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Abstract

Spinal cord injury (SCI) is a devastating and complicated condition with no cure available. The
initial mechanical trauma is followed by a secondary injury characterized by inflammatory cell
infiltration and inhibitory glial scar formation. Due to the limitations posed by the blood-spinal
cord barrier, systemic delivery of therapeutics is challenging. Recent development of various
nanoscale strategies provides exciting and promising new means of treating SCI by crossing the
blood-spinal cord barrier and delivering therapeutics. As such, we discuss different nanomaterial
fabrication methods and provide an overview of recent studies where nanomaterials were
developed to modulate inflammatory signals, target inhibitory factors in the lesion, and promote
axonal regeneration after SCI. We also review emerging areas of research such as optogenetics,
immunotherapy and CRISPR-mediated genome editing where nanomaterials can provide
synergistic effects in developing novel SCI therapy regimens, as well as current efforts and barriers
to clinical translation of nanomaterials.
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1. Introduction

This review article provides a summary of nanomaterial fabrication and therapeutic effects
achieved by the nanoscale systems in pre-clinical studies of spinal cord injury (SCI).
Specifically, we discuss strategies to 1) attenuate inflammatory response, 2) target inhibitory
components, and 3) enhance axonal regeneration. In addition, efforts and barriers to clinical
translation of nanomaterials for SCI repair are discussed. The majority of the nanomaterial
studies covered in this review is published in the past 10 years. For the purpose of this
review, we employ the United Kingdom House of Lords Science and Technology Committee
definition of nanoscale, i.e., up to 1000 nm, or less than 1 um (*sub-micron™), in size [1] in
discussing various nanotechnology strategies developed to enhance SCI repair. Note that this
review does not cover nanomaterials developed for delivery of mammalian cells, as these
cells are micronsized [2] and therefore do not fit within our definition of nanoscale
therapies. Readers are directed to other excellent reviews specifically for recent advances in
cell transplantation therapies developed for SCI repair [3-7].

1.1. Spinal cord injury: introduction and current management

Spinal cord injury (SCI) is a debilitating condition as patients often suffer from neurological
impairments and a reduction in quality of life such as partial or complete paralysis,
respiratory distress, and bladder dysfunction [8]. Currently, there are over 280,000 patients
with SCI and approximately 17,000 new cases every year in the United States alone [9]. The
economic impact of SCI on patients is huge as the estimated lifetime cost of treatment per
patient is well over one million dollars and may become over four million dollars depending
on the age of the patient and the severity of the injury [10].

Despite advances in medicine, most treatments for SCI are palliative with minimal
functional recovery. After diagnosis and initial stabilization, the patient is given a large
systemic dose of 30 mg/kg bolus injection followed by a 5.4 mg/kg-h infusion over 24 hours
of methylprednisolone (MP), a synthetic corticosteroid [11,12]. Studies have demonstrated
that early administration of MP within the first 8 hours following SCI helps in reducing
acute inflammatory responses [13,14]. Improvement in neurologic recovery in patients with
MP administration was also shown in the report from the National Acute Spinal Cord Injury
Study 1. However, current method of MP administration is largely inefficient as the high
dose is associated with severe side effects such as pneumonia, infections, corticosteroid
myopathy and gastric bleeding [15,16].

1.2. Pathophysiology: primary and secondary injuries

The pathological progression of SCI can be categorized into primary and secondary injuries
[17-19]. The primary injury is the result of the initial trauma caused by a physical force,
which may take the form of compression, contusion, laceration, or stretch [20]. This initial
trauma causes damage to the small vessels carrying blood to the tissue, thus creating a
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hypoxic environment and oxidative stress [21]. The mechanical insult also causes axonal
membrane disruption and subsequent release of inhibitory breakdown products of the myelin
sheath: Nogo-A, myelin-associated glycoprotein (MAG), and oligodendrocyte myelin
glycoprotein (OMgp) [22]. Finally, inflammatory cells such as neutrophils and pro-
inflammatory M1 macrophages migrate to the injury site because of increased permeability
of the blood-spinal cord barrier [23-26]. These cells release pro-inflammatory cytokines
such as interleukin (IL)-1 alpha, IL-1 beta, IL-6, CD95 ligand and tumor necrosis factor
(TNF)-alpha and lead to death of many resident neuronal and glial cell populations in the
spinal cord [17,24,25,27].

This cascade of biochemical events causes the spread of the injury into adjacent tissue,
resulting in the secondary injury [28]. Secondary injury begins a few hours after the initial
injury and could last for a few weeks. Distortion in the local microenvironment following
SCI causes glial cells, such as astrocytes and microglia, to undergo dramatic genetic and
morphological changes, transforming into reactive phenotypes [29]. These cells deposit
excessive amounts of neuro-inhibitory chondroitin sulfate proteoglycans (CSPGs) in the
extracellular matrix (ECM) [30,31]. This connective tissue around the lesion boundary is
known as a glial scar, and it acts to physically block axon regeneration near the lesion site
[32]. Studies have shown that bacterial enzyme chondroitinase ABC (ChABC) effectively
removes glial scar and promotes axonal regeneration as well as functional recovery after SCI
in animal models [33-36]; however, intrathecal ChABC injection without a proper delivery
vehicle poses significant limitations in clinical translation because of thermal instability of
ChABC at body temperature [37]. Additionally, reactive astrocytes also have been shown to
contribute to prolonged disruption of the blood-spinal cord barrier at the lesion periphery,
whereas the blood-spinal cord barrier is restored at the epicenter 2-3 weeks after injury [38].
Overall, the presence of CSPG-rich glial scar and the heterogeneity of blood-spinal cord
barrier stability pose challenges in successful delivery of therapeutics to the lesion and
improvements in patient outcome.

1.3. Benefits of nanotherapeutic strategies for SCI repair

As alluded to earlier, systemic administration of therapeutics, such as MP and ChABC, in
both pre-clinical and clinical studies of SCI raises several complications such as high drug
dose required to achieve therapeutic effects, high cost of treatment, waste of drugs, and
systemic cytotoxicity and side effects [21,39,40]. To overcome these limitations and deliver
therapeutics more efficiently, researchers have developed various nanocarriers that allow
localized, slow, and sustained delivery of therapeutics at the site of injury [41,42]. These
therapeutic nanocarriers can be encapsulated in injectable scaffolds to be directly delivered
to the lesion site, or be specifically designed to extravasate the blood-spinal cord barrier and
localize into the injured spinal cord tissues [43,44].

Numerous studies suggest that drugs delivered via nanocarriers could achieve similar
therapeutic effects at a lower or the same dose in pre-clinical models, both at the cellular and
behavioral levels [45]. In some cases, studies have shown improved patient outcomes in
nanocarrier-assisted drug delivery approaches compared to the conventional systemic drug
administration. In addition to drug delivery, providing sub-cellular nanotopography is also
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crucial in nerve repair strategies [46]. Yet, there currently exist no clinical trials designed to
assess the effects of nanomaterials specifically for SCI repair [47]. Interestingly, no clinical
trials exist for microcarriers in SCI applications either. The only microscale materials listed
on ClinicalTrials.gov are micro-electrode array implants to control a prosthesis, mainly for
peripheral neural injury treatment [48].

2. Nanomaterials Fabrication

To encourage wide utilization of nanomaterials for SCI repair, we briefly review the
synthesis and SCI applications of the following nanomaterials: nanoparticles, nanofibers,
carbon nanotubes, and quantum dots (Figure 1). Nanomaterials type, base material, shape,
dimensions, and method of synthesis are also summarized in Table 1.

2.1. Nanoparticles

Nanoparticles are increasingly being studied in experimental models for SCI treatment. The
composition of these nanoparticles is extremely diverse including polymers, metals, metal
oxides, silica, and biological molecules [49-51]. Because of their biocompatibility,
polymeric nanoparticles are among the most extensively used for drug delivery to the spinal
cord [52]. Most nanoparticles are synthesized by single oil in water or double water in oil in
water emulsion techniques [53]. For drug encapsulations, drugs are first dissolved in water
and later added to the polymer solution in an organic solvent [53,54]. Other methods include
1) nanoprecipitation, where the base material and the drug are dissolved in an organic
solvent, added to water dropwise, solvent evaporated and NP collected by centrifugation
[54] and spraydrying technique, where a liquid feedstock, suspension or emulsion of the
compound is atomized into a spray of fine droplets and then dried by a hot air-stream to
evaporate moisture [55]. As the moisture evaporates, the NPs are formed and are readily
recovered from the drying gas. Readers are directed to other excellent articles for synthesis
of poly(lactic-co-glycolic acid) (PLGA, Figure 1A) [53-56], chitosan [57-59], and silica
[60-65] nanoparticles that have been utilized within pre-clinical SCI models.

As the field is progressing, more nanoparticles are being fabricated [66], which will provide
insights into benefits and functions of nanoparticles for various SCI treatment applications.
Careful selection of a particular nanoparticle type should be made based on the specific
requirements of the study. This is especially true in the spinal cord due to potential problems
associated with the nanoparticle crossing the blood-spinal cord barrier and the structural
complexity of the central nervous system.

2.2. Electrospun nanofibers

In contrast to drugs, topographical cues in the implanted scaffolds at the lesion site can serve
as physical guides for the extension of new axons [67-69]. Electrospinning of nanofibers is
advantageous for tissue engineering as this method can produce three-dimensional, highly
porous scaffolds with a large surface area, which favors cell adhesion [70]. Most groups that
utilize electrospinning use very similar systems. Typically, a high-voltage power supply is
applied to a polymer solution loaded within a syringe and once electrostatic forces from the
field are strong enough to overcome the surface tension of the polymer, a jet forms and
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polymer is pulled towards a grounded collector. As the polymer travels to the collector, dry
fibers are formed upon evaporation of the solvent. Fibers can be collected on flat surfaces for
random orientation or on rotating mandrels for aligned fiber morphology (Figure 1B). This
method is relatively simple, inexpensive and offers high tunability. Parameters of the
electrospinning system and polymer solution such as viscosity, flow rate, electric field
strength, rotation speed, and temperature may be tuned to control fiber size, density, and
morphology [71].

Aligned electrospun scaffolds can partially mimic the neural ECM environment as the
nanofibers can form sub-micron topography, which could influence axonal growth and
orientation [71-73]. Numerous electrospun scaffolds have been generated with natural
biomaterials for neural regeneration. Aligned silk electrospun nanofibers can be prepared by
collecting fibers of silk and polyethylene oxide onto a spinning aluminum wheel with
interspaced glass squares glued to the outside circumference of the wheel [74]. Electrospun
collagen scaffolds can be generated for use in SCI by collecting nanofibers on rotating
aluminum foils [75].

2.3. Self-assembled nanofibers

Nanofibrous hydrogels may also be formed by spontaneous self-assembling peptides. These
materials are composed of natural amino acid sequences and as such, they are
nonimmunogenic, nontoxic, and biodegradable [76]. Self-assembling peptides are also
advantageous as they can undergo gelation in physiological conditions and have a
morphology that mimics in vivo ECM. Many common self-assembling peptides form
nanofibrous structures by means of their ionic complementarity. Some peptides may have
alternating positively and negatively charged amino acids on the hydrophilic domains of
their surfaces [77]. Plus, in aqueous solution, these peptides may quickly assemble into B-
sheets that form nanofibers ranging from 5 to 200 nm [78]. Another mechanism by which
peptides form nanofibers is through an amphiphilic assembly. These self-assembling
peptides, known as peptide amphiphiles, are composed of hydrophobic domains conjugated
to peptide sequences that promote pB-sheet formation, and an end domain oligopeptide
sequence that often introduces bioactivity [78]. A common end sequence in peptide
amphiphiles is the laminin-derived peptide sequence isoleucine-lysine-valine-alanine-valine
(IKVAV), which can form fibers approximately 6-8 nm in diameter. This peptide amphiphile
has also been studied for use in SCI [79].

One of the most widely studied self-assembling peptides with ionic complementarity is
RADA16-1, which can form networks with fibers of approximately 10 nm in diameter.
RADA16-1 has been investigated in several studies as a treatment for SCI [80-83], Although
these peptides have many advantages as biologic scaffolds for regeneration, many are inert
and do not exhibit much bioactivity. As such, RADA16-I self-assembling peptides have been
modified by linking short bioactive sequences to the peptide backbone. RADAL6-I scaffolds
have been modified for use in the spinal cord by linking biological motifs, such as IKVAV
(Figure 1C), arginine-glycine-aspartic acid (RGD), and bone marrow homing peptide 1
[82,84-87].
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2.4. Carbon nanotubes

Carbon nanotubes are carbon allotropes made of one or more single-atom sheets of graphene
rolled into hollow cylinders [88]. Single-walled carbon nanotubes have diameters ranging
from 0.4 to 2 nm, however, multi-walled carbon nanotubes can exhibit diameters as large as
100 nm (Figure 1D) [89]. Carbon nanotubes can be synthesized through various means such
as chemical vapor deposition and high-pressure carbon monoxide [90]. Chemical vapor
deposition is a common method that is used for large scale production of carbon nanotubes.
With this method, a flowing hydrocarbon gas decomposes at high temperatures on either a
silica catalyst or zeolite support. To control carbon nanotube properties such as the number
of walls, diameter, and length, characteristics of the catalyst can be altered. Although this
technique is cost-effective, carbon nanotubes produced by chemical vapor deposition often
have a high density of defects. High-pressure carbon monoxide can produce high quality
carbon nanotubes also on a large scale. With high-pressure carbon monoxide, carbon
nanotubes form from the carbon of CO gas flowing through high-pressure, high-temperature
reactors [91]. Metal catalyst clusters, such as iron, act as nucleating sites for carbon
nanotubes to grow.

Carbon nanotube nanostructures have demonstrated promise in neural regeneration
applications because of their size, which closely mimics that of ECM proteins, and high
surface area [92,93]. For synthesis of carbon nanotube islands, Nick et al. heated silicon
substrates in a chemical vapor deposition reactor while introducing hydrogen, argon,
ethylene, and water vapor [94]. Carbon nanotubes may also be modified on their surfaces, as
in a study where single-walled carbon nanotubes produced with high-pressure carbon
monoxide conversion were functionalized with carboxyl groups through acid treatment [95].

In another study, polyethyleneimine, a permissive substrate for neurite outgrowth [96], was
grafted to single-walled carbon nanotubes for in vitro experiments [97]. Here, carboxylic
acid functionalized single-walled carbon nanotubes were sequentially reacted with oxalyl
chloride and polyethyleneimine to form single-walled carbon nanotube-polyethyleneimine.
The same researchers later functionalized carboxylated single-walled carbon nanotubes with
polyethylene glycol (PEG) to produce net-uncharged carbon nanotubes [98]. In a separate
study, multi-walled carbon nanotubes were functionalized with a 1,3-dipolar cycloaddition
[99]. A thermally sensitive carbon nanotube-based hydrogel can also be fabricated by adding
N-isopropylacrylamide to solutions of single-walled carbon nanotubes and PEG-
dodecylamineaminoethyl piperazine crosslinker to prevent carbon nanotube aggregation in
SCI [100].

2.5. Quantum dots

To the best of the authors’ knowledge, no studies have examined the use of quantum dots for
delivering therapeutics into the lesioned spinal cords. Nevertheless, quantum dots are
gaining attention as a novel drug delivery vehicle because of their excellent bioimaging
parameters and versatility in surface modification, as well as the ability to replace toxic
metals in the core with other biocompatible drug carriers [101,102]. In the future, advances
in synthesis methods will allow biocompatible, noncytotoxic quantum dots that will be
suitable for localized and systemic drug delivery without inducing side effects [101].
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Quantum dots are semiconductor crystalline nanoparticles, typically between 2 and 10 nm in
diameter. Quantum dots are typically composed of a heavy metal core, an unreactive
intermediate shell to improve optical properties and an outer coating that can be tailored to
specific applications [103,104]. For biomedical applications, various outer coating materials
from biocompatible synthetic polymers to natural ECM components have been used. For
example, a study has shown that covalent conjugation with biomolecules such as antibodies
or peptides to improve neuron interfacing via integrins on the cell surfaces [105].
Furthermore, tethered quantum dot films can be used to electrically stimulate neural cells
[106].

Quantum dots can be synthesized by pyrolysis [107,108] or hydrolysis of precursors [109-
113] with multiple shell layers [114-116] added to the core (Figure 1E). Quantum dots can
also be synthesized using biological organisms such as bacteria, virus, worms, and cancer
cells, as reviewed by Zhou et al. [117]. Finally, to prevent cytotoxcitiy from release of toxic
metal ions in the core and reactive oxygen species that lead to cell death [118-121], carbon
nanodots have been synthesized for biomedical applications [122-131]. So far, no studies
exist that utilized carbon nanodots in spinal cord applications. With excellent
biocompatibility and stable fluorescence, carbon nanodots may be more widely investigated
for drug delivery and bioimaging applications for SCI repair.

3. Nanoscale Drug Delivery Strategies

3.1

In the following sections, we provide an overview of nanoscale drug delivery strategies to
achieve three major therapeutic targets: targeting inflammatory response, scavenging
inhibitory components, and promoting axonal regeneration (Figure 2). Furthermore, we
discuss a few emerging areas that show potential to revolutionize SCI repair strategies, and
current efforts and barriers to clinical translation of nanoscale drug delivery strategies.

Nanotechnologies to attenuate inflammatory response after SCI

As discussed earlier, secondary injury cascades after SCI include increased inflammatory
response and the rise of reactive glial cells. Researchers have developed various methods of
nanotechnology-mediated delivery of anti-inflammatory molecules to the lesion site to
address such secondary injury responses. A key feature of this strategy is to locally deliver a
high dose of anti-inflammatory therapeutics in nano-carriers that can achieve slow, sustained
release of the drugs over a long period of time. This approach overcomes limitations of
naked systemic delivery of therapeutics, such as drug toxicity from high doses required to
achieve therapeutic effects, high cost of treatment, and wasted drugs [21,132]. In this
section, we discuss various nanocarrier strategies to locally deliver therapeutics in a
sustained manner to minimize inflammation.

3.1.1. Microscale and systemic strategies to reduce inflammatory response
after SCl—Research strategies to minimize inflammatory response without nanomaterials
have also been developed. One such method is systemic administration of therapeutics in
saline. As mentioned in Section 1.2., CD95 ligand is a pro-inflammatory molecule that
induces apoptosis of cells at the lesion and in the surrounding tissue after SCI [27].
Intraperitoneal injection of CD95 ligand-neutralizing antibody reduced the number of
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apoptotic cells at the lesion and in the surrounding tissue in a mouse model of transection
SCI at T8/9. This also resulted in improved behavioral performance[133]. Similarly, in a
mouse model of T9 contusion SCI, systemic injection of anti-inflammatory drug
minocycline or CD25 antibody resulted in improved locomotor function recovery despite no
difference in inflammatory marker levels [134]. A different anti-inflammatory molecule,
IL-4, was administered into T8 contused rat SCI models [135]. The authors observed
elevated anti-inflammatory IL-10 levels in blood, reduced macrophage/microglia coverage at
the lesion and improved locomotor function. In a different study, acute inflammatory
response was attenuated by systemic administration of atorvastatin in rat T10 contusion SCI
models [136]. Reduced apoptosis and improved locomotor function were observed in both
acute (4 hours) and chronic (4 weeks) SCI rats. Finally, anti-inflammatory effects of
curcumin in rat compression SCI at T8-T9 was reported [137]. Intraperitoneal injection of
curcumin reduced edema after SCI, improved locomotor function, reduced apoptosis and
pro-inflammatory cytokine concentrations in spinal cord.

Another approach involves reducing the presence of pro-inflammatory macrophages.
Examples include generation of anti-inflammatory M2 macrophages by incubating
homologous macrophages with peripheral nerve segments prior to transplantation [138],
reducing macrophage and microglia infiltration into the lesion by transplantation of
degradation-resistant high-molecular weight hyaluronic acid hydrogels [139], and
transplanting mesenchymal stem cells to promote M2 phenotype polarization of
macrophages in the lesion [140]. Interestingly, transplantation of autologous mesenchymal
stem cells and stimulated macrophages was explored in clinical trials [141,142]. Stimulated
macrophages were obtained by incubating them with a piece of dermis ex vivo prior to
transfusion. Both studies showed that these autologous cell transplantation therapies were
well tolerated and also improved clinical outcomes in a fraction of the patients. However, all
these studies utilized saline or media to deliver cells, which leads to poor cell survival after
transplantation [143].

In clinic, an interesting strategy to target inflammation after SCI is to treat the patients with
anti-inflammatory diet by eliminating common intolerable and inflammation-inducing foods
and supplementing anti-inflammatory diet such as omega-3 and antioxidants. This diet
intervention clinical trial of 20 SCI patients resulted in decreased sensory neuropathic pain
and circulating pro-inflammatory cytokines [144] as well as improved mood in SCI patients,
with potential mechanism being reduced serum IL-1 8 levels [145].

Although clinical trials of cell transplantation and diet intervention have been investigated,
all these non-nanoscale strategies to attenuate inflammatory response after SCI pose
limitations in exerting full clinical potential. All the systemic injection studies discussed
here delivered a high dose of tens of milligrams of the drug per rat, and many reported
repeated daily injection of the therapeutics over a long period of time to minimize
inflammation. In addition, cell transplantation in liquid results in poor cell survival, thereby
necessitating a biomaterial carrier to prolong cell survival at the lesion. It is important to
note that biomaterials with nanoscale fibers increase in vitro neurite extension and
proliferation of neural stem cells compared to microscale fibers [146,147]. Finally, anti-
inflammatory diets cannot be generalized to many SCI patients as a quarter to over half of
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the SCI patient population suffer from gastrointestinal complications including dysphagia, or
difficulty in swallowing [148,149]. These limitations call for increased research and
development of nanoscale materials to deliver anti-inflammatory molecules, cells, and
nutrients to target inflammation after SCI and to improve patient outcome.

3.1.2. Methylprednisolone delivery in nanomaterials—Methylprednisolone (MP)
is a synthetic glucocorticoid that has been widely investigated for its anti-oxidative and anti-
inflammatory effects and is the only FDA approved drug to mitigate effects of SCI [150].
MP has been shown to up-regulate the expression and activation of the B-catenin signaling
pathway, including low-density lipoprotein receptor related protein-6 (LRP) pho-
sphorylation, p-catenin, and glycogen synthase kinase-3p (GSK) phosphorylation (Figure 3)
[151]. This signaling cascade prevents cellular apoptosis and reduces autophagy thus
promoting restoration of neurological function after SCI. The clinical administration of MP
consists of a systemic injection at 30 mg/kg and imposes various side effects such as gastric
bleeding, sepsis, and pneumonia [12,14]. Thus, several studies have been designed to
develop nanoparticles for localized, sustained delivery of MP. A study in 2008 developed
PLGA-based nanoparticles to encapsulate MP [152]. MP was released from MP-
nanoparticles for 6 days, and MP-nanoparticles were then embedded in agarose hydrogel
and placed on top of the lesion, above dura mater of the contused T9. A denser agarose gel
layer was placed on top for stability. The authors observed diffusion of MP into the lesion
site 2 and 7 days after the MP-nanoparticle application, and reduced staining intensity of
ED-1, calpain, and iNOS. The follow-up study compared systemic injection of MP versus
local delivery of MP + nanoparticle in a T9 hemisection rat spinal cord injury model with
behavioral assessment at 1, 2, and 4 weeks post injury and immunohistochemistry at 24
hours, and 2 and 4 weeks [153]. A sustained in vitro MP release profile was established over
96 hours. The study demonstrated that localized, sustained MP-nanoparticle delivery led to
not only anti-inflammatory and anti-apoptotic effects similar to the initial study, but also
significantly reduced lesion volume and improved walking of the rat subjects after injury.
Although delayed delivery of the therapeutics was not explored, both studies exhibited
therapeutic effects from localized delivery of MP at a much lower dosage (156 pg/200-230 g
and 200 pg/230-260 g, respectively).

In addition to PLGA, carboxymethylchitosan/polyamidoamine (CMCht/PAMAM)
dendrimer nanoparticles have been developed to preferentially deliver MP to glial cells in
vitro and hemisectioned rat spinal cord lesions [154]. MP-encapsulated CMCht/PAMAMSs
were 109 nm in diameter, and MP was sustainably released for 14 days. MP-CMCht/
PAMAM uptake by microglia was faster compared to astrocytes and oligodendrocytes in
vitro, and microglia viability was significantly reduced in an MP dose-dependent manner. In
vivo, MP-CMCht/PAMAM internalization was detected at the lesion site three hours after
nanoparticle administration, and correspondingly rat subjects demonstrated improved Basso,
Beattie and Bresnahan (BBB) locomotor scale score over 4 weeks of time when MP-
nanoparticles were delivered locally. In addition, an interesting study was reported wherein
chitosan-MP conjugate nanoparticles, of 150 - 350 nm in size, were developed as non-viral
gene delivery carriers [155]. The authors took advantage of the fact that MP is a
glucocorticoid whose receptors are also nuclear receptors in the cytoplasm of the
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mammalian cells. They showed that compared to chitosan-plasmid DNA (pDNA) conjugate,
chitosan-MP-pDNA composite was more effective in gene delivery into cells cultured in
vitro as well as into T9-compressed rat spinal cords in vivo when injected into the epicenter.
Also, the presence of MP in the composite exhibited anti-inflammatory and anti-apoptotic
effects in the injured spinal cord tissues.

3.1.3. Minocycline delivery in nanomaterials—In addition to MP, other anti-
inflammatory drugs have been developed and shown preclinical success for SCI repair. One
example is minocycline, with its anti-oxidative, anti-apoptotic, and mitochondria-stabilizing
properties [156-158]. Recently, nanoparticles composed of PEGylated poly-e-caprolactone
were developed as a minocycline delivery vehicle to modulate pro-inflammatory microglia/
macrophages in vitro and in vivo [159]. Nanoparticles were about 100 nm in diameter, and
clathrin-mediated endocytosis of nanoparticles by activated microglia/macrophages in vitro
was detected within 24 hours after treatment, and TNF-a and IL-1p secretions were
reduced. Next, minocycline-loaded nanoparticles at 1 pg/mg reversed activated microglia/
macrophages in vitro. In vivo response was assessed by injecting minocycline-loaded
nanoparticles in a hydrogel carrier at T12 of mice spinal cords. After 3 and 15 days post
injection, the authors observed specific internalization of nanoparticles by activated
microglia/macrophages in response to the injury caused by hydrogel injection. In a follow-
up study, the authors utilized the same drug-nanoparticle complex at the same concentration
for an in vivo compression SCI model [160]. The authors observed highly selective uptake
of nanoparticles by activated microglia and macrophages with subsequent reductions in
inflammatory response by these cells, as well as increased infiltration of M2 macrophages to
the lesion; however, only the immediate injection showed therapeutic effects as evidenced by
Basso Mouse Scale.

Another group developed dextran sulfate-minocycline hydrochloride complexes via Ca2* or
Mg?2* cation-assisted self-assembly [161]. These complexes are easy to create by mixing
dextran sulfate dissolved in CaCl, or MgCl, with minocycline hydrochloride, ranging from
50 to 100 nm in diameter, and exhibit slow, sustained release of minocycline hydrochloride
over 40 days. The same group then assessed the effect of this complex for SCI repair using a
rat unilateral C5 cervical contusion model [162]. Agarose hydrogel was mixed into the
complexes for localized injection of therapeutics, and release rate was controlled by varying
the ratio of dextran sulfate to minocycline hydrochloride (Figure 2A). Compared to IP
injection of minocycline hydrochloride, minocycline hydrochloride gel injection into the
lesion combined with application onto the dura mater resulted in higher retention of
minocycline hydrochloride at the lesion over 21 days, reduced lesion volume 6 weeks after
the injury, reduced CD68-expressing reactive microglia/macrophages, and decreased pro-
inflammatory to anti-inflammatory macrophage phenotype ratio. Furthermore, minocycline
hydrochloride gel improved behavioral outcomes and increased myelination of neurons
around the lesion site.

3.1.4. Other anti-inflammatory drugs in nanomaterials—Other drugs that were
encapsulated in nanoparticles to attenuate the inflammatory response after SCI include
Chicago Sky Blue [163] and estrogen [164]. Chicago Sky Blue, also known as p425, was
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recently discovered as an allosteric inhibitor for macrophage migration inhibitory factor
(MIF) by interfering with the interaction of MIF with its receptor CD74 [165]. According to
the authors of the Chicago Sky Blue delivery study, Chicago Sky Blue is less cytotoxic than
MP at a high concentration of 10 uM. Furthermore, whereas MP has a short therapeutic
window of 48 hours post injury, Chicago Sky Blue can exert its effects for up to 96 hours
after SCI [163]. The authors then determined that nanoparticles of up to 200 nm in size can
be systemically delivered and extravasated into the contused spinal cord lesion site up to 96
hours post injury. To enhance localization of Chicago Sky Blue to the lesion site, the authors
encapsulated Chicago Sky Blue in "stealth liposomes" of 110 nm in size that are PEGylated
to help evade the reticuloendothelial system, cross the blood-spinal cord barrier and localize
to the lesion site. Although in vitro cell response to Chicago Sky Blue released from
liposomes was not characterized, the authors showed improved white matter sparing,
preservation of vascular structure and stability after tail vein injection of Chicago Sky Blue-
liposome 96 hours after the contusion SCI at T9. Transcription levels of not only anti- but
also pro-inflammatory cytokines were upregulated, which the authors attributed to the
timing of therapeutic delivery. Although other therapeutic outcome measurements such as
neural regeneration and behavioral assessments were not performed in this study. This study
nevertheless showed the potential of using liposomes and Chicago Sky Blue to localize
delivery of SCI therapeutics via systemic injection.

The effects of localized delivery of estrogen in PLGA nanoparticles on SCI repair were
assessed with the premise that estrogen is anti-inflammatory, anti-apoptotic and neurotrophic
[164]. Estrogen was encapsulated in PEGylated PLGA nanoparticles, embedded in
agarosebased gel plugs, and placed on the contused spinal cord at T9 immediately after the
injury. Although nanoparticle size was not directly reported, previous work by the authors
indicated that these nanoparticles are of 100 nm in diameter [166]. The authors harvested
whole blood, cerebrospinal fluid, and injured spinal cord tissues 6 hours after nanoparticle
application for cytokine analysis. Estrogen levels in tissues were twice as much as those in
plasma in both 2.5 pg and 25 pg estrogen doses, suggesting successful localized estrogen
delivery. Further, 27 pro- and anti-inflammatory cytokines were profiled from plasma,
cerebrospinal fluid, and tissues. Notably, key markers of SCI such as IL-6, GFO-KC,
MCP-1, and S100p levels dropped in all three sample groups after localized estrogen
treatment. Overall, this study suggests the possibility of estrogen therapy for SCI repair, and
the impact of this study would be further potentiated by complementary
immunohistochemistry and behavioral analyses.

Finally, inflammation can be attenuating by scavenging pro-inflammatory monocytes from
blood circulation via immune-modifying nanoparticles that bind to macrophage receptor
with collagenous structure (MARCO) present on the surfaces of monocytes [167,168].
Systemic injection of the immune-modifying nanoparticles into mice sustaining contusion
spinal cord injury 1) showed a significant decrease in pro-inflammatory cell profiles at the
lesion site, 2) decreased deposition of fibronectin, collagen IV, and CSPG, 3) increased
axonal regeneration and serotonin secretion, and 4) improved functional recovery as
measured by Basso Mouse Scale assessment [168].
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3.2. Nanotechnologies to overcome inhibitory effects following SCI

The regenerative capacity of damaged axons in adult CNS is limited. However, seminal
work by Aguayo has demonstrated that axons from transected peripheral nerves can
successfully regenerate over long distances [169]. The three known breakdown products of
myelin sheath are Nogo-A, myelin-associated glycoprotein (MAG), and oligodendrocyte
myelin glycoprotein (OMgp) [22]. It has been shown that the Nogo-A is the most commonly
expressed isoform present in the CNS and in contrast absent in the PNS [170]. Additionally,
genetic deletion of MAG and OMgp in separate studies did not improve the neurite
outgrowth after SCI. These findings suggest Nogo-A as a dominant player in the inhibition
of axonal regeneration while MAG and OMgp provide secondary contributions [171,172].
All three myelin-derived inhibitors bind to the Nogo-66 receptor (NgR) primarily expressed
on the surface of injured axons and prevent the regeneration of damaged axons through the
Rho-dependent pathway (Figure 4) [173]. Furthermore, migration of astrocytes, glial cells,
macrophages and microglia to the injury site causes the formation of a glial scar that blocks
the advancement of the axonal growth cone [33,139,174]. Usually, the glial scar is
considered a favorable process as it initiates a wound healing response that prevents the
further spread of damage to uninjured parts and limits the spread of inflammatory reaction
[175]. However, in the case of injury to the nervous system, it can act to physically block
nerve regeneration near the lesion site due to the dense meshwork of reactive glial cells [32].
One of the main therapeutic approaches for overcoming the CSPG inhibition is through the
application of the bacterial enzyme ChABC derived from bacteria Proteus vulgaris [176].
Research shows that the use of ChABC enzyme can help in preventing glial scar formation
by enzymatic breakdown of inhibitory GAG side-chains from the CSPG protein core (Figure
5) [177].

3.2.1. Microscale and systemic strategies to target inhibitory environment
after SCI—Many microscale technologies have been developed to locally deliver
therapeutics to target both myelin-derived inhibitors and glial scar in pre-clinical models of
SCI. For instance, Lee et al. used lipid microtubes (500 nm x 40 um) to obtain a sustained
release of biologically active, thermostabilized ChABC over 2 weeks [178]. Sustained and
localized release of thermostabilized ChABC significantly improved CSPG digestion in glial
scar and enhanced axonal sprouting and functional recovery after T10 hemisection injury in
adult rats. Similarly, Wilems et al. used a combination of PLGA microparticles
(approximately 9.1 pm) and fibrin hydrogel to achieve slow and sustained release of
Nogo-66 receptor antagonist peptide, NEP1-40 [179]. The authors also obtained sustained
release of ChABC from lipid microtubes over 2 weeks. These release formulations
decreased CSPG deposition and increased axon growth in rat compression SCI at T8. The
same research group also further modified the same platform by adding embryonic stem
cell-derived progenitor motor neurons and heparin-bound growth factors (NT-3 and platelet
derived growth factor-AA) [180]. When transplanted into hemisectioned rat spinal cords at
T7-9, the authors observed lower CSPG content in the lesion and neuronal differentiation of
progenitor motor neurons. However, the combination of progenitor motor neurons, ChABC
and NEP1-40 reduced the transplanted cell survival and increased macrophage infiltration,
warranting further investigation on the combinatorial therapy approach. Additionally, Xia et
al. designed poly(propylene carbonate) electrospun micron-scale fibers as a platform for the
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sustained delivery of dibutyryl cyclic adenosine monophosphate (dbcAMP) to the
hemisected spinal cord [181]. Results demonstrate that the sustained delivery of dobcAMP
reduced glial scar formation, promoted axonal sprouting, and promoted functional recovery
in contrast to the fibers without dbcAMP. Similarly, Rooney et al. used PLGA microspheres
to deliver dbcAMP to the transected spinal cord using oligo[(polyethylene glycol) fumarate]
hydrogels as scaffolds [182].

In contrast to the localized delivery mechanisms, Li et al. demonstrated the efficacy of
systemic therapy by performing the subcutaneous treatment with NEP1-40 [183]. The
authors argued that the local delivery initiated at the time of SCI may be logistically difficult
for the treatment of many SCI patients. Dorsal hemisection was performed at T6 in adult
female mice and the peptide was injected 7 days after SCI. Results indicate that delayed
systemic delivery did not limit the degree of axon sprouting and functional recovery.
However, authors acknowledged the importance of delivering therapeutics within a time
window before reformation of the blood-spinal cord barrier.

In addition to therapeutic molecules, cell delivery has also been explored. For example,
Nishimura et al. administered human neural stem cells encoding interferon-f gene
intravenously to target glial scar in adult mice 1 week after T10 dorsal hemisection injury
[184]. Previous study from the same group suggested that the administration of interferon-g
induced functional and structural recovery in injured spinal cord [185]. Results showed that
the animals exhibited suppression of glial scar formation and regeneration of damaged
nerves in the lesioned spinal cord. The authors concluded that the exceptional migratory
ability of neural stem cells makes intravenous injection a promising tool for delivering
therapeutic genes in the treatment of SCI.

Release of myelin-derived inhibitors and formation of glial scar could begin as early as a
few hours following injury and could last for weeks [40]. This calls for a sustained presence
of therapeutics to effectively target inhibitory components in the spinal cord lesions. The
presence of the blood-spinal cord barrier is a significant impediment to pharmaceutical
intervention in the spinal cord, it inadvertently prevents the efficient delivery of the vast
majority of therapeutics [40]. Because of this reason, nanocarriers are increasingly being
studied to facilitate passage through the blood-spinal cord barrier for extended therapeutic
delivery and target myelin breakdown products and inhibit glial scar formation in
experimental models of SCI [186,187].

3.2.2. Polymeric nanoparticle-based delivery vehicles—As mentioned earlier,
PLGA is one of the most commonly researched biomaterials used for SCI repair applications
[54]. 1t is biodegradable and FDA-approved as a drug carrier. Additionally, the degradation
rate of PLGA can be controlled by varying the ratio of monomer units used in the
polymerization [53]. Baumann et al. incorporated a combination of PLGA nanoparticles
(252 nm) and hyaluronic acid (HA) based hydrogels into the intrathecal space of injured rat
spinal cords. The composite biomaterial was well tolerated showing no increase in
inflammation, scarring, or cavity volume relative to controls [188]. In a separate study, the
anti-Nogo-A antibody was encapsulated in 300 nm PLGA nanoparticles [189]. Anti-Nogo-A
is an antagonist of the myelin-derived inhibitor Nogo-A known to cause growth cone
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collapse and prevent neurite outgrowth. Results showed the sustained release of bioactive
anti-Nogo-A over 4 weeks while maintaining its bioactivity. The nanoparticles helped in
slowing the rate of drug release, while the HA-based hydrogel could potentially help in
localizing the particles at the site of injury.

Another drug studied to prevent glial scar-mediated damage after SCI is flavopiridol.
Flavopiridol is a cell cycle inhibitor used in SCI models to mitigate apoptosis. SCI leads to
the upregulation of cell cycle-related molecules, which cause post-mitotic cell death of
neurons and oligodendrocytes and also initiate mitotic cell proliferation and activation of
microglia, macrophages, and astrocytes [190]. Ren et al. used PLGA nanoparticles to obtain
stable release of flavopiridol while avoiding the strong side effects of its systemic injection
in a rat righthemisection injury model at T10 (Figure 2B) [191]. Results from the study show
that blank PLGA nanoparticles lacking flavopiridol did not affect the proliferation or
survival of astrocytes and neurons. Moreover, PLGA-flavopiridol nanoparticles resulted in
decreased expression of inflammatory and cell cycle genes, such as TNF-alpha and
caspase-3 at day 3 post-injury. Histological analysis showed fewer degenerating neurons and
reactive astrocytes. Animals treated with flavopiridol nanoparticles exhibited improved
motor recovery compared to those treated with blank nanoparticles [191].

Although PLGA is among the most widely studied delivery vehicle, recent advances in
polymer science have introduced several new and promising drug delivery tools. One such
example is poly(methyl methacrylate) (PMMA) because of its extremely narrow size
distribution and good mechanical stability [192]. In a study by Papa et al., PMMA-
nanoparticles (approximately 100 nm in size) were fabricated and their ability to specifically
target activated microglia and macrophages, both in vitro and in vivo, was examined [192].
Results showed that the PMMA-nanoparticles were internalized selectively by
lipopolysaccharide-activated microglia, without any toxic effect. Moreover, in vitro and in
vivo studies showed the selective release of a mimetic-drug, a far-red fluorophore To-Pro3
within the cell cytosol of activated microglia and macrophages. Therefore, nanoparticles
could be used as delivery systems to control inflammatory reaction at the injury site, which
may help in reducing glial scar formation.

3.2.3. Nanofiber-based delivery vehicles: In addition to nanoparticles, nanofibers
have been developed to deliver therapeutics against inhibitory molecules at the lesion site.
For example, Liu et al. used electrospun collagen nanofibers for sustained protein delivery to
treat SCI [193]. The previous study performed by the same group found that the nanofiber
topography enhanced the maturation of human Schwann cells [194]. Additionally,
electrospun collagen nanofibers were shown to have increased neurofilament sprouting with
decreased astrocyte proliferation in a rat hemisection SCI model [75]. In this study,
researchers crosslinked ChABC, neurotrophin-3 (NT-3) and heparin onto nanofibers [193].
Bioactive ChABC was detected for at least 32 days in vitro, however, its efficiency in vivo
has yet to be determined. Moreover, dorsal root ganglion (DRG) outgrowth assay indicated
sustained release of NT-3/heparin for 4 weeks. This study provided an alternative strategy
for the sustained release of relatively unstable proteins/enzymes along with the synergistic
effects of topographical cues from nanofibers.
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In a separate study, Gelain et al. engineered neural prosthetics by assembling electrospun
nanofibers made of PLGA and poly(e-caprolactone) blended fibers and selfassembling
peptides [84]. The average diameter of the fiber was 592 nm whereas the tube length was
between 2 and 3 mm, depending on the size of the cavities to be filled. The scaffolds were
encapsulated with the ChABC to target glial scar in combination with brain-derived
neurotrophic factor (BDNF), ciliary neurotrophic factor (CNTF), and vascular endothelial
growth factor (VEGF) to obtain a controlled release of therapeutics during the chronic stage
of SCI following contusion at T10. Moreover, mechanical and degradation properties of the
scaffold and the release profile of the therapeutics can be tuned by varying the crosslinking
density of peptides. Rats treated with the scaffolds showed a significant increase in the
neuronal marker BllI-tubulin. Moreover, treated animals had higher BBB scores 6 months
post-transplantation.

More recently, Nguyen et al. fabricated 3D aligned nanofiber-hydrogel scaffolds as a
biomaterial platform to deliver proteins and nucleic acid therapeutics (small non-coding
RNASs), along with synergistic contact guidance in a rat cervical (C5) hemisection SCI [195].
The scaffolds comprised aligned poly(caprolactone-co-ethyl ethylene phosphate)
electrospun nanofibers that were distributed in a 3D configuration within a collagen
hydrogel. Electrospinning enabled the incorporation of microRNA (miR)-222 and NT-3.
miR-222 has been shown to modulate oligodendrocyte differentiation and remyelination in
vitro [196], whereas NT-3 promotes neuronal survival and regeneration. The results show
that a sustained release of NT-3 was obtained over a 3 month period. Moreover, nanofibers
embedded with miR-222 promoted neurite extensions and supported remyelination of
damaged axons. The results showed that aligned bio-functionalized scaffolding platform
effectively provided bio-mimicking contact guidance, and allowed the controlled delivery of
therapeutic biomolecules of different nature and molecular weights.

In a different therapeutic approach for inhibiting the glial scar, Tysseling-Mattiace et al. used
a bioactive matrix without the encapsulation of exogenous proteins or cells in a mouse
compression thoracic (T10) SCI model [79]. Peptide amphiphile molecules were self-
assembled from aqueous solution into cylindrical nanofibers (6-8 nm in diameter) in vivo
and displayed bioactive epitopes on their surface. A previous study from the same group
reported negatively charged peptide amphiphiles incorporating the neuroactive pentapeptide
epitope from laminin, isoleucine-lysine-valine-alanine-valine (IKVVAV) [86]. The nanofibers
containing the IKVAV epitope suppressed astrocytic differentiation of cultured neural
progenitor cells. These led the authors to hypothesize that the injection of the bioactive
amphiphile after SCI might reduce glial scar formation and thereby promote neuronal
outgrowth. Results from the in vivo treatment showed reduced astrogliosis and cell death
along with improved regeneration of both motor and sensory fibers through the injury site.
These results demonstrate the significance of 3D nanoscale structures in limiting inhibitory
glial scar formation, thereby promoting cellular recovery following SCI.

Nanotherapeutics for axonal regeneration

In addition to targeting inflammatory response and inhibitory molecules in the lesion, axonal
regeneration after the injury is key to improving functional outcomes. Strategies to enhance
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neuronal regeneration include providing topographical cues to guide the outgrowth of axons,
as well as delivering neurotrophic growth factors and other neuro-regenerative cytokines at
the lesion [197]. These physicochemical cues can be provided using nanomaterials, such as
nanoscale fibers for physical guidance and cytokines encapsulated in nanocarriers. In
addition, we briefly discuss nanomaterial-mediated gene delivery strategies to enhance
growth factor expression by the host cells at the lesion site.

3.3.1. Microscale and systemic strategies to enhance axonal regeneration
after SCI—Delivery of neurotrophic factors in microparticles with micro- and macro-scale
features has been widely investigated to promote axonal regeneration after SCI in vivo. For
example, in situ delivery of neuregulin-1 in PLGA microparticles prolonged neuregulin-1
release enhanced neurite outgrowth and myelination in T7 compressed rat spinal cords
[198]. Delivering neurotrophic factor-loaded microparticles in injectable hydrogels further
enhanced axonal regeneration after SCI in vivo. For example, delivery of BDNF-
encapsulating PLGA microparticles in hyaluronan and methylcellulose (HAMC) hydrogels
promoted spinal learning in rat complete T2 transection SCI models [199]. BDNF binds to
its receptor tropomyosin-related kinase B (TrkB) with high specificity and affinity to
mediate most of its generally desirable effects in an injured spinal cord. TrkB is a tyrosine
kinase receptor, which auto-phosphorylates intracellular tyrosine residues upon binding to
BDNF and acts through four different but overlapping signaling pathways (Figure 6) [200-
202]. Similarly, GDNF-loaded PLGA microspheres in alginate hydrogels supported axonal
regeneration and behavioral recovery in rat T9/10 hemisection SCI models [203].

Strategies that employ the use of polymeric microstructures and cellular components have
been extensively researched to improve axonal regeneration after spinal cord injury. For
example, neuronal alignment and axonal extension was observed in 3D hydrogels with
microtopographical cues generated by multiphoton excitation crosslinking [204-206] and
sacrificial crystal templating [207-209]. Combining microtopography and electrically
conducting polymers also enhanced neuronal responses in vitro [210]. Furthermore, several
in vivo studies demonstrate the importance of microtopographical cues for axonal
regeneration. For instance, a multiple channel poly(lactide-co-glycolide) bridge promoted
axonal regeneration 8 weeks after rat and mouse thoracic spinal cord injuries [211].
Electrospun poly-L-lactic acid microfibers facilitated long distance axonal regeneration
following implantation into thoracic rat spinal cord injuries [212]. Further, conjugating
poly(lactide-co-glycolide) microfiber bridges with polysaccharides such as hyaluronan,
heparin, or chitosan promoted axon growth and myelination, and prolonged lentivirus
retention after injection into T9/10 hemisectioned mouse spinal cords [213]. Natural
polymers have also been used to develop microstructured tissue scaffolds applied to SCI.
Collagen scaffolds composed of filaments from bovine skin were implanted into thoracic
spinal cord defects in rabbits [214]. Regenerated axons were found in the implants and
significant functional recovery was demonstrated through BBB scoring.

Cell-based therapy has also been a promising strategy for promoting axon regeneration after
SCI [215]. Stem cell delivery introduces the potential for transplanted cells to differentiate
into axon sprouting neurons that can bridge lesions [216]. Stem cells have been studied
extensively and have undergone investigation in several clinical trials for SCI, demonstrating
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some favorable results [216]. Schwann cells, which originate from the peripheral nervous
system, have also shown potential for SCI recovery [217,218]. In addition to their role in
myelination, these cells produce extracellular matrix elements which encourage axonal
outgrowth [219].

Many studies have combined the potential of tissue scaffolds and cell delivery for SCI. For
example, agarose microchannels combined with bone marrow stromal cell-derived
neurotrophic factors supported axonal regeneration in spinal cord transections in multiple
studies [220,221]. Patel et al. improved Schwann cell survival and axonal ingrowth by
suspending Schwann cells in ECM hydrogels, composed of collagen and laminin, and
Matrigel® hydrogels [222]. In a similar study, Cerqueira et al. supported axon growth and
improved functional recovery by delivering Schwann cells suspended in ECM hydrogels
derived from decellularized peripheral nerve into thoracic contusions [223]. Transplantation
of embryonic stem cell-derived neural progenitor cells in fibrin scaffolds containing NT-3
and platelet derived growth factor-AA also promoted survival and neuronal differentiation of
the neural progenitor cells, and improved functional outcomes after mouse spinal cord
hemisection at T9 [224]. However, more recent SCI research has moved towards the
development of nanoscale structures, as these materials can more closely mimic native ECM
components and provide a high surface area/volume ratio which make these structures a
promising option for axonal regeneration [225].

3.3.2. Nanostructure—The physical features of the extracellular environment are
important governing factors for cellular behavior in various tissues. For example, a study has
shown that proliferation of rat pheochromocytoma cell PC-12 was enhanced when culture on
coverglasses nanotextured via reactive ion etching [226]. Furthermore, axonal directionality
of leech central nervous system derived neurons was enhanced on nanopatterns created by
photolithography [227]. Extracellular protein fibers, such as collagen and laminin, are on the
order of tens of nanometers in diameter and form structures that impact cellular behavior
independent of chemical cues [228]. The influence of these features on cells, known as
contact guidance, has been implicated in neuronal cell processes including migration,
outgrowth, and alignment in the developing and injured nervous system [46,72,73,229], and
in some cases contact guidance cues are preferred over chemical cues [230]. Neuronal
projections, or neurites, sense their physical environment via growth cones, structures found
at the end of elongating axons. Growth cones mediate contact guidance via sensation and
transduction of physical cues within their environment to direct movement and extension of
neurites [72].

Extensive research has leveraged contact guidance for the regeneration of neural tissue in the
injured spinal cord. Researchers have demonstrated the ability to fabricate various
nanotopographical features to influence axonal alignment and outgrowth. Common materials
for fabrication over the past decade have included electrospun nanofibers, self-assembling
peptide nanofibers, and carbon nanotubes. Here, these approaches will be discussed with
regard to axon regeneration both in vitro and in vivo SCI models.

3.3.2.1. Electrospun nanofibers: Electrospun nanofibers have been developed to assess
neural regeneration in both in vitro and in vivo. Several in vitro studies demonstrate the
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importance of nanoscale dimensions and fiber alignment in promoting neuronal growth and
extension. For example, electrospun poly-L-lactic acid (PLLA) nanofibers (300 nm
diameter) supported higher rates of neural stem cell differentiation and neurite outgrowth
compared to microfibers (1.5 um diameter) [146]. However, DRG neurite outgrowth was
observed on larger PLLA electrospun nanofibers [231]. In another study, explanted DRGs
cultured on randomly oriented gelatin extended neurites with greater length and abundance
on fibers of larger diameter [232]. The discrepancies in these results from the initial study
may not necessarily stem from nanofiber size but from material compositions, nanofiber
alignment, cell types, and/or different time points of assessments.

In addition to PLLA, a nanocomposite scaffold composed of aligned poly(e-caprolactone)
fibers coated with PLGA core-shell nanospheres promoted proliferation and neurite
extension of rat PC-12 cells [233]. Of note, alignment of fibers further enhanced neurite
extension, as cells extended straight along aligned fibers and had a seemingly random
distribution on unaligned fibers. A different study reported development of electrospun silk
nanofibers, 330 nm in diameter and 1 nm in roughness, to deliver either BDNF, CNTF or
both to rat retinal ganglion cells (RGCs) in vitro [74]. Although growth factors drastically
increased axon growth from RGCs, silk fibers alone demonstrated the ability to promote
axon outgrowth. Lee et al. demonstrated an enhanced effect of nanotopography combined
with electrical stimulation by coating electrospun PLGA nanofibers with conductive
polypyrrole [234]. Both PC-12 and embryonic hippocampal cells seeded onto scaffolds
showed higher neurite length with aligned PLGA fibers, with synergistic effects observed
from electrical stimulation.

Natural polymers such as collagen can also be utilized to develop electrospun nanofibers.
Collagen nanofibers with an average diameter of 208 nm supported the outgrowth of DRG
neurites the greatest when the fibers were aligned compared to randomly oriented and
collagen coated glass [75]. In another study, the same research group enhanced the
functionality of these scaffolds by incorporating NT-3 and ChABC for sustained delivery
[193]. Interestingly, DRGs exhibited no neurite outgrowth on scaffolds unless NT-3 was
present. Interestingly, in vivo implantation into complete unilateral C3 hemisections did not
induce any significant axonal response to fiber orientation [75]. The authors postulate that
the diameter of collagen fibers used may be too small, as larger fibers have been
demonstrated superior axonal outgrowth [231].

Other studies have shown axonal regeneration along electrospun nanofibers in various rat
models of SCI. In one study, electrospun poly(caprolactone-co-ethyl ethylene phosphate)
nanofibers dispersed in collagen | hydrogels were implanted into C5 incisions of rat spinal
cords [235]. At 12 weeks post injury, the implants parallel to the spinal cord length exhibited
higher average neurite lengths than those implanted at an angle. The addition of NT-3 to
parallel oriented implants demonstrated an even higher average neurite length. In a different
study, Zamani et al. developed a two-piece electrospun PLGA nanofibrous scaffold where a
core of aligned nanofibers surrounded by a nanorough cylindrical sheath [236]. Left lateral
hemisections were performed at the T9-T10 level in rats and cylindrical nanofibrous
scaffolds were implanted. At 8 weeks post implantation, axonal regeneration was observed
along remaining scaffold fibers. Another group specifically targeted chronic SCI by
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developing hollow channels of poly(e-caprolactone)/PLGA nanofibers functionalized with
growth factors and self-assembling RADA16-1 peptides to improve cell recruitment and
adhesion [84]. Scaffolds were implanted into rats 1 month after T9-T10 contusion injuries.
Structural recovery was detected 6 months post implantation in growth factor-loaded
scaffolds, as regenerating nerve fibers were found along the full length of most channels in
the presence of new vasculature. Functional improvements were also detected via BBB
scoring and electrophysiology. Overall, these studies collectively demonstrate the
importance of aligned electrospun nanofibers to promote axonal regeneration after SCI.

3.3.2.2. Carbon nanotubes: Axonal regeneration in both single-walled and multi-walled
carbon nanotubes have been studied in vitro and in vivo. 2D in vitro studies include linear
patterns of carbon nanotubes alternating with organometallic chemical
octadecyltrichlorosilane to promote neurite extensions from hippocampal neurons [237],
chitosan films aligned with multi-walled carbon nanotubes to promote alignment and neurite
extension of hippocampal neurons [238], electrospun poly(e-caprolactone) scaffolds coated
in multi-walled carbon nanotubes to improve adhesion, proliferation and neurite length of
PC-12 cells, [239], and carbon nanotube-polyethyleneimine (PEI) graft copolymer substrate
for hippocampal neuron cultures [97]. Interestingly, carbon nanotube-PEI graft copolymer
promoted favorable neuronal behavior when single-walled carbon nanotube was used,
whereas multi-walled carbon nanotube substrates yielded the least favorable. The authors
postulated that differences likely stem from the positive surface charge of PEI, whereas
carbon nanotubes are negatively charged or zwitterionic [240].

Researchers have begun to incorporate carbon nanotubes within 3D scaffolds for axonal
regeneration, as this approach can prevent the detachment and loss of carbon nanotubes that
occurs with surface coating. For example, incorporation of single-walled carbon nanotubes
into collagen type I-Matrigel® composite hydrogels enhanced neurite outgrowth from DRGs
in vitro [95]. Lee et al. also added multi-walled carbon nanotubes to scaffolds by 3D printing
amine functionalized multi-walled carbon nanotubes, between 15 and 37 nm in diameter,
within poly(ethylene glycol) diacrylate hydrogels [241]. Neural stem cells extended
significantly longer neurites on scaffolds with carbon nanotubes compared to cells cultured
in the hydrogel alone. The increases in neurite length were attributed to the higher positive
charge from amine groups on the carbon nanotubes, which may bind to a negatively charged
neural membrane [242]. To better understand the mechanism of neural cell adhesion to
nanoscale features, Sorkin et al. cultured either rat or locust neurons on carbon nanotube
islands [243]. Neurons grew preferentially towards carbon nanotubes, and the authors
suggested that cell entanglement with carbon nanotubes as an important mechanism for
neurite-carbon nanotube adhesion. In a similar study, embryonic rat cortical neurons were
cultured on a silicon substrate with regularly spaced carbon nanotube islands, either
randomly oriented or vertically aligned [94]. Neurons were found to start accumulating on
vertically aligned carbon nanotube pillars within 4 hours. At 14 and 21 days, cells had
formed neural connections between pillars.

The impacts of carbon nanotubes on neural tissue explants have also been studied. Fabbro et
al. fabricated films of pure multi-walled carbon nanotubes (15-20 nm) which were used as a
substrate for co-culture of thin slices of the spinal cord and DRGs (Figure 2C) [99].
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Favorable outgrowth of neurites on carbon nanotube substrate was mediated via formation of
tight junctions between carbon nanotubes and cell membranes. This group later expanded on
this study by fabricating 3D meshes of interconnected multi-walled carbon nanotubes to
investigate their ability to guide neurites in-between segregated spinal cord explants in vitro
[244]. Transverse spinal cord slices, separated by > 300 um, were embedded in either multi-
walled carbon nanotubes or gelled protein-rich plasma clot as a control. Although growth of
neurite bundles occurred in both groups, neurites conformed to the complex 3D structure of
the carbon nanotube network, extending in random directions. In contrast, neurites from
control material formed into aligned thick bundles.

Although application of carbon nanotubes in preclinical SCI models has not been
investigated extensively, there have been several significant studies that demonstrated the
benefits of carbon nanotubes. PEG-functionalized single-walled carbon nanotubes were
injected into T9 transections in rats at either acute (5 minutes post injury) or delayed (1
week post injury) time points [98]. Delayed administration of single-walled carbon
nanotube-PEG was found to increase neurofilament positive fibers in lesions. In another
study, thermally sensitive single-walled carbon nanotube-poly(N-isopropylacrylamide)
hydrogels were injected into C7 contused rat spinal cords [100]. -111 tubulin positive fibers
were found migrating into the injury site two months post injury. Additionally, functional
recovery and body weights were highest in single-walled carbon nanotube-poly(N-
isopropylacrylamide) groups, although statistical significance was not achieved.

3.3.2.3. Self-assembled nanofibers: Self-assembling peptide nanofiber scaffolds have
been studied extensively for neural regeneration both in vitro and in vivo. In an initial study
in 2000, Holmes et al. investigated RAD16 peptide scaffolds as a substrate to support neurite
outgrowth [80]. These peptides contain RAD tripeptide sequences, which are similar to
RGD sequences that serve as attachment sites for integrins [245]. PC-12 cells cultured on
RAD16-I11 scaffolds, with fiber diameters between 10 and 20 nm, extended neurites when
either pre-primed with NGF or treated with NGF after being cultured on scaffolds [80].
Without NGF treatment, neurite extension was not seen, although these cells attached to
scaffolds. Interestingly, the neurites were not linear, as found in cells cultured on rigid
plastic substrates, but followed contours of the self-assembling peptide nanofiber scaffolds,
mimicking neurons in vivo.

After a study demonstrated that self-assembling peptide nanofiber scaffolds could be used to
restore function in the CNS by repairing an injured optical pathway [246], Guo et al.
investigated the potential of self-assembling peptide nanofiber scaffolds in SCI [81]. In this
study, RADAL6-I peptides were used alone or with either Schwann cells or neural
progenitor cells in rat spinal cord hemisection injuries at C6/7. Six weeks post implantation,
scaffolds in the lesion supported cell infiltration and axonal regeneration. In addition,
Schwann cell-containing scaffolds supported axonal regeneration the greatest compared to
neural progenitor cell-containing scaffolds or scaffolds alone. RADA16-1 was also studied in
a T9-T10 contusion SCI by Cigognini et al. [82]. In these experiments, bone marrow homing
peptide, which was previously shown to enhance neural stem cell survival and
differentiation, was conjugated to RADA16-I peptides. RADA16-I scaffolds increased
cellular infiltration, basement membrane deposition, and axonal sprouting with larger
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number of growth cones within the lesion. Functional recovery was also improved in
RADAL16-1 groups.

While the RADA16-1 scaffolds demonstrated potential for SCI repair, they are limited by
their very low pH, which can damage host tissue upon injection. As such, many groups
neutralize peptides before transplantation which causes formation of solid hydrogel and loss
of injectability. To develop a more permissive injectable RADA16-1 scaffold, Sun et al.
modified peptides with RGD and IKVAV short sequences, as these two fibers are oppositely
charged at physiological pH and form nanofibrous scaffolds when combined [85]. RADA16-
RGD and RADA16-IKVAV sequences formed networks with fiber diameters ranging from
15 to 50 nm. These two peptides were blended together and injected into 2 mm T8 defects in
rat spinal cord. After two months, many axons were found within the graft of modified
scaffolds, whereas in the unmodified RADA16-1 scaffolds axons only grew along the cavity
surface, highlighting the importance of adhesive peptide sequences in promoting axonal
extension.

Another self-assembling peptide, named Ac-FAQ, was developed by functionalizing
LDLK12 peptide with another peptide sequence FAQRVPP [247]. LDLK12 is an ionic self-
assembling peptide that has demonstrated favorable biocompatibility with stem cells in vitro
and in vivo through implantation into rabbit skin [248,249], and the FAQRVPP sequence
enhanced neural stem cell differentiation and viability in vitro [247]. Ac-FAQ significantly
increased GAP-43* fibers in rat T9-T10 contusions 8 weeks after injury and improved
functional recovery. The same peptide nanofibers were also implemented into electrospun
poly(e-caprolactone)-PLGA scaffolds [250]. Implantation of Ac-FAQ incision sites in T9-
T10 spinal cords of rats elicited a favorable immune response and axonal infiltration into the
scaffolds.

A simpler injectable self-assembling peptide nanofiber scaffold was created with IKVAV
peptides [79]. When injected into T10 compressed mouse spinal cords, IKVAV self-
assembling scaffolds reduced astrogliosis, promoted motor and sensory fiber extension
across the lesion, and partially improved locomotor function recovery. This group further
studied the IKVAV peptide amphiphiles in a different mouse strain with the same injury as
well as in a rat T13 contusion injury [251]. Functional recovery in mice was similar to the
previous study, while rats recovered much faster, which the authors attributed to differences
in the injury model. IKVAV peptide amphiphiles promoted regeneration of nerve fibers,
which corresponded to improved functional recovery.

Finally, another injectable self-assembling peptide, Ko(QL)gK>, or QL6, which self-
assembles into B-sheets at neutral pH [252] was examined as a scaffold in T6-T7
compression injuries in rats (Figure 2D) [253]. QL6 scaffolds improved neural plasticity,
axonal regeneration, and locomotor function. Wan et al. described the use of self-assembling
peptide scaffolds for delivery of neural stem cells to T7 injured rat spinal cord [254]. After 8
weeks, axonal counting of neurofilament positive fibers showed increased axonal density in
self-assembling peptide scaffolds and in scaffolds with neural stem cells. In addition, Basso
Mouse Scale for locomotion (BMS) scores indicated improvements in both treatment
groups.
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3.3.3. Delivery of bioactive molecules for axonal regeneration—Neurotrophic
growth factors are biologically active molecules native to the nervous system that play
important roles in cellular interactions during development and neuronal processes such as
axonal sprouting following injury [255]. Factors including NT-3, NGF, and glial-cell-line-
derived neurotrophic factor (GDNF) have been found to enhance axonal regeneration in
injured spinal cord tissue and as such have been widely studied in various systems as a
therapy in SCI models [256,257]. Strategies to deliver growth factors to injured spinal cord
have ranged from incorporating factors into implantable nanofiber scaffolds, hydrogels or by
encapsulating factors in polymeric nanoparticles [4].

3.3.3.1. Delivery of neurotrophic factors: A common strategy for the delivery and
sustained release of growth factors is to encapsulate those molecules in polymeric
nanoparticles. In 2008, Wang et al. prepared PLGA nanoparticles via double emulsion
solvent evaporation to deliver GDNF to injured spinal cord [258]. Nanoparticles
approximately 224 nm in size were found to release GDNF in a sustained fashion for up to 7
days. GDNF loaded particles were studied in severe contusions at T9/T10 in rat spinal cords.
BBB scoring of hindlimb function over 31 days suggested that release of GDNF improved
locomotor recovery. Staining of neurofilament showed neuronal fibers within lesion centers
of PLGA-GDNF injected spinal cords and smaller fragmented fibers in lesions of PLGA
only injected spinal cords.

Stanwick et al. aimed to improve the release profile of neurotrophic factors from PLGA
nanoparticles by dispersing particles within injectable hyaluronan and methylcellulose
(HAMC) hydrogels [259]. Release of NT-3 from nanoparticles was investigated in vitro
through a rat DRG bioassay. Neurite outgrowth was detected for up to 28 days in DRGs
exposed to HAMC nanoparticles. This same group later investigated the efficacy of NT-3
release from PLGA/HAMC composites [260]. Hydrogels were injected into the intrathecal
space or rat spinal cords following T1-2 clip compression injuries. Axonal counting
demonstrated significantly improved axon regeneration in spinal cords treated with
hydrogels containing NT-3. BBB scoring reflected this finding as NT-3 treated groups had
higher scores. A similar delivery system and injury model was used again by these
researchers to deliver fibroblast growth factor-2 [261]. Although blood vessel density was
improved in the dorsal horns, axonal density and functional recovery were not enhanced.
The authors believe this system could be improved by delivering a higher dose of growth
factor or by including other beneficial biomolecules.

Another approach to deliver neurotrophic factors is through encapsulation in polymeric
nanofibers that have many benefits for neural regeneration as described earlier. To improve
the release profile of NGF from poly(e-caprolactone) scaffolds, Valmikinathan et al. added
bovine serum albumin (BSA) to the nanofibers to protect NGF during harsh fabrication
conditions and to enhance NGF release by increasing porosity via BSA degradation [262].
NGF containing poly(e-caprolactone) and poly(e-caprolactone)-BSA nanofibers were
electrospun to achieve fibers with an average diameter of 550 nm. Release studies confirmed
a decreased initial burst and more controlled release of NGF from poly(e-caprolactone)-
BSA nanofibers over 4 weeks. Analysis of neurite growth from PC-12 cells cultured with
release samples from nanofibers showed increased neurite growth and longer extension in
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poly(e-caprolactone)-BSA groups. In another study, NGF-BSA was encapsulated in
emulsion electrospun poly(l-lactic acid-co-e-caprolactone) nanofibers ~600 nm in diameter
[263]. Compared to traditional blending electrospinning, the emulsion method to fabricate
nanofibers reduced initial burst and exhibited a more stable release of BSA over 12 days.
PC-12 cells cultured in supernatant from NGF-containing fibers exhibited neurite outgrowth.
In a previously mentioned study, NT-3 was incorporated into poly(caprolactone-co-ethyl
ethylene phosphate) nanofibers for use in a rat SCI model. Implants containing NT-3
exhibited the highest average neurite length compared to nanofiber-only groups [235].

Finally, magnetic nanoparticles functionalized with neurotrophic factors can enhance axonal
regeneration through magnetic field-mediated spatiotemporal distribution of the
nanoparticles near the regenerating axons and generating local force fields [264,265]. For
instance, a study by Steketee et al. demonstrated that 50 nm superparamagnetic
nanoparticles conjugated with TrkB agonist antibody (29D7) elongated neurite outgrowth
and controlled growth cone motility in a magnetic force-dependent manner [266]. Activating
TrkB signaling was key to the observations as control nanoparticles without 29D7 did not
elicit similar responses. Similarly, NGF-bound magnetic nanoparticles promoted neuronal
differentiation of PC-12 cells and oriented neuronal processes under magnetic field [267].
Magnetic nanoparticles hold great potential for clinical application as they can provide a
non-invasive way of controlling axonal regeneration after SCI.

3.3.4. Gene delivery for axonal regeneration after SCl—Rather than directly
introducing factors into the injury environment, some researchers have investigated delivery
of genetic sequences to transduce endogenous cells to achieve sustained and localized
production of neurotrophic factors in an injured spinal cord. For example, HEK-293T cell-
derived lentiviruses encoding for either BDNF or NT-3 were incorporated into
hydroxyapatite nanoparticles and loaded into poly(lactide-co-glycolide) multichannel
bridges [268]. The bridges were then implanted into 4 mm T9-10 hemisections in rat spinal
cord. Neurofilament staining in tissue rostral to the injury revealed that axon counts were
significantly higher in both BDNF and NT-3 groups compared to empty channels. Axonal
regeneration caudal to and in the center of lesions was not as substantial. More recently,
delivery of nucleic acids for SCI was investigated [195]. In this study, MiR-222, which has
been implicated in neuronal protein synthesis and has been found to enhance regrowth of
injured neurons in vitro [269], was bound to micellar nanoparticles composed of poly(e-
caprolactone)-block-polyethylene glycol and poly(e-caprolactone)-block-poly(2-aminoethyl
ethylene phosphate). Nanoparticle-miRNA complexes were either added to
poly(caprolactone-co-ethyl ethylene phosphate) solutions that were electrospun into aligned
nanofibers with an average diameter of 820 nm or dispersed in collagen scaffolds. The
aligned fibers were added to collagen in a cylindrical mold before gelation. Scaffolds were
implanted into 1 mm C5 incisions in rat spinal cords. At 10 days post-implantation,
neurofilament positive fibers were found growing into scaffolds that contained miR-222
more extensively than control scaffolds.
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3.4. Emerging nanotechnologies for SCI repair

In addition to the studies reviewed thus far, there are several emerging technologies that hold
great potential for revolutionizing SCI repair on their own or in combination with the
nanosystems described earlier: optogenetics, immunotherapy, and genome editing through
CRISPR/Cas9.

Optogenetics is a widely researched technique in neuroscience, primarily brain research, to
control and study the behavior of excitable cells, such as neurons, with high spatiotemporal
precision [270,271]. Optogenetics relies on genetically modifying target cells or animals that
express light-sensitive transmembrane proteins, collectively called opsins, to enable optical
stimulation [272]. Application of optogenetics for SCI repair in preclinical studies is on the
rise, with studies showing functional improvements in respiration [273], functional synapse
formation [274] and lower body function [275]. However, clinical translation of optogenetics
for SCI faces several challenges, such as safe and effective delivery of vectors encoding
opsins and limitations in transdermal illumination [270,276]. Nanomaterials can potentially
provide solutions to overcome these limitations, by delivering vectors in nanocarriers that
can localize into the lesion or utilizing nanomaterials that can convert near infrared-red light
to wavelength-specific target light (a phenomenon called photon upconversion) [277], as
demonstrated in a recent study where lanthanide-doped NaYF4:Yb/Tm upconversion
nanoparticles were developed to improve deep-brain stimulation [278].

Recent successes in clinical trials of immunotherapy against cancer [279] can be
benchmarked to develop novel therapeutic strategies for SCI. Preclinical studies suggest that
vaccination of SCI patients can contribute to attenuating adaptive immune response and
targeting myelin-derived inhibitors after SCI [280,281]. Currently, most immunotherapy
strategies for SCI treatment target inflammatory response and myelin-derived inhibitors after
the injury [282], however, one can envision similar approaches specifically to enhance
axonal regeneration as well. Further, delivery of antibodies in nanomaterials may extend
bioactivity of the injected vaccines and enhance therapeutic outcomes. However, clinical
translation of this approach is premature at this stage, as safety concerns such as potential
development of autoimmune diseases need to be thoroughly investigated before treating
human patients is possible.

Finally, a recent development of a precise genome engineering tool, called clustered
regularly interspaced short palindromic repeats (CRISPR)/Cas9 system [283], holds
potential to revolutionize SCI therapeutic and has already been applied to develop
therapeutic strategies for cancer and many other genetic diseases [284]. Currently, no studies
exist where CRISPR/Cas9 system was utilized to develop therapeutic strategies after SCI
both in vitro and in vivo. Only a few studies exist in the neural space [285], with the
applications including fluorescently labeling patient-derived neurons in vitro [286], editing
genes in neural cells of the salamander [287] and C. elegans [288], and targeting multiple
genes in the adult mouse brain in vivo [289]. CRISPR/Cas9 system is an exciting area of
research not only for developing novel SCI repair strategies but also for creating nanocarrier
delivery platforms. Incorporation of the CRISPR/Cas9 system in nanocarriers is in its
nascent stages [290], as demonstrated in only a few delivery vehicles such as yarn-like DNA
nanoparticles [291] or native Cas9:single guide RNA complexes that can be further
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complexed with supernegatively charged proteins [292], cationic arginine gold nanoparticles
[293] or delivered in cationic lipofectamine transfection reagent [294]. Localized and
sustained delivery of Cas9 and single guide RNA in nanomaterials will drastically improve
SCI treatment strategies by targeting activated glial cells and other pro-inflammatory cells or
promoting axonal regeneration.

3.5. Efforts and barriers to clinical translation

Despite the abundance of data that demonstrate the efficacy of nanomaterials for SCI repair
in pre-clinical studies, nanotherapies are not utilized in treating SCI patients in the clinic.
Currently, there are no clinical trials listed in the ClinicalTrials.gov website that involve any
type of nanomaterials for SCI repair. In comparison, there are 49 clinical trials listed for
nanotherapeutic strategies against cancer [48]. Possible reasons include lack of a universally
standardized definition of nanoscale, complications with renal clearance and degradation
products that remain in the body, the blood-spinal cord barrier, nanoparticles potentially
having low payload, and low public awareness.

Currently, there exist many terminologies associated with nanoscale technologies (e.g.,
nanomedicine, nanoparticles, nanoscience, nanotherapeutic, nanodrugs) and yet no
unanimous definition of “nanoscale” exists [1,66], One of the reasons behind this may stem
from the fact that no universally established definition of nanoscale exists across various
regulatory agencies that modulate clinical translation of nanotechnologies. Many researchers
follow guidelines established by several entities such as the American Society for Testing
and Materials International, who define nanoscale as 1 to 100 nm in size [1,3,295]. On the
other hand, as mentioned in Section 1, the UK House of Lords Science and Technology
Committee recommended that nanoscale be defined for up to 1000 nm in size [1].
Unanimous definition of nanoscale will facilitate regulatory pathway clearance towards
clinical translation of various nanotechnologies developed, including the ones discussed in
this review, and improve SCI treatment regimens.

Another critical challenge to clinical translation of nanomaterials is systemic clearance from
the body. While several nanomaterials such as liposomes and certain polymeric/metallic/
protein nanoparticles are approved by the US Food and Drug Administration (FDA) for
clinical trials and/or use, the fate of these nanomaterials in the body is still widely unknown
[296,297]. Molecules under 3 nanometers in size exhibit 100% urine/blood filterability, and
once the hydrodynamic diameter reaches as low as 3.4 nm, clearance decreases to 80%
[298]. Since most of the nanomaterials discussed here are over 3 nm in size, thorough
investigations on systemic clearance of nanomaterials and the effects of degradation
products on cell behavior in the body are much needed. In addition, individual carbon
nanotubes can be cleared from the body, whereas aggregated carbon nanotubes can be
accumulated in the glomerular capillaries and not filtered through the kidney [299]. When
designing carbon nanotubes, several design parameters such as shape, dimensions, surface
charges, and structural features need to be taken into consideration to not elicit any cytotoxic
response from the patients.

The blood-brain barrier and the blood-spinal cord barrier strictly regulate diffusion transport
of molecules to the spinal cord parenchyma, as they only allow molecules with MW < 400
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Da to cross the endothelium [193]. As such, nanomaterials that can cross the blood-spinal
cord barrier are limited. As discussed above, there exist certain nanomaterials, such as
nanoparticles, dendrimers, liposomes, and micelles, which can selectively target glial cells or
neurons in the spinal cord lesion after local administration. However, increased
understanding of the ability of different nanomaterials to cross the blood-spinal cord barrier
is crucial. Detailed in vivo studies will need to be carried out to assess not only the ability of
these nanomaterials to cross the blood-spinal cord barrier but also the maintenance of
nanoparticle specificity after systemic administration.

Nanoparticles in particular face challenges associated with release kinetics and payload.
This is a significant issue as nanoparticles have a larger surface area-to-volume ratio,
meaning most of the drugs encapsulated in nanoparticles can be at or near the surface of the
particles and can be released faster [301]. In particular, hydrophilic polymer nanoparticles
are subject to accelerated burst release because a large proportion of the encapsulated drug
may have access to the external aqueous phase and rapid hydrolysis can occur as water
penetrates the nanoparticles more quickly [302]. However, this can be addressed by
modifying the surfaces of the nanoparticles to slow down nanoparticle hydrolysis and obtain
a slow and sustained drug release [303,304]. Additionally, since more nanoparticles can be
delivered without causing cytotoxicity or embolism, localized or systemic administration of
a larger quantity of nanoparticles may compensate for payload compromise [66].
Furthermore, encapsulating drug-loaded nanoparticles in injectable hydrogels can provide an
additional barrier and help control the rate of drug release [189,259].

Finally, increased awareness and positive acceptance of nanotechnology by the public is
needed to successfully broaden the clinical application of nanomaterials. Although
nanotechnology has not yet been met with public contempt as was the case for genetically
modified crops [305], public awareness of nanotechnology is still very limited [306,307].
This gap in understanding of nanotechnology between experts and the general public is a
global phenomenon, as reports from the European Commission and South Korea presented
similar observations [308,309]. National and international organizations such as the US
FDA, South Africa Nanotechnology Public Engagement Programme, International
Organization for Standardization (ISO), and Organization for Economic Cooperation and
Development (OECD) have launched public engagement programs to increase public
awareness of nanotechnology. Positive perception of nanotechnology by the public will be
crucial to achieving increased clinical use of nanomaterials, especially in the midst of
environmental reports suggesting harmful effects of nanoparticles [310].

4. Conclusions and future directions

Over the past decade, significant advances have been reported in nanomaterials development
for SCI repair. Pre-clinical successes of nanomaterials that present physical guidance cues
for regenerating axons and/or are loaded with therapeutic drugs show great potential for
revolutionizing SCI treatment. However, several hurdles still exist that hinder clinical
translation of nanotechnologies. With a clear-cut definition of nanoscale, improved synthesis
methods to facilitate complete clearance of nanomaterials and their toxic degradation
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products from the body, and increased public awareness and acceptance of nanomaterials, a
broadened utilization of nanotherapeutic strategies for SCI repair may become a reality.

Interestingly, no preclinical studies exist on utilizing quantum dots as a drug delivery
vehicle. As reviewed above, quantum dots and carbon nanodots have great potential for SCI
repair, as their extremely small size can facilitate blood-spinal cord barrier extravasation and
systemic clearance, maintain high neural cell viability after cellular uptake, and surface
modification allows for enhanced biocompatibility and selective targeting via cell surface
receptor interaction.

Finally, we envision widespread use of naturally-derived biomaterials as not only base
materials for nanotherapeutics, as is the case in nanofibers, but also as injectable delivery
vehicles of drug-loaded nanomaterials, as discussed in Section 3.5 (Figure 7). By combining
therapeutic drugs in nanocarriers and injectable hydrogels with pro-regenerative
extracellular matrix cues, researchers can drive synergistic effects in not only enhancing
therapeutic outcomes but also overall tissue repair. For example, a recent publication from
our lab demonstrated the therapeutic efficacy of injectable acellular peripheral nerve
hydrogels not only on their own but also as a Schwann cell delivery vehicle [223,311]. One
can envision delivering nanoscale therapeutics in naturally-derived injectable hydrogels to
improve SCI repair strategies.
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Figure 1.
Representative images of nanomaterials and fabrication overview schematics. A: SEM

images of PLGA nanoparticles [191]. Scale bar: 5 pm. B: Field-emission scanning electron
microscopy (SEM) image of electrospun silk nanofibers [74]. Scale bar: 5 ym. C: SEM
images of self-assembled peptide nanofibers [77]. Scale bar: 300 nm. Schematic of IKVAV
self-assembling peptides are from [87]. D: SEM image of multi-walled carbon nanotubes.
Scale bar: 250 um (inset: 25 pm). Image and schematic adapted from [90]. E: Transmission
electron microscopy (TEM) images of CdTe quantum dot [113]. Quantum dots with multiple
shell layers can be fabricated by ultraviolet light irradiation. Scale bar: 20 nm. Top right:
High-resolution TEM images. Scale bar: 2 nm. Copyright permissions: A from Elsevier, B
and C (schematic) from John Wiley and Sons, C (SEM image) from Royal Society of
Chemistry. D is open access. E (TEM image) from American Chemical Society.
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Figure 2.
Nanomaterials improve cell, tissue, and behavior outcomes in rat models of SCI. A:

Injection of dextran sulfate (DS)-minocycline hydrochloride (MH) complexes in agarose gel
into the lesion i) reduce reactive glial cells 6 weeks after injury (red: CD68), ii) decrease the
ratio of pro-inflammatory M1 macrophages to anti-inflammatory M2 macrophages, and iii)
improve behavioral outcomes [162]. Scale bar: 1 mm. * denotes significant difference from
untreated control; + from blank gel, and # from intraperitoneal (IP) injection of MH. B:
Flavopiridol-loaded poly(lactic-co-glycolic acid) (PLGA) nanoparticles result in improved
tissue sparing (H&E images), higher BBB scores, and lower errors in grid walking
compared to blank PLGA nanoparticles [191]. Scale bar: 500 um. C: Left: spinal cord
neurons interacting with a multi-walled carbon nanotube (MWCNT) substrate. Red arrows
indicate tight contacts between MWCNT and axonal membrane. Scale bar: 500 nm. Right:
Total number of identified growth cones normalized to the number of detected fibers on
multi-walled carbon nanotubes (solid circle) and control conditions (open circle) [99]. *p <
0.05. D: Top: luxol fast blue (LFB) and H&E images of spinal cord injected with saline
(control) or QL6 self-assembled peptides. Scale bar: 300 um. Middle: Reactive astrocyte
staining with GFAP 8 weeks after injury. Scale: 250 um. Bottom: Basso, Beattie and
Bresnahan (BBB) locomotor score indicating improved functional recovery after QL6
injection. [253]. Copyright permissions: A from Elsevier, B from Elsevier, C from American
Chemical Society, D is open access.

Adav Drug Deliv Rev. Author manuscript; available in PMC 2020 August 01.



1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuey Joyiny

Song et al.

Page 48

e
N

(ree

(oS

Figure 3.

Pro-inflammatory responses via p-catenin signal transduction pathway. Binding of
methylprednisolone induces lipoprotein receptor related protein-6 (LRP-6) phosphorylation,
which in turn induces glycogen synthase kinase (GSK) phosphorylation and induces
dissociation of B-catenin from a protein complex consisting of adenomatous polyposis coli
(APC), Axin, and GSK. Subsequently, p-catenin is translocated into the nucleus where it
binds to the transcription factors and regulate cell apoptosis. Adapted from [151].
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Figure 4.
Pathway for signaling from p75—-Nogo receptor complex to RhoA. Binding of myelin

derived inhibitors (Nogo, MAG, and OMgp) on the NgR causes strengthening of p75 and
Rho GDI-Rho GTP complex resulting in actin stabilization and inhibition of neurite
outgrowth. B) Binding of anti-Nogo Ab or competitive antagonist for the Nogo-66 receptor
such as NEP 1-40 have shown to decrease myelin induced growth cone collapse and
promote neurite outgrowth.
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Figure 5.
Glial scar mediated neurite inhibition. Glial scar acts as a barrier and axonal regeneration

can be achieved after bacterial enzyme chondroitinase ABC (ChABC) treatment. Reactive
glial cells, astrocytes, inflammatory cells such as microglia migrate to the lesion area
following injury. They synthesize and secrete CSPGs around the lesion area and prevents
regenerating axons to surpass. Treatment with ChABC removes the CSPGs in both the glial
scar which facilitates the regenerating axons to pass through the lesion core to connect to the
distal target. Figure adapted from Servier Medical Art.
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Figure 6.
BDNF-signaling pathway mechanism. Autophosphorylation tyrosine residues upon BDNF

binding to TrkB acts through four different but overlapping intracellular signaling pathways.
It sends pro-survival signals through phosphatidylinositol-3 (P1-3) kinase and
serinethreonine-specific protein kinase B (Akt) pathway, stimulates axon growth through
extracellular signal regulated kinase (ERK) and modulation of cyclic adenosine
monophosphate (cCAMP) pathway and influences synaptic plasticity and transmission
through phospholipase C (PLC), inositol-3-phosphate (IP-3) and the calcium signaling
pathway. Additionally, through the phosphorylation of N-methyl-D-aspartate (NMDA)
receptor subunits, TrkB signaling may lead to an increase in calcium and sodium influx also
contributing to the synaptic plasticity. Figure adapted from [312].
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Figure 7.
Future directions include minimally invasive delivery of injectable hydrogels from naturally-

derived biomaterials into the injured spinal cords. These hydrogels can serve as not only a
delivery vehicle for therapeutic nanomaterials, but also a source of pro-regenerative ECM
proteins.
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Summary of nanomaterial type, shape, size, fabrication methods, and corresponding references. NP:

nanoparticles, NF: nanofibers, CNT: carbon nanotubes, SWCNT: single-walled CNT, MWCNT: multi-walled
CNT, QD: quantum dots, PLGA: poly(lactic-co-glycolic acid), PCL: poly(e-caprolactone), PLLA: polylactic
acid, PCLEEP: poly(caprolactone-co-ethyl ethylene phosphate).

Type Base Material Shape Size (nm) Synthesis Method References
PLGA Sphere 150 - 400 Solvent evaporation, Spray drying [46,48,186-189]
NP Chitosan Sphere 150 - 400 lonotropic gelation [58,59,155]
Silica Sphere 50 - 300 Tetramettylorthosllicate based synthesis, [61.64]
PCL N/A 548.89 Electrospun [233,262]
PLGA N/A 250(aligned), 360(random) Electrospun [234,236]
PCL/PLGA N/A 592 Electrospun [84]
PLLA N/A 300 - 1500 Electrospun [146,231]
Silk N/A 330 Electrospun [74]
Collagen-I N/A 208.2 Electrospun [75]
NF Gelatin N/A 300 - 1300 Electrospun [232]
PCLEEP N/A 740 - 820 Electrospun [195,235]
RADA16- N/A 15-50 Self-assembly [81,82,85,246]
RAD16-11 N/A 10-20 Self-assembly [80]
LDLK12 N/A 12 Self-assembly [247,250]
IKVAV N/A N/A Self-assembly [79,251]
SWCNT 08-15 High-pressure carbon monoxide conversion [95,237]
SWCNT 15 Chemical vapor deposition (CVD) [97,243]
CNT Carbon
MWCNT 10 - 400 CvD [94,239,243,244]
MWCNT 15 - 37 Catalytic CVD [99,241]
CdE—ZnSS()E:Se, Te, Sphere ~12 Precursor pyrolysis, precipitation in MeOH [107,108]
o CdSe, (%(:Iﬁ% CdTe- Sphere -3 Precursor hyd;;lgi/zit;,bri?iezr:?ptopropionic [109,110]
CdTe-CdS-Zns Sphere 2-5 Microwave/UV ;rsrsae‘f,fg:;” layer-by-layer [114,115]
CdSeTeS Sphere 4-5 Microwave irradiation [116]
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