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Abstract: One of the most complex systems in the human body is the nervous system, which is divided into the central 
and peripheral nervous systems. The regeneration of the CNS is a complex and challenging biological phenomenon hin-
dered by the low regenerative capacity of neurons and the prohibition factors in response to nerve injuries. To date, no ef-
fective approach can achieve complete recovery and fully restore the functions of the nervous system once it has been 
damaged. Developments in neuroscience have identified properties of the local environment with a critical role in nerve 
regeneration. Advances in biomaterials and biomedical engineering have explored new approaches of constructing per-
missive environments for nerve regeneration, thereby enabling optimism with regard to nerve-injury treatment. This arti-
cle reviews recent progress in nanoengineered environments for aiding nerve-injury repair and regeneration, including 
nanofibrous scaffolds, functional molecules, and stem cells.  
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1. INTRODUCTION  

The nervous system, which governs sensation, move-
ment, and motor coordination, is the most complex organ 
system of the human body. Various neural injuries can be 
caused by primary damage, such as thermal, mechanical, 
chemical, or pathological etiologies, or the secondary dam-
age caused by hypoperfusion, ischemia, and inflammation 
[1]. Failure to restore these damaged nerves can result in 
various nervous dysfunctions, such as the loss of muscle 
function, impaired sensation, and painful neuropathies in the 
peripheral nervous system (PNS). Permanent functional defi-
cits in the central nervous system (CNS) include paralysis, 
permanent disability, persistent vegetative states, coma, or 
even death. These types of damages may cause various anat-
omic disruptions, including crushed or transected the nerve 
tracts, interrupted communication between nerve axons and 
their targets/supporting cells, and the disruption of the blood-
brain barrier; these events are reviewed elsewhere [2-5]. In-
juries of the nervous system are generally problematic and 
intractable because of the complexity of the pathophysi-
ological responses. To date, a clinically effective approach  
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has not been developed for the prevention of injury devel-
opment; functional recovery after nerve injury remains a 
clinical challenge. Significant efforts have been made to ob-
tain a clearer understanding of the pathophysiology of the 
nervous system and its local repair mechanisms. The key 
concept behind nerve injury therapy is that the regenerated 
axons must penetrate the injury milieu, regrow to the distal 
nerve trunk, and reestablish functional connections with their 
targets [6]. The local environment is one of the most critical 
factors for nerve regeneration. Developments in nanotech-
nology have allowed the creation of extracellular microenvi-
ronments that favor nerve growth. As elaborated in Fig. (1), 
these microenvironments include nanofibrous structures, 
tailored presentation of functional molecules, and stem cells. 
These conditions have been investigated to engineer a favor-
able local environment for nerve regeneration. However, the 
mechanism for regulating nerve-cell behavior and growth 
greatly varies. Thus, a review of recent progress in nanoen-
gineered environments for nerve regeneration is necessary.  

2. BIOMATERIAL AND NANOFIBROUS SCAF-

FOLDS FOR NERVE REGENERATION 

2.1. Nanofibrous Scaffolds Applied in Nerve Tissue Engi-

neering 

In the native state, all cells are surrounded by an inter-
locking mesh of fibrillar extracellular matrix (ECM) proteins 
with diameters ranging from 50 nm to 500 nm. The ECM 
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Fig. (1). Schematic illustration of various modes of engineered environments for nerve regeneration. 
 
provides structural support to resident cells and is vital in 
regulating cellular dynamic behavior. Three processing tech-
niques are commonly used to fabricate ECM-like structures, 
namely, electrospinning, the self-assembly of pep-
tides/peptide amphiphiles (PAs), and thermally induced 
phase separation (TIPS). To date, several papers have been 
published on these three techniques [7-10]. In this paper, we 
focus on the progress in regulating neural cell behaviors by 
creating a nanofibrous environment.  

Cellular adhesion is essential in maintaining a multicellu-
lar structure. Moreover, cell-substrate adhesion appears to be 
critical during the in vivo synthesis of organs (induced re-
generation). Scaffolds with larger specific surface area are 
generally known to enhance cell adhesion, which is directly 
related to protein adsorption [11-14]. Most of the cell culture 
medium is supplemented with serum, which provides suffi-
cient nutrients for cell adhesion, proliferation, differentiation, 
and other cell behaviors. The specific surface area of a fi-
brous scaffold is determined by the fiber diameter [15, 16]. 
Therefore, nanofibers show better performance in supporting 
cellular adhesion over microfibrous scaffolds [17]. Further-
more, the rate of neural stem cell differentiation is higher on 
nanofibers than that on microfibers [18]. Wang et al. [19] 
showed that collagen nanofibers could cause a 30% increase 
in cell proliferation compared with a collagen-coated sur-
face. Furthermore, their data showed that 1 integrin inter-
acts with collagen nanofibers and activates extracellular sig-
nal-regulated protein kinases 1 and 2 (ERK1/2), which con-
sequently modulate cyclin D1 and cyclin-dependent kinase 2 
expression and control cell cycle progression [19]. Jogha-
taei’s study indicated of higher survival and differentiation 
of mesenchymal stem cells into motor neuron-like cells on 
the PCL/collagen nanofiber scaffold than cultured cells in 
the TCP and PCL groups [20].  

2.1.1. Nanofibrous Scaffolds by Electrospinning 

Electrospinning is a versatile method to produce nanofi-
bers with various morphologies, such as random nanofibers, 
aligned nanofibers, core–shell nanofibers, and hollow nan-
ofibers (Fig. 2). 

Material choice has a vital role in ensuring the success of 
neural regeneration. Numerous biomaterials have been elec-
trospun for neural tissue engineering; these materials include 
synthetic polymers, such as poly(L-lactic acid) (PLLA), 
polycaprolactone (PCL), poly(3-hydroxybutyrate) (PHB), 
polydioxanone (PDS), natural polymers, such as chitosan 
(CS), gelatin (Gel), and silk fibroin (SF), and their compos-
ites, such as PCL-Gel and PCL-collagen. Synthetic polymers 
are generally advantageous because of their attractive prop-
erties, such as their controllable biodegradability, biocom-
patibility, and good processing performance. By contrast, 
natural macromolecules offer significant advantages in pre-
senting the biological activity and avoiding toxic effects. 
Therefore, an effective strategy is to use composites of syn-
thetic polymers and natural molecules [22-25].  

Fiber diameter is an important factor which could greatly 
affect cell behaviors. Fiber diameters can be easily tailored 
by regulating various processing parameters of electrospin-
ning, such as the polymer molecular weight, solution proper-
ties (e.g., concentration, viscosity, surface tension, and con-
ductivity), flow rate, electric potential, and the distance be-
tween capillary and collector [15, 16, 18, 26]. The fiber di-
ameter could significantly affect neural stem/progenitor cell 
differentiation and proliferation. Christopherson et al. [27] 
found that the degree of proliferation and cell spreading in-
creased with decreased fiber diameter when rat hippocam-
pus-derived adult NSCs were cultured on laminin-coated 
electrospun polyethersulfone fibers with average diameters 
of 283 ± 45, 749 ± 153, and 1452 ± 312 nm. Moreover, 749 
nm diameter fibers favored neuronal differentiation, whereas 
fibers with diameters of 283 nm favored oligodendrocyte 
differentiation. Our previous study [16] indicated that neural 
stem cells exhibited higher viability and proliferation on 350 
and 1150 nm diameter fibers than on 545 and 746 nm diame-
ter fibers; longer neurites were also found on fibers with 
smaller diameters. Wang et al. [28] studied the viability and 
neuronal differentiation of neural precursors derived from 
human embryonic stem cells on Tussah SF (TSF) scaffolds 
with diameters of 400 and 800 nm; fibers of smaller diameter 
showed better performance in terms of cell viability, 
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Fig. (2). Nanofibers with various morphologies produced by electrospinning method. (A) random nanofibers; (B) aligned nanofibers; (C) 
core–shell nanofibers; and (D) hollow nanofibers. (A), (B) and (C) are contributions from the Center of Nanofibers & Nanotechnology at 
NUS (NUSCNN), and (D) reprinted with permission from [21]. Copyright (2004) American Chemical Society. 
 
neuronal differentiation, and neurite outgrowth. Recent re-
ports on the effects of fiber diameter on cell behavior are 
summarized in Table 1. Data from Table 1 indicate that envi-
ronments fabricated using fibers with small diameters appear 
to favor nerve-cell adhesion and proliferation because of the 
large specific surface for protein adsorption and cell–matrix 
contact. Meanwhile, fibers with relatively smaller diameters 
may be more flexible and pliable than fibers of larger diame-
ter for cell migration [29], as well as for cell migration and 
actin filament formation [27]. However, a small mesh size is 
obtained when the diameter of the electrospun fibers is re-
duced [16], which consequently suppresses nutrient infiltra-
tion and cell ingrowth. Other than the fiber diameter, the 
fiber pattern has great influence on nerve-cell growth. 
Aligned fibers can induce nerve cells to elongate along the 
direction of fiber long axis, resulting in longer neurites. This 
trend indicates that nerve growth can be potentially regulated 
and guided by engineering microenvironments containing 
anisotropic fibers, which will be discussed in the succeeding 
parts of this article.  

2.1.2. Nanofibrous Scaffolds by TIPS 

The nanofibrous scaffolds are normally produced by 
electrospinning in two dimensional forms. By contrast, 3D 
nanofibrous scaffolds can be easily prepared by TIPS from 
crystalline polymers [30]. In the study of Yang et al., [15] 
NSCs can progressively grow, migrate and differentiate into 
neurons throughout a PLLA 3D scaffold fabricated by TIPS. 
Moreover, multi-channel conduits can be prepared by com-
bining low-pressure injection molding and TIPS, thereby 
showing great potential applications in nerve-tissue engi-
neering [31, 32]. However, polymer crystallization in the 
liquid solvent during phase separation is the precondition to 
prepare nanofibrous scaffolds. Poor polymer availability 
limits its application. Another drawback involved is the 
dense structure after solvent exchange, which would prevent 

cell migration within the scaffolds. Porogen materials [11], 
which are usually inorganic salts, and multiple solvent sys-
tems [12] can be incorporated to create macro/microporous 
architectures with large pores (Fig. 3).  

2.1.3. Nanofibrous Scaffolds by the Self-Assembly of Pep-

tides 

Nanofibrous scaffolds fabricated from self-assembled 
peptides/PAs macroscopically form highly hydrated 3D gels 
that can hold large amounts of water; thus, engineering a 3D 
analogue of a native ECM microenvironment is favorable. 
Despite the architectural support, nanostructures can also 
exhibit biological signals that are recognized by receptors 
and bioactive extracellular protein domains. These signals 
are generated through simple modification of the peptide 
amino acid sequence at a high density. Zhang et al. [33] de-
signed and developed a number of amphiphilic oligopeptide 
self-assembly systems that consist of alternating positively 
and negatively charged residues that are separated by hydro-
phobic residues. The oligopeptide solution RADA16 (RA-
DARADARADARADA, where A is alanine, D is aspartic 
acid, and R is arginine) rapidly changes into a hydrogel when 
exposed to physiological media or a salt solution. The resul-
tant hydrogel can support neuronal cell attachment, differen-
tiation, and extensive neurite outgrowth. Furthermore, the 
scaffolds were found to provide a permissive environment 
for functional synapse formation between the attached neu-
rons [34]. Our previous study [35] indicated that transplanted 
neural progenitor cells and Schwann cells could survive, 
migrate, and differentiate within the RADA16 hydrogels in 
vitro and in vivo. Robust host cell migration, blood vessel 
growth, and attachment of axons to the scaffolds were dem-
onstrated [35]. To date, the RADA16 hydrogel is docu-
mented to be a promising material in the reconstruction of 
injured brains [36], the facilitation of functional regeneration 
of PNS injury [37], and the restoration of visual function 
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Table 1.  Effects of polymers, electrospun fiber diameter and pattern on nerve cell behaviors. 

Polymer Fiber pattern Fiber diameter Cell Effects Ref. 

TSF 
Random and 

aligned fibers 
400 and 800 nm 

hESC-derived 

NPs 

Thinner fibers are more effective in promoting cell viability, neu-

ronal differentiation, and neurite outgrowth. Aligned fiber signifi-

cantly promotes neuronal differentiation and neurite outgrowth 

compared with random fibers. 

[20] 

PLLA 
Random and 

aligned fibers 

300 nm and 1.5 

μm 
C17.2 stem cells 

The NSC differentiation rate on 300 nm fibers is higher than that 

on 1.5 μm fibers. Aligned fibers induced NSC elongation and neu-

rite outgrowth along the direction of PLLA fibers. 

[16] 

Polyethersul-

fone 
Random fibers 

283±45, 749± 

153, and 

1452±312 nm 

Rat NSCs 

rNSCs reduced migration, spreading and proliferation with increas-

ing fiber diameter; rNSCs preferentially differentiate into oligoden-

drocytes on 283 nm fibers but show preferential differentiation into 

neuronal lineage on 749 and 1452 nm fibers. 

[19] 

PLGA Aligned fibers 

Submicrofibers: 

0.74±0.18 μm 

Microfibers: 

5.73±0.57 μm 

Sensory 

ND7/23 cells 

Microfibers demonstrated more efficient neuronal guidance and 

neurite alignment than submicrofibers. 
[9] 

PCL Aligned fibers 

383 ± 228, 

906 ± 923, and 

1667 ± 1165 nm 

Dorsal root 

ganglion 

Fibers with smaller diameters foster the penetration of numerous 

individual axons along the individual PCL fiber tracks. 
[10] 

SF Random fibers 
300 and 1800 

nm 

Olfactory en-

sheathing cells 

Cells are highly aligned on 300 nm fibers but are randomly distrib-

uted on 1800 nm fibers. 
[10] 

PLLA 
Random and 

aligned fibers 

327±40, 

545±54, 

746±82, and 

1150±109 nm 

C17.2 stem cells 

NSCs showed higher viability and proliferation on 350 and 1150 

nm fibers than on 545 nm and 746 nm fibers; longer neurites were 

found on fibers with smaller diameters 

[14] 

PHBV/collagen 
Random and 

aligned fibers 

386-472 nm 

and 205-

266 nm, 

PC12 

Collagen incorporation promoted cells proliferation compared to 

PHBV. Aligned nanofibers of PHBV/Coll provided contact guid-

ance to direct the orientation of nerve cells along the direction of 

the fibers. 

[24] 

PLLA/gelatin Random fibers 800 nm-2 μm NSCs 
The bioactive material enhanced NSC differentiation into motor 

neuronal lineages and promoted neurite outgrowth. 
[22] 

P(LLA-CL)/ 

collagen 

I/collagen III 

Aligned fibers 253 ± 102 nm C17.2 stem cells 

Cell proliferation studies showed 22% increase in cell proliferation 

on aligned P(LLA-CL)/collagen I/collagen III scaffolds compared 

with aligned pure P(LLA-CL) scaffolds. 

[23] 

 
[38]. In addition, neural functions can be stimulated by in-
corporating a short biofunctional epitope, such as Arg-Gly-
Asp (RGD), Tyr-Ile-Gly-Ser-Arg (YIGSR), and Ile-Lys-Val-
Ala-Val (IKVAV), in the self-assembling oligopeptide to 
provide biological cues for neural cell adhesion and differen-
tiation in vitro [39, 40] and in vivo and to enhance the recon-
struction of injured brains [41].  

Stupp’s group [42, 43] develops a series of PAs that typi-
cally contain a peptide sequence and a non-peptidic hydro-
phobic segment, which is usually an alkyl segment. Both 
segments are covalently linked by a high-propensity -
domain to form  sheets between the peptide regions of a 
molecule. Specific motifs are particularly favorable for neu-
ral cell attachment and neurite outgrowth; these motifs can 

be grafted and exposed on the surface of the resultant nan-
ofibers at a high density. For example, RGD, YIGSR, and 
IKVAV can be grafted onto PA molecules at nearly van der 
Waals density [45]. The nanofiber hydrogel formed from 
self-assembly of IKVAV PAs were shown to promote neu-
ron adhesion and neurite sprouting [46]. Moreover, IKVAV 
PAs induced rapid differentiation of neural progenitor cells 
into neurons but inhibit the development of astrocytes. The 
amplification of bioactive epitope presentation to cells on 
nanofibers accounts for the rapid selective differentiation 
[47]. However, aqueous solutions of PAs that contain acidic 
amino acids generally show significantly low pH (~3 to 4), 
which damages the host tissue or the transplanted cells. Neu-
tralization treatments should be performed to achieve neutral 
pH [35, 45]. Niece et al. [45] described a new self-assembly 
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Fig. (3). PLLA porous scaffolds with nanofibers prepared from 5% (w/v) PLLA/THF solution at a gelation temperature of -30 °C (A, A ) and 
5% (w/v) PLLA in 88/12 dioxane/water at a gelation temperature of 12 °C. Scale bar in A, B = 50 mm; A , B  = 2 mm reprinted from [12], 
Copyright (2009), with permission from Elsevier. 
 

 

Fig. (4). Schematic illustrations of self-assembling nanofibers from peptide amphiphiles. Chemical structure (A) and molecular model 
(B) of the peptide amphiphile; schematic of the self-assembly of PA molecules into a cylindrical micelle (C); cryo-TEM of the fibers (D) 
From [44]. Reprinted with permission from AAAS. 
 
approach that combined two oppositely charged PAs into a 
single self-assembled nanofiber at physiological pH. This 
strategy may promote the use of self-assembling peptides in 
biomedical applications for in vitro or in vivo cell therapies.  

The use of these self-assembling peptides has several 
limitations, such that the large-scale fabrication of a com-
mercially viable peptide product can be expensive [48, 49]. 
In addition, the formation of mechanically stable 3D geome-
try is difficult because the nanofibers are formed through a 
number of non-covalent interactions. Moreover, the degrada-
tion of these nanofibers also remains a challenge. Neverthe-
less, the self-assembling nanofibers have advantages over 
preassembled devices, which require tissue excision to allow 
their insertion. Alternatively, peptide/PA solutions can be 
injected into an injured site, the gel in situ to fill the cavities 
at injury sites despite the geometrical shapes of the cavities. 
Self-assembly strategy eliminates the need for tissue excision 

and allows for the non-invasive introduction of biomaterials 
at injury sites. These features are highly favorable for clini-
cal applications.  

2.2. Guidance Cues with Nanofibrous Scaffolds for Nerve 

Regeneration 

Neurons are functionally and anatomically polarized and 
display a high degree of subcellular polarity [50]. Directed 
cell migration and axonal guidance are particularly important 
during neural development because certain random signaling 
structures that are transplanted within the lesion site would 
lead to disorganized axon growth. Controlling the axonal 
orientation is a critical component in establishing signaling 
pathways and neuron connectivity after injury. Topographi-
cal and chemical guidance cues are widely used to achieve 
longitudinally oriented nerve tissue and direct axonal re-
growth across nerve lesion sites [51-54].  
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Topographical features of the substrates can determine 
the direction of nerve growth because the developing neu-
rons can “read” the physical properties of the local substrate 
in a contact-dependent manner. This guidance functions via a 
contact mechanism based on the directed locomotor response 
of cells to environmental anisotropy. Neurons extend their 
neurites along ridges or in parallel to the alignment of elec-
trospun nanofibers and sometimes form longer neurites [16, 
55, 56]. Moreover, neurites would turn at large angles for 
alignment to grooves [57]. Ferrari et al. [58] documented 
that neuronal polarization and contact guidance were based 
on a geometrical constraint of focal adhesion, which resulted 
in the angular modulation of the neural maturation and per-
sistence. Moreover, the Rho-dependent kinase (ROCK)-
mediated contractility contributed to polarity selection dur-
ing neuronal differentiation [58]. The contact guidance of 
axons on topographies with grooves/ridges is size-
dependent; that is, the guidance efficiency is determined by 
the relationship between the axon diameter and groove/ridge 
width [59]. For example, Xenopus neurites grow parallel to 
grooves as shallow as 14 nm and as narrow as 1 μm, whereas 
hippocampal neurites grow parallel to deep, wide grooves 
but are perpendicular to shallow, narrow ones [57].  

Aligned nanofibers are widely used to provide contact 
guidance to nerve cells, which are properly oriented along 
the aligned fiber direction and show elongated morphologies 
[16]. Newly regenerated neurites can be dynamically di-
rected to grow parallel to the fiber alignment even when their 
initial orientation is different [18]. Stem cells display sensi-
tivity to the topographical cues of substrates; this response 
may be transmitted to the nucleus by cytoskeletal-linked 
signaling pathways [60]. Stem cells from different sources 
show higher rates of neuronal differentiation on electrospun 
aligned nanofibers than on other scaffolds prepared from the 
same biomaterials [61, 62]. This preference in neuronal dif-
ferentiation may be associated with the substrate selectivity 
against oligodendrocytes and the substrate-mediated canoni-
cal Wnt/ -catenin pathway [60]. Electrospinning is a power-
ful technique for preparing well-aligned nanofibers. How-
ever, this method cannot be used to encapsulate living cells 
because of the use of high mechanical and electrical ener-
gies. Recently, Zhang et al. [63] prepared extraordinarily 
long arrays of aligned nanofiber bundles by manually draw-
ing an aqueous PA solution into a salty medium with a pi-
pette. The aligned PA nanofibers are biodegradable, and 
cells can be incorporated at physiological temperatures to 
form monodomain gels of aligned cells and filaments for 
biological applications. These nanofibers provided direc-
tional guidance to regenerating axons and deliver proteins 
directionally over extended periods [64]. 

The growth cone at the tip of a growing axon can sense a 
gradient of guidance cues in the extracellular environment 
via filopodial and lamellar protrusions; correspondingly, this 
structure regulates its growth in a direction toward or away 
from the guidance cues [65]. Numerous studies have been 
conducted to identify the chemotactic factors involved and 
their functional mechanisms. Meanwhile, neuroscientists are 
attempting to construct stimuli that favor tissue regeneration 
[66]. The incorporation of chemotactic factors that can cause 
directional cell migration and directional axonal growth have 
particular importance and are of current interest in promoting 

nerve regeneration. Numerous studies have shown that the 
chemotropic gradients of ECM proteins, growth factors, and 
cytokines are vital in axonal targeting, dendritic growth, and 
synapse formation [67-70]. Taylor et al. [71] fabricated a 
substrate-bound laminin gradient on a uniform poly-L-lysine 
layer over distances of a few hundred micrometers. Axon 
specification of rat hippocampal neurons cultivated in vitro 
was oriented in the direction of the increasing laminin con-
centration. Moreover, the researchers found that a laminin 
gradient with a slope of >0.06 μg/mL/μm orients axon speci-
fication, whereas those with a slope of <0.06 μg/mL/μm 
show no effect [71]. Taylor et al. [71] bridged rat C3 lesions 
via an NT-3 gradient. The maximum axonal growth distance 
was 1 mm beyond the lesion, whereas a continuing gradient 
of NT-3 extended to 1-1.5 mm beyond this point. The con-
centration and concentration gradient of the neurotrophic 
factor vary among cells; the source of these factors may also 
be critical in directing axonal growth. In the model of a lin-
ear NGF concentration gradient by Cao [70], the minimum 
concentration gradient for effective guidance of PC12 cell 
neurite outgrowth is 133 ng/mL/mm; below this level, the 
guidance is ineffective. At an NGF concentration of 995 
ng/mL, the PC12 cell receptors would be saturated, and the 
maximum effective distance for guidance would be limited 
to less than 7.5 mm [72]. Moreover, axonal growth over long 
distances may be not sustainable with only a trophic stimu-
lus; the introduction of gradients of bioactive signals into 
biomaterial scaffolds is crucial to nerve regeneration. The 
immobilization of growth factors in specified locations 
within hydrogel networks is a widely used approach to gen-
erate gradients in biomaterials. Kapur et al. [73] immobilized 
NGF within poly(2-hydroxyethylmethacrylate) microporous 
gels with a gradient maker and showed that PC12 cell neu-
rites can be guided up the gradient at an NGF concentration 
gradient of 357 ng/mL/mm. In another study by the same 
group [74], well-defined NGF and NT-3 concentration gra-
dients were co-immobilized in a scaffold and showed a syn-
ergistic response in enhancing the directionality of the ex-
tending dendrites of DRG neurons. Multiple guidance cues 
can be presented in a spatially defined manner via special 
nanotechniques, and neurite growth can be synergistically 
guided by complex microenvironments that contain multiple 
molecular cues. For example, Li et al. [75] created a linear 
gradient of inhibitory chondroitin sulfate proteoglycan 
(CSPG) and/or permissive laminin-1 (LN). This linear gradi-
ent was generated as opposing double-cue gradients with 
varying slopes. DRG neurons strongly extended neurites 
toward regions of lower CSPG and higher LN concentra-
tions. 

3. LOCAL ADMINISTRATION OF FUNCTIONAL 

MOLECULES  

3.1. ECM Proteins and Growth Factors 

ECM proteins and soluble growth factors, which act as 
signaling molecules, have vital and complex roles in regulat-
ing cell division, survival, and neurite outgrowth during the 
embryonic and postnatal development of the nervous system 
[76]. ECM proteins, such as laminin and fibronetin, and 
growth factors, such as the nerve growth factor (NGF) [77, 
78], neurotrophin-3 (NT-3) [71], and basic fibroblast growth 
factor (bFGF) [79], are known to promote neuronal survival 
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and growth. Other growth factors involved in nerve regen-
eration include the vascular endothelial growth factors 
(VEGFs) [80], brain-derived neurotrophic factor (BDNF) 
[81], insulin-like growth factors (IGFs) [82], ciliary neu-
rotrophic factors (CNTFs) [83, 84], and neurotrophic factor-
4/5 (NT-4/5) [85]. In their native state, these bioactive mole-
cules are secreted by nerve target cells or surrounding glial 
cells. However, nervous system damage or disease generally 
interrupts the communication between nerve-cell bodies and 
their targets and disrupts the relationships between neurons 
and their supporting cells. The administration of exogenous 
bioactive molecules may be vital in directing and facilitating 
neuronal survival after injury. Polymer matrices have re-
cently been the subject of considerable research as delivery 
vehicles for controlling drug-release profiles, prolonging the 
presence of drugs in circulation, and targeting drugs to a 
specific site for axon regeneration.  

3.1.1. Encapsulation of Proteins/Growth Factors into Po-

lymeric Substrates  

Polymer microspheres/nanoparticles are common deliv-
ery devices used to treat injuries or medical disorders in the 
nervous system because of their ready encapsulation of vari-
ous therapeutic agents, including oligonucleotides, peptides, 
proteins, and drugs. The release rate of an encapsulated agent 
can be controlled by tailoring the degradation rate of the mi-
crospheres, which are prepared from biodegradable polymers 
based on their composition and molecular weight [86]. Wa-
ter-soluble proteins are encapsulated into the microspheres 
during preparation via the emulsion–solvent evaporation 
method [86, 87]. NGF has been demonstrated to maintain its 
bioactivity during controlled release over an extended period 
[86].However, the protein-release profile of this system is 
often marked by a prominent initial burst because of protein–
polymer phase separation and the subsequent protein integra-
tion into the polymer matrix. Meanwhile, most biodegrad-
able polyesters, such as polylactic acid and poly(lactic-co-
glycolic acid) (PLGA), are bulk-eroding polymers that show 
non-linear and discontinuous erosion kinetics. Rui et al. [85] 
observed an initial release of 67.6% ± 8.25% VEGF encap-
sulated in PLGA microspheres within the first 24 h, followed 
by gradual release of approximately 0.34% per day for four 
weeks. The initial burst can be reduced, and zero-order re-
lease kinetics is achieved by surface-erosion polymers such 
as polyanhydrides to prepare the microspheres/nanoparticles 
[88]. Nerve regeneration can be enhanced by loading micro-
spheres/nanoparticles within fibrin glue or 3D scaffolds, 
which are subsequently applied at the local nerve-injury site 
[89, 90]. The drug-loaded carriers are also fabricated into 
nerve-guidance conduits that retain the bioactivity of the 
released growth factor; these conduits can be surgically im-
planted for nerve-injury treatment [91]. The release of thera-
peutic agents can be induced by external stimuli, such as 
electrical and magnetic stimulation, thereby allowing for the 
precise and controlled delivery of these agents to the in-
tended regenerating nerve environment [92, 93]. 

A polymer matrix can be used as an alternative delivery 
vehicle for signaling molecules. ECM proteins and growth 
factors can be incorporated within the walls or on the surface 
of the matrix during fabrication or after treatment. Polymer 
degradation triggers the release of growth factors. A com-

mon approach is to fill the nerve conduit or 3D porous scaf-
fold with various gels that are loaded with neurotrophic fac-
tors. Fibrin, collagen, gelatin, and laminin have been utilized 
as carriers [94-98]. Cross-linking is generally performed to 
minimize the diffusion of the growth factor from the matrix, 
thereby prolonging the presentation and maintaining the 
functional concentration of the growth factor. The bioactivity 
of the neurotrophic factor can be maintained for an extended 
period. Genipin is considerably less toxic than most of the 
commonly used synthetic cross-linking reagents (e.g., glu-
taraldehyde); this compound is extensively used as a natural 
cross-linker for proteins, collagen, gelatin, and chitosan [99]. 
The maintenance of a suitable concentration of the neurotro-
phic factor for an extended period is critical during nerve 
regeneration. In these systems, the release rate of the neu-
rotrophic factor can be controlled by varying the genipin 
concentration [95]. Simultaneous administration of multiple 
neurotrophic factors may create a microenvironment that is 
more similar to the native environment, thereby exerting a 
synergistic effect on axonal growth. Madduri et al. [100] 
reported the synergistic effect of GDNF and NGF on axonal 
outgrowth from chicken embryonic dorsal root ganglia 
(DRG) in vitro and the enhanced early axonal regeneration in 
a 10 mm rat sciatic nerve gap model [101]. Such an approach 
may be an important prerequisite for the eventual establish-
ment of functional connections with the target organ [98, 
101, 102]. 

3.1.2. Incorporation of Proteins/Growth Factors onto Po-
lymeric Substrates by Non-Covalent Interactions 

Bioactive molecules can be also be immobilized by non-
covalent interactions, including charges, hydrophobicity, 
hydrogen bonding, or van der Waals forces [103]. One ex-
ample is the heparin-containing delivery system for the con-
trolled delivery of growth factors, which include high hepa-
rin-binding affinity growth factors, such as bFGF and EGF, 
as well as low heparin-binding affinity growth factors, such 
as NGF, BDNF, and NT-3. Heparin immobilization can pre-
serve the biological activity of growth factors by preventing 
their early degradation. Neurotrophic factors immobilized in 
the heparin-contained gels/hydrogels can be locally released 
from the matrix to enhance neurite extension [104-106]. Sa-
kiyama et al. [107] developed an affinity-based delivery sys-
tem that consists of a bidomain peptide containing a trans-
glutaminase substrate domain and a heparin-binding domain. 
The bioactivity of GDNF could be retained by this delivery 
system, as confirmed by enhanced neurite extension in vitro 
[108]. This delivery system also enhanced peripheral nerve 
regeneration [109].  

3.1.3. Incorporation of Proteins/Growth Factors onto Po-
lymeric Substrates by Post-Modification 

Post-modification of the prefabricated scaffolds, particu-
larly via surface modification with bioactive molecules, such 
as ECM proteins and short peptide fragments, is a simple yet 
efficient method to improve the biocompatibility and bio-
logical activity of scaffolds. The surface loading of target 
molecules can be performed by simple physical adsorption, 
layer-by-layer (LbL) assembly, and chemical immobiliza-
tion. Patel et al. [110] showed that laminin and bFGF ad-
sorbed on heparin-immobilized PLLA nanofibers enhances 
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neurite outgrowth from DRG tissue. Most polysaccharides 
and proteins are polyelectrolytes, whose charges can be 
changed by adjusting the pH. Thus, these biomolecules can 
be used to engineer surfaces by LbL self-assembly. Chitosan 
and gelatin are two widely used natural macromolecules for 
nerve-tissue engineering applications. In our previous study 
[111], we fabricated chitosan/gelatin polyelectrolyte multi-
layers (PEM) on PLLA electrospun nanofibers by LbL self-
assembly. The PEM modification had no effects on the po-
rous and fibrous morphology of the scaffold but significantly 
enhanced the neuron–matrix interactions by improving cell 
viability and neurite outgrowth [111]. Similarly, laminin 
could be immobilized on the electrospun fibers by LbL self-
assembly, thereby creating a permissive microenvironment 
for nerve cells [111, 112].  

3.2. Peptides  

In addition to proteins of large molecular weight, the 
laminin-derived YIGSR and IKVAV peptide sequences have 
been shown to promote cell adhesion and neurite outgrowth, 
respectively [113-115]. Peptides have novel advantages over 
proteins because of their ease of manufacture, reproducibility 
with less potential lot-to-lot variability, and high stability 
under harsh processing conditions [116, 117]. 3D scaffolds 
or nerve conduits grafted with these specific peptides signifi-
cantly improve neuronal adhesion and neurite outgrowth 
[118]. Direct anchoring of peptides with amino groups via 
zero-length cross-linking agents, such as carbodiimides, 
cause reduced bioactivity [119]. Therefore, a linking seg-
ment is required to increase the exposure of the anchoring 
peptides on the surface and allow their interaction with the 
seeded cells on the materials. A widely used and effective 
strategy is the introduction of flexible space chains such as 
polyethylene glycol or multi-methylene units, which have 
soft segments [120, 121]. Extended laminin-derived oli-
gopeptides or relatively long cross-linking agents have 
shown potential in peptide grafting, such as sulfosuc-
cinimidyl-4-(N-maleimidomethyl)cyclohexane-1-
carboxylate, which has an 11 Å link space [122, 123]. A 
number of recent studies have suggested that the binding 
sites, namely, the N-terminus and C-terminus, the linker 
length between the peptides, and the materials used affect the 
peptide bioactivity [119, 120, 124-126]. In a previous study 
[117], we directly anchored CSIKVAV and CYIGSR to ly-
sine-capped PLLA. Multi-methylene units with different 
numbers of methylene groups (2, 5, and 8) served as the 
spacer. A higher number of peptides were grafted on the 
surface when the 5-methylene spacer was used; this phe-
nomenon resulted in higher cell viability and longer neurites 
than the other two systems. The results indicate that a spacer 
with the appropriate length must be used to expose the func-
tional groups and anchor the peptides.  

4. STEM CELLS FOR NERVE REGENERATION 

4.1. Direct Use of Stem Cells for Nerve Regeneration 

Researchers have begun to investigate the potential ap-
plications of stem cells in nerve regeneration [127-129]. 
Stem cells generally have two significant advantages as 
compared with other cell sources for regenerative medicine: 
self-renewal and potency. Self-renewal is the ability to go 

through numerous cycles of cell division while maintaining 
the undifferentiated state. Potency is the capacity to differen-
tiate into specialized cell types under appropriate conditions. 
Accumulated evidence has indicated the remarkable poten-
tial of transplanted stem cells in the nerve system in terms of 
possibly promoting functional recovery possibly, remodeling 
the injured tissue, and increasing the tissue plasticity [130]. 
Numerous stem cell types have been utilized as the seed cells 
for nerve regeneration; these cells include embryonic stem 
cells (ESCs), neural stem cells (NSCs), mesenchymal stem 
cells (MSCs), and induced pluripotent stem cells (iPSCs). 
Large quantities of stem cells are generally obtained by in 
vitro proliferation and transplanted to the injured lesion. 
Stem cells will differentiate into neurons and glial cells in 
vivo and re-establish new axonal connections between bro-
ken axons (Fig. 5).  

Therapies for neural repair based on ESCs have advanced 
at a rapid rate according to their differentiation pluripotency 
and ability to propagate. Various methods have been ex-
ploited to induce ESCs into neural progenitor cells and nerve 
cells for the treatment of neurological diseases, such as de-
pression, Parkinson’s and Alzheimer’s disease. In addition, 
ESCs are potential sources of cells for the replacement of 
dead nerve cells caused by acute injuries, such as traumatic 
brain injury and spinal cord injury. However, several con-
cerns regarding ESCs challenge their application, including 
ethical, religious, and safety issues, such as ESC rejection 
and tumorigenicity risk [131].  

NSCs are derived from the ectoderm layer and have the 
potential to become any cell type in the central nervous sys-
tem, including neurons, astrocytes, and oligodendrocytes. 
Therefore, NSCs offer an alternative attractive method for 
regenerating lost or damaged nerve tissue after disease or 
injury. NSCs are mainly isolated from the hippocampus and 
sub-ventricular zone (SVZ) in the adult brain, as well as the 
spinal cord, which is a non-neurogenic region. In addition to 
experimental investigations in the laboratory, NSCs have 
been transplanted in the clinic to test their safety. In a clini-
cal trial, all the twelve patients that received cell transplanta-
tion tolerated the treatment without any long-term complica-
tions related to the surgical procedure or the implantation of 
NSCs; one patient even manifested an improved clinical 
status [132].  

Under certain conditions, MSCs can be induced to differ-
entiate into nerve cells in vitro and in vivo in response to the 
nervous environment [133]. MSCs also promote functional 
recovery by producing trophic factors that induce survival 
and regeneration of host neurons when transplanted at sites 
of nerve injury [134]. In addition, MSCs exert an immuno-
suppressive effect in vitro and in vivo by acting on all im-
mune effectors [135]. Therefore, MSCs have remarkable 
potential for promoting nerve repair. However, several stud-
ies have documented that bone marrow cells can dedifferen-
tiate into neurons [136, 137].  

Recently, interest in iPSCs has increased because of their 
excellent properties. Okano’s group [138] has done extensive 
work on the application of iPSCs in nerve injury repair. In 
2009, their group induced mouse iPSCs into NSCs/NPCs 
basing on conditions for experiments on mouse ESCs. In the 
subsequent years, the same group sequentially succeeded in 
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Fig. (5). Schematic diagram of the therapeutic mechanism with stem cells, including neurons to reestablish axonal connections and glial cells 
to remyelinate axons. Red: transplanted stem cells; green: host cells. 
 
transplanting mouse iPSC-derived NSCs/NPCs into a mouse 
SCI model, transplanting human iPSC-derived stem cells 
into a mouse SCI model, and transplanting human iPSC-
derived NS/PCs into the marmoset SCI model. All these in-
vestigations documented that motor functions were restored 
for a long period of time without the development of tumors 
[138]. These findings were of great significance to the pre-
clinical research of iPSCs for nerve regeneration.  

However, the development of stem cells for nerve regen-
eration has several challenges. One issue is the optimization 
of experimental conditions for their directional differentia-
tion into neuronal cells. Another concern is their specific 
differentiation. Pluripotency in certain stem cells could also 
limit the capacity to obtain a specific cell type. Undifferenti-
ated cells can create tissues other than the desired types. For 
example, MSCs lack the voltage-gated ion channels neces-
sary for the generation of action potentials; therefore, these 
cells may not actually be classified as true neurons [139]. 
Furthermore, the applied stem cells should not form tumors 
after transplantation. With the advanced understanding of 
their biological roles, the signals that induce particular neu-
ronal differentiation, and the underlying mechanism at the 
molecular level, we believe that strategies can be developed 
in the future to manipulate these stem cells in situ and tailor 
them for nerve repair. 

4.2. Electrical Stimulation (ES) with Stem Cell Therapy 
for Nerve Regeneration 

Electrical activity is involved in various aspects of early 
neuronal development; this activity can alter several cell 
properties, such as differentiation, proliferation, adhesion, 
migration, and function [140]. ES can promote NGF-induced 
neurite outgrowth by increasing the NGF-induced phos-
phorylation of ERK1/2 and Egr1 gene expression [141]. Ki-
mura et al. [142] reported that neural cell differentiation 
could be electrically induced to stimulate neurite extension 
in the absence of NGF. Meanwhile, Yamada et al. [143] re-
ported that ES can drive embryonic stem cell differentiation 

toward neuronal lineages in a significantly shorter period 
than the use of growth factors to initiate cell differentiation. 
Preference toward astrocytes was documented by Matsumoto 
et al. [144] when ES was applied for the differentiation of 
mouse bone mesenchymal stem cells. In their study [144], 
ES enhanced neurogenin 2 expression via the -catenin sig-
naling pathway. In addition, ES promotes the regeneration of 
motor and sensory neurons [145], accelerates the regenera-
tion of peripheral axons in the DRG [146], and extends the 
survival of axons in retinal ganglion cells [147]. Briefly, 
direct ES has been shown to improve nerve regeneration and 
functional recovery in animal models and in a small cohort 
of patients [148]. Liu et al. [149] indicated that the applica-
tion of brief ES to newly transplanted embryonic neurons in 
the peripheral nerve could promote muscle re-innervation 
and function, as well as axon growth. 

The construction of a local electrical environment can 
significantly improve functional recovery in nerve defect 
repair. For a large nerve defect, a conductive nerve graft 
must be used to bridge the two nerve stumps. Consequently, 
electrically conductive materials have attracted significant 
attention in scaffold construction. Polypyrrole (PPy) and 
polyaniline (PANI) are extensively studied conductive 
polymers in tissue engineering. The in vitro studies showed 
that PC12 cells on PPy films and PPy-coated nanofibers 
showed significantly increased neurite length under ES [150-
152]. The application of ES to nerve cells on conductive 
PANI–PCL–Gel nanofibrous scaffolds significantly en-
hanced cell proliferation and neurite outgrowth compared 
with cells on non-stimulated scaffolds [153]. Huang et al. 
[154] established an electrical environment by applying lo-
calized ES on a conductive PPy/chitosan scaffold to treat a 
15 mm nerve defect in rats. Axonal regeneration and remye-
lination of the regenerated axons were significantly enhanced 
in the electrical environment [154]. Molecular tests indicated 
that ES upregulated the expression of S-100, BDNF, P0, and 
Par-3; this effect accelerated nerve regeneration and pro-
moted functional recovery [154]. 
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Carbon nanotubes (CNTs) with distinct electrical, me-
chanical, and surface properties have high potential for ap-
plications in tissue engineering. Controversies regarding the 
toxicity of CNTs remain, and challenges must first be ad-
dressed before these materials can be used in clinical appli-
cations. Numerous studies have been conducted to overcome 
these issues. Such research includes the chemical modifica-
tion of CNTs to ensure their dissolution in aqueous media 
and biological functionalization to increase their biocom-
patibility and selectivity [155]. Chao et al. [156] reported 
that CNT-grafted poly(acrylic acid) could selectively induce 
human embryonic stem cells into neuron cells while main-
taining excellent cell viability. Jin et al. [157] showed that a 
multi-walled CNT coating improved the neurite outgrowth of 
rat DRG neurons and promoted the expression of focal adhe-
sion kinase in PC12 cells on poly(L-lactic acid-co-
caprolactone) nanofibers. The enhancement of neuron–
substrate interactions after CNT incorporation may be attrib-
uted to the surface nanotopography of CNTs, which favors 
electrical shortcuts [158] and exhibits stronger signal trans-
mission [159]. 

5. CONCLUSIONS AND FUTURE PROSPECTS 

The anatomical, structural, and cellular responses to in-
jury differ between the PNS and CNS. However, the impor-
tance and efficiency of their corresponding environments 
during regeneration have been shown in vitro and in vivo. To 
date, numerous nanotechniques have been used to engineer a 
growth-permissive environment for nerve regeneration, in-
cluding the fabrication of a nanofibrous network with guid-
ance cues that mimics natural ECM to support neuronal 
growth and axon extension, the functional molecular signal 
immobilization to mimic certain properties of natural ECM, 
and stem cell therapy.  

Nerve regeneration is affected by multiple factors; thus, a 
complete reversal of the consequences of nerve injury by a 
single strategy is unlikely. A combination of different thera-
pies may help overcome the multiple barriers to regeneration 
and provide synergistic effects to achieve maximum recov-
ery. For example, electrical activity is involved in various 
aspects of early neuronal development; thus, other methods 
in addition to ES must be applied to determine the neuronal 
destiny.111 The immobilization of ECM proteins and growth 
factors onto aligned nanofibers could simulate the physical 
and biochemical properties of native matrix fibrils, thereby 
promoting highly efficient neurite outgrowth [93]. The resto-
ration of neural populations at the lesion site is also critical 
because numerous neurons die after injury. Other cells can 
provide various functional molecules, such as anti-
inflammatory cytokines and neurotrophic factors, which 
benefit nerve regeneration. Therefore, cell transplantation 
should be considered to fabricate an engineering environ-
ment for nerve regeneration. Tissue engineering has a high 
potential of promoting nerve regeneration by enhancing the 
regeneration capability of neurons and providing permissive 
environments. With the development of neuroscience, mate-
rials science, materials engineering, and nanotechnology, 
significant breakthroughs in nerve regeneration will be 
achieved in the near future. 
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