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Tissue engineering frequently involves cells and scaffolds to replace damaged or diseased tissue. It originated, in
part, as a means of effecting the delivery of biomolecules such as insulin or neurotrophic factors, given that cells
are constitutive producers of such therapeutic agents. Thus cell delivery is intrinsic to tissue engineering.
Controlled release of biomolecules is also an important tool for enabling cell delivery since the biomolecules
can enable cell engraftment, modulate inflammatory response or otherwise benefit the behavior of the delivered
cells.Wedescribe advances in cell and biomolecule delivery for tissue regeneration, with emphasis on the central
nervous system (CNS). In the first section, the focus is on encapsulated cell therapy. In the second section, the
focus is on biomolecule delivery in polymeric nano/microspheres and hydrogels for the nerve regeneration
and endogenous cell stimulation. In the third section, the focus is on combination strategies of neural stem/
progenitor cell or mesenchymal stem cell and biomolecule delivery for tissue regeneration and repair. In each
section, the challenges and potential solutions associated with delivery to the CNS are highlighted.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

1.1. Development of cellular encapsulation in tissue engineering

Over 30 years ago, Lim and Sun [1] demonstrated that pancreatic
islets could be microencapsulated in alginate–polylysine, borrowing a
fton),
technology that already had a significant impact in drug delivery [2]. To-
gether with yet earlier hollow fiber membrane-based methods for cell
transplantation [3], the encapsulation of cells delivering therapeutic
agents (such as insulin or neurotrophic factors) became a cornerstone
of tissue engineering and a new strategy for controlled release.

Simple controlled release devices for insulin and other molecules
generated constant or slowly decreasing rates of release [4]. However,
the artificial endocrine pancreas [5] showed that closed loop insulin
delivery produced better glucose control, by using an algorithm to relate
insulin demand to actual glucose levels. This better control had significant
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impact on the complications of diabetes [6] and good diabetes manage-
ment now uses multiple subcutaneous insulin injections, sometimes
with basal insulin release to achieve good control. The artificial pancreas
work also led to the development of wearable or implantable insulin
pumps, operating in an open-loop, patient operatedmode to provide bet-
ter control than could be obtained with even multiple injections. From a
controlled release perspective this created an interest in variable rate
drug delivery systems — that combined materials and the drug but with
some ability to vary release rate, for example using glucose oxidase to
both sense glucose and then alter membrane permeability [7].

Using the pancreatic islet as the source of insulin emerged from the
realization that the islet was a superb glucose sensor, obviating the lim-
itation of open-loop control, and was a source of the protein itself. Early
insulin delivery systems suffered from insulin aggregation and instabil-
ity [8] and this was clearly not an issue if the islet could be harnessed as
a drug delivery system. Lim and Sun used alginate–polylysine and one
of us (MVS) used polyacrylate to microencapsulate islets and other
cells [9,10] while many others have used different materials or have
developed the alginate–polylysine system into a robust platform for
islet encapsulation. A recent review summarizes some of this work [11].

In the context of neural diseases (the focus of this review), one of
us (MVS) microencapsulated dopamine producing PC12 cells in a
hyroxyethylmethacrylate–methylmethacrylate copolymer. In vivo studies
showed good biocompatibility in the striatum in a ratmodel of Parkinson's
Disease (PD) [12], but limited impact on the disease symptoms, presum-
ablybecauseof the challenges of introducing capsules into thebrainby ste-
reotactic placement and delivering enough cells to produce sufficient
dopamine to have a therapeutic effect [13]. On the other hand, in vitro
studies highlighted what was then a new phenomenon — the challenge
of central necrosis when toomany cells were placed in too large a capsule,
as a consequence of their self assembly in a 3-D spheroidal form [14].

A related effort was to use macroencapsulation methods instead of
microencapsulation, particularly for the delivery of neurotrophic factors
to the brain. Hollow fiber membranes sealed at one end and then filled
with pancreatic islets was one approach to the insulin delivery prob-
lem [15]. Aebischer and his team at Brown University and then in
Switzerland, and at Cytotherapeutics, used the same hollow fiber ap-
proach to treat PD and chronic pain using neural tissue and genetically
modified cells. The latter was an early attempt at ex vivo gene therapy
[16]. One of us (MSS) worked at Cytotherapeutics and then continued
at theUniversity of Toronto to combine porous nerve guidance channels
with drug delivery to promote tissue repair and recovery after spinal
cord injury [17] (Fig. 1).
Fig. 1. Chitosan channel implantation after spinal cord transection facilitates tissue bridg-
ing, NSPC survival, and behavioral improvement over time. (A) Photograph of the surgical
implantation of fibrin-filled chitosan channels. (B) Tissue bridges obtained from animals
2 weeks after implantation. (C and D) Longitudinal section of tissue bridge demonstrating
NSPC survival after 6 weeks in an animal receiving dbcAMP pre-treatment (dbcAMP,
4div). Boxed area in (C) is magnified in (D).
Reproduced with permission from Kim et al. [17] PLoS One. Copyright 2011 Kim et al.
The focus on tissue engineering began through these early efforts in
using live cells as drug delivery vehicles. Langer and colleagues used
cells and porous scaffolds to produce liver and cartilage substitutes
[18–21]. The focus was in a sense primarily structural (rather than ther-
apeutic agent delivery), although the functional attributes of both the
liver and cartilage were key outcome measures. Recapitulating struc-
ture and function has been a dominant theme throughout the continued
development of tissue engineering which has expanded to consider the
repair or replacement of nearly every tissue in the body [22], including
as is relevant to this article, the spinal cord and brain.

Regardless of the specific tissue, addressingproblems of cell number,
cell phenotype and cell survival is a convenient means of summarizing
the challenges of developing replacement tissues. One needs, certainly
in large organs, many cells and typically at high density (say 108–
109 cells/mL) and so how to provide the requisite vasculature to pro-
vide the nutritional support and oxygen for large numbers of cells is a
critical issue [23]. Transplanted cells need to behave like native cells
and this often involves controlling the 3-D extracellular cell matrix
and the array of soluble cues [24]. Moreover, the cells must display the
desired function for long periods of time— this leads to problems with
biocompatibility and immune response [25]. These are all tough, high
priority problems [26] and explain, in part, the gap between the promise
of tissue engineering and the more limited clinical impact.

Tissue engineering beganwith a focus on an alternative to therapeu-
tic agent delivery, yet therapeutic delivery itself is non-trivial. Here
we illustrate some of the challenges associated with first drug and
then cell delivery to the central nervous system (brain, spinal cord,
and retina). We could also have discussed the controlled release of
growth factors to promote vascularization or cytokines to limit inflam-
mation, but these topics and the many other uses of controlled release
in tissue engineering and regenerative medicine are outside the scope
of this paper.

Diseases and injuries of the central nervous system (CNS), such as
PD,multiple sclerosis (MS), stroke, traumatic brain injury (TBI) and spi-
nal cord injury (SCI), have varied etiologies and symptoms, but all result
in cell death, tissue degeneration and permanent disability. Current
clinical options for treatment, including small molecule drugs and reha-
bilitation therapy, are limited [27–29] and do not restore lost tissue or
full recovery of function. Biomolecular delivery and cellular delivery
are therefore necessary and promising areas of research.

2. Biomolecule delivery for CNS regeneration

In the field of CNS regeneration, biomolecule delivery has been
extensively explored to stimulate endogenous repair mechanisms, pro-
mote regeneration, and target inhibitory factors. Many biomolecules,
such as growth factors, require sustained tissue concentrations for effi-
cacy (from days to months), are rapidly cleared from tissue, and have
poor penetration across the blood brain barrier (BBB) and blood–spinal
cord barrier (BSCB), often rendering oral and intravenous delivery
methods ineffective. [30]. Consequently, the controlled, local release of
biomolecules is crucial for effective regeneration of the CNS. Six types
of drug delivery strategies will be reviewed here: active biomaterials;
direct and systemic delivery; polymer micro/nanoparticles; implanted
polymer scaffolds; injectable hydrogels; and particle/scaffold compos-
ites. Key literature will be described to examine the progress of biomol-
ecule delivery for CNS regeneration and future directions.

2.1. Active biomaterials

Active biomaterials – i.e., materials that promote cell survival and re-
generation without the delivery of additional factors – have been inves-
tigated in CNS repair and have shown some promise; however, they
may have limited or transient effects that are insufficient to improve
functional outcomes. The combination of active biomaterials with the
controlled release of biomolecules may be a more promising approach.
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Some natural polymers have shown limited beneficial tissue effects
in the injured spinal cordwithout the delivery of exogenous factors. Col-
lagen showedmixed results by promoting the growth of both astroglial
cells and CST axons when injected as a fluid into the transected spinal
cord [31]. A chitosan tube filledwith type 1 collagen showed greater ax-
onal growth in a partially transected SCImodel than anunfilled chitosan
tube [32]. Fibrin that was injected into a hemisection SCI also showed
increased neurite density and reduced astroglial response relative to
injury alone; however, there was no functional recovery [33].

Modified hyaluronan (HA) formulations have also shown efficacy in
the CNS. In amodel of chronic subarachnoid scarring after SCI, a physical
blend of hyaluronan and methylcellulose (HAMC) was injected intra-
thecally 1 d after injury and was shown to reduce the extent of inflam-
mation, decrease cavity volume, improve axonal conduction, and
increase locomotor recovery [34]. The tissue benefits were attributed
to the attenuated inflammatory response associated with HA [35]. A
cross-linked HA covalently modified with laminin [36] or the laminin
peptide sequence isoleucine–lysine–valine–alanine–valine (IKVAV)
[37] implanted into the lesioned rat cortex was able to support the
integration of cells, blood vessels, and axons.

Injectable scaffolds formed of self-assembling peptide nanofibers
improved outcomes following CNS injury. An arginine–alanine–
aspartate–alanine (RADA) scaffold induced tissue and axon growth as
well as some functional repair following injection into the severed
optic nerve tract [38]. An IKVAV-based self-assembling peptide scaffold
was able to inhibit glial scar formation and induce axonal growth and
functional recovery after both compression and severe contusion injury
[39]. Importantly, it was shown that not only were rostral motor and
sensory axons able to respond to the injected IKVAV scaffold [39], but
serotonergic fiber density caudal to the lesion also increased [40]. The
broad regenerative effects of self-assembling peptide nanofibers may
be promising for treatment of many CNS disorders.

2.2. Direct and systemic delivery

Bolus injection into or near the site of injury or disease provides a
localized, transient dose and has been used to gain insight into the
mechanism of action of many biomolecules, such as the neurotrophins
[41]. For example, neurotrophin-3 (NT-3) was first shown to induce
sprouting of the corticospinal tract (CST) axons after injection of
300–500 μg into the transected rat spinal cord [42]. The enzyme
chrondroitinase ABC (chABC) was also first demonstrated to degrade
the inhibitory matrix and promote CST growth and functional recovery
after repeated intrathecal bolus injection [43]. Bolus delivery into tissue
provides important insights, but the biomolecules are rapidly taken up
and/or degraded, resulting in a transient effect.

Intrathecal or intraventricular infusion via an osmoticminipumphas
been widely used to provide sustained delivery of biomolecules and
thus enhanced efficacy, but it is highly invasive and can cause scarring,
compression of the spinal cord [44], and infections in clinical use [45].
In a series of studies examining rodent models of SCI, brain-derived
neurotrophic factor (BDNF), NT-3, and factors targeting the Nogo recep-
tor (NgR) resulted in axonal growth and improved locomotor function
after intrathecal infusion for 14–28 d [46–50]. These, and other similar
studies, rarely investigated the effects of dosage or determined release
kinetics and the total delivered dose of biomolecule ranges from 100
to 5000 μg per animal. The potential ofminipump infusion for combina-
torial drug delivery was recently demonstrated in a SCI model, with the
combined release of chABC and NT-3 [51]. The intracerebral infusion of
glial-derived neurotrophic factor (GDNF, 126 μg over 7 d) increased cell
proliferation and the formation of new neurons in a middle cerebral
artery occlusion (MCAO) model of stroke [52]. Similar results, as well
as functional recovery, were observed in a rat forebrain stroke model
after the sequential intraventricular infusion of epidermal growth factor
(EGF) and erythropoietin (EPO) at concentrations of 10 μg/mL and
1365 IU/mL, respectively [53]. In this study, endogenous neural stem
cells were stimulated to promote brain tissue repair; however, the high-
ly invasive nature of this strategy limits its ultimate translation to the
clinic. Thus, notwithstanding the benefit of sequential delivery for tissue
regeneration, less invasive strategies are required, yet still must circum-
vent or overcome the BBB.

Systemic delivery is advantageous for the clinical translation of strat-
egies for CNS regeneration, yet may result in off-target effects and
require specific strategies to overcome the BBB. Focused ultrasound
opens up the BBB in specific brain areas and has demonstrated benefi-
cial effects, yet is non-specific to what crosses into the brain [54–56].
An alternative strategy is to couple a molecular chaperone to cross the
BBB. For example, the Pardridge lab has examined intravenous delivery
of proteins coupled to antibodies to enable transport across the BBB for
the treatment of stroke. The delivery of BDNF, fibroblast growth factor 2
(FGF2), GDNF, EPO and tumor necrosis factor α (TNF-α) receptor was
able to successfully reduce the stroke infarct volume and improve func-
tional recovery after 24 h [57–62] and 7 d [63]. A similar strategy
showed functional improvements at 14 d after BDNF-fusion protein
delivery in a mouse model of Alzheimer's disease (AD) [64]. However,
the long-term effects of this delivery strategy on tissue regeneration
and behavior have not been examined. The clinical potential of systemic
delivery is illustrated by the delivery of the glucagon-like peptide 1
antagonist exendrin-4. Intraperitoneal (i.p.) injections of exendrin-4 in
a mousemodel of PD resulted in neurogenesis and behavioral improve-
ments [65] and subcutaneous delivery in a randomized controlled trial
in humans also demonstrated modest functional effects [66]. Unfortu-
nately, high doses of biomolecules are often required for systemic deliv-
ery because they are dispersed throughout the body where they can
have off-target effects, (e.g., uncontrolled cell growth, neuropathic
pain) and/or be degraded prior to entering the brain. Furthermore,
many biomolecules are recycled out of the brain rapidly, if they do not
have a specific target therein.

2.3. Micro/nanoparticles

Polymeric micro/nanoparticle formulations have been extensively
developed for the controlled release of both hydrophobic and hydro-
philic biomolecular drugs. Challenges in the development of micro/
nanoparticle formulations for CNS regeneration include the preserva-
tion of biomolecule activity and biomolecule diffusion from the delivery
site to the target site. Most micro/nanoparticles used in the CNS have
been composed of poly(lactic-co-glycolic acid) (PLGA), a biodegradable
polymer approved for clinical use. After CNSdelivery via tissue injection,
PLGA microparticles induce a mild microglial/astroglial response and
the microparticles can remain at the injection site for up to 4 months
[67,68].

PLGA microparticles encapsulating nerve growth factor (NGF) or
GDNF have been extensively studied by Benoit and Mantero-Manei for
the treatment of AD, PD, and retinal degeneration [69–73]. The
neurotrophins were released over 6 weeks in vitro with a high burst
release characteristic of PLGAmicroparticles and resulted in both tissue
regeneration and functional improvements. High concentrations of sur-
factants were required to disperse the microparticles for injection,
which is undesirable as the surfactants can be cytotoxic [69–73]. PLGA
microparticles have also been applied in the treatment of glaucoma,
with the delivery of GDNF alone [74,75] and in combination with
vitamin E [76].

PLGA nano/microparticles have also been studied for CNS regenera-
tion. For example, sonic hedgehog (SHH)was encapsulated in PLGAmi-
croparticles and shown to promote both axon growth and functional
improvement after SCI [77]. In another study, GDNF encapsulated in
PLGA nanoparticles induced the growth of neuronal fibers and promot-
ed functional improvement [78]. Interestingly, 20 nm nanoparticles
were found along the spinal cord both rostral and caudal to the injection
site, while 100 nm nanoparticles remained at the injection site, sug-
gesting that the 20 nm nanoparticles were transported by axons. An
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unusual nanoparticle formulation, consisting of a highly branched
poly(amidoamine) dendrimer grafted to carboxymethyl chitosan, was
used to delivermethylprednisolone to the injured spinal cord [79]. A bi-
phasic release with an initial burst was observed in vitro and locomotor
recovery in a hemisection SCImodel was observed in vivo. The diffusion
distance of nanoparticles injected into the brain was found to increase
after coating with poly(ethylene glycol) (PEG) [80], which is known
to limit protein adsorption and macrophage engulfment. Coating nano-
particles with peptide sequences that enhance their delivery across the
BBB has also been pursued; however, this has not yet been exploited
clinically for CNS regeneration [81].

2.4. Implanted scaffolds

Surgically implanted polymer scaffolds are of interest for CNS regen-
eration due to their ability to physically support the infiltration of host
cells as well as deliver biomolecules locally to the injury site. Release
kinetics can be zero-order [82,83] or higher [84–86] with release
periods from 7 d up to 42 d. However, solid scaffolds requiremore inva-
sive surgeries than injectable systems and are thus inherently limited
to sites that allow implantable materials, such as the transected or
hemisected spinal cord.

A scaffold formed of PLGA microparticles was able to deliver a
DNA plasmid or the growth factors NGF, vascular endothelial growth
factor (VEGF), or FGF2, promoting beneficial endothelial cell infiltra-
tion but not significant neurite outgrowth in a hemisection model of
SCI [82,84]. In a similar injury model, extensive angiogenesis and
axon extension were observed after the implantation of freeze-
dried agarose scaffolds containing BDNF [87]. A surgically implanted
poly(hydroxyethylmethacrylate) (PHEMA) scaffold was also able to
deliver BDNF and induce angiogenesis and axonal sprouting, but axon
outgrowth diminished between 2 and 4 weeks, indicating that the
BDNF was quickly released from the scaffold and thus had a transient
effect [88]. The release of BDNF from a collagen scaffold was extended
to 14 d in vitro by modifying BDNF with a collagen-binding peptide,
and resulted in axonal sprouting and functional recovery in vivo [89].

Implanted polymer scaffolds have also been studied by the Shea lab
for the delivery of DNA and viral vectors to induce regeneration in the
spinal cord. A multichannel PLGA scaffold was able to deliver a lipid–
DNA complex (lipoplex) and induce transfection of primarily Schwann
cells, macrophages and fibroblasts for up to 3 weeks after implantation
in a hemisection SCI model [85,90]. Lentivirus encoding NT-3 or BDNF
was also delivered from a PLGA multichannel bridge and was able to
stimulate axon growth and myelination inside the scaffold [91]. A poly-
mer–DNA complex (polyplex) encapsulated in a multichannel collagen
scaffold resulted in NT-3 expression and increased axon growth into
the scaffold, but did not improve behavioral outcomes in a complete
transection SCI [86].

A cross-linked hyaluronan (HA) scaffold for delivery of a Nogo re-
ceptor antigen was implanted in both an MCAO model of stroke and a
hemisection SCI [83,92,93]. The implanted scaffold was able to deliver
the antibody for up to 4 weeks in the brain and 8 weeks in the spinal
cord. In the stroke injury model, the scaffold promoted tissue repair
and functional improvements [92] while in the SCI model, extensive
cell and axon growth into the scaffoldwas observed [93]. Notwithstand-
ing these exciting results, the highly invasive nature of these strategies
limits their clinical translation.

2.5. Injectable hydrogels

Injectable hydrogels are perhaps the most widely investigated
materials for local drug delivery to the CNS for regeneration. Hydrogels
are advantageous because they have similar mechanical properties to
native CNS tissue and provide aminimally invasive strategy for drug de-
livery. Hyaluronan,which comprises the extracellularmatrix in the CNS,
fibrin, and agarose is often used for local delivery [94]. The challenges of
effective hydrogel delivery strategies includemaintaining growth factor
activity and achieving a dose high enough to induce significant repair
and functional recovery.

Fibrin is a natural hydrogel, commonly studied for the delivery of
growth factors after SCI. Fibrin has been developed for the controlled
release of several growth factors by Sakiyama-Elbert and colleagues
[95–99]. A heparin binding domain was conjugated to the growth
factors to transiently immobilize them within the gel and achieve
near-linear release for up to 14 d in vitro [96]. NT-3 released from
the drug delivery system (DDS) was able to induce axon sprouting
following SC transection, while the fibrin gel reduced the astroglial re-
sponse to injury [96–98]. Similar results were observed in a subacute
hemisectionmodel of injury [99]. However, no significant functional re-
coverywas observed after NT-3 delivery after 12 weeks [98], suggesting
that the dose of NT-3 delivered (approximately 4 ng per animal) was
insufficient for regeneration. A fibrin gel without the heparin binding
domainwasused to deliver chABC [100]. The chABCwas able to degrade
the glycosoaminoglycans in the glial scar; however, no evaluation of
functional recovery was performed. Fibrin was also used to deliver
Cethrin, a Rho inhibitor, to the epidural space, where it promoted tissue
sparing and functional recovery without allodynia in pre-clinical rodent
models of SCI [101]. In a promising SCI phase I/II clinical trial [102], func-
tional improvements were observed mainly in cervical SCI patients
following epidural delivery of Cethrin in fibrin during spinal surgery
[103,104]. However, the dura and subarachnoid space are formidable
barriers, limiting diffusion into spinal cord tissue.

Agarose has also been applied for local delivery to the spinal cord.
For example, an agarose gel incorporating lipidmicrotubules containing
BDNF resulted in an increase in axonal density after hemisection SCI
[105]. Although agarose was able to form a gel upon application, gela-
tion was cumbersome, requiring cooling, and agarose induced an in-
flammatory response. The same drug delivery system (DDS) was able
to release a thermostabilized formulation of chABC and NT-3 to pro-
mote the growth of sensory axons and serotonergic fibers and improve
locomotor function [106]. The sustained release of proteins and small
molecules at μg/mL concentrations from agarose in vitro, but not yet
in vivo, was achieved using a multilayer film of PEG and poly(acrylic
acid) [107,108].

A combination of natural and synthetic polymers has been studied
by the Shoichet, Tator andMorshead labs for theminimally invasive de-
livery of proteins to the injured spinal cord and brain [109–113]. An in-
jectable collagen gel incorporating EGF and FGF2 was delivered
intrathecally to recruit spinal cord ependymal cells after compression
injury [109]. The DDS promoted tissue sparing, indicated by reduced
cavitation and greater white matter density, as well as ependymal cell
proliferation. When FGF2 was delivered from a hyaluronan/methyl cel-
lulose (HAMC) hydrogel following SCI, improved blood flow through
the injured cordwas seen at 7 d bydynamicflow computed tomography
(CT) in addition to greater blood vessel density and reduced vessel per-
meability [110]. HAMC delivered epi-cortically to the stroke-injured
brain provided the sustained release and penetration of PEGylated EGF
(EGF–PEG) through the cortex, inducing stem cell proliferation in the
subventricular zone (SVZ) [111]. EPO was also delivered in HAMC to
both the spinal cord and brain, resulting in neuroprotection and reduced
inflammatory response [112,113]. The challenge for this exciting strate-
gy is to overcome the limited diffusion distance possible in brain tissue
(usually less than 2–3 mm). While convection-enhanced delivery (con-
stant, positive pressure flow at 0.5–3 μL/min) is useful for greater tissue
penetration in the brain, the technique is highly invasive and can cause
tissue damage [114,115].

Synthetic, cross-linked PEG has been studied to deliver neurotrophins
to the injured CNS [116,117]. Ciliary neurotrophic factor (CNTF), released
from an acrylated poly(lactide)-poly(ethylene glycol) (PLA-PEG-PLA) tri-
block copolymer, stimulated neurite outgrowth in the explanted retina
[116]. NT-3 was released over 2 weeks in vitro from the acrylated PLA-
PEG-PLA hydrogel, and the DDS was injected into a hemisection model
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of SCI and photopolymerized in situ [117]. NT-3 release from the DDSwas
detectable at 14 d and increased axon density in the CST and the
rubrospinal tract (RST) at 42 d. Furthermore, NT-3-treated animals
showed improved locomotor function in comparison with those treated
with hydrogel alone [117].

A poly(N-isopropylacrylamide)-g-polyethylene glycol (PNiPAAm-
PEG) hydrogel was tested for its ability to delivery BDNF to the injured
spinal cord, exploiting the lower critical solution temperature (LCST)
of PNiPAAm-PEG for in situ gelation and entrapment of BDNF [118]
(Fig. 2). Following a cervical dorsal funiculus lesion that destroyed
skilled reaching ability, thedelivery of BDNF promoted RST axon growth
into and near the lesion site at 8 weeks. Improvements in behaviorwere
not consistent across all outcome measures and the study period, but
BDNF delivery promotedmodest recovery of both fine and spontaneous
motor functions [118].

Recently, several novel hydrogels have been investigated for drug
delivery in the CNS. A diblock copolypeptide was used to deliver bioac-
tive NGF for 4 weeks to the uninjured mouse brain [119]. A tunable,
sustained release strategy was recently developed, in which the protein
of interest is expressed as a fusion with a Src homology domain 3 (SH3)
and the hydrogel is modifiedwith a corresponding SH3 binding peptide
[120,121]. By controlling both the amount and affinity of the
immobilized SH3 binding peptide coupled to the hydrogel, the release
profile of the SH3 fusion protein can be moderated. Controlled release
of bioactive FGF2 [120] and chABC [121] was demonstrated with this
strategy in vitro, which obviates the use of PLGA particles and the
protein degradation often associated with their formulation.

2.6. Particle/scaffold composites

Composite DD devices, which incorporate micro/nanoparticles into
a polymer scaffold or hydrogel, allow for the release of multiple factors
with differing release profiles [116]. The dispersion of micro/nanoparti-
cles within a scaffold can also provide better localization and slower
clearance in vivo. However, challenges in the development of a compos-
ite DDS for CNS regeneration include the maintenance of biomolecule
activity and the delivery of an effective dose.
Fig. 2. PNiPAAm-PEG hydrogel-only controls and hydrogel + BDNF animals show a simi-
lar presence of glial scar formation; hydrogel+ BDNF is permissive to host axonal growth.
GFAP (green) stain astrocytes around the graft site, andRT-97 label host axons. DAPI label-
ing (blue) was used to identify cell nuclei. (A and C) GFAP staining for hydrogel-only con-
trols and hydrogel + BDNF, respectively. (B and D) Images obtained at a higher
magnification, showing RT-97 labeling for hydrogel-only controls and hydrogel + BDNF,
respectively. Asterisks indicate the specific area of the lesion that was taken at a higher
magnification in B and D. Scale bar = 100 mm.
Reproduced with permission from Grous et al. [118], J Neurosurgery: Spine. Copyright
2013 AANS.
A composite DDS consisting of PLGA microparticles dispersed in a
photopolymerized PLA-PEG-PLA hydrogel was tested in vitro for the si-
multaneous delivery of CNTF andNT-3,where the CNTF rapidly released
from the hydrogel and the NT-3 released from the microparticles over
60 d [116]. A similar system was used in a proof-of-concept study for
the delivery of BDNF and GDNF to the brain [122]. Intended for the
treatment of PD, the PLA-PEG-PLA hydrogel was formulated with
GDNFmicroparticles at one end of the implant, to promote the survival
of transplanted neural stem cells, and BDNF microparticles at the other,
to stimulate neurite outgrowth. In healthy rats, BDNF was detected for
up to 56 d whereas GDNF was completely released within 28 d [122].
This microparticle/hydrogel system is promising for the delivery of
neurotrophic factors, but has not yet shown efficacy in a model of CNS
injury or disease.

Composite DDS combining natural polymers with PLGA micro/
nanoparticles have also been investigated for SCI [123,124]. In a
hemisection SCI model, methylprednisolone (MP) was encapsulated in
PLGAnanoparticles anddelivered in an agarose gel. The delivery ofMP re-
sulted in reduced apoptosis, lesion volume and astroglial response, while
improving locomotor function. However, the side effects commonly asso-
ciatedwith systemicMP deliverywere not investigated [123]. An alginate
hydrogel/PLGAmicroparticle DDS was also investigated in a hemisection
SCI model for the delivery of GDNF [124]. The composite DDS resulted in
greater neurite density at 3 months in comparison with delivery from al-
ginate alone, which was most effective at 6 weeks. Functional recovery
was only observed for the alginate hydrogel with GDNF, suggesting that
early release of GDNF is critical to promote repair [124].

The delivery of both hydrophobic and hydrophilic drugs to the CNS
via a composite HAMC/PLGA micro/nanoparticle DDS has been investi-
gated by the Shoichet lab [125–129]. The delivery of FGF2 to the spinal
cord was found to improve blood vessel density without the develop-
ment of proliferative lesions observed with intrathecal infusion [125].
Cyclosporin Awas delivered epi-cortically in a strokemodel and detect-
ed in the brain for up to 24 d, providing an alternative to high dose sys-
temic delivery or intraventricular infusion [126]. Sequential controlled
release of EGF–PEG and EPO from a composite DDS to the stroke-
injuredmouse brain resulted in tissue repair without the tissue damage
associated with catheter/minipump infusion [127] (Fig. 3). Specifically,
the sequential delivery of EGF–PEG and EPO resulted in increased num-
bers of neural precursor cells in the subventricular zone (SVZ), a re-
duced inflammatory response, a smaller cavity volume, and greater
survival of neurons in the cortex. Sequential delivery was achieved by
encapsulating EGF–PEG in PLGA nanoparticles for release from days
1–14 and EPO first in PLGA nanoparticles that were then coated in
surface-eroding poly(sebacic acid), yielding biphasic composite micro-
particles for release from days 7–21 [127]. In vitro release of bioactive
NT-3 [128] and anti-NogoA [129] was also demonstrated with a com-
posite comprised of PLGA nano/microparticles in HAMC.

3. Combination strategies: cell and biomolecule co-delivery

Combination strategies that include the controlled and sustained
delivery of both biomolecular therapeutics and cells capable of
regenerating damaged tissue are promisingwith regard to the enhance-
ment of tissue regeneration in the injured CNS. In the context of injury
to the brain and spinal cord, functional capacity is lost due to the
death of neurons (e.g., Parkinson's and Alzheimer's Diseases, SCI) and
oligodendrocytes (e.g., multiple sclerosis, demyelination in SCI). Neural
stem/progenitor cells (NSPCs) have the capacity to differentiate into
neurons, astrocytes and oligodendrocytes upon exposure to physical
[130] and chemical cues [131]. Thus, the delivery of NSPCs offers a po-
tential strategy to replace these lost cells. However, significant hurdles
that face the field of stem cell delivery are low cell viability, host tissue
integration and uncontrolled differentiation upon transplantation. The
latter issue is of significance because it is essential that stem cells differ-
entiate into the desired cell type, and do not become tumorigenic.

image of Fig.�2


Fig. 3. Sequential delivery of EGF–PEG and EPO from a nanoparticle/hydrogel composite
attenuates the injury response and cell death, and increases NeuN + mature neurons in
the penumbra 18 d after stroke. At 18 days post stroke, (a–c) the level of TUNEL + cells
decreases significantly in the injured cortex following growth factor treatment compared
to stroke + vehicle controls. (e–g) Stroke + G/F composite animals have significantly
more NeuN+ cells in the peri-infarct region compared to vehicle controls, yet still signif-
icantly less than uninjured tissue controls. Scale bar = 100 μm.
Reproduced with permission from Wang et al. [127], Biomaterials. Copyright 2013
Elsevier.

Fig. 4. Effect of delivering neural stem cells (NSCs) in a biomolecule-containing biopoly-
mer (RADA16-IKVAV) into the injured brain. Gross morphological examinations of the
brain wound defect (G–I), histology (H/E staining) of brain neural tissue in coronary sec-
tions (g–i), and immunohistochemistry of coronal sections (g′–i′), 6 weeks after surgery.
The white dashed lines outline the wound margin to distinguish the area of original host
tissue and neoregenerated neural tissue. Neurons were labeled with Nissl stain (red)
and the nuclei were counterstained with DAPI (blue). The arrows indicate the presence
of the hydrogel vehicle remaining in the injured cavities. Wound healing is enhanced in
the group treated with NSCs in RADA16-IKVAV (G, g, g′) compared to the groups treated
with RADA16-IKVAV alone (H,h,h′), or saline (I, i, i′). Scale bar = 200 μm.
Reproduced with permission from Cheng et al. [133], Biomaterials. Copyright 2013
Elsevier.
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Efforts to overcome these limitations in cell delivery have included
co-delivery with therapeutic molecules such as growth factors.
The therapeutic molecule can be beneficial to the cells that are being
delivered (e.g. to improve cell viability or direct cell differentiation), as
well as to the target tissues themselves (e.g. enhance host tissue regen-
eration, glial scar degradation). Moreover, exogenous cells that are
transplanted into the injury site can integrate into the host tissue to
provide cellular functions, or they may secrete paracrine factors that
promote the regeneration of the host tissue. The ability to control and
sustain the delivery of both cells and therapeutic molecules is vital to
ensure that they reside in the target tissue for a sufficient period of
time to interact with each other and also with the injured tissue. As de-
scribed in the previous section, biomaterials can be used to effectively
control the release of therapeutic molecules; importantly, they can
also provide both physical support and chemical cues for transplanted
cells. The following section describes efforts to use biomaterials to
control the delivery of both therapeutic molecules and cells to promote
tissue regeneration in the injured CNS.

Strategies for using biomaterials to co-deliver cells and growth fac-
tors into the CNS include directly immobilizing growth factors to the
biomaterials, or encapsulating themwithin particles. Direct immobiliza-
tion of GDNF to fibrous poly(ε-caprolactone) (PCL) has been reported to
increase the survival and neuronal differentiation of NSPCs upon trans-
plantation into the rat brain compared to cells delivered in the absence
of the PCL vehicle. Interestingly, the presence of immobilized GDNF to
the PCL vehicle increased neurite outgrowth compared to PCL alone
[132]. Increased neuronal differentiation of NSPCs delivered into the
brain has also been reported for co-delivery with self-assembling pep-
tide (SAP) polymers immobilized with the bioactive laminin-derived
peptide sequence IKVAV [133] (Fig. 4). Differentiation of NSPCs into
oligodendrocytes has also been achieved by culturing NSPCs in a
hyaluronan/methyl cellulose (HAMC) biopolymer composite that
was immobilized with recombinant platelet derived growth factor-
A (rPDGF-A); delivery of NSPCs in rPDGF-A-modified HAMC into a
rat spinal cord (clip compression) injury model demonstrated im-
proved behavioral function and improved tissue repair relative
cells delivered in media alone [134].

Another strategy for the sustained release of growth factors is to take
advantage of the binding affinity between the polymer and growth fac-
tor to be delivered. Johnson et al. used fibrin-based hydrogels covalently
modified with heparin-binding peptides to bind heparin and subse-
quently the heparin-binding growth factors PDGF-AA and NT-3. Upon
deliverywith embryonic stemcell-derived neural progenitor cells, func-
tional recovery and tissue repair were observed; however, tumor for-
mation was also observed, underlying the importance of controlling
cell phenotype in vivo. [135].

Encapsulation of growth factors into stable microparticles offers
another method for sustained release. Moreover, microparticles can be
coated with extracellular matrix proteins such as fibronectin or laminin
to promote cell adsorption onto the particles. By coating VEGF-
encapsulated PLGA particles with fibronectin, Bible et al. demonstrated
improved adhesion of humanNSPCs to these particles, whichwere then
transplanted into the stroke-injured brain. This strategy enabled dual
functionality in that the VEGF was able to promote vascularization
into the graft site by recruiting host endothelial cells that were able to
interact with the transplanted NSPCs to form ‘primary neurovascular
networks’ [136]. Similarly, NT-3-encapsulated PLGAmicrospheres coat-
ed with laminin and poly-D-lysine were used to deliver mesenchymal
stromal cells (MSCs) into hemi-Parkinsonian rats; after 8 weeks post-
transplantation, MSCs delivered in PLGA particles in the absence or in
the presence of NT-3 increasedMSC survival two- or three-fold, respec-
tively, relative to the cells delivered in the absence of PLGA particles
[137]. Importantly, rats treated with NT-3-PLGA particles and MSCs
showed significant behavioral improvements compared to treatment
groups with MSCs + PLGA alone and MSCs alone. Matsuse et al. have
also demonstrated that using collagen sponges containing bFGF-
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releasing gelatin microspheres to deliver bone marrow-derived MSCs
into the stroke-injured rat brain decreased infarct volume and improved
behavioral activity relative to various vehicle controls [138].

The combination of delivering cells and therapeutic molecules into
the injured CNS offers a multi-functional approach to repairing the
injured CNS tissue. However, the complex interactions between the
drugs, transplanted cells and host tissue must be clearly defined and
understood to enable the clinical translation of this strategy.

4. Conclusion

Cell and/or biomolecule delivery offers promise for the treatment of
CNS injury and disease, yet key challenges in delivery remain. In the
CNS, the blood–brain barrier serves as a formidable barrier, limiting dif-
fusion of manymolecules into the brain and thus requiring local release
strategies. These in turn are often highly invasive, resulting in tissue
damage to the very tissue that one is trying to repair. This is particularly
true for implanted polymer scaffolds in, for example, hemi-sected
models of spinal cord injury. While an excellent model to study repair,
patients do not present with a hemi-sected cord, making these struc-
tures less viable for translation to the clinic. Less invasive strategies,
such as those that use injectable biomaterials, provide great promise,
yet care must be taken that, after injection, the biomaterial does not
swell, which itself could compress neural tissue and cause further tissue
and functional loss. Even with local delivery, however, the challenge of
penetrating deep within the brain is significant. While studies in small
animal models have demonstrated success in, for example, stimulating
the endogenous stem cells in the brain, scaling this to the human
brain is non-trivial, requiring additional strategies for enhanced tissue
penetration— some of which have yet to be invented. Taking advantage
of the leaky vasculature, for example in applications of brain cancer,
may be a useful strategy to achieve deep brain penetration as the
brain is highly vascularized. Thus, in some cases the vascular system
may be used to achieve local delivery; however, systemic toxicity and/
or off-target effects would remain as undesired side effects.

Cell transplantation offers great promise in the CNS especially in
light of the advent of human induced pluripotent stem cells, where
the patients own cells can be re-programmed prior to transplantation.
This overcomes many of the hurdles of immune rejection, yet cell sur-
vival and integration remain as two key challenges. Innovative delivery
strategies could be the key to achieving greater success in cell delivery.
One advantage of the CNS is that defined cell populations are missing/
degenerating in defined regions of the CNS in some of the diseases,
such as Parkinson's Disease (i.e. the dopaminergic cells), retinitis
pigmentosa (i.e., photoreceptors) or age-related macular degeneration
(i.e., retinal pigmented epithelium, RPE, cells). With a defined tissue in
which to transplant, one can envision transplanting cells exactly
where they are missing, yet key to survival is their integration with
the neural circuitry of the CNS. Biomaterials that promote greater cell
survival serve as excellent carriers for use in cell transplantation. The
concomitant strategy to overcome barriers to cell integration further
enhances the likelihood for greater cell survival. The co-delivery of
these factors that provide a suitable microenvironment for cell survival
and integration after transplantation is an area of active research.

Overall, in this review, we have highlighted several methods of de-
livery that have demonstrated efficacy in pre-clinical models, providing
controlled biomolecule release, tissue repair, and functional benefit.
Nevertheless, eachmethod has associated challenges thatmust be over-
come for clinical translation. The highly invasive nature of direct deliv-
ery and implanted polymer scaffolds has raised concerns in clinical
trials (for direct delivery) and limits their use to some types of CNS
injuries (i.e., for implanted polymer scaffolds). The biomolecule dose
currently achievable for polymer micro/nanoparticles, implanted scaf-
folds, injectable hydrogels, and particle/scaffold composites may prove
to be too low for clinical application. Implanted scaffolds and injectable,
hydrogels also often have short release periods that may not be suitable
for many biomolecules. Active biomaterials may be able to be quickly
translated to the clinic, but have shown limited efficacy thus far. The
co-delivery of cells and biomolecules has demonstrated improved cell
survival, cell function, and tissue regeneration in comparison with cell
delivery alone. Yet, key mechanisms underlying the success of co-
delivery remain to be elucidated, and the challenges of large-scale cell
production and the long-term control of immunogenicity and cell fate
must be addressed for clinical use.
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