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Abstract: Spinal cord injury (SCI) is an injurious process that begins with immediate physical damage
to the spinal cord and associated tissues during an acute traumatic event. However, the tissue
damage expands in both intensity and volume in the subsequent subacute phase. At this stage,
numerous events exacerbate the pathological condition, and therein lies the main cause of post-
traumatic neural degeneration, which then ends with the chronic phase. In recent years, therapeutic
interventions addressing different neurodegenerative mechanisms have been proposed, but have
met with limited success when translated into clinical settings. The underlying reasons for this are
that the pathogenesis of SCI is a continued multifactorial disease, and the treatment of only one
factor is not sufficient to curb neural degeneration and resulting paralysis. Recent advances have
led to the development of biomaterials aiming to promote in situ combinatorial strategies using
drugs/biomolecules to achieve a maximized multitarget approach. This review provides an overview
of single and combinatorial regenerative-factor-based treatments as well as potential delivery options
to treat SCIs.

Keywords: hydrogels; inflammation; nanoparticles; regeneration; spinal cord

1. Introduction

Spinal cord injury (SCI) is one of the most disabling events that involves the central
nervous system [1–3], causing temporary or permanent loss of muscle function, sensation,
or autonomic function in the parts of the body served by the spinal cord below the level of
the injury. Depending on the location and the severity of the damage, the symptoms may
vary, from numbness to paralysis, including bowel or bladder incontinence. Long-term
outcomes also range widely, from full recovery to permanent tetraplegia or paraplegia.
Globally, around 2.5 million people live with SCIs, and every year 180,000 novel cases are
registered [4,5]. Obviously, SCI has a grave impact on the quality of life of the patients,
and incurs heavy costs from both social and healthcare points of view [6–8]. From a
pathophysiological perspective, the trauma starts with an acute phase (primary mechanical
injury) as a consequence of compressive, stretching, or contusive trauma [9–13]. This
phase is then followed by a multifactorial process (also known as secondary injury) that
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aggravates the tissue damage and, thus, worsens the condition of the patient [14], leading
finally to variable motor dysfunction, chronic pain syndrome, and many other permanent
and critical outcomes. Numerous in vivo studies in recent decades have furthered our
understanding of the pathophysiological mechanisms of the secondary injury and their
kinetics [15,16]. A core problem in SCI is impaired axonal regeneration, as reflected by the
limited gene expression of many regeneration-associated proteins, such as Tα1-tubulin, c-
jun, NCAM, GAP-43, CAP-43, ATF3, STAT3, or CREB [17]. In addition, there is a lack of key
trophic factors in SCI lesions, such as brain-derived growth factor (BDNF), nerve growth
factor (NGF), vascular endothelial growth factor (VEGF), neurotrophin 3 (NT-3), glial-cell-
line-derived neurotrophic factor (GDNF), and insulin growth factor 1 (IGF-1) [18,19]

Moreover, there is consensus that, in contrast to the embryonic phase and to what
is known in axonal regeneration in amphibians, in mammalians the SCI lesion turns into
an adverse environment for axon regeneration, thus fueling processes of the secondary
injury. These processes include inflammation, glial scarring, and demyelination [15,20,21]
(Figure 1). Inflammation includes processes of cellular response including the activation
of microglia, with consequent morphological and molecular changes. In the injury site, a
cascade of events starts, constituting secondary injury until the pathological changes come
to a standstill, representing the chronic phase of SCI [22–26].
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The main cellular actors are astrocytes, microglia, and oligodendrocytes. This scarring
is able to produce signals (e.g., semaphorin 3 or tenascin) that can inhibit the regeneration
of axons [27,28]. Neurite growth is also limited by specific proteins related to myelin, such
as nogo, oligodendrocyte myelin glycoprotein, and myelin-associated glycoprotein [29,30].
This hostile environment is also exacerbated by the mechanism of inflammation, where
microglia are activated, with consequent morphological and molecular changes, and move
to the injury site, starting the cascade events typical of secondary injury until the complete
stabilization (chronic phase) [23,31].

In recent years, two major strategies to curb the pathogenic cascade in subacute SCI
have been proposed: neuroprotection, and neurodegeneration [32]. The first seeks to
prevent neuronal degeneration by reducing the spread of tissue damage, while the second
aims at rewiring neuronal connections and helping the regeneration of axons [33,34]. In
this review, we focus our attention on different neuroprotective therapeutic strategies, such
as administration of anti-inflammatory, antioxidant, or anti-apoptotic compounds, and on
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regenerative strategies that are dedicated to blocking myelin-associated neurite outgrowth
inhibitors [35].

2. SCI Pathophysiology

Following a traumatic event that could take place after compression, laceration, or
contusion of the spinal cord, the tissue leads to primary injury (acute neurological damage).
However, most of the degeneration of the cord is due to the secondary injury that, in
mammals, includes a wide spectrum of events, such as dysfunction of the blood–brain
barrier, thrombosis, and neuronal death [14,36]. Among the different pathophysiological
mechanisms, inflammation plays a key role, exacerbating the disease conditions.

The acute inflammatory response involves numerous cell types whose triggering
signals are now partially discovered [37–42]. It is well known that an initial activation
of resident microglia occurs, followed by recruitment of neutrophils, macrophages, den-
dritic cells, and B/T lymphocytes from the periphery [43]. Subsequently, astrocytes be-
come reactive and show transient changes in phenotype, with regional reorganization,
hypertrophy, and spread in the injured site [41,44]. Divergent roles are associated with
different microglia/macrophage phenotypes: pro-inflammatory (M1 oversimplified) or
anti-inflammatory (M2 oversimplified) cells—this classification is under current clarifica-
tion because microglia/macrophages can show more than two polarization states [43,45,46].
Interestingly, M1-like response is rapidly induced and then maintained in the subacute
and chronic phase after SCI, whereas M2 response is transient and limited to the subacute
phase of the trauma [45,47]. On the other hand, astrocytes are not a uniform cell population,
but present a complex spectrum of activation states with opposite phenotypes—some
destructive (oversimplified A1), and others beneficial (oversimplified A2). They enjoy
functionally relevant communication with immune cells (i.e., microglia [48,49]) involved in
the spreading of the secondary injury. Recently, a close relationship has been demonstrated
between microglia and astrocytes; it seems highly likely that microglia are capable of modu-
lating astrocytes, and vice versa [48,49]. Microglia have been demonstrated to be activators
of astrocytes by releasing some cytokines (interleukin 1 alpha (IL-1α), tumor necrosis factor
alpha (TNF-α), and the complement component subunit 1q (C1q)), which are able to induce
A1 astrocytes [48,49]. This suggests that the activation of microglia/macrophages and the
associated inflammatory response could be a self-propelling mechanism of progressive in-
flammation by acting on the pro-inflammatory activated state of astrocytes and contributing
to the SCI. Recently, Milich et al. exploited single-cell analysis to investigate cell hetero-
geneity at the injury site in a murine model of SCI [46]. This study revealed the presence
of six different microglia subpopulations based on their transcriptional profiles: homeo-
static microglia are present in uninjured mice, whereas at 1 DPI almost all microglial cells
retrieved from the injury site shift towards an inflammatory and proliferative phenotype
characterized by the upregulation of the Msr1 and Cdk1 genes [46]. Afterwards, between
3 and 7 DPI, a gradual conversion from the inflammatory signature towards [38–40,50,51]
the homeostatic phenotype was observed [46]. The same paper demonstrated that, similarly
to microglia, astrocytes also undergo a switch through different transcriptional profiles
at different time points post-injury [46]. In addition, astrogliosis and microgliosis lead to
proliferation, hypertrophy, and migration at the injured site, and many studies have char-
acterized their contribution to scar formation [31,37–40,51–54]. Correlative investigations
have shown that a glial scar was formed in the early hours and persisted for years after the
injury [50]. A scar is a structured physical response to the lesion formed by cell migration
and matrix deposition. Several populations, including fibroblasts derived from meninges
and/or vessels, activated microglia/macrophages, activated astrocytes, pericytes, ependy-
mal cells, and oligodendrocyte precursor cells, are able to migrate and proliferate, forming
the scar [38–40,50,51]. A “concentric texture” of cells constituting the scar helps to narrow
down when the injury took place—activated microglia/macrophages are placed closer to
the lesion core, surrounded by oligodendrocyte precursor cells and pericytes [38–40,50,51],
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whereas hypertrophic astrocytes remain in the outer part of the scar (penumbra), reaching
a higher density compared to naïve tissue [38,50].

However, the role of glial scarring is still highly debated; on the one hand it limits the
disruption and amplification of the injury, while on the other it shows a detrimental effect,
working against axonal regrowth, and acting as physical and chemical barrier [28]. Then,
other phenomena, such as white matter demyelination, determine a deterioration of the
pathological conditions until the achievement of a chronic condition [55].

The disease progression is also influenced by the presence of molecules with growth-
inhibitory effects such as nogo-A, which causes growth inhibition and growth cone collapse
by interacting with its receptor NgR1 [56,57]. Another inhibitory molecule is myelin-
associated glycoprotein, produced by oligodendrocytes that limit axonal regrowth [58].
Spontaneous tissue regeneration is also limited by the presence of molecules belonging to
the proteoglycan family, strongly involved in scar formation in SCI [59]. In the last year,
Kwiecien et al. [3] confirmed prior studies on SCI demonstrating progressive astroglio-
sis that begins 1 day post-SCI through week 16. The numbers of macrophages peak at
1–4 weeks post-SCI, with their gradual decline by 12–16 weeks post-SCI, while astrogliosis
progressively walls off the cavities of the injury, coinciding with a reduction in macrophage
invasion. These findings suggest that persistent astrogliosis is associated with a gradual
decrease in pro-inflammatory and increase in anti-inflammatory cytokines. All of these
pathological mechanisms suggest that only a multitarget therapy able to simultaneously
treat different mechanisms can have a good chance to reach clinical practice.

3. Drug Delivery to the Spinal Cord: The Role of Biomaterials in SCI Treatment

The pathogenic cascade of subacute SCI is largely localized in the spinal cord, and it
follows that all of the abovementioned major therapeutic strategies to curb the pathogenic
cascade in subacute SCI rely on localized, precise delivery of drugs and factors. Herein lies
the specific challenge: The bony protective armor of the spinal cord aside, the conventional
delivery of drugs to the damaged cord is highly limited by the presence of the blood–spinal
cord barrier (BSCB)—a semipermeable interface of specialized small blood vessels that
surround the spinal cord. It is indeed known that most therapeutic agents cannot cross
this barrier if they are administered orally, systemically, or into the epidural space [60]. As
known from pain therapy in cancer patients, alternative strategies can involve intrathecal
administration, using catheters or minipumps, with several associated disadvantages, such
as surgery-related side effects and the need to refill the pump [61].

In recent decades, novel targeting approaches have been proposed to overcome these
limitations, such as the use of biodegradable carriers [62–64]. Most recently, in SCI treat-
ment, several preclinical studies were carried out on two extremely promising biomaterial
categories: hydrogels (HGs) and nanoparticles (NPs) [65–67].

These medical devices can carry a large variety of therapeutic agents (e.g., drugs,
neurotrophins, and antibodies) and release them locally at the injury site [68]. An overview
of the conventional and non-conventional treatments is presented in Table 1 and Figure 1.

3.1. Hydrogels

Hydrogels are 3D crosslinked networks of hydrophilic polymers able to retain a large
amount of water without dissolving [69]. Crosslinking can be of two types: physical
or chemical. Physical crosslinking corresponds to physical interactions, such as simple
entanglement, while chemical crosslinking is related to covalent interactions. Polymers
can have synthetic or natural origins. On the one hand, synthetic polymers can guarantee
high tunability in terms of composition, degradation, and functionalization. On the other
hand, natural polymers are able to provide structures that can stimulate cell response, and
are generally less inflammatory and toxic [70]. Due to their elastic nature, HGs can be
injected at the injury site, filling the SCI cavity, where they can release active agents and
cells [71–73]. Furthermore, a promising property of HGs is the possibility of direct in situ
gelation. Its advantages are related to reducing several drawbacks of classical surgery that
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can exacerbate the patient’s condition [74]. Moreover, their swelling ability, degradation
rates, and mechanical properties make hydrogels ideal tools not only for the delivery of
factors and small molecules, but also for hosting cells which, in turn, serve as drug delivery
units [1,75,76].

Table 1. Advantages and disadvantages of the conventional and non-conventional treatments
discussed in this review.

Advantages Disadvantages

C
on

ve
nt

io
na

l

Oral

Non-invasive treatment Limited access to the SC environment

Safe and less expensive
Possible diffuse treatment of the SC Metabolism decreases drug in the bloodstream

Potential side effects

Infusion

Localized immediate pharmacological activity
Greater control of drug delivery

Obstruction, leakage, breakage, and dislodgment
of catheter

Rapid reversibility Possible hemorrhage and infections

Reduced drug side effects Limited drug diffusion into the SC

Systemic

Non-invasive treatment Limited access to the SC environment

Possible diffuse treatment of the SC Limited half-life of the drug in the plasma

Avoid first-pass metabolism Potential side effects

N
on

-C
on

ve
nt

io
na

l

HGs
Localized and controlled pharmacological activity Low hydrophobic drug-loading capacity

High biocompatibility
Reduced side effects

Limited control of low-steric-hindrance
drug delivery

NPs

Diffuse treatment of the SC Low hydrophilic drug-loading capacity

Increased access to the SC environment Accumulation in organs and macrophages

Cell-specific targeting

HGs + NPs
Independent delivery kinetics of different drugs
Hydrophobic and hydrophilic drug-loading capacity Possible elevated uptake of NPs from the microglia

Localized multi-pharmacological activity

In recent years, great attention has been dedicated to HGs in SCI—especially for drug
or cell delivery [71,77]. HGs can indeed be loaded with drugs and sustain their release over
time [78,79]. The release of small molecules has the problem that it can be uncontrolled
(burst release); thus, different strategies should be considered with respect to the physical
loading within the 3D network [74,80]. For example, curcumin can ameliorate SCI once
it is released constantly over time from a dynamic reversible hybrid hydrogel made of
fluorenylmethoxycarbonyl protecting group (Fmoc)-grafted chitosan and Fmoc peptide [81].
In this case, the interactions between the matrix and the drug molecules can sustain the
release over time. With regard to bio-compounds’ release, several in vivo studies have
shown that HGs can be designed for a sustained release of neurotrophins into the SCI
lesion [82–85].

Recent studies have indeed demonstrated that the administration of (exogenous)
neurotrophins such as NT-3, NT-4/4, NGF, BNDF, and glial-cell-line-derived neurotrophic
factor (GDNF) promotes regeneration in SCI [86]. In recent years, different methods
have been used to administer them, including systemic administration, direct injection, or
intrathecal infusion pump. However, as already pointed out, all of these methods show
many disadvantages, such as the inaccessibility of the BSCB, no control of the release, and
problems due to surgery (such as placement of a catheter, creation of a pouch for a pump,
etc.). In order to solve these problems, HGs were chosen as promising biomaterials that can
sustain the release of growth factors directly at the injury site—a winning point when also
considering their short bioavailability [87–89]. Indeed, HGs demonstrated good ability to
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preserve the bioactivity of GDNF [90], NT-3 [91,92], BDNF [93,94], and fibroblast growth
factor-2 (FGF-2) [95,96].

Growth factors can be also immobilized in different gels (e.g., in silk protein nanofiber
hydrogels [97]) with hierarchical anisotropic microstructures to provide multiple physical
and biological cues. The maintained bioactivity of the growth factors inside the hydro-
gels can regulate the neuronal/astroglial differentiation of neural stem cells. The aligned
microstructures can facilitate cell migration and orientation, which then stimulate neu-
roregeneration. The release of growth factors can also be prolonged over time using soft
thermosensitive electroactive HGs combined with functional electrical stimulation [98]. An
alternative method able to guarantee a great amount of trophic factors at the injury site is
represented by the use of transplanted cells loaded within HGs—the so called “medicinal
cells approach” [99–101]. Indeed, one hypothesis validated by many studies [102–104] is
that stem cells can regulate the delivery of trophic factors. Moreover, a key advantage of
loading cells within HGs is that they are confined, overcoming the problems of uncontrolled
differentiation after transplantation and adverse immune response [104].

Different kinds of HGs were used for this purpose, like a system based on thiol-
functionalized hyaluronic acid and thiol-functionalized gelatin that can create a neuroregen-
erative environment for transplanted oligodendrocyte progenitor stem cells [105]. Similarly,
HGs from 2-hydroxyethyl methacrylate or 2-hydroxypropyl methacrylamide can reduce the
lesion after being loaded with bone marrow stem cells [106]. In a chronic SCI model, HGs
of Arg-Gly-Asp-N-(2-hydroxypropyl)-methacrylamide with mesenchymal stem cells were
able to improve the infiltration of myelinated axons and astrocytes, reducing scarring and
ameliorating the behavioral outcome [107,108]. HGs made of synthetic (Carbomer 974p)
and natural components (agarose) can present the advantages of both of these polymer
categories, and enable proper viability and release of active factors from stem cells in vitro
and in vivo [109,110]. Moreover, they can maintain their stemness, avoiding differentiation
in undesired cell populations such as osteocytes, adipocytes, or chondrocytes, as shown in
Figure 2.

Some studies have dedicated a lot of attention to the specific types of molecules
delivered from stem cells, such as human chemokine (C–C motif) ligand 2 chemokine
(CCL2) secreted from human mesenchymal stem cells [104], the release of which from HGs
can regulate macrophage recruitment and convert them to the neuroprotective phenotype
M2, showing good improvements in motor performance in rodent SCI models [62,104].
Even if the strategy to load only factors and not cells is very interesting, the multitude of
molecules released from cells cannot be easily simulated.

Indeed, another key aspect that has recently showed promising results is represented
by extracellular vesicles—microvesicles and exosomes delivered from cells [111]. They can
be considered as mediators in cell communication that can mimic the action of stem cells
carrying active molecules to the damaged cells [112,113]. The use of stem cells to provide
extracellular vesicles is a good strategy, but their uncontrolled release and problems in
their preservation are big issues [114]. A possible solution could be represented by the
fabrication of an injectable adhesive anti-inflammatory F127-polycitrate-polyethyleneimine
hydrogel (FE) with sustainable and long-term extracellular vesicle delivery (FE@EVs) that
can improve motor functional recovery after SCI (multifunctional properties represented in
Figure 3). This delivery can suppress scar formation, reduce inflammation, and promote
neuroregeneration and remyelination.

3.2. Nanoparticles

In recent decades, advances in nanomedicine have provided several breakthroughs,
and ensured the widening of applications in drug development and delivery—especially
with the employment of nanoparticles (NPs) [115–117]. Polymeric nanoparticles have
been shown to provide advantages in drug delivery by enhancing release kinetics, their
targeting and, therefore, their concentration at the desired site, reducing systemic side
effects [118,119]. Numerous polymeric nanoparticle species—variable in terms of size,
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hydrophilicity, and functionalization—have been developed to meet specific therapeutic
needs [120–122], and following the state-of-the-art safety-by-design paradigm to ensure
the highest biocompatibility and lowest toxicity [123]. Moreover, the great interest that
is given to nanoparticles today must be sought in the capacity of these systems to pass
biological barriers, entering and diffusing inside cells [124]. In this context, this kind
of approach employing polymeric nanosystems—such as polymeric NPs, micelles, and
nanowires—as vehicles for targeted therapies has proven to be very effective in the treat-
ment of SCI [125,126]. Chemically conjugated, functionalized, and loaded nanoparticles are
certainly one of the clearest examples of the employment of these devices in the treatment of
this pathology and its inflammatory state [14]. For example, nanoparticles made of ferulic
acid and glycol chitosan have been demonstrated to be able to reach the lesioned spinal
cord and cause neuroprotection and functional restoration during systemic administration
tests in an SCI rat model [127].
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Figure 2. mRNA analysis of mesenchymal stem cells encapsulated within an agarose–Carbomer HG.
(A–C) Graphs representing the expression of specific genes related to three differentiation lineages:
alkaline phosphatase (ALP), runt-related transcription factor 2 (RUNX2), and osterix for osteogenic
differentiation; aggrecan (ACAN) and collagen type X (COLLX) for chondrogenic differentiation;
and adipsin and fatty-acid-binding protein 4 (FABP4) for adipogenic differentiation. Stem cells
encapsulated within the HG for 21 days are compared to the positive control, represented by stem
cells loaded in the HG and treated with specific differentiating media for 21 days. Data are expressed
as the fold change compared to steady-state undifferentiated stem cells (negative control). (D) A
representative cartoon of the three lineage commitments of stem cells (osteocytes, chondrocytes, and
adipocytes), with respective principal pro-differentiating stimuli: ascorbic acid, b-glycerophosphate,
and dexamethasone to induce osteogenic differentiation; ascorbic acid, dexamethasone, pyruvate,
and TGF-b 3 to induce chondrogenic differentiation; insulin, 3-isobutyl-1-methylxanthine (IBMX),
dexamethasone, and indomethacin to induce adipogenic differentiation. * p < 0.05, n = 3. Reprinted
with permission from [109].
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Similarly, the intravenous injection of nanoparticles containing prostaglandin E(1)
has been shown to cause a reduction in the lesion cavity volume, promoting the recovery
of motor dysfunction [128]. Another strategy reported in the literature for promoting
the recovery of locomotor function and reducing the levels of the inflammatory state of
the tissues is based on the conjugation of the cell-penetrating HIV trans-activator of tran-
scription peptide of human serum albumin nanoparticles to obtain a delivery system for
tetramethylpyrazione—an anti-inflammatory and antioxidant drug that could be inter-
nalized by neutrophils and delivered to SCI lesions sites [129]. This approach guarantees
reduction in the inflammation state, and even the release of oxidative-stress-related factors
that play an important role in the pain state of the pathology. Another approach—verified
through assays in a clinically relevant rat SCI model—to reduce the induced oxidative dam-
age during the secondary injury process of SCI is represented by the use of lipid–polymer
nanoparticles with reactive oxygen species (ROS)-scavenging ability to eliminate these
species for the lesion sites and, thus, reduce the long-term secondary injury [130].

The nanoparticles used for drug delivery applications are also frequently used to
optimize the delivery of anti-inflammatory drugs. For example, this has been demonstrated
with methylprednisolone (MP) loaded in PLGA NPs administered in situ, which ensured
higher pharmacological efficacy compared to conventional routes of administration, and
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reduced tissue damage and the subsequent inflammatory state, improving the treatment
results in an SCI rat model [126]. Similarly, micellar structures made of poly(ethylene
oxide)-poly(propylene oxide)-poly(ethylene oxide) have been demonstrated to be effective
in increasing the bioavailability of MP in the injured spinal cord. As already mentioned,
systemic administration routes generally present limitations due to the presence of various
barriers, such as the blood–spinal cord barrier (BSCB), which strongly limits the molecules
and systems that can access the central nervous system [131–133]. Recently, carbohydrate-
polymer-based nanoparticles, formed by polymerization of small-length sugars, have been
deeply considered for intranasal drug delivery as an alternative to systemic administra-
tion [134]. These NPs are mucoadhesive and, therefore, no limitations of this route of
administration are faced. Moreover, carbohydrate polymers and the surface functional-
ization of the systems with endogenous substances such as folic acid can improve the
site-specific drug delivery to the brain, making them ideal candidates for improving the
brain targeting and the drug pharmacokinetics. On the other hand, probably the most com-
mon means of administration of these devices is the direct injection of the NPs suspension
in the injured site of the spinal cord, which enables all of the biological barriers of the body
to be overcome and allows high targeting efficiency. For example, poly-lactic-co-glycolic
acid (PLGA) NPs loaded with glial-cell-derived neurotrophic factors, directly injected into
the damaged spinal cord to target neural and glial cells, have been reported to increase the
neuronal survival and improve the motor locomotion [135].

Unfortunately, the NPs injected directly into the regional sites without any support
often leave the zone of injection, and this strongly reduces the efficacy of the treatment,
involving other sites that should not be affected by the drugs. Because of these issues,
many efforts have reported to associate a properly designed device with NPs able to
provide targeted therapy, to maximize the efficacy of the treatment and the targeting of
the drugs without involving different bodily tissues. A clear example of this strategy was
reported by Kang et al., who demonstrated how PLGA NPs loaded with fibroblast growth
factor-2 (FGF-2) and embedded in a biopolymer blend of hyaluronan and methylcellulose
implanted into the damaged spinal cord were able to enhance the endogenous angiogenic
response of the body [136]. Similarly, the in situ delivery of this drug has been demonstrated
to be optimized by the encapsulation of methylprednisolone in the PLGA NPs, and the
whole system was subsequently entrapped in an agarose hydrogel and implanted at the
site of the lesion, with an efficient release of active molecules and reduction in the early
inflammation stage of the pathology.

It must be highlighted how, especially in the recent years, nanomaterials have been
recognized as valuable devices for SCI treatment, and their neuroprotective efficacy has
been widely investigated [137]. For example, the intravenous injection of micelles com-
posed of self-assembled monoethoxy poly(ethylene glycol)-poly(D,L-lactic acid) deblock
copolymer has been demonstrated to efficiently recover the locomotor function and reduce
the lesion volume and inflammatory state in an SCI rat model [138]. Similarly, Zhou et al.
designed click-chemistry-conjugated protein–drug micelles through the conjugation of
ferrostatin-1 and didibenzocyclooctyne moieties to amphiphilic polymers, followed by click
chemistry assembly with pH-responsive azido-linker-modified acidic fibroblast growth
factor (aFGF) [139]. It is well known that acidic fibroblast growth factor participates in
complex anti-inflammatory processes that confer neuroprotection and result in reduced scar
formation during SCI [140]. Zhou et al. discovered that its release together with ferrostatin-
1 through micelles can cause significant improvements in neural and motor recovery
in the acidic SCI microenvironment, resulting in anti-ferroptotic and anti-inflammatory
activities [139].

Micelles can be employed even to promote the self-assembly of polymeric systems
and subsequent sustained drug release, as reported by Wang et al. for E-selectin-targeting
sialic acid–polyethylene glycol–poly (lactic-co-glycolic acid) assembly for delivering hy-
drophobic minocycline to achieve combinational therapy for SCI [141,142]. Great results in
terms of inhibition of inflammatory response and neuronal protection have been obtained
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working with nanovesicles derived from macrophage membranes, which encapsulate
sodium alginate and naloxone, and reduce the free Ca2+ concentration at the SCI site,
which faces overloading after the primary injury and, hence, causes inflammation and
neuronal apoptosis [143]. Anti-inflammatory treatment in spinal cord injury has been also
reported with molybdenum disulfide poly (ethylene glycol) (PEG) nanoflowers for the
loading of etanercept (ET) [144]. The drug loading and release ability of these devices has
been characterized in vitro, and its ability in the inhibition of the expression of M1-related
pro-inflammatory markers has been demonstrated together with the promotion of M2-
related anti-inflammatory marker levels. The schematic illustration of the preparation and
application of these nanoflowers is reported in Figure 4.
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Nanowired materials are another valuable example of devices able to guarantee
neuroprotective effects as delivery systems in SCI treatment. Tian et al. reported the design
of TiO2 nanowires to increase the bioavailability of neuroprotective and anti-inflammatory
drugs and improve their efficacy by achieving a higher concentration of the drug in the
injured tissue [145]. As mentioned before, the interest in NPs as delivery tools in cell-
targeted therapy is strictly related to their ability for entering specific cells, exploiting
permissive pathways or receptors. Once internalized, NPs can release drugs in situ, with
improved therapeutic efficacy, and avoiding conventional issues such as degradation or
efflux of the active molecules. This strategy has been successfully applied in SCI treatment
for the internalization of NPs by a specific endocytic/phagocytic activity of the macrophagic
cells after different stimuli, exploiting them as Trojan horses [146]. Indeed, it is widely
reported that microglia and macrophages, after traumatic events, assume phagocytic
activity and, because of this, NPs are a valuable tool for drug targeting. Examples of this
strategy have been reported in the literature by Cerqueira et al. and Papa et al. Cerqueira
et al. designed surface-engineered carboxymethyl chitosan/polyamidoamine dendrimer
NPs able to deliver MP into microglial cells, promoting controlled and selective release of
the drug at the injured site [147]. On the other hand, in the work of Papa et al., NPs loaded
with an anti-inflammatory drug (minocycline) were employed for the selective treatment
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of inflammatory cells. Specifically, non-biodegradable poly(methylmethacrylate) [148]
and biodegradable poly-ε-caprolactone (PCL) [149] NPs were selectively internalized by
microglia/macrophages, and minocycline-loaded PCL-based NPs were able to modulate
the activation of microglia/macrophages in vitro and in vivo, reducing their proliferation.
This selective delivery into cells was demonstrated to be more efficient compared with free
delivery of the same molecule. Similarly, the same author proposed a functionalized PEG–
PEI nanogel for selective treatment of activated astrocytes in spinal cord injury, limiting the
phagocyte problem of macrophage/microglia [150].

In vitro experiments showed how the internalization in the cells was mediated by a
clathrin-dependent endocytic process, after which they underwent lysosomal degradation
and subsequent release of active molecules with potential therapeutic efficacy. Vismara et al.
applied this kind of device for the selective delivery of rolipram—an anti-inflammatory
drug—in activated murine or human astrocytes [151]. These systems were able to limit the
inflammatory response in A1 astrocytes, reversing the toxic effects of pro-inflammatory
astrocytes on motor neurons in vitro, with advantages compared to conventional anti-
inflammatory therapies. In Figure 5, the schematization of this nanogel therapy is reported,
together with the characterization and quantification of its selective internalization inside
the cells of the central nervous system.

However, in addition to those important results obtained from in vitro and in vivo
studies, a critical issue frequently faced when using NPs is the safety of the nanostructured
devices proposed as delivery systems. Their biocompatibility and efficacy are influenced
by various features and parameters—such as size, shape, chemistry, solubility, and surface
area [152,153]—and because of this, deeper investigations of these factors are mandatory
before translation to clinical trials and medical practice [123,154].

3.3. Combinatorial Therapies

Even if theoretical studies on secondary injury are well supported by experimental
evidence, the results of clinical trials on SCI still present disappointing results [155]. One of
the reasons could be that the treatments proposed are directed only to specific mechanisms,
not considering that SCI is a dynamic disease where the different physiopathological
mechanisms do not take place simultaneously, and so it is reasonable to think that different
targets should be addressed simultaneously at different times. Following this direction,
several studies that use combinatorial treatments can be found in preclinical models.
Indeed, recent studies are dedicated to multitherapeutic compounds that can efficiently
target different mechanisms of the secondary injury [60]. Many of them propose the use of
biomaterials that can release combinatorial therapies at the target site.

To better rationalize the possibilities, the combinatorial SCI therapies can be divided in
four categories: (i) different growth factors directed to neuronal survival, axonal regrowth,
and promotion of plasticity [156]; (ii) different drugs [157]; (iii) transplanted stem cells
with different neurotrophic factors; or (iv) cells with trophic factors and biomaterial scaf-
folds [158]. In this context, biomaterials can work as substrates for cell transplantation,
drive axonal regrowth, fill the cavity at the injury site, and act as drug reservoirs that
can be released with controlled and sustained kinetics. Biomaterials can also be used
to simultaneously counteract scar formation by releasing chondroitinase ABC and help
in tissue regeneration [159]. Moreover, interesting outcomes arise from the combination
between rehabilitation and pharmacological administration. Different studies have demon-
strated that this combination can help to re-establish gait in transected murine models [160].
Moreover, the combination between chondroitinase ABC and rehabilitation can promote
functional recovery in SCI [161]. Musieko et al. described the possibility of combining
pharmacological treatment with epidural stimulation and rehabilitation to restore loco-
motion in murine models [162]. Even though recent studies have demonstrated that this
combination is beneficial, the mechanisms behind the associated locomotor improvements
are still debated [163]. Some more considerations regard the fact that in many studies
the active compounds (e.g., growth factors, trophic factors, or drugs) are administered
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systemically, with consequent limited biodistribution. The barrier can indeed strictly permit
the entrance of molecules to the spinal cord only to extremely small drug molecules [164].
Even if the barrier is partially destroyed in SCI, it is difficult to determine the amount of
drug that can enter the cord, meaning that high doses may be needed to ensure an effective
protection. Another key point is that with systemic administration the treatments cannot
be selective and, thus, for example, the use of different trophic/growth factors may affect
different cells simultaneously, and this may result in some adverse reactions, such as the
alteration of responsiveness in the spinal circuitry [165–167]. Moreover, if used as single
doses, neurotrophic factors cannot maintain constant biological efficacy, with consequent
limited outcomes that should require multiple administrations [168]. All of these findings
suggest that even if the combinatorial therapies are promising, they need to be improved,
and biomaterials can play a pivotal role. Indeed, Hwang et al. used a scaffold made of PCL
loaded with stem cells and NT-3 to bridge the cavity in a hemisected SCI model [169]. A
similar strategy is represented by the combination of human fetal neural stem cells loaded
within a polymeric scaffold together with serotonin [170]. This could lead to reductions in
tissue atrophy and astrocytic activity, increasing axons’ ingrowth after scaffold implanta-
tion. Another combinatorial approach [171] regards the use of adult-brain-derived neural
stem/progenitor cells together with recombinant rat-platelet-derived growth factor-A.

In order to ensure proper release kinetics, the growth factor is not simply loaded,
but is covalently linked to a hyaluronan-based hydrogel. In addition, agarose hydrogels
embedded with lipid microtubes were also used to sustain the simultaneous release of
both Rho GTPases and BDNF [94]. This study demonstrates that the simultaneous alter-
ation of multiple axonal responses can represent a promising approach to sustain spinal
cord regeneration.

HGs can also be used to simultaneously release drugs and different growth factors with
or without cells embedded in the 3D network [172]. Following this strategy, the synergistic
release of methylprednisolone sodium succinate and growth factors can protect axons
and tissues from secondary injury, and promotes scar-boundary- and cavity-free wound
healing, resulting in permissive bridges for axonal regrowth [2]. Recent investigations have
reported that docetaxel (DTX) can improve axonal regeneration, while FGF can regulate
plasticity and neuronal survival after SCI. These can be loaded in a liposome (LIP) with
a silk fibroin (SF) hydrogel core (SLIP) for their simultaneous release (Figure 6). This
combination therapy was shown to have the ability to ameliorate various key pathological
mechanisms [173]. Indeed, docetaxel is able to promote microtubule stabilization and
stimulate axonal growth, while FGF can reduce the cavity area and neuronal loss, creating
a good environment for neuroregeneration.

To guarantee proper release of hydrophobic and hydrophilic drugs, a good strategy is
represented by the use of NPs together with HGs. In particular, hydrophobic drugs can be
loaded within NPs and then immersed in a polymeric drug solution that can then create
a composite HG after gelation. In this framework, the use of paclitaxel and minocycline
was shown to reduce inflammation and decrease scar tissue [174]. Moreover, different
drugs can be loaded in the same polymeric system, e.g., cetuximab and FTY720 together
with stem cells [175]. The injectable system can improve the proliferation and neuronal
differentiation of stem cells, and limit the astrocytic differentiation of stem cells.

3.4. Perspectives and Future Challenges

Despite very promising results, some issues should be solved before these methods
reach clinics [176,177]. First of all, toxicity: detailed studies are necessary to confirm the
degradation of hydrogels into non-toxic byproducts. Moreover, other challenges should
be overcome during the translation process, such as hydrogels’ fabrication and storage,
cost, and regulatory complexity. Indeed, their high water content makes sterilization
extremely difficult, and sterility should be ensured for all manufacturing processes and raw
materials. If stored in a dry state, to prevent premature degradation, the treatment used
must guarantee that both its structure and drug bioactivity are unaltered. On the other
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hand, if maintained in a wet state, the storage and transport conditions should minimize
water evaporation and unwanted drug loss. Moreover, regulatory concerns can also be a big
obstacle. Indeed, a drug-releasing hydrogel is considered to be a combination product, and
its regularity approval often takes longer with respect to the neat hydrogel. Thus, the high
costs together with limited patent protection can be an issue for their commercial viability.
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Figure 5. (A) Schematic representation of loaded nanogels’ internalization inside astrocyte cells, and
subsequent neuroprotective effect. (B) Characterization of nanogels’ uptake in primary cultures of
(a) astrocytes, (b) microglia, and (c) neurons. (d) The quantification of the nanogel uptake in activated
astrocytes and microglia shows a higher degree of internalization in the former. (e) The quantification
1, 3, and 5 days after exposure shows a reduced signal due to the degradation of the nanovectors.
Scale bar 25 µm. Statistical significance: *** p ≤ 0.001; **** p ≤ 0.0001. Reprinted with the permission
of the American Chemical Society [151].
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4. Conclusions

SCI’s physiopathology is an extremely disabling disease that heavily affects the life
of the patients. As previously described, it is the result of a primary injury that is then
followed by a secondary one, commonly known as the main cause of post-traumatic neural
degeneration. Secondary injury involves different mechanisms, all of which play a role in
the progressive loss of locomotor performance and tissue degeneration. Unluckily, different
therapeutic treatments have produced only modest results when translated to clinical
trials. A possible reason for this could be represented by the limitations of systemic drug
administration due to BSCB restrictions and uncontrolled release rates of the active agents.
To overcome these critical issues, researchers are looking toward the use of biomaterial-
based delivery tools (e.g., HGs and NPs) to optimize SCI treatments. Various strategies
have been proposed, as investigated in this review article, able to carry a large variety
of therapeutic agents and release them locally. The main advantage in using this kind of
devices is related to the localization of the therapies at the target site. As discussed, the use
of nanosystems can ensure targeted release directed to specific cell lines, taking advantage
of the selectivity of properly formulated devices. Similarly, HGs can be injected at the
injury site, filling the SCI cavity and releasing in active agents and cells situ. Moreover,
gels, thanks to their properties, are ideal tools not only for the delivery of factors or active
molecules, but also for hosting cells and serving as drug delivery units, and because of
this they are often combined with nanoparticles to increase their efficacy and confine
their action.

The use of these devices can ensure different advantages, such as localization at the
target site, overcoming the problems related to the BSCB as well as the release of active
compounds within a desired range, reducing the side effects of conventional treatments.
However, the lack of satisfactory results in SCI treatments is probably due to the fact that
they are directed only to single mechanisms, losing sight of the complexity and the multi-
tude of mechanisms involved in SCI. Following this direction, combinatorial treatments
represent a new challenge in SCI treatment; thus, the possibility to have simultaneous
releases from the same device can be a key point in synergizing the efficacy of multitarget
treatments against a multifactorial diseases such as SCI.
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25. Sezer, N.; Akkuş, S.; Uğurlu, F.G. Chronic complications of spinal cord injury. World J. Orthop. 2015, 6, 24–33. [CrossRef]
26. Zhang, N.; Yin, Y.; Xu, S.-J.; Wu, Y.-P.; Chen, W.-S. Inflammation & apoptosis in spinal cord injury. Indian J. Med. Res. 2012, 135,

287–296.
27. Cregg, J.M.; DePaul, M.A.; Filous, A.R.; Lang, B.T.; Tran, A.; Silver, J. Functional regeneration beyond the glial scar. Exp. Neurol.

2014, 253, 197–207. [CrossRef]
28. Yuan, Y.-M.; He, C. The glial scar in spinal cord injury and repair. Neurosci. Bull. 2013, 29, 421–435. [CrossRef]
29. Yiu, G.; He, Z. Glial inhibition of CNS axon regeneration. Nat. Rev. Neurosci. 2006, 7, 617–627. [CrossRef]
30. Bicknell, B.A.; Pujic, Z.; Dayan, P.; Goodhill, G.J. Control of neurite growth and guidance by an inhibitory cell-body signal.

PLoS Comput. Biol. 2018, 14, e1006218. [CrossRef]
31. Anwar, M.A.; Al Shehabi, T.S.; Eid, A.H. Inflammogenesis of Secondary Spinal Cord Injury. Front. Cell. Neurosci. 2016, 10, 98.

[CrossRef] [PubMed]
32. Caron, I.; Papa, S.; Rossi, F.; Forloni, G.; Veglianese, P. Nanovector-mediated drug delivery for spinal cord injury treatment.

Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 2014, 6, 506–515. [CrossRef] [PubMed]
33. Shultz, R.B.; Zhong, Y. Minocycline targets multiple secondary injury mechanisms in traumatic spinal cord injury. Neural Regen.

Res. 2017, 12, 702–713. [CrossRef] [PubMed]
34. Hilton, B.J.; Moulson, A.J.; Tetzlaff, W. Neuroprotection and secondary damage following spinal cord injury: Concepts and

methods. Neurosci. Lett. 2017, 652, 3–10. [CrossRef]
35. Mukherjee, N.; Ghosh, S. Myelin Associated Inhibitory Proteins as a Therapeutic Target for Healing of CNS Injury. ACS Chem.

Neurosci. 2020, 11, 1699–1700. [CrossRef]
36. Silva, D.; Sousa, R.A.; Salgado, A.J. Hydrogels as delivery systems for spinal cord injury regeneration. Mater. Today Biol. 2021, 9, 100093.

[CrossRef]
37. Brennan, F.H.; Hall, J.C.E.; Guan, Z.; Popovich, P.G. Microglia limit lesion expansion and promote functional recovery after spinal

cord injury in mice. bioRxiv 2018. [CrossRef]
38. Wanner, I.B.; Anderson, M.A.; Song, B.; Levine, J.; Fernandez, A.; Gray-Thompson, Z.; Ao, Y.; Sofroniew, M.V. Glial scar borders

are formed by newly proliferated, elongated astrocytes that interact to corral inflammatory and fibrotic cells via STAT3-dependent
mechanisms after spinal cord injury. J. Neurosci. Off. J. Soc. Neurosci. 2013, 33, 12870–12886. [CrossRef]

39. Zhou, X.; Wahane, S.; Friedl, M.-S.; Kluge, M.; Friedel, C.C.; Avrampou, K.; Zachariou, V.; Guo, L.; Zhang, B.; He, X.; et al. Microglia
and macrophages promote corralling, wound compaction and recovery after spinal cord injury via Plexin-B2. Nat. Neurosci. 2020,
23, 337–350. [CrossRef]

40. Bellver-Landete, V.; Bretheau, F.; Mailhot, B.; Vallières, N.; Lessard, M.; Janelle, M.-E.; Vernoux, N.; Tremblay, M.-È.; Fuehrmann,
T.; Shoichet, M.S.; et al. Microglia are an essential component of the neuroprotective scar that forms after spinal cord injury.
Nat. Commun. 2019, 10, 518. [CrossRef]

41. Sofroniew, M. V Dissecting spinal cord regeneration. Nature 2018, 557, 343–350. [CrossRef] [PubMed]
42. Okada, S.; Hara, M.; Kobayakawa, K.; Matsumoto, Y.; Nakashima, Y. Astrocyte reactivity and astrogliosis after spinal cord injury.

Neurosci. Res. 2018, 126, 39–43. [CrossRef] [PubMed]
43. Brockie, S.; Hong, J.; Fehlings, M.G. The Role of Microglia in Modulating Neuroinflammation after Spinal Cord Injury. Int. J. Mol.

Sci. 2021, 22, 9706. [CrossRef] [PubMed]
44. O’Shea, T.M.; Burda, J.E.; Sofroniew, M.V. Cell biology of spinal cord injury and repair. J. Clin. Investig. 2017, 127, 3259–3270.

[CrossRef] [PubMed]
45. Shechter, R.; Schwartz, M. Harnessing monocyte-derived macrophages to control central nervous system pathologies: No longer

“if” but “how”. J. Pathol. 2013, 229, 332–346. [CrossRef]
46. Milich, L.M.; Choi, J.S.; Ryan, C.; Cerqueira, S.R.; Benavides, S.; Yahn, S.L.; Tsoulfas, P.; Lee, J.K. Single-cell analysis of the cellular

heterogeneity and interactions in the injured mouse spinal cord. J. Exp. Med. 2021, 218, e20210040. [CrossRef]
47. Kigerl, K.A.; Gensel, J.C.; Ankeny, D.P.; Alexander, J.K.; Donnelly, D.J.; Popovich, P.G. Identification of two distinct macrophage

subsets with divergent effects causing either neurotoxicity or regeneration in the injured mouse spinal cord. J. Neurosci. 2009, 29,
13435–13444. [CrossRef]

48. Liddelow, S.A.; Guttenplan, K.A.; Clarke, L.E.; Bennett, F.C.; Bohlen, C.J.; Schirmer, L.; Bennett, M.L.; Münch, A.E.; Chung, W.;
Peterson, T.C.; et al. Neurotoxic reactive astrocytes are induced by activated microglia. Nature 2017, 541, 481–487. [CrossRef]

49. Liddelow, S.A.; Barres, B.A. Reactive Astrocytes: Production, Function, and Therapeutic Potential. Immunity 2017, 46, 957–967.
[CrossRef]

50. Hassanzadeh, S.; Jalessi, M.; Jameie, S.B.; Khanmohammadi, M.; Bagher, Z.; Namjoo, Z.; Davachi, S.M. More attention on glial
cells to have better recovery after spinal cord injury. Biochem. Biophys. Rep. 2021, 25, 100905. [CrossRef]

51. Bradbury, E.J.; Burnside, E.R. Moving beyond the glial scar for spinal cord repair. Nat. Commun. 2019, 10, 3879. [CrossRef]
[PubMed]

52. Vivinetto, A.L.; Kim, I.-D.; Goldberg, D.C.; Fones, L.; Brown, E.; Tarabykin, V.S.; Hill, C.E.; Cho, S.; Cave, J.W. Zeb2 Is a Regulator
of Astrogliosis and Functional Recovery after CNS Injury. Cell Rep. 2020, 31, 107834. [CrossRef] [PubMed]

http://doi.org/10.3390/ijms21207533
http://www.ncbi.nlm.nih.gov/pubmed/33066029
http://doi.org/10.5312/wjo.v6.i1.24
http://doi.org/10.1016/j.expneurol.2013.12.024
http://doi.org/10.1007/s12264-013-1358-3
http://doi.org/10.1038/nrn1956
http://doi.org/10.1371/journal.pcbi.1006218
http://doi.org/10.3389/fncel.2016.00098
http://www.ncbi.nlm.nih.gov/pubmed/27147970
http://doi.org/10.1002/wnan.1276
http://www.ncbi.nlm.nih.gov/pubmed/24845580
http://doi.org/10.4103/1673-5374.206633
http://www.ncbi.nlm.nih.gov/pubmed/28616020
http://doi.org/10.1016/j.neulet.2016.12.004
http://doi.org/10.1021/acschemneuro.0c00280
http://doi.org/10.1016/j.mtbio.2021.100093
http://doi.org/10.1101/410258
http://doi.org/10.1523/JNEUROSCI.2121-13.2013
http://doi.org/10.1038/s41593-020-0597-7
http://doi.org/10.1038/s41467-019-08446-0
http://doi.org/10.1038/s41586-018-0068-4
http://www.ncbi.nlm.nih.gov/pubmed/29769671
http://doi.org/10.1016/j.neures.2017.10.004
http://www.ncbi.nlm.nih.gov/pubmed/29054466
http://doi.org/10.3390/ijms22189706
http://www.ncbi.nlm.nih.gov/pubmed/34575871
http://doi.org/10.1172/JCI90608
http://www.ncbi.nlm.nih.gov/pubmed/28737515
http://doi.org/10.1002/path.4106
http://doi.org/10.1084/jem.20210040
http://doi.org/10.1523/JNEUROSCI.3257-09.2009
http://doi.org/10.1038/nature21029
http://doi.org/10.1016/j.immuni.2017.06.006
http://doi.org/10.1016/j.bbrep.2020.100905
http://doi.org/10.1038/s41467-019-11707-7
http://www.ncbi.nlm.nih.gov/pubmed/31462640
http://doi.org/10.1016/j.celrep.2020.107834
http://www.ncbi.nlm.nih.gov/pubmed/32610135


Biomedicines 2022, 10, 1673 17 of 21

53. Chen, M.; Geoffroy, C.G.; Meves, J.M.; Narang, A.; Li, Y.; Nguyen, M.T.; Khai, V.S.; Kong, X.; Steinke, C.L.; Carolino, K.I.; et al.
Leucine Zipper-Bearing Kinase Is a Critical Regulator of Astrocyte Reactivity in the Adult Mammalian CNS. Cell Rep. 2018, 22,
3587–3597. [CrossRef] [PubMed]

54. Pang, Q.-M.; Chen, S.-Y.; Xu, Q.-J.; Zhang, M.; Liang, D.-F.; Fu, S.-P.; Yu, J.; Liu, Z.-L.; Zhang, Q.; Zhang, T. Effects of astrocytes
and microglia on neuroinflammation after spinal cord injury and related immunomodulatory strategies. Int. Immunopharmacol.
2022, 108, 108754. [CrossRef] [PubMed]

55. Pukos, N.; Goodus, M.T.; Sahinkaya, F.R.; McTigue, D.M. Myelin status and oligodendrocyte lineage cells over time after spinal
cord injury: What do we know and what still needs to be unwrapped? Glia 2019, 67, 2178–2202. [CrossRef]

56. Fournier, A.E.; GrandPre, T.; Strittmatter, S.M. Identification of a receptor mediating Nogo-66 inhibition of axonal regeneration.
Nature 2001, 409, 341–346. [CrossRef]

57. GrandPré, T.; Nakamura, F.; Vartanian, T.; Strittmatter, S.M. Identification of the Nogo inhibitor of axon regeneration as a
Reticulon protein. Nature 2000, 403, 439–444. [CrossRef]

58. Li, M.; Shibata, A.; Li, C.; Braun, P.E.; McKerracher, L.; Roder, J.; Kater, S.B.; David, S. Myelin-associated glycoprotein inhibits
neurite/axon growth and causes growth cone collapse. J. Neurosci. Res. 1996, 46, 404–414. [CrossRef]

59. Beller, J.A.; Snow, D.M. Proteoglycans: Road signs for neurite outgrowth. Neural Regen. Res. 2014, 9, 343–355. [CrossRef]
60. Rossi, F.; Perale, G.; Papa, S.; Forloni, G.; Veglianese, P. Current options for drug delivery to the spinal cord. Expert Opin. Drug

Deliv. 2013, 10, 385–396. [CrossRef]
61. Belverud, S.; Mogilner, A.; Schulder, M. Intrathecal pumps. Neurotherapeutics 2008, 5, 114–122. [CrossRef] [PubMed]
62. Papa, S.; Pizzetti, F.; Perale, G.; Veglianese, P.; Rossi, F. Regenerative medicine for spinal cord injury: Focus on stem cells and

biomaterials. Expert Opin. Biol. Ther. 2020, 20, 1203–1213. [CrossRef] [PubMed]
63. Zare, E.N.; Agarwal, T.; Zarepour, A.; Pinelli, F.; Zarrabi, A.; Rossi, F.; Ashrafizadeh, M.; Maleki, A.; Shahbazi, M.-A.; Maiti, T.K.; et al.

Electroconductive multi-functional polypyrrole composites for biomedical applications. Appl. Mater. Today 2021, 24, 101117.
[CrossRef]

64. Webber, M.J.; Tibbitt, M.W. Dynamic and reconfigurable materials from reversible network interactions. Nat. Rev. Mater. 2022, 7,
541–556. [CrossRef]

65. Marco-Dufort, B.; Tibbitt, M.W. Design of moldable hydrogels for biomedical applications using dynamic covalent boronic esters.
Mater. Today Chem. 2019, 12, 16–33. [CrossRef]

66. Chakraborty, A.; Ciciriello, A.J.; Dumont, C.M.; Pearson, R.M. Nanoparticle-Based Delivery to Treat Spinal Cord Injury-a
Mini-review. AAPS PharmSciTech 2021, 22, 101. [CrossRef]

67. Sabbagh, F.; Muhamad, I.I.; Pa’e, N.; Hashim, Z. Strategies in Improving Properties of Cellulose-Based Hydrogels for Smart Applications
BT—Cellulose-Based Superabsorbent Hydrogels; Mondal, M.I.H., Ed.; Springer International Publishing: Cham, Switzerland, 2019;
pp. 887–908. ISBN 978-3-319-77830-3.

68. Kaplan, B.; Levenberg, S. The Role of Biomaterials in Peripheral Nerve and Spinal Cord Injury: A Review. Int. J. Mol. Sci. 2022, 23, 1244.
[CrossRef]

69. Slaughter, B.V.; Khurshid, S.S.; Fisher, O.Z.; Khademhosseini, A.; Peppas, N.A. Hydrogels in regenerative medicine. Adv. Mater.
2009, 21, 3307–3329. [CrossRef]

70. Shoichet, M.S. Polymer Scaffolds for Biomaterials Applications. Macromolecules 2010, 43, 581–591. [CrossRef]
71. Lin, P.H.; Dong, Q.; Chew, S.Y. Injectable hydrogels in stroke and spinal cord injury treatment: A review on hydrogel materials{,}

cell–matrix interactions and glial involvement. Mater. Adv. 2021, 2, 2561–2583. [CrossRef]
72. Ashammakhi, N.; Kim, H.-J.; Ehsanipour, A.; Bierman, R.D.; Kaarela, O.; Xue, C.; Khademhosseini, A.; Seidlits, S.K. Regenerative

Therapies for Spinal Cord Injury. Tissue Eng. Part B Rev. 2019, 25, 471–491. [CrossRef] [PubMed]
73. Xu, C.; Chang, Y.; Wu, P.; Liu, K.; Dong, X.; Nie, A.; Mu, C.; Liu, Z.; Dai, H.; Luo, Z. Two-Dimensional-Germanium Phosphide-

Reinforced Conductive and Biodegradable Hydrogel Scaffolds Enhance Spinal Cord Injury Repair. Adv. Funct. Mater. 2021, 31,
2104440. [CrossRef]

74. Perale, G.; Rossi, F.; Santoro, M.; Peviani, M.; Papa, S.; Llupi, D.; Torriani, P.; Micotti, E.; Previdi, S.; Cervo, L.; et al. Multiple drug
delivery hydrogel system for spinal cord injury repair strategies. J. Control. Release 2012, 159, 271–280. [CrossRef] [PubMed]

75. Lawson, E.F.; Wallace, M.S. Advances in intrathecal drug delivery. Curr. Opin. Anaesthesiol. 2012, 25, 572–576. [CrossRef]
[PubMed]

76. Ciciriello, A.J.; Smith, D.R.; Munsell, M.K.; Boyd, S.J.; Shea, L.D.; Dumont, C.M. IL-10 lentivirus-laden hydrogel tubes increase
spinal progenitor survival and neuronal differentiation after spinal cord injury. Biotechnol. Bioeng. 2021, 118, 2609–2625. [CrossRef]
[PubMed]

77. Assunção-Silva, R.C.; Gomes, E.D.; Sousa, N.; Silva, N.A.; Salgado, A.J. Hydrogels and Cell Based Therapies in Spinal Cord Injury
Regeneration. Stem Cells Int. 2015, 2015, 948040. [CrossRef]

78. Kwiecien, J.M.; Zhang, L.; Yaron, J.R.; Schutz, L.N.; Kwiecien-Delaney, C.J.; Awo, E.A.; Burgin, M.; Dabrowski, W.; Lucas,
A.R. Local Serpin Treatment via Chitosan-Collagen Hydrogel after Spinal Cord Injury Reduces Tissue Damage and Improves
Neurologic Function. J. Clin. Med. 2020, 9, 1221. [CrossRef] [PubMed]

79. Zheng, X.-Q.; Huang, J.-F.; Lin, J.-L.; Zhu, Y.-X.; Wang, M.-Q.; Guo, M.-L.; Zan, X.-J.; Wu, A.-M. Controlled release of baricitinib
from a thermos-responsive hydrogel system inhibits inflammation by suppressing JAK2/STAT3 pathway in acute spinal cord
injury. Colloids Surf. B Biointerfaces 2021, 199, 111532. [CrossRef]

http://doi.org/10.1016/j.celrep.2018.02.102
http://www.ncbi.nlm.nih.gov/pubmed/29590625
http://doi.org/10.1016/j.intimp.2022.108754
http://www.ncbi.nlm.nih.gov/pubmed/35397392
http://doi.org/10.1002/glia.23702
http://doi.org/10.1038/35053072
http://doi.org/10.1038/35000226
http://doi.org/10.1002/(SICI)1097-4547(19961115)46:4&lt;404::AID-JNR2&gt;3.0.CO;2-K
http://doi.org/10.4103/1673-5374.128235
http://doi.org/10.1517/17425247.2013.751372
http://doi.org/10.1016/j.nurt.2007.10.070
http://www.ncbi.nlm.nih.gov/pubmed/18164490
http://doi.org/10.1080/14712598.2020.1770725
http://www.ncbi.nlm.nih.gov/pubmed/32421405
http://doi.org/10.1016/j.apmt.2021.101117
http://doi.org/10.1038/s41578-021-00412-x
http://doi.org/10.1016/j.mtchem.2018.12.001
http://doi.org/10.1208/s12249-021-01975-2
http://doi.org/10.3390/ijms23031244
http://doi.org/10.1002/adma.200802106
http://doi.org/10.1021/ma901530r
http://doi.org/10.1039/D0MA00732C
http://doi.org/10.1089/ten.teb.2019.0182
http://www.ncbi.nlm.nih.gov/pubmed/31452463
http://doi.org/10.1002/adfm.202104440
http://doi.org/10.1016/j.jconrel.2011.12.025
http://www.ncbi.nlm.nih.gov/pubmed/22227024
http://doi.org/10.1097/ACO.0b013e3283572319
http://www.ncbi.nlm.nih.gov/pubmed/22825049
http://doi.org/10.1002/bit.27781
http://www.ncbi.nlm.nih.gov/pubmed/33835500
http://doi.org/10.1155/2015/948040
http://doi.org/10.3390/jcm9041221
http://www.ncbi.nlm.nih.gov/pubmed/32340262
http://doi.org/10.1016/j.colsurfb.2020.111532


Biomedicines 2022, 10, 1673 18 of 21

80. Mauri, E.; Rossetti, A.; Mozetic, P.; Schiavon, C.; Sacchetti, A.; Rainer, A.; Rossi, F. Ester coupling of ibuprofen in hydrogel matrix:
A facile one-step strategy for controlled anti-inflammatory drug release. Eur. J. Pharm. Biopharm. 2020, 146, 143–149. [CrossRef]

81. Luo, J.; Shi, X.; Li, L.; Tan, Z.; Feng, F.; Li, J.; Pang, M.; Wang, X.; He, L. An injectable and self-healing hydrogel with controlled
release of curcumin to repair spinal cord injury. Bioact. Mater. 2021, 6, 4816–4829. [CrossRef]

82. Perale, G.; Rossi, F.; Sundstrom, E.; Bacchiega, S.; Masi, M.; Forloni, G.; Veglianese, P. Hydrogels in spinal cord injury repair
strategies. ACS Chem. Neurosci. 2011, 2, 336–345. [CrossRef] [PubMed]

83. Macaya, D.; Spector, M. Injectable hydrogel materials for spinal cord regeneration: A review. Biomed. Mater. 2012, 7, 12001.
[CrossRef] [PubMed]

84. Haggerty, A.E.; Oudega, M. Biomaterials for spinal cord repair. Neurosci. Bull. 2013, 29, 445–459. [CrossRef]
85. Subbarayan, R.; Barathidasan, R.; Raja, S.T.K.; Arumugam, G.; Kuruvilla, S.; Shanthi, P.; Ranga Rao, S. Human gingival derived

neuronal cells in the optimized caffeic acid hydrogel for hemitransection spinal cord injury model. J. Cell. Biochem. 2020, 121,
2077–2088. [CrossRef] [PubMed]

86. Dong, Y.; Yang, L.; Yang, L.; Zhao, H.; Zhang, C.; Wu, D. Transplantation of neurotrophin-3-transfected bone marrow mesenchymal
stem cells for the repair of spinal cord injury. Neural Regen. Res. 2014, 9, 1520–1524. [CrossRef]

87. Katz, J.S.; Burdick, J.A. Hydrogel mediated delivery of trophic factors for neural repair. Wiley Interdiscip. Rev. Nanomed.
Nanobiotechnol. 2009, 1, 128–139. [CrossRef]

88. Muheremu, A.; Shu, L.; Liang, J.; Aili, A.; Jiang, K. Sustained delivery of neurotrophic factors to treat spinal cord injury.
Transl. Neurosci. 2021, 12, 494–511. [CrossRef]

89. Cai, Z.; Gan, Y.; Bao, C.; Wu, W.; Wang, X.; Zhang, Z.; Zhou, Q.; Lin, Q.; Yang, Y.; Zhu, L. Photosensitive Hydrogel Creates
Favorable Biologic Niches to Promote Spinal Cord Injury Repair. Adv. Healthc. Mater. 2019, 8, e1900013. [CrossRef]

90. Zhang, N.; Lin, J.; Lin, V.P.H.; Milbreta, U.; Chin, J.S.; Chew, E.G.Y.; Lian, M.M.; Foo, J.N.; Zhang, K.; Wu, W.; et al. A 3D
Fiber-Hydrogel Based Non-Viral Gene Delivery Platform Reveals that microRNAs Promote Axon Regeneration and Enhance
Functional Recovery Following Spinal Cord Injury. Adv. Sci. 2021, 8, 2100805. [CrossRef]

91. Piantino, J.; Burdick, J.A.; Goldberg, D.; Langer, R.; Benowitz, L.I. An injectable, biodegradable hydrogel for trophic factor delivery
enhances axonal rewiring and improves performance after spinal cord injury. Exp. Neurol. 2006, 201, 359–367. [CrossRef]

92. Lee, H.; McKeon, R.J.; Bellamkonda, R. V Sustained delivery of thermostabilized chABC enhances axonal sprouting and functional
recovery after spinal cord injury. Proc. Natl. Acad. Sci. USA 2010, 107, 3340–3345. [CrossRef] [PubMed]

93. Huang, F.; Chen, T.; Chang, J.; Zhang, C.; Liao, F.; Wu, L.; Wang, W.; Yin, Z. A conductive dual-network hydrogel composed
of oxidized dextran and hyaluronic-hydrazide as BDNF delivery systems for potential spinal cord injury repair. Int. J. Biol.
Macromol. 2021, 167, 434–445. [CrossRef] [PubMed]

94. Jain, A.; McKeon, R.J.; Brady-Kalnay, S.M.; Bellamkonda, R. V Sustained delivery of activated Rho GTPases and BDNF promotes
axon growth in CSPG-rich regions following spinal cord injury. PLoS ONE 2011, 6, e16135. [CrossRef] [PubMed]

95. Xu, H.L.; Tian, F.R.; Xiao, J.; Chen, P.P.; Xu, J.; Fan, Z.L.; Yang, J.J.; Lu, C.T.; Zhao, Y.Z. Sustained-release of FGF-2 from a hybrid
hydrogel of heparin-poloxamer and decellular matrix promotes the neuroprotective effects of proteins after spinal injury. Int. J.
Nanomed. 2018, 13, 681–694. [CrossRef] [PubMed]

96. Ansorena, E.; De Berdt, P.; Ucakar, B.; Simón-Yarza, T.; Jacobs, D.; Schakman, O.; Jankovski, A.; Deumens, R.; Blanco-Prieto, M.J.;
Préat, V.; et al. Injectable alginate hydrogel loaded with GDNF promotes functional recovery in a hemisection model of spinal
cord injury. Int. J. Pharm. 2013, 455, 148–158. [CrossRef]

97. Gao, X.; Cheng, W.; Zhang, X.; Zhou, Z.; Ding, Z.; Zhou, X.; Lu, Q.; Kaplan, D.L. Nerve Growth Factor-Laden Anisotropic Silk
Nanofiber Hydrogels to Regulate Neuronal/Astroglial Differentiation for Scarless Spinal Cord Repair. ACS Appl. Mater. Interfaces
2022, 14, 3701–3715. [CrossRef]

98. Liu, W.; Luo, Y.; Ning, C.; Zhang, W.; Zhang, Q.; Zou, H.; Fu, C. Thermo-sensitive electroactive hydrogel combined with electrical
stimulation for repair of spinal cord injury. J. Nanobiotechnol. 2021, 19, 286. [CrossRef]

99. Xu, Y.; Zhou, J.; Liu, C.; Zhang, S.; Gao, F.; Guo, W.; Sun, X.; Zhang, C.; Li, H.; Rao, Z.; et al. Understanding the role of
tissue-specific decellularized spinal cord matrix hydrogel for neural stem/progenitor cell microenvironment reconstruction and
spinal cord injury. Biomaterials 2021, 268, 120596. [CrossRef]

100. Yuan, T.; Shao, Y.; Zhou, X.; Liu, Q.; Zhu, Z.; Zhou, B.; Dong, Y.; Stephanopoulos, N.; Gui, S.; Yan, H.; et al. Highly Permeable
DNA Supramolecular Hydrogel Promotes Neurogenesis and Functional Recovery after Completely Transected Spinal Cord
Injury. Adv. Mater. 2021, 33, 2102428. [CrossRef]

101. Yao, S.; He, F.; Cao, Z.; Sun, Z.; Chen, Y.; Zhao, H.; Yu, X.; Wang, X.; Yang, Y.; Rosei, F.; et al. Mesenchymal Stem Cell-Laden
Hydrogel Microfibers for Promoting Nerve Fiber Regeneration in Long-Distance Spinal Cord Transection Injury. ACS Biomater.
Sci. Eng. 2020, 6, 1165–1175. [CrossRef]

102. Yuan, X.; Yuan, W.; Ding, L.; Shi, M.; Luo, L.; Wan, Y.; Oh, J.; Zhou, Y.; Bian, L.; Deng, D.Y.B. Cell-adaptable dynamic hydrogel
reinforced with stem cells improves the functional repair of spinal cord injury by alleviating neuroinflammation. Biomaterials
2021, 279, 121190. [CrossRef] [PubMed]

103. Veneruso, V.; Rossi, F.; Villella, A.; Bena, A.; Forloni, G.; Veglianese, P. Stem cell paracrine effect and delivery strategies for spinal
cord injury regeneration. J. Control. Release 2019, 300, 141–153. [CrossRef] [PubMed]

http://doi.org/10.1016/j.ejpb.2019.11.002
http://doi.org/10.1016/j.bioactmat.2021.05.022
http://doi.org/10.1021/cn200030w
http://www.ncbi.nlm.nih.gov/pubmed/22816020
http://doi.org/10.1088/1748-6041/7/1/012001
http://www.ncbi.nlm.nih.gov/pubmed/22241481
http://doi.org/10.1007/s12264-013-1362-7
http://doi.org/10.1002/jcb.29452
http://www.ncbi.nlm.nih.gov/pubmed/31646674
http://doi.org/10.4103/1673-5374.139478
http://doi.org/10.1002/wnan.10
http://doi.org/10.1515/tnsci-2020-0200
http://doi.org/10.1002/adhm.201900013
http://doi.org/10.1002/advs.202100805
http://doi.org/10.1016/j.expneurol.2006.04.020
http://doi.org/10.1073/pnas.0905437106
http://www.ncbi.nlm.nih.gov/pubmed/19884507
http://doi.org/10.1016/j.ijbiomac.2020.11.206
http://www.ncbi.nlm.nih.gov/pubmed/33278434
http://doi.org/10.1371/journal.pone.0016135
http://www.ncbi.nlm.nih.gov/pubmed/21283639
http://doi.org/10.2147/IJN.S152246
http://www.ncbi.nlm.nih.gov/pubmed/29440894
http://doi.org/10.1016/j.ijpharm.2013.07.045
http://doi.org/10.1021/acsami.1c19229
http://doi.org/10.1186/s12951-021-01031-y
http://doi.org/10.1016/j.biomaterials.2020.120596
http://doi.org/10.1002/adma.202102428
http://doi.org/10.1021/acsbiomaterials.9b01557
http://doi.org/10.1016/j.biomaterials.2021.121190
http://www.ncbi.nlm.nih.gov/pubmed/34736145
http://doi.org/10.1016/j.jconrel.2019.02.038
http://www.ncbi.nlm.nih.gov/pubmed/30851286


Biomedicines 2022, 10, 1673 19 of 21

104. Papa, S.; Vismara, I.; Mariani, A.; Barilani, M.; Rimondo, S.; De Paola, M.; Panini, N.; Erba, E.; Mauri, E.; Rossi, F.; et al.
Mesenchymal stem cells encapsulated into biomimetic hydrogel scaffold gradually release CCL2 chemokine in situ preserving
cytoarchitecture and promoting functional recovery in spinal cord injury. J. Control. Release 2018, 278, 49–56. [CrossRef]

105. Li, X.; Liu, X.; Cui, L.; Brunson, C.; Zhao, W.; Bhat, N.R.; Zhang, N.; Wen, X. Engineering an in situ crosslinkable hydrogel for
enhanced remyelination. FASEB J. 2013, 27, 1127–1136. [CrossRef] [PubMed]

106. Syková, E.; Jendelová, P.; Urdzíková, L.; Lesný, P.; Hejcl, A. Bone marrow stem cells and polymer hydrogels–two strategies for
spinal cord injury repair. Cell. Mol. Neurobiol. 2006, 26, 1113–1129. [CrossRef]

107. Hejcl, A.; Sedý, J.; Kapcalová, M.; Toro, D.A.; Amemori, T.; Lesný, P.; Likavcanová-Mašínová, K.; Krumbholcová, E.; Prádný, M.;
Michálek, J.; et al. HPMA-RGD hydrogels seeded with mesenchymal stem cells improve functional outcome in chronic spinal
cord injury. Stem Cells Dev. 2010, 19, 1535–1546. [CrossRef] [PubMed]

108. Woerly, S.; Doan, V.D.; Sosa, N.; de Vellis, J.; Espinosa-Jeffrey, A. Prevention of gliotic scar formation by NeuroGel allows partial
endogenous repair of transected cat spinal cord. J. Neurosci. Res. 2004, 75, 262–272. [CrossRef] [PubMed]

109. Caron, I.; Rossi, F.; Papa, S.; Aloe, R.; Sculco, M.; Mauri, E.; Sacchetti, A.; Erba, E.; Panini, N.; Parazzi, V.; et al. A new three
dimensional biomimetic hydrogel to deliver factors secreted by human mesenchymal stem cells in spinal cord injury. Biomaterials
2016, 75, 135–147. [CrossRef]

110. Mauri, E.; Sacchetti, A.; Vicario, N.; Peruzzotti-Jametti, L.; Rossi, F.; Pluchino, S. Evaluation of RGD functionalization in hybrid
hydrogels as 3D neural stem cell culture systems. Biomater. Sci. 2018, 6, 501–510. [CrossRef]

111. Feng, J.; Zhang, Y.; Zhu, Z.; Gu, C.; Waqas, A.; Chen, L. Emerging Exosomes and Exosomal MiRNAs in Spinal Cord Injury. Front.
Cell Dev. Biol. 2021, 9, 703989. [CrossRef]

112. Ruppert, K.A.; Nguyen, T.T.; Prabhakara, K.S.; Toledano Furman, N.E.; Srivastava, A.K.; Harting, M.T.; Cox, C.S.J.; Olson, S.D.
Human Mesenchymal Stromal Cell-Derived Extracellular Vesicles Modify Microglial Response and Improve Clinical Outcomes
in Experimental Spinal Cord Injury. Sci. Rep. 2018, 8, 480. [CrossRef] [PubMed]

113. Gimona, M.; Pachler, K.; Laner-Plamberger, S.; Schallmoser, K.; Rohde, E. Manufacturing of Human Extracellular Vesicle-Based
Therapeutics for Clinical Use. Int. J. Mol. Sci. 2017, 18, 1190. [CrossRef] [PubMed]

114. Wang, C.; Wang, M.; Xia, K.; Wang, J.; Cheng, F.; Shi, K.; Ying, L.; Yu, C.; Xu, H.; Xiao, S.; et al. A bioactive injectable self-healing
anti-inflammatory hydrogel with ultralong extracellular vesicles release synergistically enhances motor functional recovery of
spinal cord injury. Bioact. Mater. 2021, 6, 2523–2534. [CrossRef] [PubMed]

115. Rani, S.; Sharma, A.K.; Khan, I.; Gothwal, A.; Chaudhary, S.; Gupta, U. Polymeric Nanoparticles in Targeting and Delivery of Drugs;
Elsevier: Amsterdam, The Netherlands, 2017; ISBN 9780128097182.

116. Rossi, F.; Perale, G.; Masi, M. Overview on Polymeric Drug Delivery Systems. In SpringerBriefs in Applied Sciences and Technology;
Springer: Berlin/Heidelberg, Germany, 2016; pp. 35–59. ISBN 9783319022888.

117. Sarkar, S.; Levi-Polyachenko, N. Conjugated polymer nano-systems for hyperthermia, imaging and drug delivery. Adv. Drug
Deliv. Rev. 2020, in press. [CrossRef]

118. Chacko, R.T.; Ventura, J.; Zhuang, J.; Thayumanavan, S. Polymer nanogels: A versatile nanoscopic drug delivery platform.
Adv. Drug Deliv. Rev. 2012, 64, 836–851. [CrossRef]

119. Kumar, B.; Jalodia, K.; Kumar, P.; Gautam, H.K. Recent advances in nanoparticle-mediated drug delivery. J. Drug Deliv. Sci.
Technol. 2017, 41, 260–268. [CrossRef]

120. Crucho, C.I.C.; Barros, M.T. Polymeric nanoparticles: A study on the preparation variables and characterization methods.
Mater. Sci. Eng. C 2017, 80, 771–784. [CrossRef]

121. Pinelli, F.; Sacchetti, A.; Perale, G.; Rossi, F. Is nanoparticle functionalization a versatile approach to meet the challenges of drug
and gene delivery? Ther. Deliv. 2020, 11, 401–404. [CrossRef]

122. Pinelli, F.; Saadati, M.; Zare, E.N.; Makvandi, P.; Masi, M.; Sacchetti, A.; Rossi, F. A perspective on the applications of functionalized
nanogels: Promises and challenges. Int. Mater. Rev. 2022, in press. [CrossRef]

123. Borchard, G.; Som, C.; Zinn, M.; Ostafe, V.; Borges, O.; Perale, G.; Wick, P. Editorial: Polymeric Nano-Biomaterials for Medical
Applications: Advancements in Developing and Implementation Considering Safety-by-Design Concepts. Front. Bioeng.
Biotechnol. 2020, 8, 599950. [CrossRef]

124. Pinelli, F.; Perale, G.; Rossi, F. Coating and functionalization strategies for nanogels and nanoparticles for selective drug delivery.
Gels 2020, 6, 6. [CrossRef] [PubMed]

125. Ziemba, A.; Gilbert, R. Biomaterials for Local, Controlled Drug Delivery to the Injured Spinal Cord. Front. Pharmacol. 2017, 8, 245.
[CrossRef] [PubMed]

126. Kim, Y.T.; Caldwell, J.M.; Bellamkonda, R.V. Nanoparticle-mediated local delivery of methylprednisolone after spinal cord injury.
Biomaterials 2009, 30, 2582–2590. [CrossRef] [PubMed]

127. Wu, W.; Lee, S.-Y.; Wu, X.; Tyler, J.Y.; Wang, H.; Ouyang, Z.; Park, K.; Xu, X.-M.; Cheng, J.-X. Neuroprotective ferulic acid
(FA)-glycol chitosan (GC) nanoparticles for functional restoration of traumatically injured spinal cord. Biomaterials 2014, 35,
2355–2364. [CrossRef] [PubMed]

128. Takenaga, M.; Ishihara, T.; Ohta, Y.; Tokura, Y.; Hamaguchi, A.; Igarashi, R.M.T. Nano PGE1 promoted the recovery from spinal
cord injury-induced motor dysfunction through its accumu- lation and sustained release. J. Control. Release 2010, 148, 249–254.
[CrossRef]

http://doi.org/10.1016/j.jconrel.2018.03.034
http://doi.org/10.1096/fj.12-211151
http://www.ncbi.nlm.nih.gov/pubmed/23239823
http://doi.org/10.1007/s10571-006-9007-2
http://doi.org/10.1089/scd.2009.0378
http://www.ncbi.nlm.nih.gov/pubmed/20053128
http://doi.org/10.1002/jnr.10774
http://www.ncbi.nlm.nih.gov/pubmed/14705147
http://doi.org/10.1016/j.biomaterials.2015.10.024
http://doi.org/10.1039/C7BM01056G
http://doi.org/10.3389/fcell.2021.703989
http://doi.org/10.1038/s41598-017-18867-w
http://www.ncbi.nlm.nih.gov/pubmed/29323194
http://doi.org/10.3390/ijms18061190
http://www.ncbi.nlm.nih.gov/pubmed/28587212
http://doi.org/10.1016/j.bioactmat.2021.01.029
http://www.ncbi.nlm.nih.gov/pubmed/33615043
http://doi.org/10.1016/j.addr.2020.01.002
http://doi.org/10.1016/j.addr.2012.02.002
http://doi.org/10.1016/j.jddst.2017.07.019
http://doi.org/10.1016/j.msec.2017.06.004
http://doi.org/10.4155/tde-2020-0030
http://doi.org/10.1080/09506608.2022.2026864
http://doi.org/10.3389/fbioe.2020.599950
http://doi.org/10.3390/gels6010006
http://www.ncbi.nlm.nih.gov/pubmed/32033057
http://doi.org/10.3389/fphar.2017.00245
http://www.ncbi.nlm.nih.gov/pubmed/28539887
http://doi.org/10.1016/j.biomaterials.2008.12.077
http://www.ncbi.nlm.nih.gov/pubmed/19185913
http://doi.org/10.1016/j.biomaterials.2013.11.074
http://www.ncbi.nlm.nih.gov/pubmed/24332460
http://doi.org/10.1016/j.jconrel.2010.08.003


Biomedicines 2022, 10, 1673 20 of 21

129. Li, J.; Wei, J.; Wan, Y.; Du, X.; Bai, X.; Li, C.; Lin, Y.; Liu, Z.; Zhou, M.; Zhong, Z. TAT-modified tetramethylpyrazine-loaded
nanoparticles for targeted treatment of spinal cord injury. J. Control. Release 2021, 335, 103–116. [CrossRef]

130. Zhang, T.; Lin, F.; Liu, W.; Liu, Y.; Guo, Z.; Xiao, C.; Zhuang, X.; Chen, X. Reactive oxide species-scavenging lipid-polymer
nanoparticles for neuroprotection after spinal cord injury. Appl. Mater. Today 2021, 24, 101109. [CrossRef]

131. Han, L.; Jiang, C. Evolution of blood–brain barrier in brain diseases and related systemic nanoscale brain-targeting drug delivery
strategies. Acta Pharm. Sin. B 2021, 11, 2306–2325. [CrossRef]

132. Pan, Y.; Lloyd, C.; Zhou, H.; Dolich, S.; Deeds, J.; Gonzalo, J.A.; Vath, J.; Gosselin, M.; Ma, J.; Dussault, B.; et al. Neurotactin, a
membrane-anchored chemokine upregulated in brain inflammation. Nature 1997, 387, 611–617. [CrossRef]
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