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Abstract: A spinal cord injury (SCI) is one of the most devastating lesions, as it can damage the
continuity and conductivity of the central nervous system, resulting in complex pathophysiology.
Encouraged by the advances in nanotechnology, stem cell biology, and materials science, researchers
have proposed various interdisciplinary approaches for spinal cord regeneration. In this respect, the
present review aims to explore the most recent developments in SCI treatment and spinal cord repair.
Specifically, it briefly describes the characteristics of SCIs, followed by an extensive discussion on
newly developed nanocarriers (e.g., metal-based, polymer-based, liposomes) for spinal cord delivery,
relevant biomolecules (e.g., growth factors, exosomes) for SCI treatment, innovative cell therapies,
and novel natural and synthetic biomaterial scaffolds for spinal cord regeneration.

Keywords: spinal cord injury; delivery nanosystems; biomaterial scaffolds; stem cells; tissue engi-
neering; spinal cord regeneration

1. Introduction

The spinal cord represents the main communicating system between the brain and
the body, ensuring information and signal exchanges for coordinating activities [1,2].
Injuring the spinal cord results in disrupting neural circuitry and connectivity, producing
neurological disability [3].

Therefore, spinal cord injury (SCI) is one of the most complicated diseases, due to
its pathological consequences affecting sensory, motor, and/or autonomic functions [4–6].
Specifically, SCIs could cause impairment in blood flow, breathing, temperature, body
pressure, and sensory appendages, leading to permanent consequences, such as paralysis,
autonomic dysfunctions, and neuropathic pain [1,7].

Moreover, SCI is a frequent condition, affecting more than 20 million people world-
wide, increasing ~700,000 patients per annum [8]. The treatment and rehabilitation pro-
cesses required after SCI are costly and exhausting, posing a huge burden on patients,
families, and healthcare systems. Treatment must be started as soon as possible after the
trauma occurs, with acute care and early surgical interventions. However, these procedures
are usually not enough to completely restore spinal cord functions. In such cases, additional
treatment is needed for dealing with chronic sensory, motor, and reflex dysfunctions, which
can take years of procedures and specific exercises, and even life-long treatment in the
home environment [9–11].
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In this context, it is important to research better performing therapeutic alternatives
geared towards reducing treatment duration and improving its results. Thus, increasing
research interest has been noticed in designing advanced repair strategies for spinal cord
regeneration. Particular attention has been drawn to biomaterials and nanotechnology-
enabled products for the controlled delivery and sustained release of various moieties,
including drugs, bioactive molecules, imaging agents, and cells [12–18].

Aiming to set a framework for future research, this paper briefly describes the charac-
teristics of SCI, further reviewing the newest developments reported in spinal regeneration,
counting innovative nanocarrier systems, biomolecules of interest for SCI treatment, recent
cell therapies, and promising cell-free and cell-seeded biomaterial scaffolds.

2. Spinal Cord Injury

Spinal cord injury (SCI) is one of the most devastating traumas, as it can interrupt the
connection between the brain and peripheral organs, producing complex pathophysiol-
ogy [2,8,11]. SCI can be triggered by a broad range of physical impacts, including traffic
accidents, falls, sports injuries, industrial accidents, and violent acts in which bony and
ligamentous structures are injured and lose their protective ability. Thus, impact load is
transferred through neurological structures [8,19,20]. The external insult is reflected in
primary spinal tissue damage and neural cell death in the acute phase, while a subsequen-
tial secondary cascade of degenerative events is started [4,18,20–23] (Figure 1). The main
characteristics of primary and secondary injuries are comprised in Table 1.

It is also essential to mention that the severity of the SCI depends on whether the
lesion is complete or incomplete and, if it is incomplete, what part of the spinal cord is
affected (Figure 2). In the case of a complete spinal cord lesion, there is no preservation of
any motor and/or sensory function at more than three segments below injury level in the
absence of spinal shock. On the other hand, incomplete spinal cord lesion patients preserve
residual motor or sensory function to some extent at more than three segments below the
level of the injury [6,24].

Table 1. Comparison between primary and secondary spinal cord injury (SCI). Created based on
information from [4,18,20–23].

Comparison Criteria
Injury Type Primary Injury Secondary Injury

Description
Mechanical disruption of

the spinal cord during
trauma

Rapidly escalating cascade of
acute and chronic

degenerative events

Cause
External force acting

directly or indirectly on
the spinal cord

Chemical and physical
events created by the

primary injury

Characteristics

Mechanical destruction of
neural tissue

Hemorrhage within the
spinal cord

Compression
Laceration
Transection

Oxidative stress
Loss of mitochondrial

homeostasis
Ischemia
Hypoxia

Cellular damage
Demyelination of axons

Glial scar formation
Disconnection of living

neurons
Inflammation

Immune response



Int. J. Mol. Sci. 2022, 23, 4552 3 of 22Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 3 of 24 
 

 

 
Figure 1. Schematic representation of the spinal cord in different phases: (A) healthy spinal cord; 
(B) acute/subacute injury phase (marked by cell necrosis originating from the spinal cord injury 
(SCI) and activation of inflammatory processes); (C) chronic phase (marked by cyst cavity formation 
and lesion expansion). Reprinted from an open-access source [21]. 
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Figure 2. Classification of spinal cord injuries. Created based on information from [6,25]. 

However, intervention is required as soon after trauma as possible, irrespective of 
the type of SCI, in order to avoid secondary injury [19]. The main current treatment strat-
egies include the administration of high-dose methylprednisolone sodium succinate, sur-
gical interventions for anatomically stabilizing and decompressing the spinal cord, and 
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patients’ quality of life [21,26]. 
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However, intervention is required as soon after trauma as possible, irrespective of
the type of SCI, in order to avoid secondary injury [19]. The main current treatment
strategies include the administration of high-dose methylprednisolone sodium succinate,
surgical interventions for anatomically stabilizing and decompressing the spinal cord,
and rehabilitative care. Nonetheless, these therapeutic approaches have modest outcomes,
imposing the need to develop novel treatment alternatives that would considerably improve
patients’ quality of life [21,26].

3. Advanced Repair Strategies

In their research efforts to find more performant treatment strategies for spinal cord
regeneration, scientists have recently focused their works on a series of advanced repair
strategies, as presented in Figure 3. Thus, the following subsections comprehensively
describe each category of these approaches, with a particular focus on the developments of
delivery nanosystems and biomaterial scaffolds.

Figure 3. Examples of recently researched spinal cord regeneration strategies.

3.1. Delivery Nanosystems

Most therapeutic agents implied in treating traumatic central nervous system injuries
face limitations in reaching the target site and exerting their intended pharmacological
effects. The obstacles encountered by drugs include physiological barriers (e.g., blood–brain
barrier, blood–spinal cord barrier), instability in physiological conditions, rapid elimination
from the injured tissue or cerebrospinal fluid, and off-target toxicity [27–29].

One of the biggest challenges in treating SCIs remains the blood–spinal cord barrier.
This physical barrier between the blood and spinal cord parenchyma prevents toxins,
blood cells, and pathogens from entering, and the spinal cord becomes an obstacle for
therapeutic agents’ delivery to the injured site [30,31]. This issue can be solved by opening
this barrier through various modalities (e.g., magnetic resonance imaging-guided focused
ultrasound [32], miRNA-125a-5p silencing [33]) or by creating smart medicines able to
penetrate it.

Thus, increasing focus has been directed to creating central nervous system (CNS)
delivery systems that would allow a more efficient treatment. Particularly, nanomaterials
of various compositions have been reported as promising nanocarriers, overcoming low
drug permeability and ensuring targeted and controlled release. A large variety of nanopar-
ticulate systems can be loaded with drugs, imaging moieties, enzymes, cell components,
and other biomolecules. The ingenious design of nanovehicles brings unprecedented ad-
vantages in terms of reducing cargo degradation, improving drug absorption, promoting
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selective interactions with cell compartments, diminishing adverse effects, and increasing
the bioavailability of drugs [1,34–36]. Hence, delivery nanosystems represent an attractive
strategy for SCI treatment, as they can improve recovery time by targeting localization,
altering the signaling pathways and cellular uptake [1].

In this respect, numerous nanomaterials have been investigated, leading to encourag-
ing results. The following subsections discuss some of the most recent strategies for SCI
management, classified according to nanocarrier type.

3.1.1. Metal-Based Nanocarriers

Metal-based nanomaterials represent an attractive possibility for encapsulating and
delivering bioactive molecules to the site of interest [37,38]. Particularized for reaching
the place of an SCI lesion, gold has been noticed as the most investigated nanoscale metal.
Gold-based nanocarriers are advantageous especially due to their stability, biocompatibility,
low cytotoxicity, ability to regulate cell growth pathways, and the possibility of surface
functionalization [39–41].

For instance, Fang et al. [42] have biosynthesized gold nanoparticles (Au NPs) from the
bark extract of Juglans regia and further loaded them with zonisamide. The particles offered
high stability and solubility under room temperature conditions, ensuring a controlled
release of the incorporated drug. The authors concluded that the as-designed nanomedicine
could serve as a promising clinical drug for future spinal cord injury repair applications.

Alternatively, Zhou et al. [34] reported the conjugation of gold nanoclusters with herbal
medicines (i.e., berberine, astragalus polysaccharides, and diosgenin) towards generating
enhanced neuroprotective and anti-neuroinflammation effects. The nanosystems inhibited
inflammation factors, such as NF-κB and IKKβ, reducing inflammatory responses and
recovering nerve functions after SCI.

Pursuing a similar aim, Kim et al. [43] have fabricated Au NPs conjugated with β-
cyclodextrin loaded with ursodeoxycholic acid. The as-designed complex was noted to con-
siderably decrease pro-inflammatory cytokines and increase anti-inflammatory cytokines
compared to free anti-neuroinflammatory drugs. Moreover, the nanosystem suppressed
the phosphorylation of ERK and JNK in the MAPK pathway, expressed inducible nitric
oxide synthase, and induced the expression of arginase-1, consequently being considered a
promising alternative drug system for SCI cases.

A different approach has been recently proposed by Lin et al. [36]. The authors
reported the preparation of red fluorophore gold nanodots caped with glutathione that
can be employed as computed tomography (CT) contrast agents for better visualizing the
spinal cord. The nanosystem exhibited remarkable photoluminescence stability and a high
attenuation coefficient to X-rays, being a useful tool for avoiding the high toxicity and weak
CT signal of traditional iodine contrast.

In addition to gold, other metal-based nanoproducts can be of good use in this biomedi-
cal field [44]. For example, Wang and colleagues [45] exploited the potential of polyethylene
glycol (PEG)-modified maghemite nanospheres. The authors loaded the nanoparticles
with tacrolimus, assuming this drug’s possible action on the signaling pathway through
macrophage polarization M1 and M2 and induction of neuronal cell growth. The nanosys-
tem was noted to augment the tacrolimus effect, enhance the locomotor activity of model
animals, accelerate their recovery time, reduce oxidative stress, IL-6, IL-2, and TNF-α
inflammatory factors, and the reduce the expression ratio of M1 to M2.

To summarize the characteristics of the above-discussed nanosystems in a clear and
concise manner, Table 2 was created.
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Table 2. Examples of metal-based nanosystems for spinal cord delivery.

Nanocarrier Material Cargo Characteristics Refs.

Gold Zonisamide
Morphology: nanospheres

Average size without loading: 14 nm
Average size with loading: 43.0 ± 2.2. nm

[42]

Gold Herbal
medicines

Morphology: nanoclusters
Average size <3 nm [34]

Gold (conjugated
with β-cyclodextrin)

Ursodeoxycholic
acid

Morphology: nanospheres
Average size without loading: 20–30 nm

Average size with loading: 20–40 nm
[43]

Gold (caped with
glutathione) - Morphology: spherical nanodots

Average size: 2.3–2.8 nm [36]

Maghemite (modified
with PEG) Tacrolimus Morphology: nanospheres [45]

3.1.2. Polymer-Based Nanocarriers

Attracted by the variety and versatility of polymers, many researchers opted to deliver
therapeutic agents via polymer-based nanocarriers. These materials benefit from good
solubility, stability, safety, and controlled cargo release with slow degradation [46–48].

Poly(lactic-co-glycolic acid) (PLGA) nanoparticles started to gather attention for treat-
ing traumatic CNS injuries [21]. For example, Azizi et al. [49] prepared PLGA nanospheres
loaded with the ChABC enzyme for SCI therapy. Given that this nanoparticulate treatment
led to myelin formation and glial scar degradation in model animals, these nanosystems
represent a suitable candidate for spinal cord repair, functional recovery, and axonal regen-
eration. Similarly, Andrabi et al. [23] utilized PLGA-based biodegradable nanoparticles
for the delivery of antioxidant enzymes (i.e., superoxide dismutase, catalase). These
nanosystems could protect lesion site mitochondria from oxidative stress and subsequen-
tial secondary injury. Moreover, the as-designed nanoparticles prevented the release of
cytochrome c, inhibited activation of Caspase-3, and protected the spinal cord from cell
apoptosis and further degeneration. Thus, it can be a useful nanomedicine in the early
stage of SCI, minimizing the impact of primary injury response and improving neurological
and functional recovery over time.

Interesting results have also been reported for other polymer-based nanosystems.
Liu et al. [50] have prepared electrospun fibrous mats made of polylactic acid (PLA)
fibers encapsulated with docosahexaenoic acid (DHA). The polymeric nanomats presented
adequate mechanical properties for sustained release of the drug, proving effective for
SCI repair. More specifically, the nanosystem promoted neurite outgrowth in vitro and
up-regulated neural marker genes BDNF and NT-3, leading to pronounced neurological
function recovery. Thus, the as-designed nanocarrier can provide both the mechanical and
chemical support required to fabricate future central nerve grafts.

Differently, Nie et al. [51] have fabricated nanomicelles from a tri-block copolymer
(i.e., poly (ethylene glycol)-block-poly (propylene glycol)-block-poly (ethylene glycol)
(PEG/PPG/PEG)). The scientists loaded PEG/PPG/PEG nanomicelles with zonisamide,
creating a delivery system with controlled release at physiological pH. The nanoconstructs
demonstrated enhanced antioxidant activity in spinal cord neurons stimulated by H2O2,
holding great promise as candidates for SCI functional integrated therapy.

Natural polymers were also successfully employed in designing nanovehicles for
spinal cord delivery. For instance, Wang et al. [52] have developed sesamol-loaded stearic
acid-chitosan nanomicelles that were noted to ensure sustained drug release at physio-
logical pH, potential dissolution rate, and stability for up to 15 days. In addition, these
nanostructures exhibited better results than the free drug in regulating cell survival, mem-
brane leakage, reactive oxygen species (ROS) generation, the activity of antioxidant systems,
and apoptotic and inflammatory signaling pathway. These outcomes encouraged the au-
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thors to recommend the designed nanoplatforms to mitigate oxidative-stress-mediated
apoptosis in neural cells. Alternatively, Fang and Song [53] used chitosan as a nanoshell to
deliver CeO2 nanoparticles. The nanosystem was observed to increase auto-regenerative
and neuroprotective activity in spinal cord regeneration, being a promising biocompatible
material for SCI repair.

For clarity, Table 3 summarizes the characteristics of the above-presented polymer-
based nanosystems.

Table 3. Examples of polymer-based nanosystems for spinal cord delivery.

Nanocarrier Material Cargo Characteristics Refs.

PLGA ChABC enzyme Morphology: nanospheres
Average size: 273.5 ± 36.4 nm [49]

PLGA Superoxide dismutase
Catalase

Morphology: circular structures
Average size: 122 ± 5.5 nm [23]

PLA Docosahexaenoic acid

Morphology: core-shell
nanofibers

Average core diameter: 300 nm
Average shell thickness: 80 nm

[50]

PEG/PPG/PEG Zonisamide
Morphology: almost spherical

nanomicelles
Average size: 105 nm

[51]

Stearic acid-chitosan Sesamol

Morphology: spherical
nanomicelles

Hydrodynamic radius without
loading: 53.12 ± 6.21 nm

Hydrodynamic radius with
loading: 59.12 ± 7.31 nm

[52]

Chitosan CeO2 nanoparticles
Morphology: core-shell

nanospheres
Average size: 15–25 nm

[53]

3.1.3. Liposomes

Liposomes have also attracted attention for creating effective delivery nanosystems.
These spherical vesicles can protect the payload from degradation, ensuring its accumu-
lation at the lesion site and enhancing therapeutic effects. Moreover, the ease of func-
tionalization of these structures renders liposomes suitable for creating biomimicking
nanoconstructs [54,55].

One example of liposomal formulation for spinal cord regeneration is offered by Zhang
et al. [56]. The authors fabricated vitamin E succinate-grafted ε-polylysine nanoparticles
pre-compressed with pOXR1 and loaded into cationic liposomes. These nanoconstructs
protected DNA against DNase I degradation, maintaining its activity and successfully
transporting the cargo into cells. Thus, the nanosystem reduced neural apoptosis, attenu-
ated oxidative stress, and inhibited inflammation, promoting functional recovery in acute
traumatic SCI.

A different approach is proposed by Tang et al. [57], who have fabricated macrophage
membrane-camouflaged liposomes encapsulated with minocycline. The nanocarrier was
noted to prolong drug circulation time, accumulate at the trauma site of the spinal cord,
enhance the therapeutic effect, and exhibit anti-pyroptosis activity. Hence, this biomimetic
strategy paves the way for new SCI targeting and treatment avenues.

Alternatively, Wang and colleagues [58] have focused their research on the relation
between curative therapies for SCIs and intestinal complications. In this respect, the authors
developed a gut–CNS axis-targeted delivery system consisting of neuropeptide apamin,
stabilized by sulfur replacement with selenium, incorporated in a liposome covered by a
non-covalent cross-linked chitosan oligosaccharide lactate layer. The nanoconstruct was
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reported to permeate through oral absorption barriers and, after systemic circulation, target
local enteric glial cells and astrocytes. Thus, these nanoplatforms hold great promise for
comprehensive SCI therapy.

Table 4 concisely presents the above-discussed liposome-based nanosystems from the
point of view of their characteristics.

Table 4. Examples of liposomal nanosystems for spinal cord delivery.

Nanocarrier Material Cargo Characteristics Refs.

Cationic liposomes
with vitamin E

succinate-grafted
ε-polylysine

pOXR1

Morphology: self-assembled
micelles

Average size of empty
nanoparticles: 20 nm

Size of pOXR1 after compression:
58 nm

[56]

Macrophage
membrane-

camouflaged
liposomes

Minocycline
Morphology: core-shell

nanostructure
Average size: 110.08 ± 1.97 nm

[57]

Liposome covered by
a chitosan

oligosaccharide
lactate layer

Neuropeptide apamin
Curcumin

Morphology: nanospheres
Average size without coating:

103.5 nm
Average size with coating:

122.5 nm

[58]

3.1.4. Other Nanocarriers

Several other nanomaterials were reported in the literature as potential candidates for
innovative and performant spinal cord therapy. For instance, nanogels attracted scientific
interest in the field due to their capacity to reach the smallest capillary vessels, penetrate
tissues via transcellular pathways, and release drug freight at the injury site [59]. Taking
into account these advantageous properties, Papa et al. [60] designed a functionalized
nanogel-based nanovector loaded with Rolipram that demonstrated selectivity towards
astrocytes and limited macrophage uptake. After internalizing into the astrocytes’ cyto-
plasm, the nanogels (made of polyethylene glycol and linear polyethyleneimine) underwent
lysosomal degradation, releasing the therapeutic anti-inflammatory freight. The authors
concluded that other molecules or compounds could be incorporated as well, opening the
door for advanced therapy of the inflammatory response in SCIs or other neurodegenera-
tive diseases.

On a different note, Yu et al. [22] have recently reported the fabrication of a metformin-
containing gelatin nanogel encapsulated into glutathione-modified macrophage-derived
cell membranes. This biomimetic approach was tackled as a method of crossing the blood–
spinal cord barrier and successfully reaching the injury site. The nanosystem showed a
slow-release effect, good accumulation at the target site, and promising therapeutic effect
in attenuating oxidative stress, inflammation, and apoptosis.

An interesting approach is offered by Mahya et al. [61], who have encapsulated
berberine into chitosan nanoparticles and further included them in an alginate–chitosan
hybrid hydrogel. The composite nanomaterial encountered proper swelling, degradability,
and bioactivity, being a suitable microenvironment for spinal cord tissue engineering and
controlled drug released systems.

Another recent study conducted by Wu and colleagues [62] presented a highly in-
telligent nanocarrier system for SCI repair. The authors created a stretched inverse opal
film (SIOF) infiltrated with a temperature-sensitive hydrogel loaded with black phos-
phorus quantum dots (BPQDs), fibroblast growth factor 10 (FGF10), and chloroquine
phosphate. This complex nanosystem exhibited the synergistic outcomes from the excellent
photothermal effect of BPQDs: controlled cargo release, enhanced biocompatibility, and
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unique topography of the SIOF that could orientate cell growth and promote cytoskeleton
elongation. Moreover, the nanoplatform exhibited excellent inflammation inhibition and
promoted axon growth, aiding in the recovery of motor function in rat models.

Encouraging results have also been obtained by using drug-loaded nanovesicles.
Particularly, Liu et al. [63] have recently prepared a nanovesicle derived from a macrophage
membrane encapsulated with sodium alginate and naloxone. The nanosystem successfully
accumulated at the lesion site, enhancing drug concentration in the traumatic area, thereby
decreasing free Ca2+ concentration, alleviating the inflammatory response, and attenuating
neural apoptosis. Moreover, the motor function of the treated mice significantly improved,
demonstrating great potential for SCI treatment.

The above-described nanosystems are synthesized in Table 5.

Table 5. Examples of other types of nanosystems for spinal cord delivery.

Nanocarrier Cargo Characteristics Refs.

Polyehtylene glycol-
polyethylenimine

(PEG-PEI) nanogel
Rolipram Morphology: colloidal dispersion [60]

Macrophage-derived
cell membranes
(modified with

glutathione)

Metformin nanogel

Morphology: core-shell
nanostructure

Average size of nanogel core:
141.26 ± 5.70 nm

Average size of the final structure:
148.03 ± 7.10 nm

[22]

Alginate–chitosan
hydrogel

Berberine-
encapsulated chitosan

nanoparticles

Average size of chitosan
nanoparticles without loading:

214 ± 42 nm
Average size of chitosan

nanoparticles with loading:
~252 nm

[61]

Inverse opal film

BPQDs
FGF10

Chloroquine
phosphate

Morphology: periodic hexagonal
close-packed structure (prior to

stretching)
[62]

Nanovesicles derived
from macrophage

membrane

Sodium alginate
Naloxone

Morphology: nanospheres
Average size without loading:

80 ± 12 nm
Average size with sodium alginate:

112 ± 8 nm
Average size with sodium alginate

and naloxone: 134 ± 11 nm

[63]

3.2. Biomolecules
3.2.1. Growth Factors

Growth factors have been increasingly studied in relation to spinal cord regeneration.
They can regulate neurons’ survival, stimulate the release of neurotransmitters and recovery
of synaptic function, promote the growth and remodeling of axons, and regenerate nerve
cells. Particularly, neurotrophin-3 (NT-3), neurotrophin-4 (NT-4), and neurotrophin-5 (NT-5)
have been recognized for their ability to protect damaged neurons and promote neuron
growth and differentiation [18,21]. Interesting studies have been reported on the delivery of
NT-3 to injured spinal cord regions [64]. For instance, Oudega et al. [65] have successfully
implanted a chitosan-based implant for NT-3 release in the completely transected spinal
cord of rats, observing the potential of this strategy for facilitating neural tissue generation.
Differently, Cong and colleagues [66] concluded that direct intraspinal administration
of NT-3 could inhibit excessive autophagy of oligodendrocytes after SCI, promoting the
recovery of motor function.
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Nerve growth factor (NGF) was also noticed to have an important role in spinal
cord regeneration, supporting the neurons’ survival, growth, differentiation, and synapse
formation, thereby stimulating nerve regeneration, remodeling the neural network, and
aiding in the recovery of motor function [18,67,68]. Taking into account the beneficial actions
of NGF, Yamanaka et al. [69] created a combination treatment for up-regulating this growth
factor. Specifically, the authors used diazoxide and erythropoietin to attenuate spinal cord
ischemic reperfusion and cytoarchitectural change via up-regulation of NGF expression. In
addition, the researchers concluded that further studies of this mechanism could contribute
to reducing spinal cord ischemic complications after the aortic intervention.

Alternatively, Cheng et al. [70] investigated the expression of NGF in activated astro-
cytes by a mouse model of contused spinal cord injury and in vitro studies. The authors
noticed more astrocytes with immunoreactivity to proNGF in the injured spinal cord sites.
Moreover, proNGF was reportedly localized in both exosome-like vesicles and the cyto-
plasm of astrocytes in culture, demonstrating that reactive astrocytes increased proNGF
expression after SCI and indicating the potential association between exosome-like proNGF
transport or release in inducing neuronal apoptosis and heightening SCI progression.

Valuable characteristics have also been reported for the brain-derived neurotrophic
factor (BDNF). BDNF is recognized for its neuroprotective effects on 5-serotonin, dopamin-
ergic, cholinergic, and GABA neurons via neuron growth promotion, axon sprouting and
regeneration, and axon remyelination [18]. On the other hand, proBDNF may oppose
the functions of mature BDNF through the inhibition of proliferation, differentiation, and
migration of neural stem cells (NSCs) during development. Subsequentially, adminis-
trating anti-proBDNF antibody treatment was noted to promote NSC proliferation and
differentiation [71].

3.2.2. Exosomes

In recent years, the importance of intercellular communication has been emphasized
through signaling organelles (i.e., extracellular vesicles). According to the size of these
double-layered membrane vesicles, they can be divided into three classes: apoptotic bodies
(1000–5000 nm), microvesicles (100–1000 nm), and exosomes (30–150 nm). Particular
attention has been drawn to the small structures, as they can deliver information among
cells in different pathological and physiological statuses [21,72].

Exosomes are important paracrine mediators of their parent cells that have been
recently reported to hold great promise in medical treatments and tissue regeneration [73,74].
Exosomes are produced by the endosomal compartments of most cells, including those
involved in immune and pro-inflammatory responses (e.g., macrophages, dendritic cells,
and T and B lymphocytes). These vesicles can travel throughout the body towards target
cells, where they participate in various biological and pathological processes, including
tissue damage and repair responses [75]. Stem-cell-derived exosomes have been particularly
investigated for their neuroprotective properties in several in vitro and in vivo studies in
various therapeutic approaches [76].

For instance, Sun et al. [77] studied human umbilical cord mesenchymal stem cell
(hucMSC)-derived exosomes as a potential treatment for tissue repair after SCI. The authors
reported that hucMSC-derived exosomes could effectively trigger the bone marrow-derived
macrophage polarization from M1 to an M2 phenotype, down-regulate inflammatory
cytokines, and enhance functional recovery after SCI.

Mu et al. [73] have also tackled the potential of MSC-derived exosomes. The re-
searchers encapsulated these vesicles in fibrin glue that gelated in situ, providing in this
manner a substrate for exosome delivery and nerve tissue growth. This treatment reduced
inflammation and oxidative stress while promoting effective nerve tissue repair and func-
tional recovery. In contrast, Li and colleagues [5] used a peptide-modified adhesive gel for
exosome encapsulation, topical transplantation at the injured site, and sustained release in
the host nerve tissues. This treatment resulted in considerable nerve recovery and urinary
tissue preservation by efficiently mitigating inflammation and oxidation.
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Differently, Luo et al. [74] have created a treatment based on M2-exosomes incor-
porated into a hydrogel. The exosomes stimulated vascular regeneration and functional
recovery after SCI, as they induced a pro-angiogenic effect in spinal cord microvascular
endothelial cells. Specifically, the high levels of ubiquitin thioesterase otulin from M2-
exosomes are responsible for activating the Wnt/β-catenin signaling by increasing the
protein level of β-catenin, positively modulating vascular regeneration and neurological
functional recovery.

3.3. Cell Therapy

SCI regeneration and repair can also be achieved through various cell therapies via two
main methods: transplanting exogenous cells and directing or enhancing the functions of
endogenous progenitor cells. The cell types studied in relation to spinal cord regeneration
include embryonic, pluripotent, neural, and mesenchymal stem cells, oligodendrocyte and
endothelial precursor cells, Schwann cells, olfactory ensheathing cells, and more [2,21,78]
(Figure 4).
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NSCs’ transplantation was especially studied in the spinal crush injury model, dis-
playing encouraging results, such as differentiating into neurons, providing a neuronal
substrate for electrical signals to bridge or circumvent the lesion area, accelerating axonal
growth, and improving axonal conduction. Moreover, NSCs promote the survival and
growth of damaged neurons to a series of secreted growth-promoting factors (e.g., BDNF,
CNTF, GDNF, NGF, IGF-1) [79].

Important results have also been registered by grafting human spinal-cord-derived
neural progenitor cells into cervical SCI sites of rhesus monkeys. Specifically, Rosenzweig
et al. [80] reported that monkey axons regenerated into the NPC-based grafts and formed
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synapses, improving forelimb function. The encouraging outcomes led the authors to
conclude that NPC graft therapy could be successful for reconstituting the human neural
and glial milieu in the SCI site.

Another type of cell with great potential in SCI treatment is represented by embryonic
stem cells (ESCs). ESCs can differentiate into neurons and glial cells that can reverse cell
defects in the wounded area, while secreted active factors have the ability to impede further
damage, support nerve tissue regeneration, achieve therapeutic effects, and improve motor
dysfunction in tested animals [79].

Progress has been noted in the use of adipose-derived stem cells (ASCs). ASCs are
considered promising therapeutic cells for SCI treatment, especially due to the plethora of
molecules they secrete for modulating inflammatory response, stimulating axonal growth,
promoting vascular remodeling, and ensuring cellular survival [3,81]. Thus, taking into
account the therapeutic potential of ASCs, Pinho and colleagues [81] studied the admin-
istration of ASC secretome-based treatment on SCI mouse models. The authors reported
this method as easy and reliable, with a positive effect on motor recovery and potential
for application in models closer to humans as a means to refine it before translating to
clinical trials.

An interesting emerging possibility for spinal cord regeneration is suggested by
Rövekamp et al. [82]. The researchers exploited the olfactory mucosa as a source of
multipotent cells. Specifically, the authors isolated, purified, and cultivated olfactory
stem cells that further differentiated into the neural lineage. However, further research is
required in the field, as there are no standard methods for purification, characterization,
and delivery of olfactory stem cells to the injury site. These aspects necessitate clarification
before clinical approval.

Numerous other studies have used cell therapy for spinal cord regeneration, yet
researchers opted for delivering cells via biomaterial scaffolds instead of direct transplanta-
tion. Recent works of this kind are reviewed in Section 3.4.2 Cell-seeded scaffolds.

3.4. Biomaterial Scaffolds

In spinal cord regeneration, biomaterial scaffolds can be employed to refurbish the
continuity of the injured site and ensure a suitable environment for tissue repair, axonal
regeneration, and vascularization [83]. Both natural and synthetic biomaterials have been
explored for designing adequate structures for restoring neurological function. Further-
more, the physicochemical properties of such biocompatible constructs can be engineered
to allow tailored drug release and permit unobstructed space for cell growth and differenti-
ation [8,35,84,85].

In particular, polymers have attracted special focus for designing biomaterial scaffolds
due to their appropriate mechanical properties, fabrication versatility, and ability for multi-
ple functionalization [8,85–87]. Thus, either alone or in composites, a broad range of natural
(e.g., chitosan [84,88,89], alginate [2,90], agarose [91], gelatin [92,93], hyaluronic acid [94,95],
collagen [83,84,96,97]) and synthetic (e.g., PLGA [98–100], PLA [101,102], PEG [103], poly-
caprolactone (PCL) [104–106], polysialic acid (PSA) [106]) polymers have been investigated
for creating cell-free and cell-seeded scaffolds for spinal cord regeneration.

3.4.1. Cell-Free Scaffolds

Numerous polymer-based cell-free scaffolds have been reported with different de-
grees of success in the literature. For instance, Ma and colleagues [107] have developed
a decellularized spinal cord scaffold with a thin PLGA outer shell. The major inhibitory
components were eliminated from the scaffold, creating a permissive matrix for integration
and differentiation of NSCs into neurons. Moreover, the scaffold presented enhanced
biocompatibility, suitable mechanical properties, and resilience to infiltration by myofibrob-
lasts and the deposition of the dense collagen matrix. The authors also reported a mild
immunogenic activity but a prominent ability to polarize macrophages from the M1 to the
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M2 phenotype. These aspects were further reflected in significant tissue regeneration and
functional restoration after SCI.

On a different note, Qian et al. [108] have prepared a scaffold for the controlled
release of melatonin for curing long-range nerve defects. In this respect, the researchers
3D-printed a melatonin/PCL nerve guide conduit that was able to enhance Schwann cell
proliferation and neural expression towards stimulating functional, electrophysiological,
and morphological in vivo regeneration of the nerves. In addition, the scaffold was noted
to reduce oxidative stress, inflammation, mitochondrial dysfunction, and reduce nerve cell
apoptosis, providing energy for nerves, facilitating nerve debris clearance, and stimulating
neural proliferation.

Alternatively, Zhang et al. [106] utilized PCL in combination with PSA to create a
hybrid nanofiber scaffold encapsulated with glucocorticoid methylprednisolone (MP). The
authors reported that the PCL/PSA/MP scaffold could diminish the release of TNF-α and
IL-6, decrease apoptosis-associated Caspase-3 protein expression, inhibit axonal demyeli-
nation and glial fibrillary acidic protein (GFAP) expression, and enhance neurofilament
200 (NF-200) expression, consequently promoting axonal growth and boosting functional
recovery after SCI.

Encouraging results have also been published concerning various hydrogel-based cell-
free scaffolds. For instance, Zhai et al. [109] used an interpenetrating network of diacrylated
poly(ε-caprolactone)-b-poly(ethylene glycol)-b-poly(ε-caprolactone) triblock copolymer
combined with RADA16 peptide pre-modified with a cell adhesive Arg-Gly-Asp sequence.
The composite hydrogel retained the nanofibrous structure of the peptide, yet it under-
went a much slower degradation, ensuring a sustained treatment. Moreover, the scaffold
displayed excellent cytocompatibility, promoted differentiation of NSCs, and reduced cavi-
tation, glial scar formation, and inflammation at the hemi-sectioned SCI model lesion sites in
rats. Differently, Wang et al. [110] have recently developed a multifunctional nanocomposite
hydrogel made from poly(citrate-maleic)-ε-polylysine (PME) and multi-walled carbon nan-
otubes. These scaffolds exhibited desirable properties, counting injectability, self-healing
ability, tissue-adhesiveness, broad-spectrum antibacterial activity, UV-shielding perfor-
mance, biomimetic mechanical modulus, and electroconductivity with spinal cord tissues,
cytocompatibility, hemocompatibility, and biodegradability. Furthermore, in vivo tests
revealed potential in enhancing locomotion recovery, reducing inflammation, promoting
remyelination, and stimulating axon regeneration after SCI. Another hydrogel for SCI
repair has been recently proposed by Shen and colleagues [111]. The authors created an
immunoregulatory hydrogel that scavenges anionic damage-associated molecular patterns
(DAMPs) and sustainedly releases IL-10 towards reducing the pro-inflammatory responses
of macrophages and microglia, promoting the neurogenic differentiation of NSCs and
ensuring axon growth formation without scar formation.

Natural polymer-based scaffolds are considered equally or more suitable materials
for tissue engineering and regeneration as an alternative to synthetic polymers. These
natural materials present a series of advantageous properties, including biocompatibility,
biodegradability, low immunogenicity, large surface area, similarity with extracellular ma-
trix (ECM), tunable mechanical strength and conductivity, and easy large-scale production.
Moreover, they are excellent support materials for living cells, small molecules, growth
factors, and liposomes, ensuring their controlled and sustained release at the implantation
site [2,112,113] (Figure 5).

For instance, Yeh and colleagues [114] fabricated a collagen scaffold for glial scar
replacement. This polymeric structure could increase the expression of neurofilament
and fibronectin while reducing the expression of glial fibrillary acidic protein and anti-
chondroitin sulfate. These aspects were further reflected in enhanced neuronal survival
and axonal growth, controlled astrocyte production, and prevention of glial scar formation.
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Additionally tackling the benefits of collagen scaffolds, Yin et al. [115] have developed
a linear-ordered collagen construct loaded with Taxol and implanted it in canine models
after removing a portion of 1 cm from their spinal tissue. Observations during a half-year
period revealed significantly increased neurogenesis and axon regeneration, reduced glial
scar formation, and promoted motor-evoked potentials and locomotion recovery. Therefore,
this method can be considered efficient for treating acute long-distance spinal cord defects.

Differently, Sun et al. [84] have created a collagen–chitosan hybrid scaffold that could
partially re-establish a permissive microenvironment for axonal regeneration. The nat-
ural polymer-based scaffold decreased scar and cavity formation, enhanced nerve fiber
regeneration, and improved functional recovery in rats, offering a promising therapeutic
alternative for SCI.

In contrast, Han et al. [91] utilized another material. Specifically, the authors developed
a Matrigel-loaded agarose scaffold that could support and improve linearly organized
axon regeneration after SCI. Moreover, the scaffold was able to guide the reconnection of
functional axons, contributing to locomotion recovery.
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3.4.2. Cell-Seeded Scaffolds

Incorporating various cells into biomaterial scaffolds is another promising regenerative
approach for spinal cord repair, as several studies have reported encouraging outcomes.

One such example is offered by Li and colleagues [116], who have prepared a peptide-
modified hyaluronic acid scaffold containing dispersed MnO2 nanoparticles and seeded
with MSCs. The nanoparticles could alleviate the oxidative environment and improve
MSCs viability, whereas the hydrogel enables adhesive growth of the seeded cells. The
scaffold was noted to considerably restore motor function, induce in vivo integration and
neural differentiation, and efficiently regenerate spinal cord tissue.

Alternatively, Yuan et al. [3] have fabricated a cell-adaptable neurogenic hydrogel
seeded with ASCs. The as-designed scaffold provided an adequate matrix for cell infil-
tration, leading to enhanced axonal growth, improved motor-evoked potential, hindlimb
strength, and complete spinal cord transection coordination. Moreover, this biomate-
rial structure was noted to induce macrophage polarization towards the M2 phenotype,
suppressing neuroinflammation and cell apoptosis.

Kourgiantaki et al. [117] have created porous collagen-based scaffolds to deliver and
protect embryonic NSCs at SCI sites. The authors reported a remarkable improvement in
locomotion recovery, as the scaffolds could induce regeneration of injured regions through
neural differentiation, functional integration, robust axonal elongation, and reduced as-
trogliosis. Similarly, Li and colleagues [118] have produced an NSCs-seeded collagen
scaffold, but, in addition, they also loaded the material with paclitaxel-encapsulated lipo-
somes. The as-designed scaffold ensured a prolonged sustained drug release at the lesion
site while providing an instructive microenvironment for neuronal differentiation of NSCs,
motor and sensory neuron regeneration, and axon extension. These processes are further
conducted to enhance motor-evoked potential and hindlimb locomotion recovery.

You et al. [119] utilized bone mesenchymal stem cells (BMSCs) seeded on a porous silk
fibroin scaffold to enhance transplanted cells’ survivability and promote nerve regeneration.
The cell-seeded scaffold was noted to increase the markers for damaged axon regeneration
and maintenance of the myelin structural and functional integrity, bridging the defected
nerve with nerve fibers when applied to the transected spinal cord.

Another interesting regenerative strategy is proposed by Ham et al. [88], who used an
NSC-seeded hydrogel scaffold with covalently immobilized interferon-γ and concomitantly
administered intracellular σ peptide. Despite not being able to reconnect transplanted cells
with the host tissue, this treatment resulted in an extension of neurofilament fibers from
the host tissue into the scaffold and improved functional outcomes.

Alternatively, Lai and colleagues [120] have recently proposed the construction of
niche-specific spinal white-matter-like tissue (WMLT) using decellularized optic nerves
encapsulated with NT-3-overexpressing oligodendrocyte precursor cells. In the implanted
structure, laminin was noted to promote the oligodendroglial lineage (OL) and guide linear
axon regeneration via interactions with specific integrins on the axon surface. Thus, a niche
rich in laminin, NT-3, and OL cells was created, which led to the considerable structural
repair of SCI and significantly improved motor functions.

He and colleagues [78] have considered an innovative 3D-bioprinted scaffold com-
posed of the neonatal acellular spinal cord and gelatin methacryloyl hydrogels seeded with
menstrual-blood-derived mesenchymal stem cells (MenSCs). These components have the
potential to work in synergy towards optimizing bioactive composition and microstructure,
ensuring adequate mechanical properties, stimulating the spinal cord conduction path, and
eventually leading to SCI rehabilitation.

3.5. Other Rehabilitation Strategies

In addition to the above-presented spinal cord repair strategies, several other reha-
bilitation approaches have been recently reported in the literature, particularly based on
electrostimulation (ES) (Figure 6).
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One recent rehabilitation approach is offered by Lemos et al. [121], who have tested
the Possover-LION procedure in patients with chronic SCI. The laparoscopic implantation
of neuromodulation electrodes was reported to improve the mobility and genital sensitivity
of the patients, while also reducing the number of urinary and fecal incontinence episodes.
Thus, the authors concluded that this procedure should be considered a safe and efficient
therapy for patients with chronic SCI.

Similarly, Adeel et al. [122] investigated paired stimulation in subjects with chronic
SCI. By testing different waveforms, the researchers observed that rTMS-iTBS/tsDCS and
rTMS-20 Hz/tsDCS improved motor-evoked potential (MEP) latency, MEP amplitude, and
lower extremity motor scale during a single neuromodulation experimental trial.

An interesting therapeutic alternative is also offered by Olmsted and colleagues [123].
The authors prepared alginate-based neural ribbons of synaptically connected neuronal
networks composed of functionally maturing caudal spinal motor neurons, interneurons,
and oligodendrocyte progenitor cells. The researchers directed neurite formation within
these ribbons toward generating electrically active, synaptically connected networks. These
structures were tested in vivo, exhibiting viability and retention of interconnected synaptic
networks that readily integrate with the host parenchyma. Therefore, transplantable neural
circuitry for SCI treatment holds great promise for SCI treatment.

Recent research also focused on improving spinal-cord-related clinical procedures
to enhance repair outcomes. In this respect, Kubelick and Emelianov [124] have devel-
oped a combined ultrasound (US)–photoacoustic (PA)–magnetic resonance (MR) imaging
approach enhanced by Prussian blue nanocubes. (PBNCs). Specifically, the scientists ac-
quired US/PA images while directly injecting PBNC-labeled stem cells into the spinal cord,
whereas US/PA/MR images were acquired post-surgery. This imaging approach allowed
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the multimodal detection of low concentrations of stem cells, real-time needle and injection
guidance, and immediate feedback on stem cell delivery, being an auspicious strategy to
guide stem cell injections intraoperatively and monitor stem cell therapies in the spinal
cord postoperatively.

4. Conclusions

As the spinal cord cannot regenerate itself and no treatment is yet clinically available
for its complete healing, spinal cord injury remains one of the most devastating diseases,
affecting the quality of life of millions of patients and imposing an economic burden on
healthcare systems worldwide.

Considering the impetuous need for developing efficient treatment strategies, scien-
tists have recently approached SCIs from an interdisciplinary perspective. Thus, a series
of promising discoveries concerning biomolecules and stem cells mechanisms in the SCI
microenvironment have been reported in the literature, while tremendous progress has
been noticed in designing various drug delivery vehicles and biomaterial scaffolds. How-
ever, most of the studies have been conducted in vitro and/or in vivo on small animals;
only two of the cited studies were performed on larger animals (i.e., rhesus monkey, canine
models), while none of the potential therapies have reached the clinical testing stage. There
are a number of challenges and limitations associated with translating these advanced
therapeutic strategies, such as improperly powered studies with insufficient animal num-
bers, heterogeneity of SCI models, and interspecies variations in neuroanatomy. Moreover,
factors such as animal age, inbreeding, and housing may also represent obstacles in clinical
translation, as humans have very different immune systems and behaviors than inbred
mouse strains living in a sterile environment; hence, the neuroplasticity, regeneration, and
recovery after an SCI is also expected to be different. More specifically, before moving into
the clinic, the newly developed delivery nanosystems must be thoroughly investigated
from the points of view of their cytotoxicity (focusing on their overall effects on human
health rather than on specific cells and tissues) and their ability to translate from laboratory
to scaled-up synthesis without affecting their quality. The advanced repair strategies involv-
ing different biomolecules and stem cells require further research to fully understand these
entities’ mechanisms of action and their long-term effects. On the other hand, the main
challenge in using biomaterial scaffolds resides in finding the balance between adequate
physicochemical properties and maximum therapeutic efficacy.

To conclude, encouraging results have been obtained by testing a wide range of
therapeutic options for accomplishing spinal cord regeneration and repair, yet further
research is required concerning their effects in human use before these strategies can be
implemented in clinical practice.
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