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Abstract

The highly debilitating nature of spinal cord injuries has provided much inspiration for the design of novel
biomaterials that can stimulate cellular regeneration and functional recovery. Many experts agree that the greatest
hope for treatment of spinal cord injuries will involve a combinatorial approach that integrates biomaterial
scaffolds, cell transplantation, and molecule delivery. This manuscript presents a comprehensive review of
biomaterial-scaffold design strategies currently being applied to the development of nerve guidance channels and
hydrogels that more effectively stimulate spinal cord tissue regeneration. To enhance the regenerative capacity of
these two scaffold types, researchers are focusing on optimizing the mechanical properties, cell-adhesivity, bio-
degradability, electrical activity, and topography of synthetic and natural materials, and are developing mecha-
nisms to use these scaffolds to deliver cells and biomolecules. Developing scaffolds that address several of these
key design parameters will lead to more successful therapies for the regeneration of spinal cord tissue.
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Introduction properties of the variety of materials currently being investi-
gated for CNS repair (Nomura et al., 2006; Schmidt and Leach,
2003; Willerth and Sakiyama-Elbert, 2007; L.M.Y. Yu et al,,
2008; Zhong and Bellamkonda, 2008). Here, we strive to
provide an overview of the general design strategies that have
been used historically, to highlight especially promising ad-
vancements in the development of new materials, and to
identify potential opportunities for improved materials for
spinal cord-injury treatment. Specifically, we will describe the
current benefits and challenges of common material design
strategies that have been used for the fabrication of nerve
guidance channels and hydrogels, and identify the critical
design criteria that are hypothesized to affect the regenerative
capacity of these materials. Finally, some of the key scientific
and technical hurdles currently limiting the development of
materials for spinal cord therapy will be discussed.

IN]URIES TO THE SPINAL CORD pose a significant health
problem; approximately 12,000 people sustain spinal cord
injuries annually in the United States (National Spinal Cord
Injury Statistical Center, 2009). Spinal cord injury symptoms
can vary in severity and can often be highly debilitating.
Despite early beliefs that damaged nerves in the central ner-
vous system (CNS) lacked the intrinsic ability to regenerate,
spinal cord nerves have been shown to partially regrow into
peripheral nerve grafts (Richardson et al., 1980). This discovery
has sparked much interest in the field of spinal cord repair,
but to date no single repair strategy has been repeatedly
successful in promoting full functional recovery following
spinal cord injury. Therefore, clinical treatments are generally
limited to reduction of pain and swelling and the prevention
of secondary injuries through the administration of anti-
inflammatory drugs such as methylprednisolone (Bracken
et al., 1990).

In this review, we will discuss design strategies for nerve The development of treatments for CNS injuries, including
guidance channels and hydrogel scaffolds with implications  spinal cord injuries, is greatly complicated by the existence of a
for spinal cord-injury repair. Many excellent review articles highly complex injury environment. Spinal cord nerve injury
exist that comprehensively detail the chemical and physical is normally caused by compression from displaced bone
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fragments, disc material, or ligaments. The resultant injury
site rarely involves a complete transection, and is often ir-
regularly shaped. Upon spinal cord injury, the native fibro-
blasts, neuroglia, and endothelial cells create an inhibitory
repair environment by contributing to the formation of a glial
scar that acts as both a mechanical and chemical barrier to
regenerating axons. The presence of a blood-spinal barrier
aids in the formation and permanence of the glial scar by
slowing the infiltration of macrophages — cells that clear de-
bris (Avellino et al., 1995). In addition to scarring, spinal cord
nerves are also highly susceptible to secondary injuries that
occur when damaged nerves and blood vessels release bio-
chemicals that inhibit healthy neurons and oligodendrocytes.
In contrast to the CNS, much success has been achieved in
repairing injuries to the peripheral nervous system (PNS). The
PNS and the CNS possess very distinct cellular environments
that respond differently to trauma; the PNS possesses a much
more permissive atmosphere for repair than the CNS. This is
largely due to the presence of Schwann cells, which secrete
growth-promoting cytokines (Bhatheja and Field, 2006; Fro-
stick et al., 1998). For short nerve gaps (less than ~5mm), the
severed ends can be sutured back together as long as no
tension is created at the injury site (Berger and Mailander,
1991; Tjkema-Paassen et al., 2004). For longer gaps, nerve au-
tografts, or the transplantation of donor sensory nerves, are
considered the “gold standard” for repair (Millesi et al., 1972;
Pollard and Fitzpatrick, 1973; Seddon, 1963). Autografts
contain Schwann cells and neurotrophic factors, and provide
mechanical guidance for axons to grow toward their severed
distal stumps. However, they are plagued by a limited supply
of donor tissue, the necessity of conducting a second surgery,
and highly variable results (Mackinnon and Hudson, 1992;
Millesi, 1981; Ortiguela et al., 1987). Some of these issues have
been addressed by the use of acellular grafts made from both
animal and cadaver sources (Hudson et al., 2004, Marmor,
1964). Much focus has been directed to the development of
synthetic nerve guidance channels as an alternative to using
grafts for repair. Nerve guidance channels bridge nerve gaps
and provide directional guidance, a surface for nerve regen-
eration, and protection from the surrounding environment.
Based on the success of nerve guidance channels in the
PNS, researchers have considered using nerve guides to re-
pair spinal cord injuries. However, the physiological differ-
ences and increased complexity of the CNS relative to the PNS
places different demands on the design of CNS guidance
channels. As a result, the optimal design of CNS guidance
channels is expected to be quite different from the optimal
PNS guidance channels. Furthermore, guidance channels may
not even be the most advantageous strategy for spinal cord
repair. Due to the complex geometries and partial transections
often encountered at spinal cord injury sites, the implantation
of a nerve guidance channel may be surgically complicated.
Therefore, hydrogel materials that can expand to fill the entire
wound site have also been considered for spinal cord-injury
treatment (see recent review articles: Nomura et al., 2006;
Willerth and Sakiyama-Elbert, 2007; Zhong and Bellamkonda,
2008). Hydrogels can be easily cast into various shapes or
injected directly into the wound site for in situ gelation and,
once implanted, can provide a scaffold through which nerves
can regenerate. The general consensus is that a combinatorial
approach involving channels, scaffolds, neurotrophic growth
factors, or cells must be taken in order to effectively repair
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spinal cord injuries (Bamber et al., 2001; Fouad et al., 2005;
Nomura et al., 2008b; Taylor and Sakiyama-Elbert, 2006; To-
bias et al., 2005; X.M. Xu et al., 1995b; and recent review ar-
ticles: Benowitz and Yin, 2008; Busch and Silver, 2007; Lu and
Tuszynski, 2008). Current approaches for the design and
composition of CNS nerve guidance channels and hydrogels
will be discussed separately in the following sections.

Nerve Guidance Channels

Nerve guidance channels have been synthesized from a
wide assortment of natural and synthetic polymers (Table 1).
The channel serves to prevent the ingrowth of fibrous scar
tissue, to concentrate neurotrophic molecules released from
the injured nerve stumps, and to direct growth from the
proximal to the distal nerve stump (Danielsen et al., 1993;
Longo et al., 1983; Lundborg et al., 1982; Williams et al., 1983).
The dimensions, material of construction, and luminal com-
ponents all affect the regenerative capacity of a given nerve
guidance channel design; see Figure 1 for a depiction of crit-
ical design parameters integral for nerve guidance channel
function. Several materials have already been approved by
the FDA for use in the repair of short gaps in human pe-
ripheral nerves (Table 2) (Schlosshauer et al., 2006). To date,
most research involving nerve guidance channels has in-
volved PNS applications. However, encouraging results
demonstrating partial CNS nerve regeneration in PNS guid-
ance channels have led to increased interest in their use for
spinal cord repair.

Since no material has currently established itself as a clear
or dominant choice for either PNS or CNS repair, there is still
a large demand for new materials. The choice of material for
use in nerve guidance channels has largely been influenced by
the underlying regeneration strategy. Central to the choice of
regeneration strategy is the distinction between using non-
degradable (and generally “bioinert”) grafts versus biode-
gradable (and generally “biointeractive”) grafts.

Material design strategies

Nondegradable materials. Nondegradable channels are
made of synthetic materials that offer uniform and controlled
synthesis techniques. They also require a less complex design
due to the lack of issues such as degradation rate control and
toxicity of degradation products. However, the permanent
implantation of a nondegradable channel creates a higher risk
of inflammation and may result in nerve compression over
time, which often necessitates a second surgery to remove the
material (Belkas et al., 2005; Mackinnon et al., 1984; Merle
etal., 1989). Furthermore, nondegradable materials are almost
always inherently non-cell adhesive, limiting their application
in more advanced channel designs involving cell transplan-
tation. Despite these inherent limitations, the simplified de-
sign and construction of nondegradable channels have made
them particularly useful in preliminary studies of CNS nerve
repair and have sped up experimental progress through their
use both in vitro and in vivo.

Common nondegradable materials that have been used to
fabricate nerve guidance channels include silicone, polyac-
rylonitrile/polyvinylchloride (PAN/PVC), poly(tetrafluoro-
ethylene) (PTFE), and poly(2-hydroxyethyl methacrylate)
(PHEMA). Despite several experiments demonstrating the
ability of silicone channels to support peripheral nerve re-
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generation in vivo, silicone is not widely considered the ma-
terial of choice for nerve repair due to its nonporous structure,
questions about its toxicity, and the tendency of silicone
channels to compress regenerating axons after long-term
implantation (Merle et al., 1989). Alternatively, channels
constructed from PAN/PVC are semipermeable and are
considered structurally stable in vivo (Moon et al., 2006; X.M.
Xu et al., 1999). This has made PAN/PVC a potential choice
for more advanced channel designs, often including the de-
livery of Schwann cells or olfactory ensheathing glia (Moon
et al., 2006; X.M. Xu et al., 1999). In spite of its biocompati-
bility, PAN/PVC is not inherently cell adhesive, and most
applications have used a Matrigel coating to encourage cell
adhesion. Matrigel’s origin as a mixture of proteins secreted
from mouse tumor cells makes it problematic for use in hu-
mans (see description in the section “Hydrogels,” subsection
“Physically Crosslinked Materials”).

PTFE was chosen as a potential material for channel design
due to its approval for use in humans and its previous use
in a variety of medical devices (Pogrel et al., 1998; Stanec
and Stanec, 1998a). PTFE channels possess a pronounced
hydrophobicity making them highly anti-adhesive. Their anti-
adhesive nature both minimizes the resultant immune re-
sponse upon implantation and limits their application to act as
only simple scar barrier systems. PTFE channels have shown
mixed results in vivo for the improvement of PNS injuries (Pitta
et al., 2001; Pogrel et al., 1998; Stanec and Stanec, 1998b), and
are not being widely considered for CNS therapies.

PHEMA is currently the most actively researched nonde-

Comments

of Schwann cells or olfactory ensheathing glia
Sometimes Highly inert and considered physiologically compatible

for neuron and glial cell guidance
Provides electrical stimulation without an external source

Used with controlled external electrical stimulation

of mechanical properties
Cationic nature may improve neuronal adhesion
Proven to enhance growth and differentiation of many cell types

Provides a means to isolate regeneration environment
Contains longitudinally oriented fibers

Used mainly for delivery
Family of synthetic polymers that display a spectrum

Similar mechanical properties to the spinal cord

No
No
No
No
No
Yes
Yes

Electrically
active?
No
No
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FIG. 1. Key design elements in the construction of nerve guidance channels (adapted from Huang and Huang, 2006).

nerve guides due to batch-to-batch variability. Furthermore,
many naturally harvested materials are difficult to purify, and
incomplete purification can result in immune-system activation
by the implant. Degradable channels also require more com-
plex designs, since their degradation products must be non-
toxic and their degradation rates must be tuned to match the
regeneration rate. Natural materials are often more inherently
adhesive to neurons and glial cells, making them candidates
for more “biointeractive” designs. Some common degradable
materials that have been studied for use in nerve guidance
channels include the polymer family of poly(x-hydroxyacids),
collagen, chitosan, and poly(f-hydroxybutyrate) (PHB).

The family of poly(a-hydroxyacids) include synthetic
polymers and copolymers such as poly(glycolic acid) (PGA),
poly(lactic acid) (PLA), poly(lactic acid-co-glycolic acid)
(PLGA), and poly(lactide-co-caprolactone) (PLCL). Several
mechanisms have been identified for controlling the degra-
dation and mechanical properties of these polymers including
varying the ratio of monomer units, the stereochemistry of the
monomer units (either p- or r-form), and the molecular
weight distribution of chains. Since poly(a-hydroxyacids)
degrade in vivo by hydrolysis and produce acidic degradation
products that result in a transient pH decline, only a limited
amount of the polymer can be implanted (Park et al., 1995).
Both PGA and PLCL have been approved by the FDA for use
in the repair of human peripheral nerves, and this success has
inspired investigation of their use in CNS repair (Gautier etal.,
1998; Oudega et al., 2001).

Collagen’s natural abundance in the connective tissue of
animals makes it an attractive material for the construction of
nerve guidance channels. It is typically formed into guidance
channels through the addition of chemical crosslinking

agents, which allows direct control over the strength of the
channel and the degradation rate, but also introduces issues
with toxicity of the crosslinking agent (Itoh et al., 2002). Col-
lagen has been shown in vitro to enhance the growth and
differentiation of many cell types. The main drawback to us-
ing collagen is that it is difficult to harvest and cleanly purify
in an inexpensive and reproducible manner. If purified
cleanly, collagen from mature bovine sources is nonimmuno-
genic in humans; however, collagen from nonhuman sources
can cause an immune response when purified using less
stringent protocols (Wahl and Czernuszka, 2006). The study
of collagen in nerve repair has resulted in the FDA approval
of two collagen peripheral nerve guidance channel designs
and their investigation for use in CNS therapies (Kassar-
Duchossoy et al., 2001; Liu et al., 1998).

Chitosan is a natural polysaccharide produced from the
N-deacetylation of chitin, one of the most abundant natural
biopolymers. Interest in chitosan for channel design largely
stems from its capacity to exhibit tunable properties through
variation in the acetyl group content. Specifically, the rate of
degradation, compressive strength, and cell adhesivity of the
material have been shown to be controlled by the amount of
acetylation (Freier et al.,, 2005b). Furthermore, the cationic
nature of chitosan polymers is believed to contribute to en-
hanced neuronal adhesion and interaction with anionic
growth factors and compounds present in the extracellular
matrix (ECM) (Freier et al., 2005a). Some drawbacks to using
chitosan are that it has shown issues with low mechanical
strength and it is insoluble in many common solvents, which
prevents easy processing into channels (Freier et al., 2005a;
Yamaguchi et al., 2003b). However, novel fabrication tech-
niques have been developed recently to address these pro-
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TaBLE 2. FDA-APPROVED PNS NERVE GUIDANCE CHANNELS (ADAPTED FROM SCHLOSSHAUER ET AL., 2006)

Company

Length
(cm)

Diameter
(mm)

Description

Degradable or
nondegradable

Name

Material

Synovis Micro Companies

2-4

2.3-8

Porous, corrugated, woven mesh tube

Degradable

GEM Neurotube®

PGA

Alliance Inc., Birmingham, AL
Collagen Matrix, Inc., Franklin Lakes, NJ

25

2-6

Semipermeable tube composed

NeuroMatrix™ Degradable

Type 1 collagen

of dense fibers
Semipermeable, flexible tube

Collagen Matrix, Inc., Franklin Lakes, NJ

25

2-6

Degradable

Neuroflex™

Type 1 collagen

1.5-10
1.5-7

composed of dense fibers
Flexible, transparent tube

Neurolac®

PLCL
Type 1 collagen

Polyganics BV, The Netherlands

Degradable

Integra™ NeuroSciences, Plainsboro, NJ

2-3

Semipermeable tube composed

Degradable

NeuraGen®

of crosslinked collagen fibers
Wrap composed of cross-linked

Integra™ NeuroSciences, Plainsboro, NJ

2-4

3-10

Degradable

NeuraWrap™
Nerve Protector

Type 1 collagen

collagen fibers with a porous

outer layer and a semipermeable

inner layer
Flexible hydrogel with similar

SaluMedica™, LLC, Atlanta, GA

6.35

2-10

Nondegradable

SaluBridge™

Poly-vinyl alcohol

mechanical properties
to human tissue

hydrogel

cessing challenges, including forming gels at high pH and
deacetylating chitin tubes formed from hollowed crab ten-
dons (Kofuji, 2003; Yamaguchi et al., 2003b). Recently, chit-
osan scaffolds have been used to transplant viable peripheral
nerve grafts, neural stem cells, and neural progenitor cells into
rat spinal cords, resulting in increased axonal regeneration
(Nomura et al., 2008a, 2008b).

PHB introduces the unique feature of longitudinally ori-
ented fibers into a channel construction material. These fibers
are hypothesized to provide alignment and physical guidance
to growing neurons and glial cells, and have been shown to
separate gradually after implantation resulting in increased
physical support for growing neurons (Young et al., 2002).
The slow absorption of PHB in vivo may be a beneficial feature
for nerve repair since it remains as a support for regeneration
over a long period of time (Ljungberg et al., 1999). Because
PHB degrades by hydrolysis and enzymatic action to produce
p-hydroxybutyric acid, its slow degradation rate also limits
the accumulation of acidic degradation products compared to
poly-a-hydroxyacids (Ljungberg et al., 1999). PHB possesses
good tensile strength and elasticity, which prevents com-
pression of growing neurons and has been shown to promote
regeneration in larger PNS injury gaps (Young et al., 2002).

Electrically active materials. As discussed above, the
choice between a biodegradable or nondegradable material is
a key design strategy when developing new biomaterials for
nerve guidance channels. A second design strategy that is
being explored is the use of electrically active materials. It is
generally believed that as tissues develop or regenerate,
electrically charged materials in the ECM generate electric
fields that act as signals to promote and control growth, re-
modeling, and protein adsorption (Fine et al., 1991; Kotwal
and Schmidt, 2001). It has been shown in vitro that neurite
extension is enhanced by, and growth directionality can be
controlled on, electrically active materials (Patel and Poo,
1982). In vivo electrical stimulation has been shown to have a
positive effect on the functional recovery of motor and CNS
nerves (Borgens et al., 1981; Nix and Hopf, 1983).

Constructing nerve guidance channels with electrically
active materials offers the ability to deliver localized electrical
stimuli at an injury site while also providing a physical surface
for regrowth. The three main types of electrically active bio-
materials under consideration are polymers with a quasi-
permanent surface charge (electrets), polymers that generate
an electric charge upon applied mechanical stress (piezo-
electrics), and electrically conducting polymers. The most
widely investigated electrically active materials for nerve
repair are poly(tetrafluoroethylene) (PTFE), polyvinylidene
fluoride (PVDF), and polypyrrole (PP). While these electri-
cally active materials are generally non-cell adhesive and
nondegradable, efforts are underway to improve these
properties (Rivers et al., 2002; Wan et al., 2005).

Electret materials, such as PTFE, and piezoelectric materi-
als, such as PVDF, have the benefit of not requiring an external
source for electrical stimulation. Charged forms of PTFE have
resulted in the regeneration of higher quantities of myelinated
axons relative to its noncharged form (Valentini et al., 1989).
Materials constructed from the piezoelectric form of PVDF
have also resulted in enhanced neurite growth both in vivo
and in vitro when compared to the nonpiezoelectric form (Fine
et al., 1991). In contrast, PP is a nondegradable conducting
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polymer, which offers the potential to apply controlled, ex-
ternal electrical stimulation to growing neurons (Schmidt
et al., 1997). In order to fabricate a degradable alternative to
PP, pyrrole-thiophene oligomers have been linked together
with hydrolyzable esters (Rivers et al., 2002). Also, blends of
PP with chitosan or hyaluronic acid are being investigated to
create conducting materials with more biocompatible prop-
erties (Collier et al., 2000; Wan et al., 2005). Several variants of
PP nerve guidance channels have been tested for in vivo bio-
compatibility, but future work needs to be done to determine
the efficacy of these channels in conjunction with external
electrical stimulation (X.D. Wang et al., 2004).

Critical design parameters

Mechanical strength. When designing nerve guidance
channels, it is of great importance to address their mechanical
strength, since channel collapse and obstruction of nerve re-
generation is a common occurrence in preclinical testing
(Belkas et al., 2005). External factors that contribute to channel
collapse in vivo include degradation, repetitive compressive
forces, and degradation of the material by specialized cells in
the body such as macrophages (Belkas et al., 2005). For ex-
ample, nerve channels constructed from the copolymerization
of PHEMA and methyl methacrylate (PHEMA-MMA) ex-
hibited a bimodal recovery response in which the tubes that
did not collapse resulted in regeneration close to that of au-
tografts, while the collapsed tubes resulted in little recovery
(Belkas et al., 2005). Several approaches have been taken to
control the mechanical strength of nerve guidance channels,
including crosslinking, coil-reinforcement, and tuning the
material composition.

Modifications to the extent of crosslinking within a material
can be used to directly control the initial mechanical strength
of a channel (Itoh et al., 2002). The mechanical properties of a
given channel can be tuned through the application of either
surface or bulk crosslinking techniques. The surface cross-
linking approach naturally uses less crosslinking agent and
can, therefore, help reduce complications resulting from use
of potentially cytotoxic crosslinking agents. In addition to
affecting the initial mechanical strength of the material, the
degree of crosslinking also offers a mechanism to tune channel
degradation rate; more heavily crosslinked materials are more
resistant to degradation (Itoh et al., 2002).

Alternatively, coils have been introduced into the walls of
nerve channels to provide reinforcement (Katayama et al.,
2006). For example, PHEMA-MMA channels containing
poly-caprolactone coils showed greater patency than non-
reinforced channels, and resulted in regeneration results
similar to autografts (Katayama et al., 2006). Chitin tubes have
also been modified to include poly(lactide-co-glycolide) coils
in order to increase their mechanical strength (Freier et al.,
2005a). Finally, the mechanical properties of a material can be
modified by altering its chemical composition. Specific ex-
amples include apatite addition to chitosan tubes (Yamaguchi
et al.,, 2003a), chitin addition to chitosan (Y.M. Yang et al,,
2004), and the incorporation of hydrophobic methacrylate
monomers into PHEMA (Dalton et al., 2002); each of these
additions resulted in an increase in the mechanical strength of
the walls. Some believe that simply strengthening the walls of
nerve guidance channels to make them more rigid can have
negative consequences by creating a mismatch in mechanical
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properties between the native tissue of the soft spinal cord and
the implant (Dalton et al., 2002; Katayama et al., 2006). Such a
mismatch in mechanical properties has been implicated in the
failure of implants designed for other tissue engineering ap-
plications, including bone and vascular implants (Greenwald
and Berry, 2000; Moore et al., 2001). This mismatch in me-
chanical properties may impede cell migration or neurite ex-
tension across the implant-tissue interface and can also
directly impact cell phenotype (see the section “Hydrogels,”
subsection “Mechanical Strength and Degradability” for a
more detailed discussion). Of the widely studied synthetic
materials, only PHEMA currently has an elastic modulus
within the range of native soft spinal cord tissue, while the
other materials described above have drastically higher
moduli (Belkas et al., 2005).

Cell adhesion. The performance of nerve guidance
channels has been further enhanced with more advanced
designs that focus on cell adhesion. These designs attempt to
mimic the natural environment of nerves in vivo and provide
contact-mediated guidance for regeneration (Freier et al.,
2005a). Cell attachment onto materials can occur through two
routes: (i) nonspecific adsorption and (ii) specific adhesion
(Haipeng et al., 2000). Nonspecific adsorption is mainly af-
fected by the surface charge, surface roughness, and surface
topography (Curtis and Wilkinson, 1997; Haipeng et al,,
2000). Chitosan and polylysine are examples of materials that
are believed to exhibit increased neuronal cell adhesion due to
their hydrophilic nature and electrostatic interactions (Freier
et al., 2005b; Haipeng et al., 2000). Experiments have shown
in vitro that increasing the cation content of chitosan through a
lower amount of acetylation resulted in greater neuronal cell
viability (Freier et al., 2005b). Also, coating chitosan with
polylysine or using a chitosan-polylysine mixture has shown
good neural cell affinity (Haipeng et al., 2000).

Most of the nerve guidance channel research concerning
cell adhesion has focused on specific adhesion. It is thought
that channels modified with either proteins or peptides de-
rived from the ECM will more closely mimic the environment
in peripheral nerve grafts and result in similar regeneration
success. There are two main approaches to achieve specific
adhesion on nerve guidance channels: inclusion of full-length
proteins (e.g. laminin, collagen, and fibronectin) and linkage
of shorter active peptide sequences to the surface of the ma-
terial (Meiners and Mercado, 2003; Suzuki et al., 2003). Pre-
coating materials with ECM proteins, especially laminin, has
shown significant improvement in neural cell affinity and
functional recovery (Suzuki et al., 2003). In addition to coating
materials with ECM proteins, materials have also been coated
with neuronal adhesion molecules to enhance nerve re-
growth. Of specific interest is the neuronal cell-adhesion
molecule L1, which is known to be expressed in growing
axons and Schwann cells during development and regenera-
tion (G. Xu et al., 2004).

Since it is often difficult to purify functional proteins and
maintain their activity on the surfaces of channels, it is bene-
ficial to try and mimic their functions with active peptide
sequences. Specific functions of several key ECM proteins
have been attributed to short peptide sequences such as the
YIGSR, RGD, and IKVAV amino-acid sequences in laminin
(Meiners and Mercado, 2003). In order to allow the peptides
to assume the more natural three-dimensional conformations
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found in intact proteins, they are often linked to materials
using spacer groups or incorporated using more extended
peptide sequences (Shaw and Shoichet, 2003; Tong and
Shoichet, 2001). Both in vitro and in vivo experiments have
shown the ability of linking peptide sequences to mimic the
function of intact proteins and to enhance neuronal regener-
ation (Ahmed and Jayakumar, 2003; Suzuki et al., 2003; T.T.
Yu and Shoichet, 2005).

Internal matrices. One of the most important advances in
the design of nerve guidance channels has been the inclusion
of an internal matrix. Internal matrices attempt both to in-
crease the bioactivity of nerve guidance channels and to pre-
vent their collapse. A variety of materials and structures are
being investigated as internal matrices, including fibers,
channels, and hydrogels; to increase function, these matrices
are often supplemented with cell suspensions (Fouad et al.,
2005; Nomura et al., 2008b; Novikova et al., 2008) or growth-
factor solutions to serve as a drug-delivery mechanism (Bloch
et al., 2001; Dodla and Bellamkonda, 2008; Tsai et al., 2006).
Longitudinally oriented channels and fibers are thought to
mimic the endoneurial tubules naturally found in nerves
(Verdu et al., 2002). It is believed that channels and fibers
promote regeneration by providing increased surface area to
which cells and regenerating axons can attach (Ao et al., 2006;
Venugopal et al., 2008). Collagen is one of the most common
materials used to make fibers, and has been used both with
and without an outer nerve guidance tube (Ceballos et al.,
1999; Yoshii et al., 2004). Internal matrix channels also have
been formed in PHEMA, agarose, and chitosan using molds
and phase separation techniques (Ao et al., 2006; Flynn et al.,
2003; Stokols and Tuszynski, 2006).

Alternatively, the internal matrix of a nerve guidance tube
can be constructed from hydrogels. These amorphous mate-
rials are meant to serve as artificial ECM scaffolds that can
provide both contact guidance and biological cues to promote
nerve regeneration. Common hydrogel materials being ex-
plored as internal matrices for nerve guidance channels in-
clude collagen (Chen et al., 2000b; Verdu et al., 2002; Wells
et al., 1997), fibronectin (Chen et al., 2000b), Matrigel (Tsai
et al., 2006; X.M. Xu et al., 1995a), methylcellulose (Tsai et al.,
2006; Wells et al., 1997), agarose (Dodla and Bellamkonda,
2008), and laminin (Chen et al., 2000b; Verdu et al., 2002).
Beyond their potential use as internal matrices in nerve
guidance channels, hydrogels are also being explored as
stand-alone regenerative scaffolds, as described in the next
section.

Hydrogels

Much of the current research activity in spinal cord injury
repair is focused on the development of novel hydrogel ma-
terials and the modification of these materials to provide a
permissive and stimulating environment for nerve regenera-
tion. This is largely due to the inherent flexibility of hydrogel
scaffolds. They can be cast easily into different shapes and can
be used as space-filling agents, making them more ideal for
implantation into complex CNS injury sites within both the
spinal cord and brain. Another important attribute of hy-
drogels is their soft, three-dimensional structure, which
mimics the in vivo ECM environment. The three-dimensional
structure of hydrogels consists of highly swollen, porous

polymer networks that can support the exchange of nutrients
with surrounding tissue. To enhance cell regeneration, hy-
drogel scaffolds are often designed as platforms for the de-
livery of drugs, growth factors, proteins (or peptide ligands),
and cells (see detailed discussions in the sections “Cell En-
capsulation and Transplantation” and “Biomolecule Deliv-
ery” and the following recent review articles: De Laporte and
Shea, 2007; Kretlow et al., 2007; Malafaya et al., 2007; Nomura
et al., 2006; Willerth and Sakiyama-Elbert, 2007, 2008; L.M.Y.
Yu et al., 2008; Zhong and Bellamkonda, 2008). Most recently,
researchers have begun to design more complex hydrogel
scaffolds that address issues such as mechanical strength,
degradation, cell-adhesivity, and topography (see detailed
discussions in the sections “Mechanical Strength and Dur-
ability”, “Cell Adhesion”, and “Scaffold Topography and
Microstructure”). Ultimately, the success of hydrogels, as
with guidance channels, hinges on identifying the appropri-
ate material with the right chemical and biophysical charac-
teristics to address the critical mechanical, mass transport,
and biological design variables inherent to each specific ap-
plication; see Figure 2 for a depiction of critical hydrogel de-
sign parameters, and Table 3 for a list of common materials
used to construct hydrogels for potential CNS therapies.

The beneficial regenerative properties seen in hydrogel
scaffolds are only useful if they can be effectively implanted at
the site of CNS injury. This can be a difficult task, considering
the complex geometries, partial nerve transections, and scar-
ring that result from spinal cord trauma. The implantation of
hydrogel scaffolds alone or in conjunction with cells, bio-
molecules, and growth factors can be greatly simplified if the
material is injectable. Instead of molding the scaffold into
complicated shapes for surgical implantation, an injectable gel
can simply fill in the injury cavity and encompass the regen-
eration site, potentially eliminating the need for major sur-
gery. Injectable hydrogels have been developed to form
interconnected structures through physical self-assembly,
photo-crosslinking, and chemical/enzymatic crosslinking.
Despite the simplified implantation approach offered by in-
jectable hydrogels, these materials possess limitations in the
implementation of more complex design strategies that utilize
spatial patterning. Therefore, the first choice often made in the
design of a hydrogel scaffold is which crosslinking strategy to
use.

Material design strategies

Covalently crosslinked materials. Three-dimensional
hydrogel networks are commonly formed by covalently
linking polymer chains using either chemical or enzymatic
crosslinkers. Chemically crosslinked hydrogels are most often
prepared as preformed scaffolds for traditional surgical im-
plantation due to potential toxicity of the crosslinking agent.
Care must be taken to test the cytotoxicity of a crosslinking
agent thoroughly and to use an appropriate concentration and
rinsing protocol. Despite these issues, chemical crosslinking
generally offers more direct control over scaffold mechanical
properties. As a result, recent efforts have been made to de-
velop biocompatible chemical, enzymatic, and photoreactive
crosslinking strategies for use in the fabrication of both pre-
formed and injectable materials.

Two synthetic polymers most known for their ability to
mimic the mechanical properties of soft spinal cord tissue are
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(PHPMA). PHEMA hydrogels have been shown to be well
tolerated in vivo, to support angiogenesis, and to promote
axonal regeneration in rat spinal cord injury models (Bakshi
et al., 2004; Hejcl et al., 2008). Its synthesis technique is sup-
portive of biomolecule delivery and is amenable to the fabri-
cation of three-dimensional geometries that may enhance
nerve guidance (Bakshi et al., 2004; Flynn et al., 2003). Mac-
roporous PHPMA hydrogels, functionalized with the RGD
peptide (Neurogel™), have been shown to promote tissue
ingrowth, angiogenesis, and axonal regeneration, and to limit
glial scar formation in vivo in transected rat and cat spinal cord
injuries (Woerly et al., 2004).

Another synthetic material being investigated for cova-
lently linked CNS hydrogels includes poly(ethylene glycol)
(PEG). PEG has been shown to be highly biocompatible, has
exhibited neuroprotective behavior, and has enhanced func-
tional recovery following spinal cord injuries in animal
models (Bjugstad et al., 2008; Borgens et al., 2002; Luo and Shi,
2007). The basic composition of PEG polymers has been
modified to contain either lactide units, which render the
polymer hydrolytically degradable, or functional peptide
domains, which enhance cell adhesion and polymer degra-
dation (Mahoney and Anseth, 2006; Rizzi et al., 2006).

Natural options for covalently crosslinked hydrogels in-
clude collagen, chitosan, hyaluronic acid (HA), fibrin, and

dextran. Collagen offers intrinsic biocompatibility, biode-
gradability, and cell adhesiveness but sometimes needs to be
supplemented with growth factors to promote neural cell
proliferation and differentiation (Tsai et al., 2006). Crosslinked
collagen scaffolds fabricated using chemical crosslinkers and
extreme changes in pH and temperature are generally con-
sidered unsuitable for use as injectable materials. However,
other collagen scaffold preparation techniques, such as the use
of enzymatic crosslinkers or fibrillogenesis (discussed in the
section “Physically Crosslinked Materials”), make it possible
to gel collagen scaffolds in situ (Grillo and Gross, 1962; O
Halloran et al., 2006). Collagen hydrogels have been shown to
promote axonal growth and myelination in rat spinal cords,
and have been used to minimize scarring following spinal
cord laceration in humans (Joosten et al., 1995; Narotam et al.,
2004).

Chitosan, a natural polysaccharide, has been widely stud-
ied for tissue-regeneration applications due to its biocom-
patibility and natural abundance. It is most commonly
formed into scaffolds through covalent crosslinking with
dialdehydes or glutaraldehyde, but through integration with
thermosensitive polymers or salt (discussed in the section
“Physically Crosslinked Materials”), chitosan has also been
used in the formulation of injectable hydrogels (Bhattarai
et al., 2005; Cho et al., 2004; Crompton et al., 2006). Although
chitosan supports the attachment of cells, coating or blending
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with poly-L-lysine or peptides improves its support for neu-
rons (Cheng et al., 2004; LM.Y. Yu et al., 2007).

HA is a nonsulfated glycosaminoglycan (GAG) found
naturally in connective, epithelial, and neural tissues, and has
been shown to be highly biocompatible. In its natural state,
HA is fabricated into hydrogels using chemical crosslinkers
such as glutaraldehyde or carbodiimide. HA has also been
widely derivatized to form photocrosslinkable and injectable
hydrogels (Gupta et al., 2006; Leach and Schmidt, 2005). With
modification to improve cell adhesivity, HA scaffolds have
been shown to increase neuronal cell proliferation and out-
growth and to inhibit glial scar formation in rat brains (Cui
et al., 2006).

Fibrin (or fibrin glue) consists primarily of fibrinogen and
thrombin, which form an enzymatically crosslinked clot upon
mixing. It is most often prepared from pooled human plasma,
has been extensively tested in vivo, and is used as an injectable
material (Petter-Puchner et al., 2007; Taylor and Sakiyama-
Elbert, 2006; Willerth et al., 2006). Fibrin scaffolds have been
used for cell transplantation and growth-factor delivery in
neural regeneration applications and can be modified with
bioactive peptide domains to increase neurite elongation (Ju
et al., 2007; Schense et al., 2000; Taylor and Sakiyama-Elbert,
2006; Tsai et al., 2006).

Dextran, a branched polymer of p-glucose naturally pro-
duced by bacterial strains, has recently been used to fabricate
macroporous scaffolds. To date, these scaffolds have not been
tested in vivo for regenerative capabilities but have been
shown in vitro to support adhesion of dorsal root ganglia
through modification with bioactive peptides (Levesque and
Shoichet, 2006). Further modification of dextran polymers
with thiol domains has led to the development of in situ gel-
ling dextran scaffolds (Hiemstra et al., 2007).

An alternative option for the fabrication of covalently
crosslinked hydrogels is the use of chemically crosslinked
recombinant proteins (Straley and Heilshorn, 2009). This ap-
proach combines the benefits of synthetic and natural mate-
rials by allowing for direct control over polymer content
within a biocompatible protein backbone. Initial character-
ization of an elastin-like recombinant protein scaffold has
demonstrated independent tuning of scaffold mechanical
properties, scaffold degradation rate, and cell adhesion of the
model neuronal-like PC-12 cell-line (Straley and Heilshorn,
2009).

Physically crosslinked materials. Besides covalent cross-
links, hydrogel networks can be held together by physical
interactions. Materials linked through physical forces have a
tendency to possess weaker and less tunable mechanical
properties. However, they are typically more suitable for use
as injectable materials, making them an attractive option for
CNS scaffold design. Physically crosslinked materials un-
dergo a solution to gel phase transition due to changes in
environmental conditions such as temperature, pH, or ionic
concentration. If a material is being designed for in situ gela-
tion, these environmental triggers must be compatible with
cells and physiological conditions.

Two examples of physically crosslinked materials not typ-
ically suitable for injection are alginate and agarose. Alginate
is extracted from brown algae as an acidic block copolymer of
1,4-linked f-p-mannuronic acid and 1,4-linked o-L-gluronic
acid. It is crosslinked into a gel using multivalent cations such
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as Cu®", Ca>", AP’*, and ethylene diamine, but this non-
physiological gelation environment generally prevents its use
as an injectable material. Modified bioactive alginate hydro-
gels have demonstrated potential both as cell carriers in
neurotransplantation and as scaffolds for the regeneration of
myelinated and nonmyelinated axons across spinal cord gaps
(Kataoka et al., 2004; Novikova et al., 2006; Tobias et al., 2005).
Agarose is a natural colloid extracted from seaweed and is
composed of an alternating copolymer of linear 1,4-linked 3,6-
anhydro-o-L-galactopyranose and 1,3-linked-f-p-galactopyr-
anose. Agarose hydrogels require large temperature changes
to induce gelation and have mostly been used as preformed
scaffolds (Stokols and Tuszynski, 2006; Stokols et al., 2006).
However, in situ gelation has been accomplished through the
use of a localized cooling system during implantation (Jain
et al., 2006). Modified, bioactive agarose gels have been
shown to support the growth of dorsal root ganglia and to
promote cellular regeneration in rat spinal cords (Balgude
et al., 2001; Jain et al., 2006; Stokols et al., 2006).

Some examples of injectable hydrogel scaffolds include
Matrigel, collagen, and chitosan formulations. Matrigel is a
thermosensitive, injectable material extensively used in vitro
as a control hydrogel material to study the proliferation and
differentiation of many cell types (Novikova et al., 2006; Tsai
et al., 2006; X.M. Xu et al., 1999). It consists of a solubilized
basement membrane preparation extracted from the En-
gelbreth-Holm-Swarm (EHS) mouse sarcoma, a tumor rich in
ECM proteins. Even though Matrigel is easily obtained and
extensively used for in vitro and in vivo studies, its preparation
from mouse tumor cells makes it an unlikely candidate for
transplantation in humans. The relatively unknown compo-
sition of Matrigel makes application of experimental results to
other systems quite difficult, but does promote the strategy of
a heterogeneous hydrogel composition for cell growth and
differentiation.

Collagen hydrogels can be prepared using either covalent
chemical crosslinkers (discussed in the section “Covalently
Crosslinked Materials”) or physical fibrillogenesis. Scaffold-
fabrication procedures employing fibrillogenesis allow col-
lagen to be used as an injectable material and trigger gel
formation by adjusting a cold, acid-solubilized collagen
mixture to physiological pH and temperature (Grillo and
Gross, 1962). Physical collagen hydrogels have been widely
studied and have demonstrated a high level of cell compat-
ibility (Orwin and Hubel, 2000; Wakitani et al., 1998).

Similar to collagen, chitosan-based hydrogels can be pre-
pared using either covalent (discussed in the section “Cova-
lently Crosslinked Materials”) or physical interactions.
Injectable, physically crosslinked chitosan-based scaffolds
that gel in response to thermal shifts have been prepared
using two main approaches. The first approach has in-
volved grafting thermosensitive polymers such as poly
(N-isopropylacrylamide) onto chitosan chains to trigger tem-
perature induced gelation (Bhattarai et al., 2005; Cho et al,,
2004). The other approach uses the addition of glyceropho-
sphate salt to dissolve otherwise insoluble chitosan polymers
at low temperatures in a pH neutral solution that forms a gel
when exposed to higher temperatures (Crompton et al., 2006).

One of the most recent developments in injectable CNS
scaffold design has been synthetic peptide/protein-based
hydrogels, which include self-assembling peptides, peptide
amphiphiles, and physical protein hydrogels. Unlike natu-
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rally derived materials, these engineered peptides can be
easily manufactured in large-scale quantities, produced with
consistent quality control, and sterilized through simple ul-
traviolet radiation or filtration. Self-assembling peptides are
composed of short, repeating units of amino acids that form
nanofibrous scaffolds in response to thermal changes or ele-
vations in salt concentration resulting from the addition of cell
culture media or in vivo injection. These self-assembling
peptide hydrogel scaffolds have a defined composition and
have been used successfully as synthetic cell scaffolds for in
vitro and in vivo culture of neuronal cells; one of them is cur-
rently commercialized as PuraMatrix™ (3DM, Inc., Cam-
bridge, MA) (Semino et al., 2004; S.G. Zhang, 2003).

Peptide amphiphiles are bimodular molecules consisting of
hydrophilic peptide heads and hydrophobic alkyl tails that
self-assemble into weak, nanofibrous hydrogels. Self-assembly
of peptide amphiphiles is induced through changes in pH or
the introduction of ionic gradients; these environmental trig-
gers have been tuned to match a transition into physiological
conditions. While these scaffolds generally are not inherently
cell adhesive, a variety of ECM peptides can be easily incor-
porated into the hydrophilic peptide head to elicit specific cell
interactions (Tysseling-Mattiace et al., 2008). With incorpo-
ration of the IKVAV sequence, self-assembling nanofiber gels
have been recently shown to inhibit glial scar formation,
promote axon elongation, and to result in behavioral im-
provements after spinal cord injury in mice models, as well
as to enhance differentiation of neural progenitor cells (Silva
et al., 2004; Tysseling-Mattiace et al., 2008).

In addition to small peptides and peptide amphiphiles, full
proteins can be designed to heteroassemble into weak hy-
drogels. Using a molecular-recognition strategy, two separate
protein components can bind together through stoichiometric
hydrogen-bonding to form a physical hydrogel. This hetero-
assembly gelation strategy offers a unique advantage because
cells are not exposed to any environmental changes during
encapsulation and can be kept at constant, ideal physiological
conditions (Wong Po Foo and Heilshorn, 2007). These mate-
rials have not yet been tested in vivo for their regenerative
capacity, but initial in vitro cell studies have indicated good
biocompatibility with neural progenitor cells.

Critical design parameters

Mechanical strength and degradability. As previously
mentioned, the choice between covalent and physical cross-
linking can have direct implications on the mechanical
strength of a hydrogel scaffold. Covalent crosslinking tech-
niques often offer more tunability and typically result in more
rigid materials, while physical crosslinking methods usually
result in more compliant materials. The initial mechanical
strength of a hydrogel and the change in mechanical prop-
erties over time due to degradation are thought to be integral
to the success of a regenerative scaffold. It is hypothesized that
matching the mechanical properties of a material to the sur-
rounding native tissue more closely mimics the natural cel-
lular environment and may facilitate cell migration across the
tissue-implant boundary (Woerly et al., 2004; X.J. Yu and
Bellamkonda, 2001). Also, recent experimental evidence has
indicated that the mechanical strength of a material can affect
cell growth and differentiation, with the optimal material
elastic modulus matching that of the native growth environ-

ment (Balgude et al., 2001; Flanagan et al., 2002; Leach et al.,
2007; Saha et al., 2008). There is some disagreement in the
literature on the exact elastic modulus range of CNS tissue,
but the values are typically reported within the range of
~ 3 kPa to 300 kPa for spinal cord tissue (Oakland et al., 2006;
Ozawa et al., 2001) and ~ 500 Pa for brain tissue (Saha et al.,
2008). The soft nature of CNS tissue potentially makes the
highly swollen and weak nature of hydrogels ideal for use
in this environment.

Furthermore, it is conjectured that the mechanical proper-
ties of a material must respond to the formation of new tissue.
It is thought that if a material is too stiff (or densely packed),
cell proliferation and neuronal extension may be inhibited
(Balgude et al., 2001). As a result, much attention has been
focused on the development of biodegradable materials that
aim to prevent a prolonged inflammatory response as well as
limit obstruction, and promote nerve growth by allowing the
material to be replaced by regenerating cells and their matrix.
The two most prominent biodegradation strategies used in
hydrogels are (i) uniform bulk degradation due to hydrolysis
and (ii) proteolytic degradation of natural materials such as
fibrin and chitosan by protease enzymes prevalent in the
ECM or presented by growing cells (Freier et al., 2005b; Pittier
et al.,, 2005). In addition to natural materials, recombinant
proteins and synthetic polymers such as PEG and poly(N-
isopropylacrylamide-co-acrylic acid) have been specifically
designed to degrade in response to ECM proteases (Kim et al.,
2005; Mahoney and Anseth, 2006; Rizzi et al., 2006; Straley
and Heilshorn, 2009; West and Hubbell, 1999). Outgrowth of
neuronal processes has been shown to be enhanced by PEG-
PLA scaffolds that degrade by hydrolysis with faster degra-
dation kinetics and by fibrin matrices degraded by enzymatic
serine proteases (Mahoney and Anseth, 2006; Rizzi et al,,
2006). Much quantitative work still needs to be done in cre-
ating an appropriate balance between the initial material
mechanical properties, the material degradation rate, and the
cellular regeneration rate.

Cell adhesion. In order to effectively promote regenera-
tion, a hydrogel scaffold must first support cell attachment.
Cell adhesivity is perhaps even more important for hydrogel
design than guidance channel design, due to the higher de-
gree of integration between the scaffold matrix and cells. Since
hydrogels ultimately present a three-dimensional surface
for in vivo regeneration, it is important that in vitro material
optimization studies be conducted in a simulated three-
dimensional environment rather than the more traditional
two-dimensional approach. Most natural and synthetic ma-
terials used to fabricate hydrogels are not cell adhesive, so it
has become common to crosslink full-length ECM proteins or
functional peptide sequences to the original hydrogel to in-
crease cell attachment (Cui et al.,, 2006; Tysseling-Mattiace
etal.,, 2008; L.M.Y. Yu et al., 2007). For example, HA scaffolds
were shown to require modification with the RGD peptide in
order to support brain regeneration in rats (Cui et al., 2006).
Also, fibrin gels modified with laminin and N-cadherin pep-
tides have demonstrated an enhancement in neurite extension
of up to ~75% in vitro (Schense et al., 2000). More recent
materials such as dextran, which support poor cell growth
alone, have shown much more promise as tissue engineering
scaffolds once modified with commonly studied peptides
(Levesque and Shoichet, 2006). Important considerations in
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the attachment of ECM domains to scaffolds are the ligand of
choice and the density of the ligand. In the culture of neural
stem cells, a minimum RGD density was found to be neces-
sary to promote growth (Saha et al., 2007). Also, peptide
amphiphiles that amplify IKVAV peptide presentation by a
factor of 10° relative to laminin have shown increased re-
generative capacity when compared to laminin in the mouse
spinal cord (Tysseling-Mattiace et al., 2008). Current studies
are being conducted to optimize peptide concentrations and
to identify new cell-adhesive peptide sequences, especially for
applications involving cell delivery.

Cell encapsulation and transplantation. A major driving
force for the use of hydrogels in CNS regeneration is their
potential as delivery platforms for cells. Due to the inhibi-
tory repair environment found at spinal cord injury sites, the
use of hydrogels in combination with cells may promote
functional recovery. Transplantation of cells with hydrogel
scaffolds requires careful optimization of the hydrogel mi-
croenvironment, including cell receptor and ligand densities,
mechanical properties, and growth-factor incorporation to
stimulate cell differentiation and proliferation. The inherent
sensitivity of cells places limits on material selection, since
some environmental triggers and chemical crosslinkers used
to form hydrogel networks may harm cell viability. The pri-
mary cells of interest for delivery in spinal cord scaffolds
are neural progenitor cells, Schwann cells, and olfactory-
ensheathing glia. Neural progenitor cells have been found in
the adult brain and spinal cord, are self-renewing, and give
rise to progenies that can differentiate into neurons, astro-
cytes, and oligodendrocytes (Lois and Alvarezbuylla, 1993;
Reynolds and Weiss, 1992). Some success has been achieved
using synthetic hydrogels in combination with neural pro-
genitor cells for the formation of neo-tissue (Nomura et al.,
2008b; Teng et al., 2002).

Schwann cells, a type of neuroglia found in the PNS,
have been shown to play a crucial role in the development
and regeneration of peripheral axons. The main function of
Schwann cells is to wrap axons within a myelin-insulating
sheath. However, when a peripheral nerve is damaged, they
assist in removal of debris, produce trophic factors, secrete
ECM components, and remyelinate regenerated axons.
Schwann cells have been shown to migrate into CNS injury
sites, and it is hypothesized that direct transplantation into the
CNS may aid in regeneration. Most in vivo work has used
nerve guidance tubes for the delivery of these cells. Both
semipermeable PAN/PVC channels filled with Schwann cells
suspended in Matrigel and Schwann cells wrapped with PHB
have shown partial regeneration in rat spinal cord injuries but
resulted in limited functional recovery (Fouad et al., 2005;
Novikova et al., 2008).

Olfactory ensheathing glia (OEG) are found within the ol-
factory bulb and provide protection to olfactory axons, al-
lowing them to regenerate in adults and establish contacts
with their targets. OEGs have shown promise in overcoming
the inhibitory spinal cord environment faced by regenerating
axons, primarily through studies involving nerve guidance
channels. Transplantation of OEGs was shown to promote
regeneration of dorsal root axons into the spinal cords of rats
and led to increased axonal growth across transected rat
spinal cords (Bunge, 2002; Fouad et al., 2005). Much work still
needs to be done to provide permissive microenvironments
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for the delivery of neural progenitor cells, Schwann cells, and
OEGs using hydrogels. However, the positive results seen to
date using scaffolds and nerve guidance channels provide
motivation for this work, and the flexible and injectable na-
ture of some hydrogel scaffolds makes them an attractive
delivery platform.

Biomolecule delivery. Along with delivery of exogenous
cells, various biomolecules may also be encapsulated within a
hydrogel to provide a more permissive environment. The use
of hydrogels to deliver biomolecules alone may provide an
environment that more effectively encourages regeneration of
endogenous cells. Two important classes of biomolecules that
have been identified for their promise in promoting nerve
regeneration are neurotrophic factors and antagonists for
neurite growth inhibitors.

Neurotrophic factors play an important role in promoting
neuronal survival and neurite outgrowth, and are therefore
considered promising candidates for stimulating and di-
recting the growth of regenerating nerve fibers. The main
motivation behind using hydrogels to deliver exogenous
neurotrophic factors is that direct-injection methods fail to
localize these molecules at the injury site and the molecules
may quickly degrade after injection (Blesch and Tuszynski,
2007). Hydrogel scaffolds are being designed to deliver neu-
rotrophic factors in a spatially and temporally controlled
fashion. Strategies developed for growth-factor delivery have
included coupling molecules to polymer matrices for cell-
induced release (Taylor et al., 2006), encapsulation of growth-
factor secreting cells (Tobias et al., 2005), gene delivery
(review article: Tuszynski, 1997), and controlled release from
polymeric microparticles (Jain et al., 2006). The in vivo appli-
cation of some of these strategies demonstrated enhanced cell
survival and outgrowth of spinal cord neurons. For example,
the addition of brain-derived neurotrophic factor (BDNF) to
agarose matrices and the encapsulation of BDNF-producing
fibroblasts within alignate matrices have resulted in enhanced
regeneration of neurons and some functional recovery in rat
spinal cord injuries (Jain et al., 2006; Tobias et al., 2005). In
addition to promoting cell growth, the presentation of neu-
rotrophic factors in gradients within scaffolds has been
studied for guidance of regenerating neurons. The idea is to
mimic the neuronal development process during which
growth factors are present in gradients to guide growing ax-
ons to their intended targets. Several in vitro studies have
demonstrated that neuronal cells are guided by immobilized
gradients in scaffolds (Dodla and Bellamkonda, 2008; Moore
et al., 2006; Musoke-Zawedde and Shoichet, 2006). The pres-
ence of laminin and NGF gradients in agarose scaffolds has
also shown better functional recovery of long peripheral nerve
gaps than uniform concentration scaffolds (Dodla and Bel-
lamkonda, 2008).

While the delivery of neurotrophic factors attempts to di-
rectly promote nerve regeneration through stimulation of
neurite elongation, a complementary strategy is the delivery
of factors aimed at limiting the formation of the glial scar and/
or blocking the effects of the glial scar. Glial scar formation is
one of the biggest hurdles in CNS neuro-regeneration. It is
thought that by either inhibiting or removing the factors in-
herent to glial scar formation, nerve regrowth could be facil-
itated. One main reason for poor regeneration in the CNS is
the production of molecules in myelin that suppress neurite
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outgrowth; these molecules include neurite outgrowth in-
hibitor (Nogo), myelin-associated glycoprotein (MAG), and
chondroitin sulfate (Chen et al., 2000a; GrandPre et al., 2000;
Mukhopadhyay et al., 1994; Prinjha et al., 2000). Chrondroitin
sulfate is an astrocyte-secreted proteoglycan that is upregu-
lated after injury and has been extensively shown to suppress
neurite regeneration. Enzymatic treatments have been suc-
cessfully developed to mitigate the effects of this proteoglycan
(Hynds and Snow, 1999; Lin et al., 2008).

Hydrogels have the potential to aid in the delivery of in-
hibitory molecules as with neurotrophic factors; however,
much work still needs to be done. Some preliminary success
has been seen in vitro and in vivo with HA hydrogels com-
bined with a Nogo-66 receptor antagonist (Hou et al., 2006;
Ma et al., 2007). Also, the development of a Nogo-66 antag-
onist peptide NEP1-40 presents an opportunity for hydrogel
delivery through peptide linkage to the polymer backbone
(GrandPre et al., 2002). Ultimately, a highly integrated scaf-
fold that delivers a combination of growth factors, antagonists
for neurite growth inhibitors, or other biomolecules may
prove more successful, since the delivery of single molecules
has yet to demonstrate full functional recovery following
CNS injury.

Scaffold topography and microstructure. Another strat-
egy in neural regeneration is controlling topographic prop-
erties of materials both to guide and enhance neurite
outgrowth. Attempts are being made to more closely mimic
the in vivo ECM environment by spatially patterning bio-
chemical cues and introducing channels or fibers that medi-
ate contact guidance for directed neurite outgrowth. Several
in vitro experiments have demonstrated that patterned sur-
faces of adhesive (full proteins or peptides) and nonadhesive
regions exhibit highly selective neuronal attachment and
outgrowth on the adhesive regions (Z.P. Zhang et al., 2005).
These promising results have inspired the development of
techniques for three-dimensional patterning of biochemical
cues into hydrogel scaffolds (Wosnick and Shoichet, 2008;
Wrylie and Shoichet, 2008). In addition, micropatterned ma-
terials fabricated using soft- and photo-lithography tech-
niques have shown that the presence of microchannels affects
the direction of neurite outgrowth, number of neurites, and
length of neurites, and that neuronal cells may prefer to grow
on ridges of channels rather than in grooves (Johansson et al.,
2006; Mahoney et al., 2005; S. Wang et al., 2009). Knowledge of
the beneficial effects imparted by microchannels on neurite
guidance has inspired the fabrication of hydrogel scaffolds
containing uniaxial pores, but in vivo work still needs to be
done to determine the efficacy of this approach (Flynn et al.,
2003; Stokols and Tuszynski, 2006). While both patterned
channels and biochemical cues have shown promise alone,
many experiments have shown that simultaneous optimiza-
tion of these properties may result in synergistic effects (Go-
mez et al., 2007; Li and Folch, 2005). Similar to microchannels,
individual fibers and aligned fibrous scaffolds have also
demonstrated directional neuronal growth (Sell et al., 2007).
In direct comparisons between aligned and unaligned poly-L-
lactate fibrous scaffolds, both neural progenitor cells and dorsal
root ganglia have been shown to grow parallel to aligned fibers
(Corey et al., 2007; F. Yang et al., 2005). A relatively new ap-
proach involving the integration of fibers within hydrogel
materials to provide a three-dimensional array of fibers for

neuronal guidance within a growth-promoting environment
is beginning to gain appeal (Newman et al., 2006; Novikova
et al., 2008).

Conclusions and Future Perspective

Overall, there has been significant work completed in the
development of guidance channels and hydrogel scaffolds for
nerve-regeneration applications. The results of this work have
seen success in the design of nerve guidance channels for the
treatment of short nerve gaps in the PNS. However, there has
yet to emerge a dominant material or design strategy capable
of promoting functional recovery following traumatic spinal
cord injury. The naturally inhibitory environment found in
CNS injury sites presents a difficult problem for the field of
tissue engineering. It is now believed that a highly integrated
approach that attempts to mimic the permissive ECM envi-
ronment seen during development may have the most po-
tential for success. This approach is thought to likely involve
the design and implantation of a growth-promoting scaffold/
channel that optimizes multiple material properties such as
mechanical strength, cell-adhesivity, biomolecule delivery,
cell transplantation, electrical activity, degradability, and
topography.

Up to this point, most scaffolds and channels have only
addressed one or two key design properties resulting in the
promotion of enhanced neurite elongation in vitro and in vivo
but limited functional recovery in vivo. Recently, more im-
plant designs are beginning to focus on multiple material
design properties with the hope that this will more effectively
achieve functional regeneration (Saha et al., 2007; Straley and
Heilshorn, 2009). However, with the fabrication of such
complex materials, communication between biomaterial de-
signers, neurobiologists, and surgeons is becoming increas-
ingly important. Such communication will help to ensure that
new materials are able to be effectively implanted into the
injury site and that they incorporate the most relevant bio-
logical cues to initiate regeneration. The recent trend in syn-
thesis of injectable hydrogels is a good example of this
communication. Injectable hydrogels provide a much simpler
implantation strategy, which may be necessary for the com-
plex geometries and partial nerve transections often encoun-
tered in spinal cord injuries.

Optimization of such a large number of design parameters
and the large variety of materials currently being studied
makes progress difficult. To expedite this process, recent work
has involved the development of approaches to systemati-
cally compare already developed materials (Sun et al., 2008).
More work similar to this would be highly valuable to the
field of CNS tissue regeneration and would help to accelerate
progress. Before implantation into animal models, most ma-
terials undergo significant in vitro testing to determine bio-
compatibility and regenerative capacity. There has recently
been a push to use three-dimensional cell studies over two-
dimensional experiments, since they more accurately mimic
the in vivo environment. Results emphasizing the importance
of such factors as mechanical strength (Balgude et al., 2001;
Flanagan et al., 2002; Leach et al., 2007; Saha et al., 2008)
support this trend and encourage more widespread applica-
tion of three-dimensional in vitro cell studies to limit time
spent on screening new material designs. In addition, a more
standardized system for in vivo testing of material efficacy
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may help in direct comparison of materials detailed in the
literature. Currently, spinal cord injury animal models in-
volve compression (Gruner, 1992; Rivlin and Tator, 1978),
partial transection (Blesch and Tuszynski, 2003), or complete
transection (Ramon-Cueto and Nietosampedro, 1994) using
animals with a wide variation of species, size, age, sex, and
body weight, making it difficult to compare different repair
strategies and biomaterial designs. Complete transection
models are the most widely used and produce the most re-
producible results but do not effectively mimic human CNS
injury. Use of such models may help initially to test new
materials, but could lead to the design of materials that are
difficult to surgically implant in more realistic injury sites, and
may downplay the effectiveness of some materials due to the
severity of the injury model.

Recent developments in biomaterial design are encourag-
ing, but new materials that provide tunable platforms that
address multiple key scaffold design criteria are currently
needed. Progress toward the design and optimization of such
scaffolds may potentially be hastened through more collabo-
ration, better in vitro three-dimensional models, and more
standardized in vivo animal models.
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