
formation of bands of Büngner in vitro.

The possibility of guiding Schwann cell migration by aligned fibers
has been studied in vitro by Schnell et al. [42]. By culturing DRG
explants on blended PCL/collagen (4:1 w/w) aligned fibrous scaffolds,
rat Schwann cells were observed to migrate away from the DRG along
the direction of the aligned fibers. After 7 days of culture, more than
1 mm distance of migration on PCL/collagen aligned fibers was seen.
Although aligned fibrous scaffolds could induce a more obvious
alignment of the cells, random fibrous substrates also provide contact
guidance to some extent, as the cells may stretch the cytoskeleton
across multiple fibers and follow the fiber orientation. Chew et al. [48]
found both randomly-oriented and aligned electrospun PCL fibers to
decrease the expression of neurotrophin and neurotrophic receptors
of human Schwann cells after 7 days of in vitro culture, indicating
a more mature phenotype adopted by cells cultured on fibrous
rocytes (red) and DRG neurites (green) on (A) random polydioxanone (PDS) nanofibers
pted with permission from Cambridge University Press [47]. (For interpretation of the
rticle.)



Fig. 3. The effect of contact guidance of aligned electrospun fibers on human Schwann cell. Human Schwann cells were cultured for 3 days on (A) PCL film, (B) PCL random fibers and
(C) PCL aligned fibers. Adapted with permission from Elsevier [48].
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substrates. Aligned fibrous scaffolds, however, enhanced Schwann cell
maturationmore than randomly-orientatedfibers, asmore substantial
up-regulation of the gene expression of myelin specific marker, P0,
was observed in cells grown on aligned fibers.

2.2.1.3. Stem cells. Stem cells have recently been considered and
studied as one of the cell-based therapies in neural tissue engineering.
Stem cells are able to differentiate into various cell types. These stem
cells can be transplanted to the injured sites in the nervous system,
replacing missing cells and activating endogenous cells to perform
self-repair [54].

In an effort to understand stem cell–substrate interactions, various
cell types have been analyzed on electrospun scaffolds. The
differentiation rates of neural stem cell C17.2 cultured on PLLA
electrospun fibers were found to be similar on random and aligned
fibers, but were dependent on fiber diameters [55]. By counting the
number of cells that exhibited elongated shape under the laser
scanning confocal microscope, the differentiation rate of C17.2 after
2 days in vitrowas quantified. On nanofibers with average diameter of
300 nm, cells demonstrated a differentiation rate of 80%. In contrast,
the differentiation rate of C17.2 on micron-sized fibers with average
diameter of 1.5 µm was only 40%.

The differentiation of mouse embryonic stem (ES) cells on the
electrospun nanofibers was also explored [56]. Mouse ES cells were
cultured in the presence of retinoic acid, which could induce ES cell
differentiation along the neural lineage. Both random and aligned
fibrous substrates were supportive of stem cell neural differentiation
into neurons, oligodendrocytes and astrocytes. Interestingly, the
aligned nanofibers discouraged the differentiation of ES cells into
astrocytes. Therefore, aligned fibers might be a potential therapeutic
approach for CNS injuries, as astrocytes have been found to be the
main reason for glial scar formation. A similar finding was also
reported with self-assembled nanofibers minimizing astrocytic
differentiation [57]. Altogether, the use of nanofibrous scaffolds as
stem cell culture platforms may be promising in CNS repair, supplying
neurons and at the same time, inhibiting glial scar formation.

In general, multiple works have shown that cells do respond to the
unique fibrous architecture of electrospun scaffolds. In most studies,
cellular response evaluation remains restricted to understanding cell
proliferation and morphological changes with respect to topographi-
cal signals. Only few recent studies have attempted to elucidate in
detail the functional changes of neural cells in terms of gene expres-
sion and cellular differentiation [48,57]. More analysis is, therefore,
required to ensure that the observations of cell shape changes do
correspond to useful cell functions that will indeed aid nerve regen-
eration in vivo. At the same time, deeper understanding of the mech-
anisms, such as cell signaling processes, behind the corresponding
cellular responses to topographic stimuli will also help in facilitating
precise control of cellular functions and stem cell differentiation using
electrospun fibers.

2.2.2. Effects of controlled release of biochemicals from electrospun
scaffolds on nerve regeneration

Neurotrophic factors have profound effects on neural development
and functions. These factors are usually expressed in large amounts in
the presence of nerve injuries and play crucial roles in supporting neural
cell survival and axon regrowth [58,59].Multiple deliverymethodshave
been extensively investigated to introduce these factors to the injury
sites in both CNS and PNS, such as in the form of microspheres [60,61]
and polymer matrices [62,63]. Electrospun nanofibers may serve as a
promising delivery vehicle due to its simultaneous ability to provide
scaffolding function and contact guidance that may be necessary for
nerve regeneration.

Using a copolymer of caprolactone and ethyl ethylene phosphate,
PCLEEP, Chew et al. [64] demonstrated that by directly blending hu-
man β nerve growth factor (NGF) into PCLEEP polymer solution during
electrospinning, protein-encapsulated electrospun fibers could be ob-
tained. The encapsulated protein was found to be dispersed uniformly
throughout the fibers in aggregate form due to phase separation. A
sustained release of bioactive NGF from aligned electrospun fibers was
obtained for at least 3months in vitro. Following that, the efficacyof such
biofunctional electrospun scaffolds was evaluated in an in vivo study by
the same group [65]. By using human glial cell-derived neurotrophic
factor (GDNF)-encapsulated aligned electrospun fibrous conduits,
sciatic nerve regeneration in a rat model was significantly enhanced.
The total number of myelinated axons, area of regenerated nerve cross-
section and G ratio value were significantly larger than the control
groups comprising of plain electrospun scaffolds and PCLEEP films.
Detailed information on the study is discussed in the next section.
Altogether, the ability of incorporating growth factor signaling and
contact guidance within an electrospun scaffold demonstrates the
uniqueness of this fabrication technique and its potential in enhancing
nerve regeneration.

In a separate study, surface modification of electrospun scaffolds
with growth factors was adopted instead. Patel et al. [38] explored the
effects of immobilizing basic fibroblast growth factor (bFGF) onto
nanofibers on DRG neurite extension in vitro. As compared to plain
aligned electrospun fibers and bFGF-immobilized randomly-oriented
fibers, the highest neurite outgrowthwas achieved on a combination of
aligned fibers with either immobilized bFGF or soluble bFGF introduced
directly into the cell culture medium. In addition, the conjugated bio-
functional fibers presented several advantages over delivering bFGF in
soluble manner. First, only a small amount of bFGF was required to
achieve similar effects as soluble bFGF in medium. Secondly, the elec-
trospunfibrous scaffolds can act as a delivery vehicle for specific targets,
without inducing systemic effects.



1061H. Cao et al. / Advanced Drug Delivery Reviews 61 (2009) 1055–1064
The studies highlighted above clearly demonstrated the efficacy of
electrospun nanofibrous scaffolds as biofunctional substrates that
combine topographical and biochemical signaling thatmay be vital for
enhancing neural tissue regeneration.

2.3. In vivo studies

Random electrospun nanofibers have been applied for the regen-
eration of both CNS and PNS injuries. Meiners et al. [24] investigated
the feasibility of using polyamide nanofibers for over-hemisection
spinal cord injury in rats. A laminectomy was made at thoracic level 8
spinal vertebrae and the nanofibrous fabric was crumpled into the
lesion site. After 3 weeks, immunohistochemical staining showed
axonal growth at injury sites and the axons extended onto the nano-
fibers. Unfortunately, this implantation method led to the self-folding
of the scaffolds, and the regenerated axons followed the surface con-
tours of the random folds, which were not targeting the distal stump.
Certain orientations of the scaffolds should, therefore, be consid-
ered for implantation, such as employing multilayered tubular
structures [66].

Promising results of using random electrospun fibers for PNS
injuries have also been reported. Panseri et al. [25] fabricated PLGA/
PCL electrospun fibrous tubes to bridge a 10 mm nerve gap in the rat
sciatic nerve. After 4 months, regenerated tissues filled the inner
lumen of the fibrous tubes and bridged the nerve gaps. Neurite out-
growth was found along the longitudinal conduit axis. At the same
time, myelination and collagen IV deposition were detected in con-
currence with regenerated axons. Von Frey test was carried out to
evaluate sensory function recovery after implantation every 2weeks.
Rats were placed on a metal mesh floor and a series of Von Frey hair
was applied to the plantar surface of the hind paw. Brisk withdrawals
or paw lickings were accounted as positive responses. A decreasing
trend of sensitivity threshold was observed in nerve conduit-treated
animals as the test progressed, whereas no positive response to stim-
uli was seen in the untreated injured animal group. Electromyography
tests revealed that 70.6% of the fibrous tube-treated rats showed an
initial reinnervation in plantar muscles, while no CMAP (compound
muscle action potential) was present in non-treated animals. How-
ever, both mean values of CMAP and MCV (motor conduction ve-
locity) were lower in treated animals as compared to healthy animals,
indicating a relatively early phase of nerve regeneration.

Aligned fibers are able to enhance neurite outgrowth and direct
neurite extension in vitro. In order to evaluate the effectiveness of
such scaffolds in enhancing nerve regeneration and functional recov-
ery via contact guidance, several in vivo studies have been carried out.

Kim et al. [67] stacked both randomly-oriented and aligned
electrospun fiber sheets into polysulfone to form guidance conduits
for nerve repair in a 17 mm rat sciatic nerve transection model. After
16 weeks in aligned fibrous constructs, the number of axons per cross-
section was significantly higher than in conduits comprising
randomly-oriented fibers. In aligned fibrous conduits, the regenerated
axons were myelinated and extended into the distal end. Behavioral
assessment by grid walking test and electrophysiology test was car-
ried out after 16 weeks to measure functional recovery. When pro-
vided the same level of stimulation, similar compound action
potentials (CAP) and muscle contractions were observed in regener-
ated nerves treated with autografts and aligned constructs. However,
in animals where the nerves are bridged by random constructs, no
CAP was detected. Grid walking tests demonstrated that in animals
that received autografts and aligned constructs, significantly fewer
foot slips were recorded than in random construct- or saline filled
polymeric construct-treated animals. These findings showed that
aligned fibrous constructs had comparable performance in reducing
the functional deficits after nerve injury as autografts. It is believed
that contact guidance played an indispensible role in the regeneration
process observed in the study. The stacked structure of the aligned
fiber conduit was three-dimensional and therefore maximized the
topographic directional cues.

Using an alternative approach of rolling up a sheet of aligned
electrospun fibers in different directions, hollow nerve guide conduits
were obtained by Chew et al. [65]. These nerve conduits comprised
hollow centers with aligned fibers oriented either longitudinally
or circumferentially along the inner surface of the conduits. After
3 months of implantation to bridge a 15 mm gap in the rat sciatic
nerve, both fibrous conduits had higher numbers of myelinated axons
and larger nerve cross-sectional area as compared to plain polymer
tubes without electrospun fibers. Interestingly, electrospun fibers of
both longitudinal and circumferential orientation resulted in similar
extent of nerve regeneration and functional recovery. In this case, it
seems that contact guidance was not the reason for promoting axon
regeneration but rather the increased surface area for cell adhesion.

Although many in vitro studies have verified that aligned fibers are
able to drastically enhance neurite outgrowth rate and direct axon
extension, only few in vivo studies have actually been carried out to
verify the usefulness of such contact guidance on nerve regeneration
and functional recovery. Therefore, the concrete conclusion of aligned
fibers in enhancing nerve repair in vivo by either contact guiding cues
or enhanced cell attachment area cannot be derived until more
research has been implemented.

While the efficacy of electrospun fibers in nerve regeneration is
clearly demonstrated in the above studies, it remains difficult for
direct comparisons of the experimental outcomes. This is largely
due to the variation in test methods used. In terms of experimental
approach, differences in injury gap sizes adopted and the length of
time post-surgery prior to nerve recovery assays exist. In terms of
nerve regeneration and functional recovery assays utilized, immuno-
histochemical morphological evaluation, functional assays involving
grid walking/foot slip tests and measurements of compound muscle
action potentials at various different locations of the regenerated
nerve and muscles may all contribute to different experimental
results. More conclusive outcomes can only be derived once common
test methods are adopted in unison for fair comparisons between
studies. Nonetheless, in general, after nerve injury treatment,
myelination of regenerated nerves is anticipated to occur at earlier
time points before functional recovery is observed. Success in nerve
myelination and functional recovery is also anticipated, across small
lesion gaps such as 10 mm and below in the rat model. From the
studies above, it also appears that functional recovery can be observed
as early as 3 months post-implantation of fibrous scaffolds. Addition-
ally, in order to truly demonstrate the efficacy of the electrospun
fibrous scaffolds, critical defect gap sizes of at least 15 mm should be
considered.

3. Self-assembled nanofibrous scaffolds in neural
tissue engineering

Self-assembly as another frequently-used technique to fabricate
nanofibers, is the spontaneous organization of molecules and
components into patterns or structures without human intervention
[68]. Self-assembling process ismediated by non-covalent bonds, such
as van derWaals forces, hydrogen bonds, and electrostatic forces [69].
A lot of studies showed that a broad range of proteins and peptides can
produce very stable and well ordered nanofiber structures with
remarkable regularity [70–73].Moreover, these peptidemolecules can
break down into natural L-amino acids which are nontoxic and could
potentially be used by nearby cells for growth and repair [74]. The
diameters of self-assemblednanofibers are at least one to twoorders of
magnitude smaller than typical electrospun fibers. Therefore, it is
believed that self-assembled nanofibrous scaffolds can provide cells a
true three-dimensional (3-D) microenvironment that is similar to the
natural extracellular matrix [75]. All these benefits make it very
promising for using functionally designed self-assembled nanofibers
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in regenerativemedicine [76–79] and in neural regeneration studies. A
summary of self-assembled nanofibers used in both in vitro and in vivo
studies of neural tissue engineering is listed in Table 1.

3.1. In vitro studies

Arginine–Alanine–Aspartate (RAD)16-I and RAD16-II are the most
commonly used peptides in self-assembled peptide nanofibrous
scaffolds (SAPNSs) for neuronal cell culture [57,75,80–82]. Several
types of neuronal cells have been grown on RAD16 self-assembling
peptide scaffolds (sapeptide scaffolds) by Holmes et al., including rat
PC12 cells, primary cells isolated from 7-day old mice cerebellum and
hippocampus, and fresh neuronal cells prepared from neonatal rats
[80]. In the case of PC12 cells, extensive neurite outgrowth along the
contours of the sapeptide scaffolds was observed 24 h after NGF
treatment. Neurite extensions were also found in primary neuronal
cell cultures on sapeptide scaffolds. Besides supporting neuronal cell
growth, sapeptide scaffolds also promoted the formation of functional
synapses in rat hippocampal neurons as evaluated by positive FM1-43
staining. In an independent study, a 3-D cell entrapment system
established using RAD16-I sapeptide scaffolds to culture primary rat
hippocampal cells was reported by Semino et al. [81]. BrdU and GFAP
staining showed that glial cells and neuronsmigrated and proliferated
in the sapeptide scaffolds in 1-week cultures. Positive nestin signal
detected on the interface between the hippocampal tissue slice and the
sapeptide scaffolds suggested the presence of neuroprogenitor cells.
Cell migration into the scaffolds after 3 days culture was also much
higher as compared to that on a control comprising a Millipore mem-
brane (30-mm culture plate insert with 0.4-µm pore), whichwas used
as a basic hippocampal organotypic slice culture technique. These re-
sults suggested that the sapeptide scaffolds may be an attractive sub-
strate for supporting neural tissue growth and regeneration.

In another study, RAD16 sapeptide scaffolds with different func-
tional motifs, including RGD and laminin-derived motifs, GFLGFPT
and BMHP, were synthesized for culturing adult mouse neural stem
cells [75]. Cell differentiation was evaluated at Day 7, and the results
showedhigher numbers of cells expressing neuronalmarker,β-Tubulin,
and astrocytic marker, GFAP, on RAD16-BMHP1 and RAD16-BMHP2
sapeptide scaffolds. On the other hand, more cells remained in the
undifferentiated state when cultured on pure RAD16 sapeptide
scaffolds. The study clearly suggested that sapeptide scaffolds combin-
ing functionalmotifs could be promising tools for 3-D neural cell culture
and nerve repair.

Isoleucine–lysine–valine–alanine–valine (IKVAV), which is known
to promote and direct neurite outgrowth [83,84], is another com-
monly used sapeptide in SAPNSs for neural regeneration studies. Silva
et al. [57] cultured murine neural progenitor cells (NPCs) on IKVAV
sapeptide scaffolds to study cellular differentiation in vitro. At Day 1
and Day 7, the scaffolds induced a selective differentiation in the cells
by promoting differentiation into neurons, while suppressing astro-
cytic differentiation. The IKVAV sapeptide scaffolds also promoted
greater and faster differentiation of the progenitor cells into neurons
relative to poly(D-Lysine)- or laminin-coated substrates [85–87].

3.2. In vivo studies

In addition to in vitro experiments, animal models have also been
used to investigate the possibilities of using SAPNSs for treatment of
CNS injuries. Guo et al. [88] transplanted RAD16-I sapeptide scaffolds
cultured with adult rat Schwann cells and embryonic NPCs isolated
from hippocampus into adult rats with spinal cord dorsal column
transection. After 6 weeks transplantation, the scaffolds integrated
well with the host tissue with no obvious gap between the implants
and the injured sites. In addition, large numbers of host cells migrated
into the scaffolds and extensive blood vessel formation was observed
in the implants. Transplanted Schwann cells and NPCs survived after
6 weeks post-implantation, with some Schwann cells maturing with
tube-like morphologies and some NPCs differentiating into neurons,
astrocytes and oligodendrocytes. Immunolabeling further revealed
more axonal growth into the implants with SCs or NPCs than in the
case of plain sapeptide scaffolds.

For CNS repair, astroglial formation is the major obstacle to axonal
regeneration after spinal cord injuries, thus inhibition of glial scar for-
mation is crucial for successful axonal regeneration [4,89,90]. Tysseling-
Mattiace et al. demonstrated the possibility of inhibiting glial scar for-
mation and promoting axon elongation after spinal cord injury by using
IKVAV sapeptide scaffolds. The spinal cords of female mice were com-
pressed dorsoventrally by the extradural application of a 24 g modi-
fied aneurysm clip for 1 min. Following that, sapeptide solution was
injected 24 h after injury. At 5 weeks and 11 weeks post-treatment, a
significant reduction of astrogliosis was found in the animals that re-
ceived IKVAVA sapeptide nanofibers. In contrast, no reduction was
found in animals that were injected with a peptide, glutamic acid–
glutamine–serine (EQS), which is non-bioactive and does not support
neural cell differentiation and neurite outgrowth [57]. Ten days after
injury, a decreased incidence of oligodendroglial (OL) death was found
in the area adjacent to the lesion site after IKVAV sapeptide treatment.
Functional recovery as assessed 9 weeks after injury using the Basso,
Beattie and Bresnahan (BBB) locomotor scale modified for the mouse
[91], indicated enhanced recovery in the IKVAV sapeptide group as
compared to control groups of EQS sapeptide, sham injection, and
glucose delivery.

The feasibility of using SAPNSs for brain injury repair was
demonstrated by Ellis-Behnke et al. [92]. After creating a knife wound
of 1.5 mmdeepand2.0 mmwide in themidbrain in P2hamsters, SAPNS
solutions were applied within the wounded area. Thirty days after
injury, dense projections were observed to cross the SAPNS-treated
lesion sites, whilst empty cavities with no axonal regeneration were
formed in animals that were left untreated post-injury. The efficacy of
SAPNSs in enhancing CNS regeneration in optical tract injuries was also
evaluatedby the samegroup. Following the transection of theoptic tract
at the brachium of the superior colliculus (SC), SAPNS solutions were
injected into the injured sites. Histological results showed that tissue
reconnection across the injured sites of SAPNSs-treated animals
occurred at all time points of 30, 45 and 90 days. Behavioral tests for
evaluating functional vision recoveryperformedafter90 days treatment
showed that 75% of visual ability had returned in the experimental
group, whilst animals in the control group thatwere treatedwith saline
remained blind. These results supported the possibility of using
designed sapeptide scaffolds to promote axonal regenerationwith func-
tional recovery in the CNS.

Although many in vitro and in vivo experiments have proved the
advantages of using sapeptide nanofibrous scaffolds in neural tissue
engineering, the technique of self-assembly has its own limitation of
forming uncontrollably macro-sized pores andmechanically-unstable
3D structures [93]. Such are perhaps reasons for the common appli-
cation of SAPNSs to CNS injury treatment and the lack of its use as a
PNS nerve regeneration approach as more stringent requirements
over scaffold mechanical properties often exist for PNS regeneration.
Compared with electrospinning, more complicated procedures and
techniques are often required by self-assembly, which may poten-
tially lead to lower productivity [94]. However, despite these draw-
backs, self-assembled nanofiber still retains its own attractiveness due
to its true nano-sized biomimicking architectural features that have
thus far been unattainable using electrospinning.

4. Conclusion

Nerve regeneration is a complex process and a challenging field for
researchers. From our limited knowledge of the nervous system to
the achievement of partial neural functional recovery, impressive
progress has been made during the past decades. However, much
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remains unexplored and the journey to accomplishing the final goal of
fully regenerating functional nervous systems continues.

While topographical features from sub-micron- and nanofibers,
aligned or randomly-oriented, clearly affect neural cell morphology
and function, detailed in-depth studies are still required. In particular,
our current understanding of the effects of fibrous architecture on
cellular function is still limited to the evaluation of cell morphological
and viability changes. Detailed mechanistic evaluation of cellular
functions such as Schwann cell myelination, glial scar formation,
neuron synapse formation, neural cell signal transduction and neural
stem cell differentiation is required to facilitate the precise control of
cellular functions by nanofibrous topographical signals. The size effect
of topographical features on cellular function is also unknown. The
ideal size of nanofibers that should be coupled with the cell type of
interest remains to be elucidated and such may only be found when
other parameters such as material chemistry are decoupled from the
experimentations. Finally, in terms of in vivo studies, minimization of
the variability in test methods used by different groups will also
enable more fruitful comparisons between experimental outcomes.

Nanofibrous scaffolds can serve as powerful tools in the tissue
regeneration processes. The fibrous structure closely resembles the
natural environment that cells grow in and provides appropriate
physical cues for manipulating cellular functions. Electrospinning is a
versatile and economical way of mass-producing fibrous constructs. It
also enables incorporation of biochemicals to provide a synergistic
effect in promoting nerve regeneration. Self-assembled nanofibers,
though when using current available techniques are synthesized less
efficiently, can provide a true biomimicking platform with their
nanofibrous architecture. Altogether, such biofunctional nanofibrous
scaffolds hold great potential as direct implantable devices and as
basic neural cell biological study platforms that may be necessary for
neural tissue engineering.
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