
Summary. This review presents a summary of various
types of scaffold biomaterials used alone or together
with therapeutic drugs and cells to regenerate spinal cord
injury (SCI). The inhibitory environment and loss of
axonal connections after SCI give rise to critical
obstacles to regeneration of lost tissues and neuronal
functions. Biomaterial scaffolds can provide a bridge to
connect lost tissues, an adhesion site for implanted or
host cells, and sustained release of therapeutic drugs in
the injured spinal cord. In addition, they not only
provide a structural platform, but can play active roles
by inhibiting apoptosis of cells, inflammation and scar
formation, and inducing neurogenesis, axonal growth
and angiogenesis. Many synthetic and natural
biomaterial scaffolds have been extensively investigated
and tested in vitro and in animal SCI models for these
purposes. We summarized the literature on the
biomaterials commonly used for spinal cord regeneration
in terms of historical backgrounds and current
approaches.
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Introduction

Therapeutic approaches to spinal cord injury (SCI)
have long been focused on the acute or subacute phase
after injury. These approaches include mostly
administration of neuroprotective agents and
neurotrophic factors that can prevent the action of
inhibitory cues and enhance innate regeneration activity.
Unfortunately, however, most of these efforts have been
in vain and showed no beneficial effect on the
regeneration of SCI in animal and/or clinical studies
(Hyun and Kim, 2010). The restoration of spinal cord
function in the chronic phase especially requires a
therapy that allows for the reconstruction of grey and
white matters that consist of various tissues and cell
types including neurons, astrocytes, oligodendrocytes,
blood vessels, extras cellular matrices, and myelinated
nerve fibers (Bixby and Harris, 1991; Venstrom and
Reichardt, 1993). 

Cell therapy and tissue engineering are emerging
technologies for replacing and/or regenerating injured
tissues, including neural tissues in the central nervous
system (CNS) (Rao, 2013). They use a variety of cell
types both from somatic neural tissues and with stem
cell origin, and inject them directly in the injury site or
nearby surrounding tissues (Tabesh et al., 2009). These
approaches usually aim at several beneficial roles of
stem cells; 1) controlling the secondary injury of spinal
cord, 2) reducing the adverse effect of axon growth
inhibitors such as myelin-based molecules and glial
scars, and 3) bridging physically the cavity, which
facilitates interconnection of regenerating axons from
the rostral and caudal tissues (Ankeny et al., 2004). Cell
therapy has mostly been applied to acute or subacute
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SCI and a few cases used in chronic SCI did not show
significant therapeutic effect, probably due to glial scars
covering the defect area and blocking the regeneration of
spinal tissue and neural axons. Therefore, chronic SCI
has been a target of tissue engineering approaches aimed
at restoring the anatomic structure and function of
damaged tissues or organs by combining scaffolds, cells
and other factors such as bioactive molecules, and
mechanical forces (Atala, 2000; Ibarra et al., 2000). In
this sense, MSCs with diverse paracrine functions have
been recently highlighted as a promising cell source for
CNS repair and regeneration, including the SCI (Kim et
al., 2013). 

Many studies revealed, however, that therapeutic
cells applied to the injury site of spinal cord are in an
unfavorable environment and not sufficiently competent
by themselves for regenerating or replacing injured
spinal cords (Fawcett and Asher, 1999; Fricker et al.,
1999; Shihabuddin et al., 2000). Biological scaffolds are
used to overcome this problem and provide many other
biological functions as well. Notable studies with
promising biomaterial scaffolds for regeneration of SCI
are described in more detail in Section 2.
Scaffolds used in the regeneration of spinal cord

A variety of scaffolds made of synthetic (e.g.
poly(lactic-co-glycolic acid) and poly-ε-caprolactone)
and natural biomaterials (e.g. agarose, collagen, and
fibrin) have been investigated for regenerating SCI
(Tables 1, 2). Scaffolds provide spatial signals to
modulate the organization of the cells as well as that of
the extracellular matrix derived from them (Atala, 2000;
Ibarra et al., 2000). They should be highly porous to
allow cell seeding at high densities and biocompatible
with no harm to either therapeutic cells or host tissues.

They are also generally required to be biodegradable,
non-toxic, and similar in their physicochemical
properties to the surrounding tissues. In addition, it is
desirable that they are cheap to manufacture and easily
manipulated to various types and conformations,
including surface modification with other molecules to
potentially increase their interaction with the host tissue
(Madigan et al., 2009).

Scaffolds are used in various forms for regeneration
of SCI, such as hydrogels, sponges, tubules with single
or multi-channels and membranes. Efforts to find out
novel biomaterials such as graphene and silk fibroin are
also under active investigation (Ryu and Kim, 2013;
Subrata Kar et al., 2013). In animal studies, scaffolds in
hydrogels and membranes are commonly used in acute
and subacute models of SCI that are produced using
vascular clips or physical impacts (weight drops and
water percussion) and mimic acute SCI pathology of
open cord laceration and closed compression injuries in
patients. While deep tears or transections are rare in
human injury, complete (thoracic) or partial (dorsal or
unilateral) transections in animal models are useful in a
controlled study of axonal regeneration and tissue
engineering of spinal cord (Talac et al., 2004). Scaffolds
in sponges and tubular types are commonly used in these
approaches to sustain conformation of spinal cord tissues
and traverse the glial scar (Nomura et al., 2006a,b) (Fig. 1). 
Natural scaffolds

Natural scaffolds have advantages over synthetic
ones in their high biocompatibility and functionality,
while being limited in mechanical strength and
flexibility in manipulation. A variety of natural
biomaterials commonly made of proteins and
carbohydrates have been used for the cell delivery and
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Fig. 1. Nissl stain
shows penetration
and remarkably linear
alignment of axons
within channels of
freeze-dried agarose
scaffolds. The
scaffolds unloaded
(A) and loaded with
recombinant human
BDNF (B). An ideal
example of linear
axonal growth and
guidance (C).
“Reprinted from
Biomaterials, 27(3),
Stokols S and
Tuszynski MH,
Freeze-dried agarose
scaffolds with uniaxial

channels stimulate and guide linear axonal growth following spinal cord injury, 443-51., Copyright (2006), with permission from Elsevier.”



tissue engineering to regenerate spinal cord tissues. 
Alginate

Alginate is a linear polysaccharide produced by
brown algae, and composed of (1g4) linked β-D-
mannuronic acid (M) and α-L-glucuronic acid (G)
residues. Due to its biocompatibility and bioresoption
properties, alginate has been widely used to fill in the
damaged spinal cord (Suzuki et al., 2002). Freeze-dried
alginate sponge or gel acted as a guide for the amputated
axons and reduced astrocytosis between the grafted
alginate and the host spinal cord after spinal cord
transection in young rats (Kataoka et al., 2004). Alginate
was also used to encapsulate hMSCs and sustained
hMSC viability and constitutive secretion of regulatory
cytokines and growth factors to attenuate macrophage
activation in vitro and promote tissue regeneration in
vivo (Barminko et al., 2011). BDNF-producing
fibroblasts encapsulated within alginate survived well in
the injured spinal cord tissue and contributed to some
functional recovery after implantation (Tobias et al.,
2005). However, due to its high degradation rate and
cytotoxicity, strategies have been adopted to overcome
these limitations, such as by incorporating Poly(lactic-
co-glycolic acid) (PLGA) microspheres in alginate
hydrogels (Ashton et al., 2007). In addition, most of the
commercial alginate products include significant
amounts of toxic impurities and need ultra-purification
prior to cell transplantation (Zimmermann et al., 2001). 

Agarose

Agarose is a linear polysaccharide extracted from
sea weed and a thermal gelling hydrogel. It has been
widely used as a delivery vehicle for drugs or
macromolecules. Freeze-dried agarose scaffolds
containing nerve growth factor (NGF) showed a
favorable effect on axonal regeneration after CNS injury
(Stokols and Tuszynski, 2006). It was also used to guide
cell adhesion and neurite outgrowth in vitro (Luo and
Shoichet, 2004). Recently, the sugar trehalose and
agarose hydrogel-based delivery system was utilized to
facilitate sustained local delivery of thermostabilized
chondroitinase ABC (chABC) in vivo and, in
combination with neutrophin-3 (NT-3), showed
locomotor recovery with axonal regeneration of injured
spinal cord in rats (Lee et al., 2010). Agarose was also
used to deliver bone marrow stromal cells over-
expressing NT-3 into the injured spinal cord in rats,
which showed a substantial increase in linear growth of
long-tract axons across the lesion site (Gros et al., 2010).
Chitosan

Chitin is a co-polymer of N-acetyl-glucosamine and
N-glucosamine units. Chitosan is a natural substance
similar in structure to cellulose, a plant fiber, and is
prepared from chitin by N-deacetylation (Khor and Lim,
2003). The physicochemical properties of chitosan
depend on their biological sources. They inherently
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Table 1. The major natural biomaterials in use in animal model of spinal cord injury.

Natural biomaterials Application for spinal cord repair References

Agarose /Alginate
Encapsulation Microencapsulation of hMSC or ChABC. Barminko et al., 2011
Tubular Induction of long-tract axons with MSCs and NT-3 or BDNF. Stokols et al., 2006; Gros et al., 2010; Lee et al., 2010
Hydrogel Local delivery of BDNF. Jain et al., 2006

Chitosan
Tubular Extra and intramedullary tissue bridge conduits with

neural stem/progenitor cells or MSCs.
Nomura et al., 2008; Bozkurt et al., 2010; Chen et al.,
2011

Sponge Laminin-incorporated nerve conduits. Cheng et al., 2007

Collagen

Tubular Using a collagen scaffold containing a collagen binding
BDNF and an EGFR neutralizing Ab. Liu et al., 2001; Spilker et al., 2001; Han et al., 2010

Sponge Transplantation of MSCs, Human ESC-derived neural
precursor cells and olfactory ensheathing cells

Yoshii et al., 2004; Hatami et al., 2009; Deumens et al.,
2013

Hydrogel Alignment of astrocytes in 3D collagen gel and axon
stretch-growth technology. Iwata et al., 2006; East et al., 2010

Fibrin Hydrogel
Controlled release of NT-3 and PDGF from scaffolds
containing NPCs. Transplantation of human umbilical
MSCs and human BMSCs.

Itosaka et al., 2009; Johnson et al., 2010a-c; Zurita et al.,
2010; Liu et al., 2013

Fibronectin Hydrogel Neurotrophin/drug delivery Phillips et al., 2004

Hyaluronic acid Hydrogel Modified with nogo-66 receptor Ab and Poly-L-lysine or
matrix metalloproteinase-sensitive.

Park et al., 2010; Wei et al., 2010; Khaing et al., 2011; Li
et al., 2013

Xyloglucan Hydrogel The repair using themoresponsive hydrogel. Nisbet et al., 2009



affect the size and morphology of pores in scaffolds,
which consequently determines their physicochemical
properties, such as water absorption, mechanical
strength, biodegradation rates and cellular activities
(Nwe et al., 2009). Because of its non-toxic and ideal
biodegradation properties, chitosan scaffolds have been
used to bridge sciatic nerve injury (Itoh et al., 2003;
Rosales-Cortes et al., 2003). Chitosan has by itself a
neuroprotective effect and enhances physiological
recovery of traumatic SCI (Cho et al., 2010). Neural
stem cells loaded on chitosan channels showed enhanced
survival rates and efficient regeneration of injured spinal
cord when transplanted in complete spinal cord
transection and subacute SCI models of rats (Nomura et
al., 2008; Bozkurt et al., 2010). However, they showed
functional recovery only when co-treated with growth
factors and soluble Nogo-66 receptor to block myelin-
based inhibitors in the complete transection model and
with dibutyryl cyclic-AMP in the subacute model,
respectively (Kim et al., 2011; Guo et al., 2012). In
contrast, transplantation of bone marrow stromal cells
loaded on chitosan conduits was shown to enhance both
nerve regeneration and functional recovery in an acute
SCI model in rats (Chen et al., 2011). A hydrogel form
of chitosan cross-linked with poly(ethylene oxide)
(chitosan-PEO) has been fabricated and showed high
compatibility and functionality on neuronal cell culture
in vitro but needs further verification in SCI models
(Kim et al., 2012).

Collagen

Collagen is one of the major ECM proteins found in
mammals, accounting for 25–30% of the total protein in
human. Collagen has binding sites for cell adhesion and
supports well cell migration, proliferation and
differentiation. In addition, it has a relatively high
mechanical strength as a natural biomaterial, being
similar to that of native soft tissues. These ideal
properties and bioactive functions of collagen made it
one of the most popular natural biomaterials investigated
for therapeutic purposes (Yoshii et al., 2004). Early use
of collagen scaffolds in SCI mainly focused on delivery
of neurotrophic factors such as NGF, NT-3 and BDNF
(Houweling et al., 1998a,b). Collagen scaffolds were
used in various forms of hydrogel, sponge and guidance
conduit to deliver therapeutic cells into injured spinal
cord. A combination therapy of collagen gels with
several neurotrophic factors such as BDNF and NT-3,
stimulated axonal regeneration, including axons from the
corticospinal tract, after dorsal spinal cord transection,
and promoted partial functional recovery (East et al.,
2010; Han et al., 2010). Neural precursor cells derived
from ESCs were transplanted in collagen scaffold and
showed enhanced remyelination and functional
improvements in a rat model of acute SCI (Hatami et al.,
2009). Schwann cells suspended in laminin-collagen
composite gels showed enhanced cell survival, improved
vascularization and axonal growth in a contusion model
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Table 2. The major synthetic biomaterials in use in animal model of spinal cord injury.

Synthetic biomaterials Application for spinal cord repair References

PCL
Tubular 3d plotting and printing, a rapid prototyping technology, was used in scaffold

fabrication. In addition, SCI treated with SAP, BDNF and ChABC.
Silva et al., 2010, 2013; Gelain et al., 2011;
Donoghue et al., 2013

Sponge Transplantation of genetically modified NSCs to secrete NT-3. Hwang et al., 2011

PHB
Sponge PHB-HV-based 3D scaffold Ribeiro-Samy et al., 2013
Sheet Transplantation of Schwann cells on PHB with laminin coating. Novikova et al., 2008

PLA Sponge Microporous scaffolds seeded with genetically modified Schwann cells. Hurtado et al., 2006, 2011; Cai et al., 2007

PLGA

Tubular Transplantation of NT-3 gene-modified Schwann cells and TrkC gene-
modified MSC. Local gene delivery or NT-3 delivery.

De Laporte et al., 2009; He et al., 2009; Krych
et al., 2009; Fan et al., 2011

Sponge
Transplantation of NSCs, Schwann cells and/or MSCs. Evaluation of
PLGA seeded with human NSCs in the African green monkey or in
canine.

Rooney et al., 2008a,b; Chen et al., 2009; De
Laporte et al., 2009; Olson et al., 2009; Rauch
et al., 2009; Yang et al., 2009; Pritchard et al.,
2010; Du et al., 2013

Film NSCs seeded on micropatterned films or Scavenger-releasing films. Yucel et al., 2010
Hydrogel NT-3 delivery Stanwick et al., 2012

PEG Hydrogel Local delivery BDNF or FGF2 with or without cells. Kang et al., 2010; Conova et al., 2011;
Kouhzaei et al., 2013; Li et al., 2013; Shi, 2013

PHEMA Hydrogel Scaffolds used for cell adhesion, axonal growth and angiogenesis. Hejcl et al., 2009, 2013; Ruzicka et al., 2013;
Valdes-Sanchez et al., 2013

PHPMA Hydrogel Hydrogel seeded with MSCs. Hejcl et al., 2010; Pertici et al., 2013



in rats (Patel et al., 2010). Human NSCs and canine
neural-induced adipose-derived MSCs mixed in matrigel
showed axonal regeneration and functional recovery in
canine SCI models at 12 and 8 weeks, respectively (Lee
et al., 2009; Park et al., 2012). When injected using
matrigel, MSCs from different sources of the adipose
tissue, bone marrow, umbilical cord blood (UCB) and
Wharton's jelly all showed functional recovery,
increased neuronal survival and reduced inflammation in
the canine SCI model (Ryu et al., 2012). Among them,
UCB-derived MSCs showed the best outcome. Other
studies utilized the collagen conduit that can guide
longitudinal infiltration of cells and axon growth.
Astrocytes alignment mapped within collagen gels
supported neurite growth along the alignment, and could
be transformed into the spinal cord conduit by plastic
compression in vitro (East et al., 2010). A combined cell
therapy using Schwann cells in matrigel-filled guidance
channels, olfactory ensheathing glia and chondroitinase
ABC improved bladder function to void efficiently at 5
weeks after complete thoracic SCI model in rats (Fouad
et al., 2009). In contrast to these promising results of cell
therapy using collagen scaffolds, a frustrating result was
also reported. Transplantation of olfactory ensheathing
cells (OEC) in a collagen-based multichannel scaffold
has shown no significant improvement in motor function
or relieve of allodynia in a unilateral low-thoracic
hemisection model of SCI in rats (Deumens et al., 2013).
The authors conclude that it was probably due to the
relatively large defect size. However it is questionable
because their SCI model has been commonly used in
many previous studies showing positive results with or
without cell transplantation.
Fibrin

Fibrin is the major component of a blood clot. It acts
as a binding molecule for the interactions between cells.
In injured tissue, some cells bind to fibrin through its
surface receptors, which helps them to perform different
biologic roles. Many studies have demonstrated the
utility of injectable and biodegradable fibrin in tissue
regeneration, occasionally being used with growth
factors (e.g. aFGF and NT-3) or in combination with
other matrices (Taylor et al., 2006; Zurita et al., 2010).
When injected into injured spinal cord in rats at a
subacute phase (2 weeks post-injury), fibrin promoted
neural fiber sprouting and increased migration of neural
support cells into the lesion site (Johnson et al., 2010a-
c). Fibrin was also used to transplant ectomesenchymal
stem cells (EMSCs) into hemisected spinal cord of rats
and enhanced their survival and migration to promote
behavioral and histological improvement (Liu and et al.,
2013). When embryonic stem cells (ESCs)-derived
neural progenitor cells (NPCs) were embedded in fibrin
scaffolds containing NT-3 and PDGF, cell survival and
proliferation was much increased at 2 weeks after
transplantation into injured spinal cord in rats (Johnson
et al., 2010a-c). Fibrin scaffold containing growth factor

cocktails also supported well long-distance axonal
growth and inter-connection of neural stem cells (NSCs)
implanted into severe spinal cord injury in rats (Lu et al.,
2012). These findings suggest that fibrin might be one of
the most promising candidates for a potential, minimally
invasive scaffold to regenerate injured spinal cord
(Itosaka et al., 2009).
Hyaluronic acid

Hyaluronic acid (HA) is a natural polysaccharide
consisting of repeating disaccharide units in linear
structure: glucuronic acid and N-acetylglucosamine. It
has an important role in many tissue repair processes
(Wang et al., 1998). Several in vivo and in vitro
experiments show that hyaluronan-based conduits are
completely biodegradable, non-cytotoxic, and
biocompatible (Avitabile et al., 2001). Cells do not
readily adhere to HA but the modification to its surface
properties can improve its efficacy. HA can reduce the
extent of scar formation by inhibiting lymphocyte
migration, proliferation and chemotaxis. High MW HA
hydrogel and the one modified with nogo-66 receptor
antibody reduced astrocytes activation and decreased
CSPG deposition in vivo (Wei et al., 2010). Injection of
BDNF-incorporated HA hydrogel in the rat SCI model
prevented the development of an inflammatory reaction
and increased motor function (Park et al., 2010).
However, due to its weak mechanical properties and
high degradation rate, HA needs incorporation of other
polymers to be used for cell delivery. For example, thiol-
functionalized HA was cross-linked with thiol-
functionalized gelatin by poly-(ethylene glycol)
diacrylate (PEGDA) to improve cell adhesion and
mechanical properties and used successfully to deliver
oligodendrocyte progenitor cells (OPCs) and enhance
remyelination of adult spinal cord after demyelination
using ethidium bromide (EB) (Li et al., 2013). 
Self-assembling peptides

Self-assembling peptides (SAPs) are nanomaterials
that form a scaffold by themselves in solution that
mimics the properties of the natural ECM. They are
reabsorbable, allow biofunctionalizations and can be
fabricated easily into an injectable type. They are
composed of short, repeating units of amino acids that
form nanofibrous scaffolds in response to thermal or pH
changes (Cigognini et al., 2011). An injectable SAP
RADA16-I (Ac-RADARADARADARADA-COHN2)
was functionalized with a bone marrow homing motif
(BMHP1, PFSSTKT), which significantly enhanced
survival and differentiation of adult mouse neural stem
cells and schwann cells in vitro (Gelain et al., 2006) and
improved functional and histological recovery of acute
SCI in rats (Cigognini et al., 2011). A SAP K2(QL)6K2
was shown to promote neurological recovery of SCI by
inhibiting inflammation and glial scar formation (Liu et
al., 2013). Therefore, the SAP-based injectable scaffolds
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have a high potential and wide range of utility for the
regeneration of SCI, which will be developed in the near
future.
Synthetic scaffolds

Synthetic polymers have many advantages as
scaffolds (Table 2). They can be manipulated to have a
wide range of mechanical and physicochemical
properties. Different synthetic polymers can be easily
blended together to produce a new biomaterial with
unique properties (Willerth and Sakiyama-Elbert, 2007;
Madigan et al., 2009). However, they are prone to cause
an immune response in the human body and have a
limitation in FDA approval for practical use. 
Poly-ε-caprolactone (PCL)

PCL is a bioresorbable and biocompatible aliphatic
polyester that is commonly used in many medical
products, including wound dressings (Venugopal et al.,
2005). PCL is degraded easily by hydrolysis of its ester
bonds in physiological conditions and therefore has been
used extensively to construct an implantable biomaterial.
It is particularly useful for manufacturing implantable
devices for long periods of time, because its degradation
rate is even slower than that of polylactide in vivo. A
recent study using an in vitro model showed that PCL
was much better than other synthetic biomaterials such
as polycarbonate (PCB), poly(methyl) methacrylate
(PMMA), polystyrene (PS), poly-L-lactide (PLLA) and
polydimethylsiloxane (PDMS) in supporting myelination
of neurons, although its ability to support neurite growth
itself was quite similar to them (Donoghue et al., 2013).
In a T8-T9 spinal hemisection model of rats,
implantation of a composite scaffold using starch and
PCL itself stabilized the injured spinal cord and
improved motor deficits (Silva et al., 2013). The novel
open-path designs of PCL conduits allowed greater
penetration of GFAP-positive cells from both stumps
and caused less scarring than the other architectures,
including the cylinder, tube and channel, when they were
implanted into the T8 complete transection of rat spinal
cord (Wong et al., 2008) (Fig. 2). An electrospun fiber of
PCL and SAPs was also used to fabricate a hollow
guidance channel (Gelain et al., 2011). The PCL/SAPs
guidance channel promoted regeneration of nerve fibers
throughout the whole channels, and improved vascular
network formation and locomotor recovery, when
implanted in combination with pro-regenerative
cytokines into the cavity of chronic, post-contusive
lesions of the thoracic spinal cord. Delivery of NSCs and
NT3 using PCL scaffold was recently shown to promote
regeneration of injured spinal cord and improved
locomotor recovery in a rat hemisection model (Hwang
et al., 2011). However, delivery of MSCs in a PCL
conduit promoted peripheral nerve regeneration but not
that of spinal cord neurons (Frattini et al., 2012). From
the studies above, we can understand that PCL can be

easily fabricated into scaffolds with various architectures
and used alone or in combination with trophic factor
and/or therapeutic cells to regenerate injured spinal
cords.
Poly-lactic acid (PLA)

PLA is a member of the α-hydroxy acid class of
compounds and also a biodegradable aliphatic polyester
like PCL. It has been widely used as a temporary
extracellular matrix in tissue engineering. PLA is
structurally unstable, fragmenting and collapsing, but
proved to support the extension of axons and vascular
growth into the graft. The PLA scaffolds were fabricated
in a diverse array of architectures including hydrogels,
macroporous sponges with inner channels, micro- or
nano-fibers, and multi-walled conduits, and mostly used
without therapeutic cells or drugs to regenerate SCI
(Deng et al., 2006; Cai et al., 2007; Li and Shi, 2007;
Hurtado et al., 2011). These approaches have shown
promising results by bridging spinal cord gaps, allowing
infiltration of host astrocytes or Schwann cells and
finally promoting axonal regeneration and functional
recovery in some cases. However, it is generally
regarded that implantation of scaffolds alone is not
enough to promote meaningful recovery of injured
spinal cord, particularly in human patients. A
macroporous PLA scaffold with longitudinal pores was
used to deliver BDNF but failed to improve axonal
regeneration of injured spinal cord in rats (Patist et al.,
2004). A single channel tubular PLA scaffold containing
Schwann cells guided well axonal regeneration in the
completely transected adult rat spinal cord, which
appeared to be comparable to that seen with a Schwann
cell-loaded non-degradable polyacrylonitrile/
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Fig. 2. Open-path designs of nerve conduits allowed greater penetration
of GFAP+ cells from both stumps and caused less scarring than the
conventional implant designs. It also provided contact guidance and
allowed nerve fibers to extend across the entire defect length (Wong et
al., 2008).



polyvinylchloride (PAN/PVC) channel (Oudega et al.,
2001). However, freeze-dried PLA macroporous
guidance scaffold with NT3-expressing rat Schwann
cells showed poor survival of implanted cells and
functional improvement of the hind limbs was not
observed in a complete transection model of rat thoracic
spinal cord (Hurtado et al., 2006). Therefore, the PLA
scaffolds were not always successful in axonal
regeneration SCI in animal models and probably need
further optimization.
Poly-lactic-co-glycolic acid (PLGA)

PLGA is synthesized by random co-polymerization
of two different monomers of glycolic acid and lactic
acid. PLGA is one of the most extensively investigated
biomaterials used alone or to deliver therapeutic cells
and drugs for spinal cord regeneration. The degradation
rate of PLGA can be manipulated to some extent by
altering the ratios of the PLA and PGA in the composite,
which also affects their physicochemical properties
(bending, swelling, deformation, degradation and
permeability) (de Ruiter et al., 2008).

PLGA hydrogels and nerve conduits were used
traditionally to deliver neurotrophic factors to injured
spinal cord (Yang et al., 2005; Burdick et al., 2006).
PLGA microspheres were used later for drug delivery to
treat SCI in animal models (Goraltchouk et al., 2006;
Tan et al., 2007). In recent studies, PLGA nanoparticles
were fabricated to encapsulate various therapeutic drugs,
which showed some beneficial effects on spinal cord
regeneration and functional recovery, when implanted
alone or embedded in other hydrogels (Chvatal et al.,
2008; Wang et al., 2008; Baumann et al., 2010; Stanwick
et al., 2012).

PLGA scaffolds were also investigated extensively
in the animal models of SCI to deliver therapeutic cells
such as MSCs, NSCs and Schawann cells (Teng et al.,
2002; Moore et al., 2006; Krych et al., 2009; Kim et al.,
2010; Kang et al., 2012). PLGA scaffold containing
NSCs showed remarkable improvement in the spinal
cord function in a rat hemisection injury model (Teng et
al., 2002) and a possibility of spinal cord regeneration in
a canine model (Kim et al., 2010). A recent study using
human MSCs-loaded PLGA scaffold showed significant
improvement in behavior analysis and in motor-evoked
potentials (MEPs) in a rat complete transection model
(Kang et al., 2012). Co-implantation of NSCs with other
cell types such as Schawann cells or endothelial cells in
a PLGA scaffold was suggested as a promising strategy
to increase therapeutic benefits in animal studies (Olson
et al., 2009; Rauch et al., 2009; Xiong et al., 2012). 

PLGA scaffolds can also be fabricated in diverse
architectures and compositions. For example, a PLGA
conduit with smaller diameter channels was shown to
promote regeneration of injured spinal cord better than
that with larger channels, when they were implanted
with Schwann cells (Krych et al., 2009). PLGA was
sometimes combined with other biomaterials to fabricate

cell delivery implants. It was fabricated into a cylindrical
scaffold in combination with small intestinal submucosa
(SIS) for MSCs delivery (Kang et al., 2011), a thin film
to ensheath a gelatin sponge scaffold containing MSCs
(Zeng et al., 2011), and a conduit filled with olfactory
ensheathing cells (OECs) and extracellular matrix gel
(Li et al., 2010).

As shown above, PLGA has been extensively
investigated with diverse uses because it has an ideal
physicochemical property as a scaffold biomaterial.
PLGA was approved by the US FDA for its clinical use
for drug delivery, diagnosis and other applications but
without including cells. Degradation of PLGA is known
to decrease pH value in the surrounding environment,
which might hamper its therapeutic potential to
regenerate injured spinal cord (Du et al., 2013).
Therefore, this problem has to be solved before it is
approved by US FDA as a cell delivery vehicle.
Poly-β-hydroxybutirate (PHB)

PHB is a high molecular weight biopolyester
originally detected in microorganisms. It is a
biodegradable and biocompatible polymer. It degrades
slowly in the human body after implantation, and
converts to a non-toxic metabolite secreted in urine. A
tubular conduit made of PHB was used with cultured
adult Schwann cells to promote axonal regeneration in a
SCI model (Novikova et al., 2008). A PHB fiber coated
with alginate hydrogel and fibronectin was also used by
itself or with neurotrophic factors (BDNF or NT3) to
regenerate injured spinal cord in a rat model (Novikov et
al., 2002). However, it has not been a preferred choice
for neural regeneration due to its brittle mechanical
property. Recently, poly (3-hydroxybutyrate-co-e-
hydroxyvalerate) (PHB-HV), a derivate of PHB, was
reported to have ideal properties for tissue engineering
of spinal cord in terms of biodegradability,
biocompatibility, thermoplasticity and piezoelectricity
(Ribeiro-Samy et al., 2013).
Polyethylene glycol (PEG)

PEG is a water-soluble surfactant polymer. PEG
shows an immune-protecting effect on the injected area
by keeping out cell infiltration. PEG was commonly
used in as an injectable hydrogel to deliver cells and
drugs. A cross-linked hydrogel composed of a poly(N-
isopropylacrylaminde) (PNIPAAAm) and PEG was
permissive to axonal growth and was used successfully
to deliver cell transplants or BDNF into injured spinal
cord (Grous et al., 2013). PEG was also used as an
adjunct to fabricate other biomaterial scaffolds. A co-
hydrogel of hyaluronic acid and gelatin was fabricated
by cross-linking using PEG, which enhanced survival of
OPCs transplants and remyelination of injured spinal
cord (Li et al., 2013). Single-walled carbon nanotubes
coated with PEG were used as an implant to bridge
injured spinal cord and promote locomotor recovery
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(Roman et al., 2011).
Interestingly, PEG itself is known to have a

protective effect on spinal cord defects by rapidly
resealing neuronal membrane and decreasing
mitochondria-derived oxidative stress (Nehrt et al.,
2010; Kouhzaei et al., 2013; Shi, 2013). A self-
assembled monomethoxy copolymer micelle composed
of PEG and poly(d,l-lactic acid) was recently shown to
repair injured spinal cord, even when it was implanted
intravenously into the injured spinal cord (Shi et al.,
2010).
Poly(2-hydroxyethyl methacrylate) (pHEMA)

pHEMA hydrogel consists of cross-linked networks
of hydrophilic co-polymers that swell in water and
provide 3D substrates for cell attachment and growth.
pHEMA is particularly attractive for biomedical
engineering applications, because of its ideal physical
properties and high biocompatibility. pHEMA can be
easily manipulated through formulation chemistry and
has been used in many medical applications, e.g. contact
lenses, kerato prostheses and as orbital implants. It is
also non-biodegradable and therefore does not produce
intermediary breakdown products that can be toxic to
cells and may adversely affect the regeneration process
(Bakshi et al., 2004).

pHEMA shows low interfacial tension with
biological fluids and can be formulated in a hydrogel to
have mechanical properties similar to those of the spinal
cord (Bakshi et al., 2004; Hejcl et al., 2009). pHEMA or
p(HEMA-MMA) hydrogel, a co-polymer of HEMA and
methyl methacrylate (MMA), was shown to promote
regeneration of brainstem motor axons in a rat complete
spinal cord transection model (Tsai et al., 2004). It was
also modified to have a better mechanical strength and
function as a guidance material for SCI by incorporating
coiled channels made of PCL or other natural
extracellular matrixes such as collagen, fibrin, Matrigel
and methylcellulose (Nomura et al., 2006; Tsai et al.,
2006). Surface-modified pHEMA with positively
charged functional group promoted better axonal growth
and spinal cord regeneration than the unmodified or
negatively-modified pHEMA (Bakshi et al., 2004; Hejcl
et al., 2009). 

pHEMA and its derivatives were recently used
extensively to deliver various therapeutic cells. Delivery
of MSCs using pHEMA promoted regeneration of
hemisected rat spinal cord, and p(HEMA-MOETACI), a
co-polymer of HEMA and [2-(methacryloxyl)ethyl]
trimethylammonium chloride (MOETACI), was better in
MSCs delivery (Sykova et al., 2006; Hejcl et al., 2013).
Caprolactone 2-(methacryloyloxy) ethyl ester (CLMA),
a co-polymer of HEMA and c-caprolactone, was used
successfully to deliver ependymal stem/progenitor cells
(epSPCs) and regenerate SCI in combination with
FM19G11, a hypoxia-inducible factor (HIF) modulator
and activator of stem cell function (Valdes-Sanchez et
al., 2014). In contrast, pHEMA-5HT, a serotonin-

modified pHEMA, was used to deliver SPC-01_GFP3, a
spinal progenitor cell line expressing green fluorescent
protein (GFP), but only showed short-term recovery of
SCI within 1 month (Ruzicka et al., 2013). 
Poly [N-2-(hydroxypropyl) methacrylamide] (PHPMA) 

PHPMA is a hydrophilic co-polymer that has similar
physicochemical property to pHEMA. PHPMA hydrogel
was shown to have neuroinductive and neuroconductive
effects on injured spinal cord by facilitating regeneration
of spinal cord tissues with glial cells, blood vessels and
axonal infiltration (Woerly et al., 1998, 1999; Pertici et
al., 2013). PHPMA hydrogel with a Arg-Gly-Asp (RGD)
modification was developed to treat SCI (Woerly et al.,
2001) and is now commercialized under the name of
NeuroGelTM. 
Concluding remark

This review summarized recent studies to develop
biomaterial scaffolds for cell or drug delivery and tissue
engineering to treat SCI. The key designs of these spinal
cord implants were hydrogels and guidance conduits or
channels. Hydrogels have advantages in that they can be
made similar to the spinal cord tissues in mechanical
property, easily implanted by simple injection and fit
well in shape with the surrounding tissues. Natural
biomaterials are commonly used to produce the hydrogel
because they are more biocompatible than synthetic ones
and has mechanical properties suitable for the hydrogel
than for solid scaffolds (Phillips et al., 2004; Itosaka et
al., 2009; Khaing et al., 2011). The guidance conduits
and channels appear to be better at promoting axonal
regeneration in the injured spinal cord. However, they
require higher mechanical strength to maintain the
channel structure, surgical operation to implant them and
sometimes further fabrications to fit them in the injury
site. Synthetic biomaterials are commonly used for the
channel type scaffolds, because they are strong in
mechanical property and easy to manipulate in diverse
shapes and structures, for example using electro spinning
and rapid prototyping (Wong et al., 2008). Three
dimensional sponges with simple pores are a
conventional choice and not used frequently now, unless
they are made of novel biomaterials or equipped with
additional properties by combining two different
biomaterials or other functional molecules. So, recent
approaches are rather focusing on a diverse array of
modifications and combination of two or three
biomaterials. Many different cell types are used for
spinal cord regeneration including but not limited to
MSCs, Schwann cells, OECs, NSCs, ESCs and
sometimes iPSCs. Most of them were suggested to be
efficient in neuronal regeneration of injured spinal cord
by reducing neuronal damage, and promoting neurite
outgrowth and remyelination (Hatami et al., 2009;
Itosaka et al., 2009; Olson et al., 2009; Qian et al., 2009;
Hwang et al., 2011; Zhang et al., 2012). A combination
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of two different cell types has shown added benefits by
enhancing the plasticity and functional recovery as can
be seen in the paracrine effect of MSCs to increase
NSCs survival and migration into the injury site (Oh et
al., 2011; Hawryluk et al., 2012). However, the clinical
utility of therapeutic cells in SCI patients needs further
verification and probably functional improvement.
Growth factors most frequently used together with the
biomaterial scaffolds to treat SCI were NT-3, BDNF,
FGF-2 and GDNF. Other soluble factors such as
chondroitinase ABC and neutralizing antibodies against
CSPG and myelin debris were also often used.
Therapeutic drugs are certainly thought to play a critical
role but not sufficient enough by themselves in spinal
cord regeneration. Therefore, a combinatorial approach
using cells, scaffolds and drugs appears to be a
promising strategy for spinal cord regeneration.
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