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A B S T R A C T

Spinal cord injuries (SCIs) are devastating. In SCIs, a powerful traumatic force impacting the spinal cord results in
the permanent loss of nerve function below the injury level, leaving the patient paralyzed and wheelchair-bound
for the remainder of his/her life. Unfortunately, clinical treatment that depends on surgical decompression ap-
pears to be unable to handle damaged nerves, and high-dose methylprednisolone-based therapy is also associated
with problems, such as infection, gastrointestinal bleeding, femoral head necrosis, obesity, and hyperglycemia.
Nanomaterials have opened new avenues for SCI treatment. Among them, performance-based nanomaterials
derived from a variety of materials facilitate improvements in the microenvironment of traumatic injury and, in
some cases, promote neuron regeneration. Nanoparticulate drug delivery systems enable the optimization of drug
effects and drug bioavailability, thus contributing to the development of novel treatments. The improved effi-
ciency and accuracy of gene delivery will also benefit the exploration of SCI mechanisms and the understanding of
key genes and signaling pathways. Herein, we reviewed different types of nanomaterials applied to the treatment
of SCI and summarized their functions and advantages to provide new perspectives for future clinical therapies.
1. Introduction

The spinal cord is an important component of the central nervous
system, acting as a link between the brain and peripheral nervous tissues
by transmitting vital information and reflexes. Spinal cord injury (SCI) is
temporary or permanent damage to spinal cord function under the action
of an external force. An estimated 250,000 to 500,000 new cases of SCI
are reported worldwide each year with young people accounting for the
majority of the cases [1]. Approximately 40% of all SCI patients have
traffic accident injuries. Other causes include falling, work injuries,
sports, and violence.

An SCI may have serious consequences. Depending on the level, site,
and force of the injury, SCI patients may present with different neuro-
logical disorders. The most severe SCI can result in the complete loss of
sensory and motor function below the injured level, called complete
paraplegia. However, some patients experience other consequences of
SCI. Studies have shown a high prevalence of SCI respiratory complica-
tions, which were reported in 84% of patients with SCI above the fourth
cervical (C4) vertebra level [2], and 34% of the patients require tracheal
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intubation for ventilation assistance [3]. The mortality rate of patients
admitted with emergent SCI was estimated to range between 4% and
17% [4]. Some SCIs may also be accompanied by bowel or bladder in-
continence and long-term complications, such as muscle atrophy,
cramps, bedsores, and infections, which impact both patients and their
families, causing physical and psychological distress and financial bur-
dens [5].

The clinical treatment of SCI is typically high-dose methylpredniso-
lone (MP) combined with appropriate surgical decompression. However,
these approaches have some problems. Although surgical treatments
reestablish spinal stability and relieve compression for nerve recovery,
the complete repair of the central nerve remains elusive. The application
of high-dose MP also has problems, such as low bioavailability, low ag-
gregation efficiency, indirect damage to other organs, a short treatment
time window, and other shortcomings [6–9]. Therefore, it is necessary to
seek more effective treatment methods to address these problems.

The applications of functional nanomaterials in biomedical research
are well documented, especially in the field of cancer [10–12]. In recent
years, therapeutic nanoparticles (NPs) and their delivery have also
ospital of Jilin University, No. 1 Xinmin Street, Changchun, 130021, China.
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attracted widespread attention as an emerging engineering technology
for SCI treatment [13], and nanotheranostics have shown advantages in
multiple aspects. The nanoscale size of functional nanomaterials makes it
possible for drugs to cross the blood‒spinal cord barrier (BSCB) and
accumulate in the lesion area [14,15]. Efficient transport will greatly
improve the bioavailability of drugs, which facilitates the optimization of
MP drugs in clinical use [16] and the possibility of developing a series of
new preparations, including nonhormonal drugs [17,18], proteases [19],
and genes [17,20]. Furthermore, the properties of the material itself in
combination with the drug may offer various new advantages, conferring
NPs with specific therapeutic capabilities, such as excellent antioxidant
and anti-inflammatory properties [17], immunomodulatory ability [21],
and axonal growth promotion [18]. These applications will affect SCI
pathology not only by inhibiting adverse changes in the microenviron-
ment but may eventually reverse their development in a beneficial di-
rection. Based on the present findings, we believe that NPs can play a
pivotal role in future SCI treatment.

This review focuses on the current use of functional nanomaterials
with particle sizes ranging from 1 to 1000 nm for the treatment of SCI and
categorizes them into inorganic NPs, organic NPs, and bioderived NPs
according to their source composition (Fig. 1). We also examined the
design and structural composition of these NPs and their role in the
treatment of SCI by describing the therapeutic properties of the compo-
nents, their role in the pathological mechanism of secondary injury and
their transport effects as nanovectors (Fig. 2). The aim of this review is to
provide more comprehensive information for understanding the research
status of NPs in the treatment of SCI and to advance new ideas for the
further study of pathological mechanisms and clinical solutions.
Fig. 1. Illustration of the classification and structu
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2. Role of nanomaterials in SCI treatment

2.1. The functional effects of nanomaterials in the SCI pathological
mechanism

2.1.1. Pathological mechanisms of SCI and drug treatment strategy
SCI can be divided pathologically into primary injuries and secondary

injuries [22]. In a primary injury, the death of neural cells occurs
immediately at the site of the original injury, which is often accompanied
by vertebral fracture, dislocation, blood vessel damage, hemorrhage,
hematoma, ligament tear, and soft tissue damage. In contrast, secondary
injury is initiated by the primary injury and then leads to a series of
pathological changes, including edema, inflammation, excitotoxicity,
oxidative stress, and ion imbalance. These changes can occur minutes or
weeks after the primary injury.

At present, surgical treatment technology has entered a bottleneck
stage. The irreparability and irreplaceability of the central nervous sys-
tem cause the main trouble. Scholars have tried to reconstruct the spinal
fibers by implanting different grafts such as 3D printed nerve guide
conduits, polymer scaffolds and electrospun polymers [23–26]. Howev-
er, these attempts are still in the experimental phase. We also hope that in
the future, fibered surgeries will be able to make a breakthrough to
completely solve the central nerve fiber damage repair problem. The
purpose of drug therapy is to restrain the undesirable aspects of patho-
logical changes in secondary injury, including lipid peroxidation, reac-
tive oxygen species production, inflammatory response burst, and
apoptosis. By improving the microenvironment of SCI, uninjured nerve
fibers are protected from further damage, whereas some injured nerve
fibers of primary injury are also protected from further aggravation. The
re of nanomaterials for the treatment of SCI.
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Fig. 2. Schematic diagram of the role of nanomaterials in SCI treatment.

W. Gong et al. Materials Today Bio 18 (2023) 100524
preservation of these neurons will be an important factor in long-term
functional recovery. However, traditional approaches employ
whole-body high-dose infusions to increase intramedullary drug con-
centrations, which are indistinguishable from the concept of “The more
we eat, the more we absorb”. The design of functional nanomaterials will
revolutionize all of this.

2.1.2. Therapeutic properties of functional nanomaterials affect the SCI
pathological process

According to the characteristics described above, all judgments of the
changes in the pathological process are important to better understand
the situation of neurological outcomes. Nanomaterials affect these pro-
cesses through neuroprotective or neuroregenerative therapeutic prop-
erties. Specifically, these approaches can be divided into the following
three aspects. The first approach involves the direct protection and
maintenance of nerve cells, including the sealing effect of the organic
polymers poly(ethylene glycol) (PEG) and chitosan [27–30], to protect
neurons from outside toxins and inorganic graphene NPs to enhance
electrical conductivity [31].

The second approach is to indirectly protect nerve cells by improving
the damaged microenvironment during the process of secondary injury,
which is similar to the current idea of clinical drug therapy for SCI. Most
nanomaterials achieve this therapeutic purpose by assisting drug de-
livery, such as stable SiO2 [32] and high drug-loaded MoS2 [33] vectors
in inorganic nanomaterials. Of course, a range of organic nanomaterials,
including polymer micelles, liposomes, nanospheres, dendrimers, nano-
proteins and nano prodrugs, are used. Through ingenious structural de-
signs, these nanomaterials can effectively deliver different types of drugs
to the lesion site to play a therapeutic role. It is worth noting that the
targeted groups linking and the bioderived membrane-coated NPs
inheriting the characteristics of cell activities can further enhance
transportation efficiency and drug accumulation. In addition, some
nanomaterials themselves have therapeutic effects similar to pharma-
ceuticals, such as inorganic iron NPs [34], CeO2 NPs [35] and Se NPs
[36], which exhibit antioxidant functions. We should also pay attention
to the systematic injection of the organic nanomaterial poly(-
lactic-co-glycolic acid) (PLGA), which can reduce the inflammatory
injury microenvironment in SCI by modulating the invasion of innate
immune cells [21].

The third approach is to facilitate neural regeneration for SCI treat-
ment, and most nanomaterials stimulate axonal restoration for substan-
tial functional recovery. For instance, inorganic Gold NPs modified by
3

PEG have been shown to promote the remyelination of Schwann cells
[37], which is beneficial for axon regrowth. Natural polymeric polysialic
acid can also promote the remyelination of axons [18]. After polysialic
acid treatment, significant axonal extension was observed in the spinal
cord. The nanogel material designed by Papa is specifically phagocytized
by A1 astrocytes, thus inhibiting astrocytosis [38]. After SCI, active
astrocyte proliferation plays a key role in scar formation and limits the
regeneration of axons and their functional activity [39]. Similarly, bone
mesenchymal stem cell (BMSC) exosomes also effectively inhibit scar
formation and promote axonal growth [40]. The promotion of nerve
regeneration can also be achieved through gene delivery, and exosome
material transfections have demonstrated success based on phosphatase
and tensin homolog (PTEN) gene suppression [20]. PTEN siRNA delivery
not only reduced glial scar tissue formation but also promoted the
penetration and extension of BDA þ regenerative fibers. Another
approach is to directly stimulate neurogenesis. For example, bioderived
human placental mesenchymal stem cell (HPC) exosomes promote the
reactivation and recruitment of endogenous neural progenitor cells, thus
promoting neural regeneration [41]. Similar therapeutic effects were also
achieved based on the transportation of a plasmid for nerve growth factor
(NGF) expresssaion using an organic nanobubble structure [42].

3. Nanomaterials act as efficient vectors for SCI delivery

Drug administration for SCI treatment mainly includes local delivery
and systemic delivery. Local administration ensures that the drug reaches
the damaged spinal cord tissue accurately, but the injection process may
also cause new damage. The process of open surgery is too cumbersome.
Systemic administration, however, is a promising approach that could be
administered as soon as possible after injury. The main problem with
noninvasive administration is how to effectively reach the target position
in the body. Nanomaterials can effectively reach the damaged area
through a process similar to the enhanced permeability and retention
effect. In addition, the disruption of the BSCB during the injury phase also
allows nanomaterials to reach the damage site [43]. The study of Saxena
et al. [44] also demonstrated that NPs of 200 nm could extravasate into
the cord parenchyma at the lesion site within 96 h postinjury. Further-
more, active directional delivery can also be accomplished by linking
targeting groups. This approach is common in the design and construc-
tion of organic NPs. For example, activated cell-penetrating peptide
specifically recognizes matrix metalloproteinases and demonstrates an
affinity for them [45], whereas sialic acid binds to the E-selectin receptor
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Table 1
Potential groups facilitating polymeric NPs active targeting accumulation and
their mechanisms.

Active targeting group Year Mechanisms Reference

Transactivating transduction
protein (TAT)

2010,
2017

Crossing BSCB [48,117]

Cystine-alanine-L-Glutamine-
lysine (CAQK)

2020,
2022

Binding chondroitin
sulfate proteoglycan

[46,105]

Activated cell-penetrating
peptide

2021 Binding MMP; crossing
BSCB

[45]

Bovine or human serum
albumin (BSA or HSA)

2017 Binding albumin receptors
at the lesion site

[16]

Microtubule-associated
protein 2 antibody

2018 Targeting neural
membrane

[49]

Apamin, an-18-amino acid
peptide

2014 Binding apamin receptor [47]

Sialic acid 2019 Binding E-selectin
receptor on the
endothelial cell
membrane

[17]

2-methacryloyloxyethyl
phosphorylcholine (MPC)

2019 Nicotinic acetylcholine
receptors (nAChRs)

[129]
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on endothelial cell membranes [17], effectively assisting NPs trans-
mission through the BSCB. Tang et al. [46] made full use of the charac-
teristics of chondroitin sulfate proteoglycan accumulation in the process
of scar formation after SCI and used a CAQK peptide connection to
enhance the targeting effect (Fig. 3A–C). The results showed that scar
tissue-homing peptide modification greatly enhanced the accumulation
and retention of NPs in the injured area (Fig. 3D), thereby ameliorating
damaged axon symptoms by promoting neurofilament 200 (NF200)
expression (Fig. 3E). In addition, small penetrating peptides, such as
transactivating transduction protein and apamin [47,48], and
microtubule-associated protein 2 specific recognition antibodies can also
be applied [49]. Table 1 describes these molecular groups and their
mechanism of action in detail. These nanomaterials will also be further
discussed in subsequent subsections.

4. Functional nanomaterials for SCI treatment

4.1. Inorganic nanomaterials

Inorganic nanomaterials are relatively facile to construct, and a high
yield can be obtained. The obtained nanomaterials typically exhibit
uniform sizes, mostly tens of nanometers, with high dispersion. The
intrinsic properties of these inorganic elements, such as the antioxidant
effect of selenium, may be helpful for SCI therapy. Appropriate modifi-
cations can also improve their water solubility and bioavailability.
However, it is well known that the safety of inorganic nanomaterials for
in vivo applications requires further extensive studies.
Fig. 3. Illustration of the NPs for SCI targeting delivery. (A) Presentation of the sy
structure and (C) size distribution and TEM image. (D) Showing that CAQK targetin
Showing that the targeting delivery significantly promoted the expression of NF200

4

4.1.1. Gold NPs (AuNPs)
AuNPs were first reported by Michael Faraday in 1857 [50]. In his

research, he reduced gold salts to create colloidal gold, which was
markedly different from bulk gold. However, the first application of
AuNPs in the biomedical field was in reported the 1970s with the use of
an immunogold labeling technique by Faulk and Taylor [51]. Different
modifications of AuNPs have been used to develop applications for the
treatment of SCI.
nthesis process of the targeting polymeric NPs, characteristic as (B) chemical
g group effectively improved the accumulation of the NPs at the lesion site. (E)
, thus alleviating axon damage. Copyright 2020, Small [46].
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Fig. 4. Illustration of the fabrication of Au NPs and application in SCI treatment. (A) The preparation of AuNPs with monodentate thiolated PEG ligand. Copyright
2013 Langmuir [52]. (B) Remyelination promotion of Schwann cells in mice after the treatment by PEG modified AuNPs. Copyright 2015 Molecular Therapy [37]. (C)
Showing that the synthesis process of the AuNP complex, their presentations in TEM and cuvettes, and the anti-neuroinflammatory effects. Copyright 2019 Chemical
Engineering Journal [56].
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Florentia Papastefanaki et al. [37] referred to Horst Weller's method
[52] of using monodentate thiolated PEG chemically linked to AuNPs to
fabricate PEG-coated AuNPs with diameters of 14 and 40 nm (Fig. 4A).
These colloidal gold NPs retained the sealing neuroprotective properties
of PEG and exhibited higher bioavailability. The 40 nm NPs reduced
microglia-related inflammation, protected motor neurons, and substan-
tially promoted themyelin regeneration of Schwann cells (Fig. 4B). It was
found that the expression of P0 myelin protein was significantly up
regulated, and the remyelination myelin sheath reformation effectively
contributed to the restoration of regrown axons. After intrathecal injec-
tion treatment, the Basso Mouse locomotor rating scale was significant
improved after 8 weeks, compared with the PBS group. Similarly,
R-dihydrolipoic acid enantiomer-modified Au nanoclusters (AuNCs)
showed strong immune-suppressing responses for use in SCI therapy
[53]. In addition to these therapeutic properties, AuNPs could also be
used as drug carriers by binding to thiol end groups (-SH) [54,55]. Seil
Sohn et al. [56] used AuNPs conjugated with mono-(6-mer-
capto-6-deoxy)-β-CD and further loaded them with ursodeoxycholic acid
for SCI treatment (Fig. 4C). This AuNP complex that ranges from 20 to 40
nm in size significantly limited proinflammatory cytokine expression and
increased antineuroinflammatory effects by promoting arginase-1 pro-
tein expression. Recently, Mei et al. [57] developed novel AuNCs con-
jugated to positively charged berberine through electrostatic
interactions. One hundred 20-nm NPs stabilized by bovine serum albu-
min (BSA) showed effective anti-apoptotic ability and regulated M2
macrophage polarization.

4.1.2. Iron oxide NPs
Iron oxide NPs (IONPs), such as Fe3O4 and Fe2O3, are also easy to

produce and are widely used for imaging, drug delivery, and photo-
thermal therapy [58,59]. When combined with external electromagnetic
fields, IONPs play an effective role in transfection and delivery in the
treatment of SCI (Fig. 5A) [60]. Ajay Pal et al. [34] confirmed that IONP
exposure in a magnetic field effectively promoted the recovery of spinal
5

function by attenuating free radical-induced damage. The study found
that the magnetic field significantly increased the retention and accu-
mulation of IONPs at the damage center (Fig. 5B and C) and that the
enhanced antioxidant capacity was associated with alterations in the
electron spin relaxation state caused by the magnetic field (Fig. 5D).
Their subsequent work showed that exposure to a magnetic field may
further stretch axonal terminals and cause sprouting, thus promoting
regeneration.

Taking advantage of the magnetic orientation, IONP vehicles can also
realize directional transfection. �S�arka Kubinov�a et al. [61] used super-
paramagnetic iron oxide NPs to label MSCs for intrathecal trans-
plantation therapy and found significantly higher concentrations of
superparamagnetic iron oxide-labelled stem cells in the vicinity of the
damaged lesions under magnetic guidance, achieving effective stem cell
delivery (Fig. 5E and F). Similar studies were conducted by AleemAhmed
Khan et al. [62] and Jung-Keug Park et al. [63]. Stuart et al. [64] applied
a static/oscillating magnetic field to promote in vivo transfection of
oligodendrocyte precursor cell transplant cells. Magnetic NP-mediated
transfection improved transfection efficiency and did not affect cell
proliferation or differentiation potential. The protocol could also be
conducted with plasmids for functional gene transfection, promoting
neural regeneration by encoding the expression of therapeutic fibroblast
growth factor 2.

Magnetic NPs could also be modified for drug delivery. Jing Wang
et al. [65] used a thermal method to synthesize magnetic NPs containing
PEG and then loaded tacrolimus using a coprecipitation method. The
modified NPs with an average diameter of 90 nm significantly increased
the immunosuppressive effect of tacrolimus and increased the neuronal
length and the nerve regeneration rate.

4.1.3. Cerium oxide NPs
Cerium oxide NPs (CeNPs), also known as nanoceria, are receiving

attention as potential antioxidant agents and free-radical scavengers.
CeO2 at the nanoscale level coexists with Ce3þ and Ce4þ ions, which are
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Fig. 5. Schematic illustration of IONP delivery combined with external magnetic field for SCI treatment. (A) Schematic showing that magnetic NPs targeting guided
into cells under the action of an external magnetic field. Copyright 2009 nature nanotechnology [60]. (B, C) Prussian blue staining for iron and TEM imagese exhibiting
the aggregations of IONPs in the lesion stie mediated by external magnetic field. (D) Mechanism of free radical scavenging by IONPs. (E) Showing 3D simulation of the
distribution changes of superparamagnetic iron oxide-labelled stem cell under normalized magnetic gradient force (X–Z-plane), and the characteristics of super-
paramagnetic iron oxide NPs. (F) Distributions of superparamagnetic iron oxide-labelled cells with or without magnetic field. (B, C, D) Copyright 2013 International
Journal of Nanomedicine [34]. (E–F) Copyright 2015 Nanoscale [61]. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

W. Gong et al. Materials Today Bio 18 (2023) 100524
involved in redox cycling reactions [66]. These reactions allow CeNPs to
react catalytically with superoxide and hydrogen peroxide (H2O2) so that
all noxious intracellular radical oxygen species (ROS) are abated via a
self-regenerating mechanism (Fig. 6A).

Mainak Das et al. [67] prepared CeNPs using a microemulsion
method and found that their autocatalytic properties facilitated effec-
tively treatment of animal models of spinal cord cell injury induced by
6

H2O2 (Fig. 6B). Xiutong Fang et al. [68] further improved the synthetic
steps in this in vitro therapeutic model using ionic liquid to enhance the
solubility of CeNPs. Then, they loaded the inorganic NPs onto chitosan to
form a CeO2/chitosan nanocomposite, thereby increasing its bioavail-
ability and reducing its toxicity. Similarly, Xiujin Chen et al. [69] fabri-
cated nanocerium oxide-loaded poly(ε-caprolactone) (PCL) with
resveratrol to form CeNPs. This method improved the distribution of the

mailto:Image of Fig. 5|tif


Fig. 6. Schematic illustration of CeNPs auto-catalytic behavior and free radical scavenging property in the treatment of SCI. (A) Surface regeneration reaction
mechanism of CeNPs by Ce (3þ) and Ce (4þ) ionic cycle changes. Copyright 2021 Inorganic Chemistry [66]. (B) Microemulsion synthesis process of CeNPs and their
protection ability for neural survival in vitro. Copyright 2007 Biomaterials [67]. (C) TEM presentation of CeNPs and their H2O2 monitoring ability presentation in
cuvettes. (D) Showing CeNPs anti-oxidation therapeutic ability and the inhibition of ROS-induced inflammation in vivo after SCI. (C–D) Copyrght 2017 Advanced
Science [35].
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CeNPs and enhanced their catalytic performance. This nanomaterial
exhibited good solubility and continuous release in vitro. The H2O2
damage test also showed good spinal cord cell viability.

Jong-Wan Kim et al. [35] applied CeNPs to the in vivo treatment of SCI
rats for the first time. These researchers produced a batch of CeNPs with
an average particle size of 19.5 nm and injected different concentrations
via local subdural injection into the spinal cord of T9 contusion rats.
CeNPs exhibited good ROS scavenger and antioxidant capacities and
significantly decreased inducible nitric oxide synthase in the lesion.
CeNPs administration also showed excellent anti-inflammatory and
anti-apoptotic therapeutic effects by regulating the expression levels of
the relative molecules. The optimal therapeutic doses were 500 and
1000 μg/mL (Fig. 6C and D).
7

4.1.4. Selenium NPs
Selenium, as a component of selenoprotein, is a normal trace element

in the human body and has a variety of structures and antioxidant
functions [70]. Selenium was previously reported to play a vital role in
the continuation of physiological activities in the nervous system, such as
signal transmission and neuronal development [71]. Other studies
confirmed that selenium had a certain protective effect on epilepsy and
neuralgia [72,73]. The therapeutic effect of selenium in SCI requires
further study.

Tianfeng Chen et al. [36] prepared stable selenium NPs (SeNPs) by
reacting sodium selenite and ascorbic acid. Polysaccharide-protein
complex/PG-6 peptide (PLGLAG) was used to decorate the SeNPs to
improve their stability and accumulation. The NPs loaded with

mailto:Image of Fig. 6|tif


Fig. 7. Schematic illustration of the preparation of SeNPs and their theraupetic effects on SCI. (A) The synthesis process of SeNPs by the hydrothermal treatment of
selenocystine and their characteristic presentations of TEM and Atomic force microscopy height profile analysis. Copyright 2017 Angewandte Chemie [75]. (B) Showing
that SeNPs efficiently ameliorate SCI via eliminating ROS, manifestation in vitro and in vivo. Copyright 2020 International Journal of Nanomedicine [74].
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monosialotetrahexosylganglioside/tetramethylpyrazine drugs showed
great ROS scavenger and antioxidant therapeutic effects and effectively
inhibited mitochondrial dysfunction, G2/M phase arrest, and apoptosis.
The in situ injection therapy also represented an effective treatment. One
study found that the attenuation of ROS overproduction by SeNPs was
related to the inhibition of the p53 and MAPK pathways. Luo et al. [74]
used a simpler method to fabricate selenium-doped carbon quantum dots
(Se-CQDs) based on the hydrothermal treatment of L-selenocystine
(Fig. 7A) [75]. The NPs exhibited a stable particle size of approximately
40 nm and good water solubility. Local Se-CQD injection in vivo produced
good ROS-scavenging and anti-apoptotic effects, thereby protecting spi-
nal nerves and alleviating secondary damage (Fig. 7B). At 8 weeks post
operation, the SeNPs treated rats got obvious neurofunctional recovery,
and the Basso, Beattie, Bresnahan (BBB) locomotor score was signifi-
cantly higher than that of saline group.

Moosa Javdani et al. [76] orally administered SeNPs to rats with SCI
and found that the NPs exhibited good anti-inflammatory effects. A sig-
nificant reduction in white blood cells, including lymphocytes, neutro-
phils, and monocytes, in the blood was noted after NPs treatment
compared to the control group. Histopathological image analysis also
showed a significant decrease in inflammation and hemorrhage during
the third and fourth weeks in the treatment group.

4.1.5. Silica NPs
Silica, or silicon dioxide, NPs (SiNPs) are one of the most common and

easily synthesized inorganic NPs. The physical parameters of SiNPs, such
as size, shape, and porosity, can be easily tuned for special biological
applications. The large surface of SiNPs can also be modified by attaching
biocompatible, targeting, and imaging ligands [77,78]. Among them, the
mesoporous form of silica is commonly used as a nanocarrier (Fig. 8A).

Youngnam Cho et al. [79] attached PEG-NH2 covalently to the SiNP
surface, prepared polymer-surfaced silica colloids (PSCs/PSiNPs), and
applied it for the treatment of SCI in guinea pigs (Fig. 8B). Due to their
PEG-sealing ability, PSCs can effectively protect the
somatosensory-evoked potential of the spinal cord and prevent the
intracellular accumulation of harmful substances, such as horseradish
8

peroxidase. The NPs also exhibit good drug-carrying capacity. These
researchers further doped tetramethyl rhodamine (TMR) dye as a
mimicking drug into the PSiNPs to construct TMR-PSiNPs [80]. The NPs
exhibited the therapeutic ability mentioned above, and the silica network
effectively shielded the drug mimic. By incorporating a fluorescent TMR
label onto PSiNPs, they showed the preferential targeting ability of these
NPs to injured parenchyma. In addition, they used cetyl-
trimethylammonium bromide as a template and an acidic-extraction
method to fabricate PEG-modified mesoporous silica NPs (MSNs) [81].
The NPs effectively protected neural cells from acrolein damage.
Recently, Sara Daneshjou et al. [82] further demonstrated that MSNs
exhibited good thermal stability at 37 �C, effectively protecting chon-
droitinase from degradation and inhibiting glial scar-associated chon-
droitin sulfate proteoglycan molecules from accumulating in the lesion
[83,84]. Similar to the study byWang et al. [85], the intrathecal injection
of porous selenium@SiO2 nanocomposites reduced the toxicity of sele-
nium, sustained its release, and exerted antioxidant effects. Liu et al. [86]
constructed ammonia borane-loaded MSNs. The drug-loaded MSNs were
sensitive to acidic pH in SCI, and then ammonia borane decomposed to
release H2 gas, exerting a regulatory effect on oxidative and inflamma-
tory imbalance (Fig. 8C). Zhang et al. [32] used MSNs to encapsulate
pirfenidone, an anti-inflammatory and anti-fibrosis drug with a short
half-life, to provide good gatekeeping properties to help avoid premature
leakage. These researchers designed amino-MSNs based on the surface
attachment of aminopropyltrimethoxysilane and then conjugated meth-
acrylate gelatin so that the modified MSNs specifically decomposed
under the action of matrix metalloproteinases to achieve the release of
pirfenidone under both spatial and temporal control (Fig. 8D) [32].

4.1.6. Other inorganic NPs
Sun et al. [33] designed a novel nanoflower structure constructed of

molybdenum disulfide (MoS2) nanomaterials. The MoS2@PEG nano-
flowers were synthesized via a microwave-assisted hydrothermal route
and entrapped the anti-inflammatory drug etanercept (ET) between
layers of MoS2 nanosheets. The construction method resulted in a high
drug-loading capacity (~60%) and achieved a continuous release rate of
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Fig. 8. Schematic illustration of the applications of functionalized SiNPs in SCI. (A) Showing TEM image of MSN structure prepared by co-condensation method.
Copyright 2007 Advanced Functional Materials [78]. (B) Silica colloid modified by PEG and its membrane sealing effect in SCI. Copyright 2008 Small [79]. (C, D)
Showing the utilization of MSN for SCI deliver. (C) Shield transportation of ammonia borane for responsive H2 release. Copyright 2021 Regenerative Biomaterials [86].
(D) Macrophage-mediated degradable gelatin-coated MSN sturcture carrying pirfenidone for controlled release in SCI treatment. Copyright 2021 Nanomedicine:
Nanotechnology, Biology, and Medicine [32].
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up to 144 h. In vivo treatment showed a long-lasting anti-inflammatory
effect (Fig. 9A). This lamellar stacking form is more common in
carbon-based NPs, especially graphene oxide (GO) NPs, which are
promising candidates for SCI therapy given their good chemical and
electrical conductivity [31]. Ki-Bum Lee et al. [87] used a GO nanosheet
to cover the surface of 300-nm SiNPs and found that the acquired hybrid
NPs could effectively promote the differentiation of human neural stem
cells (NSCs). Compared to other substrates, only the addition of GO and
GO-modified silica groups showed obvious axonal growth (Fig. 9B). Zhu
et al. [88] studied GO NPs with different particle sizes and found that GO
NPs at 417 nm and 663 nm were better able to maintain the self-renewal
of mouse NSCs in the absence of epidermal growth factor (EGF) and basic
fibroblast growth factor. Among them, 417-nm GO NPs promoted the
migration of mouse NSCs by significantly upregulating vinculin expres-
sion. To avoid the cytotoxicity of graphene and the difficulty of physical
absorption in vivo, Mehrdad Mahkam et al. [89] further grafted chitosan
and PEG onto the surface of GO nanosheets. In situ injection of these
modified hybrid NPs at the SCI site effectively promoted the functional
recovery and regeneration of neurites. At 14 days postinjury, H&E
staining showed lower cavity regions and hemorrhage in the treatment
group. And the BBB scores of mice hind limbs exhibited remarkable
9

improvement. GO and other carbon-based nanomaterials have also been
developed and prepared as nanotubes, nanofibers, and nanoribbons [90,
91]. However, due to the obvious difference between the configurations
and particle shapes, these are not discussed further in this review, and
relevant research can be found in other published literature.
4.2. Organic nanomaterials

Organic NPs differ from inorganic NPs in that they are more biode-
gradable and biocompatible. They are the most widely studied and
applied drug delivery vehicles to date. Organic NPs are mainly composed
of polymers with various components and properties, which can be
designed with different structures to increase cargo capacity, reduce side
effects, or improve release efficiency or transfection efficiency according
to the actual need. Organic NPs can also be endowed with active, tar-
geted delivery capabilities by linking specific functional groups. These
functional groups would be particularly important in the treatment of
SCI, enabling polymeric NPs to effectively cross the BSCB barrier and
accumulate in the injured area.

Some organic polymers themselves can also exert therapeutic effects
on SCI. For example, PEG and chitosan can be used as membrane fusion
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Fig. 9. Schematic illustration of nanoflower in SCI treatment. (A) The preparation process of ET loaded MoS2@PEG nanoflowers and their morphological features
under the TEM. Copyright 2019, Journal of Colloid and Interface Science [33]. (B) Showing of the SiNPs modified by GO nanosheet and their promotion on human NSCs
differentiation.Copyright 2013, Advanced Materials [87].
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agents [27–30], and PLGA NPs with a diameter of 500 nm can effectively
regulate the recruitment of immune cells [21]. The natural polymer
polysialic acid has the ability to promote axon lengthening and nerve
regeneration [18]. Making full use of these characteristics can achieve
good synergistic effects in the delivery of therapy in SCI. Fig. 10A and B
demonstrates the neuroprotective role of PEG-based NPs in the treatment
of SCI. After treatment with the NPs, the membrane was fully protected,
and the erosion caused by the influx of calcium ions was effectively
avoided. Their physical composition will be further described in subse-
quent subsections [92]. Fig. 10C and D shows the PLGA chemical
structure, transmission electron microscopy (TEM) characteristics of
PLGA NPs, and in vivo therapeutic ability to reprogram immune cell
distributions [21].

4.2.1. Polymeric micelles
Micelles are the most common structure of drug-loaded NPs of

organic polymers, which are usually composed of amphiphilic polymers
linked by organic polymerization. Due to the differences in hydrophilic
and hydrophobic polarity, the polymer self-assembles in the aqueous
phase, and the drug is encapsulated in the center of the physical structure
10
[93]. PEG is the most commonly used polymer in micellar organic
structures and is often used as the hydrophilic end of a micelle.

As described above for PEG membrane sealing, Cheng et al. [92]
synthesized self-assembled monomethoxy PEG-poly(D,L-lactic acid)
(mPEG-PLA) di-block copolymer micelles, which demonstrated a good
compound action potential restorative effect in treating SCI (Fig. 10A and
B). Guo Gang's group constructed similar PEG-related biodegradable
copolymer structures, diblock mPEG-PCL [94] and triblock
mPEG-poly(l-lactide)-poly(trimethylene carbonate) (mPEG-PLLA-PTMC)
(Fig. 11A) [95], and used them to load the hydrophobic drugs dexa-
methasone acetate (DA) and zonisamide (dopaminergic recovery),
respectively, thus synergizing the neuroprotective effect. Another
example is that PEG–PLA diblock copolymer micelle-coated ibuprofen
showed anti-inflammatory and antioxidative effects and promoted the
recovery of motor function [96].

In addition to traditional block polymerization, PEG can also be
designed as a comb-like structure. Using PEG chains as the hydrophilic
end and poly-(2-hydroxyethyl methacrylate) as the backbone, Papa et al.
[97] employed emulsion-free radical polymerization to finally synthesize
unique comb-like structural PEG-PCL micelles by conjugating the
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Fig. 10. Schematic illustration of PEG and PLGA polymers exerting therapeutic effects on SCI. (A–B) Showing the structure of PEG-based block copolymer and its
neuronal membrane protection for SCI treatment. The green fluorescence reflects the level of Ca2þ influx into axons. Compared with the untreated group (a), PEG-
based NPs treated group (c) was significantly improved. (b) Stands for the healthy one. Copyright 2010 Nature Nanotechnology [92]. (C–D) Showing the PLGA chemical
structure, TEM characteristics of PLGA NPs, and in vivo therapeutic ability to reprogram the distribution of immune cells. The NPs treated group exhibited less
accumulation of immune cells in the lesion site, compared with that of the PBS group. Copyright 2019 PNAS [21]. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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hydrophobic PCL chains (Fig. 11B). The size of the NPs loaded with
minocycline (MC) was approximately 100 nm, in which the PEG chain
ensured stability, and the length of the PCL chain could be adjusted to
alter the release rate of the MC. Due to the incorporation of PCL chains,
the NPs were selectively taken up by the activated microglia and were
completely degraded in approximately one week. The NPs could effec-
tively inhibit the activated microglia and then alleviate the inflammatory
response of secondary injury. In follow-up research, they further
demonstrated that loading NPs with MC could effectively regulate the
recruitment and distribution of M1 and M2 macrophages at the injury
site [98], which was related to chemotaxis by the chemokine CCL2 [99].

PLGA is one of the most common synthetic copolymers in polymeric
micellar constructions. PLGA is approved by the Food and Drug
Administration (FDA) and is widely used for medical applications. The
compound is produced by the ring-opening polymerization of two
different monomers, glycolic acid and lactic acid, forming a random or
block copolymer structure. PLGA exhibits good biocompatibility and
degradability, so it is often used as part of a variety of polymer carriers
[100]. Shen et al. [45] fabricated biocompatible polymeric
PLGA-poly(ethylene imine) (PEI)-mPEG (PPP) micelles to entrap the
tumor necrosis factor-α (TNF-α) blocker ET for SCI anti-inflammatory
treatment. By attaching an activated cell-penetrating peptide to the
shell, the ET@PPP NPs acquired a specific affinity for matrix metal-
loproteinases and accumulated in the targeted lesion site during systemic
delivery (Fig. 12B). Similarly, Wang et al. [17] modified PEG-PLGA mi-
celles with sialic acid and prepared MC drug-loaded NPs (SAPPM) for
targeted delivery to the lesion site. As sialic acid monomers could spe-
cifically bind to E-selectin expressed on endothelial cells in SCI [101],
11
SAPPM effectively improved treatment outcomes (Fig. 12A). The poly-
sialic acid is also an important carbohydrate component on the surface of
cell membranes and plays a vital role in the migration and differentiation
of neural precursors, neuronal guidance, synapse formation, and axon
path-finding [102,103]. Wang et al. [18] developed a novel functional
polysialic acid-based nanomicelle for delivering MC (PSM) to treat SCI
based on an acylation reaction with octadecylamine (Fig. 11C). The PSM
NPs exhibited the sustained drug release of MC to the lesion site of rats
with SCI and promoted the neural regeneration and extension of long
axons throughout the glial scar. At 12 weeks postinjury, TEM images
showed better myelination of myelin sheaths in PSM group compared
with other groups (Fig. 11C). Meanwhile, the hindlimb motor functions
of PSM group got better restored, according to the BBB scores [18].

Chitosan is one of the most extensively studied natural polymers with
the potential to build micelle structures by modifying the reactive hy-
droxyl and amine groups it contains. WeiWu et al. [104] used ferulic acid
to substitute for the sugar residues of glycol chitosan, and the obtained
conjugates could self-assemble in water to form core-structure nano-
products. Here, the hydrophilic end of glycol chitosan was located on the
outside, whereas the hydrophobic ferulic acid was located on the inside.
The particle size also varied with different degrees of sugar residue
substitution. NPs with a degree of substitution of 12.8 and a particle size
of 236 nm were well distributed in both the gray and white matter. The
NPs exhibited the combined therapeutic capability of ferulic acid and
glycol chitosan. Jugular vein injection treatment effectively rescued
axons and neuronal cells and alleviated the inflammatory response of
astrocytes and microglial cells at the injured site. Zein is another type of
natural polymer derived from corn protein with an amphiphilic
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Fig. 11. Schematic illustration of structural compositions and the characteristics of polymeric micelles in SCI treatment. (A) Chemical presentation of mPEG-PLLA-
PTMC triblock copolymer and TEM image of the self-assembled nanomicelles. Copyright 2017 International Journal of Nanomedicine [95]. (B) Comb-like structure of
PCL-based micelles and their treatment to revert activation process of microglia in vitro [97]. (C) Showing the structure of polysialic acid-based micelles, their
morphological features and the ability to promote on myelin sheath regeneration. Copyright 2019 Nano Letters [18].

Fig. 12. Schematic diagram of polymeric micelles modified by targeting groups. (A) Showing sialic acid-driven PEG-based micelles for SCI targeting transportation by
specifically combining with E-selection. Copyright 2019 Biomaterials [17]. (B) Showing SCI targeting delivery of PPP micelles induced by activated cell-penetrating
peptide. Copyright 2021, Small [45].
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molecular structure. Li et al. [105] applied its properties to packaging
metformin and self-assembled it into NPs, the outer layer of which was
modified by crosslinking CAQK with NHS-PEG5000-MAL. The CAQK
peptides selectively bound to chondroitin sulfate proteoglycan to pro-
mote the site-specific accumulation of nanodrugs, whereas metformin
exhibited good antioxidant, anti-inflammatory, antiapoptotic, and neu-
roprotective effects.

4.2.2. Polymeric nanospheres
Polymeric nanospheres are spherical in shape and have a solid poly-

meric network core that allow drugs retained inside or adsorbed on the
surface [106]. PLGA nanospheres are commonly used in SCI treatment to
improve the efficacy of MP or to develop applications for other drugs.
Young-tae Kim et al. [107,108] fabricated PLGA-based MP NPs based on
a modification of the double-emulsion (water/oil/water phase) method
and administered it through a single local injection at the injury site
(Fig. 13A and B). The NPs were biodegradable and enabled the sustained
release of MP to injured spinal cord tissue, and the novel method opti-
mized the MP dose to approximately 1/20th of the conventional systemic
MP administration of 30 mg/kg, minimizing the side effects associated
with high-dose MP. In the fluorescence images, the treatment group
presented significant reduction of lesion volume compared with other
groups, especially at 4 weeks postinjury (Fig. 13 B). Some NF160þ
staining axons could be observed at the treatment group while the con-
trol groups did not, and behavioral assessments by Grid walking and
Beam walking also showed significant improvement. Similarly, Wu and
Fig. 13. Schematic diagram of PLGA based nanospheres for drug delivery in SCI tre
local delivery for dorsal over-hemisection lesioned spinal cord and their in vitro inhibit
after the NPs therapy. (A–B) Copyright 2009 Biomaterials [93]. (C) PLGA nanospher
Biomaterials [110]. (D) PLGA NPs encapsulating antioxidant enzymes to keep neural
Journal of Controlled Release [111].
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Zhou [16] prepared novel composite NPs composed of PLGA, chitosan,
and albumin for the delivery of MP and MC using the emulsion solvent
evaporation method. Albumin-MPþMC-NPs controlled the codelivery of
the 2 drugs, improving the therapeutic efficacy after reducing the dose by
10-fold. The NPs achieved site-specific delivery through BSA linked to
chitosan on the surface, avoiding the shorter half-life of the drugs during
intravenous administration. PLGA exhibits excellent prospects in the
development of new drugs, such as encapsulating the antioxidant en-
zymes SOD and catalase to protect mitochondria from oxidative stress
(Fig. 13D) [109] and the local delivery of flavopiridol (Fig. 13C) [110], a
cyclin-dependent kinase inhibitor, to limit astrocyte proliferation,
migration, and inflammatory factor synthesis. As another example,
PLGA-mediated estrogen (E2) delivery effectively attenuated glial acti-
vation and inflammatory responses following SCI, thus protecting
neuronal cells and improving myelination and motor function [111].

4.2.3. Dendrimers
In contrast to the physical structure of micelles and nanospheres,

dendrimers are highly ramified, spherical, and low-dispersity synthetic
molecules (Fig. 14A) [112]. The structure of these macromolecules is
extremely precise and controlled so they can be designed to achieve an
adjustable molecular weight and excellent drug-loading capacity
(Fig. 14A) [113]. Susana R. Cerqueira et al. [114] surface-engineered
polyamidoamine (PAMAM) branched polymers with carbox-
ymethylchitosan to fabricate a 100-nm dendrimer. The dendrimer NPs
loaded withMPwere successfully internalized by glial cells and exhibited
atment. (A) The morphology of PLGA nanospheres loaded with MP under SEM,
ion of inflammation. (B) Showing that SCI lesion range was significantly reduced
e loading flavopiridol to inhibit astrocytes proliferation in vitro. Copyright 2014
cells from apoptosis by attenuating mitochondrial dysfunction. Copyright 2020

mailto:Image of Fig. 13|tif


Fig. 14. Schematic illustration of dendrimers structure and their drug delivery for SCI treatment. (A) Chemical structure of PAMAM (G2) and its two drug-loaded
forms (incorporation in the bulk and bonding to functional groups). Copyright 2008 Journal of Controlled Release [112], 2010 Progress in Polymer Science [113].
(B) The preparation of MP loaded CMCht/PAMAM dendrimer NPs and local injections for SCI treatment. Fluorescence image showed the internalization of the NPs at
the lesion site. Copyright 2013, Small [114].
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sustained drug release inside for 14 days, thereby exerting
anti-inflammatory effects (Fig. 14B). The sustained-release phase, in a
sense, could attenuate the side effects on microglia by the direct acute
action of MP. In the partially hemisected rat SCI model given a local
injection, BBB function scores for locomotion were significantly
improved in the treated animals compared to the control group.

4.2.4. Liposomes and solid lipid NPs
A liposome is an artificial spherical vesicle with at least one bilayer

structure that is mostly comprised of phospholipids and similar amphi-
pathic lipids, making the inner core and each layer independent regions
[115]. As the composition of the peripheral structure is close to that of cell
membranes, it is more conducive to fusionwith cells and the transportation
of contents. Steinmetz et al. [116] used phosphatidylcholine and choles-
terol to synthesize phospholipid vesicles and encapsulated rolipram, a type
4 phosphodiesterase inhibitor protein that hydrolyzes cAMP, to treat T8
contusive SCI rats. Liposomal clodronate could effectively deplete pe-
ripheral macrophages and limit proinflammatory cytokine production,
improving myelinated tissue sparing and enhancing locomotor recovery
through immune-based therapy. Tarun Saxena et al. [44] mixed 1,2-dipal-
mitoyl-sn-glycero-3-phosphocholine (DPPC), cholesterol, and 1,2-distear-
oyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(poly(ethylene
glycol))-2000] (mPEG2000-DSPE) in ethanol at 60 �C and extruded it
repeatedly to prepare liposomal NPs. Then, NPs were encapsulated in
Chicago sky blue, a macrophage migration inhibitory factor (MIF), for SCI
treatment. With the addition of PEG, the stealth liposomes could avoid
phagocytosis by the immune system and achieve long circulation times.
The delivery of Chicago sky blue significantly improved white matter
integrity and reduced BSCB leakage. Shi et al. [117] synthesized cationic
PEGylated amphiphilic octadecyl-quaternizedlysine-modified chitosan
(PEG-OQLCS) and cationic TAT-conjugated amphiphilic
octadecyl-quaternizedlysine-modified chitosan (TAT-OQLCS) and then
mixed the two amphipathic lipids with cholesterol and PLGA NPs to
self-assemble polymeric liposomes (Fig. 15A). The core/shell NPs loaded
with cyclosporin A could facilitate the transport of drugs across the BSCB
by TAT-targeted binding and then promote their immunosuppressive and
neuroprotective effects.

Unlike liposomes, solid lipid NPs (SLNs) or lipid NPs (LNPs) have only a
single layer lipid external structure because the inner core is composed of a
lipophilic substance, which is stabilized by a surfactant (emulsifier) [118,
119]. Hari Prasad Joshi et al. [120] mixed carbon monoxide-releasing
molecule-2 (CORM-2) palmityl alcohol, Tween 40, Span 40, and Myri
S40 to prepare solid lipid NPs using a nanotemplate engineering technique.
The intraperitoneal injection of CORM-2-SLNs for 8 consecutive days after
SCI allowed the slow release of CO and prevented BSCB disruption and
endothelial cell death. Zhang et al. [121] synthesized 69.8-nm
lipid-polymer shell/core NPs composed of a poly[propargyl(methylthio)
acetate-coethylene glycol di(β-mercaptopropionate)] (poly(PMT-co-
EGDM)) core, which was prepared by simple thiol-yne click polymeriza-
tion, and a protective lipid outer layer consisting of PEG-DSPE and lecithin
(Fig. 15B). Because the structure contained a high density of thioether
groups, the NPs could scavenge and eliminate ROS to exhibit antiapoptotic
and anti-inflammatory roles in SCI therapy. At 28 days postinjury, the lo-
comotor function was significantly improved in the NPs treated group, as
assessed by the BBB scores.

Liposomes and SLNs are more advantageous for the long-cycle
administration of different drugs and are also beneficial for gene trans-
fection. This notion is exemplified by the transfection of the pras40 gene
via the commercial cationic liposome N,N,N-Trimethyl-2-3-bis((1-oxo-9-
octa-decenyl)oxy)-(Z,Z)-1-propanaminium methyl sulfate) (DOTAP) to
protect motor neurons from death [122]. In addition, the vascular
endothelial growth factor (VEGF) gene and plasmid pEGFP-GDNF cDNA
was administered through dimethylaminoethane-carbamoyl-cholesterol
liposomes to promote angiogenesis and axonal regeneration, respec-
tively [123,124], and transcription factor interferon factor 5 (IRF5) was
delivered by LNP to regulate the polarization rate of M1 or M2
15
macrophages [125]. All these findings provide new ideas for the future
development of SCI treatments.

4.2.5. Polyelectrolyte complex NPs (PCNs) and nanoprotein capsules
The structure of PCNs is formed by electrostatic complexation be-

tween cationic and anionic polymers. Because the protein itself is nega-
tively charged, it can combine with a cationic polymer to form NPs, thus
effectively maintaining the activity of the core protein, providing a high
protein load, and enhancing its functional properties. These NPs are
called nanoprotein capsules. Polymers with polyelectronic properties are
suitable for the design of these structures.

Youngnam Cho et al. [126] prepared chitosan NPs based on the
interaction of cations and anions, which were formed at an equivalent
mass ratio of chitosan to polyanionic dextran sulfate and sodium tripo-
lyphosphate (TPP). These 100- to 200-nm diameter NPs effectively
reduced reduce release of the intracellular lactate dehydrogenase after
acrolein attack, restored the integrity of damaged neuronal membrane,
and maintained Somatosensory Evoked Potential stability, improving the
condition of adult guinea pig spinal cords after severe crush-
ing/compression injuries. Similarly, So-Jung Gwak et al. [127] used the
ionotropic gelation technique to mix dissolved chitosan, TPP and hyal-
uronic acid (HA) to form chitosan-TPP/HA NPs for DNA transfection.
Compared to common polyethyleneimine NPs, the polymer carrier
offered the advantages of lower cytotoxicity and higher transfection ef-
ficiency. Similar to PEI-PLGA polymers, these NPs have also been
designed to encapsulate MP with HA coated on the outer layer by elec-
trostatic interactions (Fig. 16A). Local administration improved the
bioavailability of MP drugs, and HA was helpful in improving the
internalization of NPs [128].

For nanoproteins, N.V. Nukolova et al. [19] made full use of the
charge properties on the surface of enzyme protein. Specifically, cationic
polymers (protamine or polyarginine cation) were used as a bridge to
cross-link enzyme protein internally and mPEG113-block-poly(L-glutamic
acid sodium salt)50 (PGlu-PEG) externally and finally formed a SOD1:
polycation: polyanion complex (Fig. 16B). Due to electrostatic in-
teractions, the multilayer polyionic structure was stable and effectively
protected the core enzymes (Fig. 16D and E). The complex showed longer
enzymatic activity in plasma of up to 1 week. Through the neutralization
of ROS, the double-coated nanozymes significantly inhibited the in-
flammatory response and reduced the complications caused by postacute
secondary injury processes. NGF and other neurotrophins are important
for neural regeneration in SCI, but they are associated with unfavorable
biodistribution and insufficient bioavailability upon systemic delivery.
Lu et al. [129] completely utilized the electrostatic interactions by simply
employing MPC, PLA-based crosslinker and NGF in situ polymerization to
construct NPs, thus perfectly protecting the proteins (Fig. 16C). The
ingenious doping of the MPC took full advantage of the basic charac-
teristics of neural information transmission via nAChRs, thereby
enhancing their penetration ability across the BSCB. This transportation
method could provide sufficient NGF support for neural maturation and
axonal network regeneration. At 21 days postinjury, the treatment group
exhibited higher locomotor rating scale scores than that of the PBS group.

4.2.6. Other organic NPs
In addition to the relatively mainstream methods outlined above for

constructing organic NPs, a number of rare and specific nanostructures
are used to treat SCI, such as a nanogel structure composed of a space
network that is synthesized by physical or chemical bonding, a nano-
prodrug structure self-assembled from a polymer-pharmaceutical chem-
ical connector, and ultrasound-mediated nanobubbles for fast drug
release.

4.2.6.1. Nanogel. Papa et al. [130] utilized emulsification-evaporation
to promote the cross-linking of PEG and PEI chains through in-
teractions between imidazole and amine moieties, developing a novel



Fig. 15. Schematic illustration of structural compositions of liposomes and SLNs and their application in SCI treatment. (A) The preparation of liposome-core/shell
NPs by conjugation with TAT targeting group. The morphology of the NPs and their targeting delivery ability were presented by TEM and fluorescence images.
Copyright 2010 Biomaterials [117]. (B) The fabrication process of ROS-scavenging SLNs which contain high density of thioether groups, incorporated with PEG-DSPE
and lecthin self-assembly to form NPs, characterized as DLS an TEM. Copyright 2021 Applied Materials Today [121].
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Fig. 16. Schematic diagram of the structure of PCNs and nanoprotein capsules. (A) The synthesis process of the PCN by electrostatic interaction between cationic
polymer PEI and anionic polymer HA. According to 2021 Journal of Nanomaterials [128]. (B) and (C) Showing that the negatively charged proteins of SOD1 or NGF
entangled with polyelectrolyte polymers to form nanoprotein capsules. (D, E) The presentation of TEM of SOD1 nanozymes and their preservation for the protein
activity. (B–E) Copright 2018 Journal of Controlled Release and 2019 Advanced Materials [19,129].
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nanogel structure (Fig. 17A). The nanovector inherited the 3D structure
and swelling properties of the hydrogel with a hydrodynamic diameter
ranging from 155 nm to 215 nm. They further [38] found that the
nanogel loaded with Rolipram could be selectively taken up by activated
astrocyte cells and effectively preserve neurons and reduce astrocytosis in
vivo (Fig. 17B and C).

4.2.6.2. Nanoprodrug. Nanoprodrugs are amphiphilic complexes formed
by chemical bonding between polymers or other biological molecules
and the drug, which are self-assembled to form micelle-like NPs. In a
study by Yuan et al. [131], the polyphenolic compound quercetin was
docked to HSA to fabricate a nanosphere complex of approximately
210.37 nm. The key amino acid residues of HSA, such as Ala-29, Leu-238,
and His-242, exhibited a spontaneous binding ability to quercetin
through hydrogen bonds and van der Waals interactions. This HSA-based
nanocomplex demonstrated good dispersion and stable characteristics,
suggesting a promising method for carrying bioactive molecules, such as
phenolics, to exert antioxidant effects. Qi et al. [132] used ibuprofen to
modify a dextran copolymer by a direct esterification reaction to syn-
thesize an amphiphilic prodrug shell and further prepared MP-loaded
NPs using the nanoprecipitation method. In this way, not only the
controlled release of MP but also the synergetic therapeutic effects of the
two drugs could be achieved (Fig. 18A). Alice Gaudin et al. [133] used
17
“squalenoylation” technology to conjugate adenosine to lipid squalene
and prepare SQAd NPs using a nanoprecipitation technique (Fig. 18B).
The NPs effectively protected fragile adenosine from metabolization and
extended its retention time in blood, thus significantly improving
microcirculation at the lesion site after SCI and promoting the recovery of
motor function in rats.

4.2.6.3. Nanobubbles. In recent years, the application of ultrasound-
mediated microbubble destruction (UTMD) in gene transfection ther-
apy has attracted more attention. Compared to viral vectors and other
nonviral vectors, UTMD made the transfection system for gene therapy
more stable and efficient [134,135]. Song et al. [49] prepared PLGA
nanobubbles filled with perfluorocarbon gas to encapsulate an NGF
plasmid using a double-emulsion process. After ultrasonic irradiation,
NGF was significantly released from NGF/PLGA nanobubbles and highly
expressed. In another study [42], researchers developed a cationic
nanobubble based on DSPE-PEG2000-COOH and cholesterol with loading
a brain-derived neurotrophic factor (BDNF) plasmid relying on the
positively charged surfaces of the nanobubbles (Fig. 19A). Then, they
conjugated microtubule-associated protein 2 antibody to the nanobubble
to further increase its targeting ability to the membrane of neurons
(Fig. 19B). After gene transfection, the mRNA level of BDNF expression in
the treatment groupwas significantly higher than that in the other groups
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Fig. 17. Schematic illustration of the structure of nanogel and its treatment in SCI. (A) Showing the preparation process of Rolipram loaded nanogel. (B) Showing that
the nanogels were more likely to be uptaken by the astrocytes. (C) Spinal cord sections stained with anti-GFAP presented a significant reduction of hypertrophic
astrocytes in the lesion site in the treated group. Copyright 2020 ACS Nano [130].

Fig. 18. Schematic diagram of covalent attachment of polymers to clinical drugs to form nanoprodrug structures. (A) Illustration of the synthesis of buprofen modified
dextran-based NPs and their drug-carrying capacity. Copyright 2017 Oncotarget [132]. (B) The synthesis process of SQAd NPs, their TEM characteristic image and
long-term stability. Copyright 2014 Nature Nanotechnology [133].
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(Fig. 19C). And the treated rats also got better improvement of BBB
scores.
4.3. Bioderived nanomaterials

Organic polymer NPs have been used with biodegradable polymers to
construct nanomaterials that can be adapted to the microenvironment of
living organisms, thus improving the bioavailability of drugs in vivo.
However, some issues in the application process, such as PEG immuno-
genicity problems after application for long periods, are noted.
18
Therefore, it is necessary to develop nanomaterials that are more suitable
for in vivo transition. Bioderived NPs (or biogenic NPs), such as exosomes
and membrane-coated NPs, are derived from organic living cells them-
selves and have a high degree of nonimmunogenicity, making it easier for
them to evade immune surveillance during systemic delivery. Bioderived
NPs also carry natural proteins, RNA, and cell contents, which further
promote information communication processes between cells, thus
facilitating cell membrane fusion, improving delivery and transfection
efficiency, and replenishing nutrients in the damaged area.
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Fig. 19. Illustration of the structure of nanobubbles and the application in SCI treatment. (A) Showing targeted gene delivery nanobubble under LIFU irradiation. (B)
The morphology of nanobubbles and their successful binding to microtubule-associated protein 2, assessed by CLSM. (C) Nanobubble delivery therapy via LIFU-
mediation significantly increaseed the expression of BDNF in vivo. Copyright 2018 Biochemical and Biophysical Research Communications [42].
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4.3.1. Exosomes and cell derived nanovesicles
Derived from biological cells, exosomes are small endosomal-

originating membrane vesicles, 50–200 nm in diameter, secreted by
most living cells [136]. Under physiological conditions, exosomes in the
human body play a role in delivering biological information between
cells [137,138]. Most exosomes are extracted from multipotent MSCs,
such as those found in bone marrow, peripheral blood, umbilical cord
blood, adipose tissue, and human skin. However, there are related
research reports on the use of exosomes derived from macrophages,
neuronal stem cells, pericytes, and other cells for SCI treatments. Previ-
ous studies have shown that extracellular vesicles, including exosomes
Table 2
Unloaded exosomes for SCI treatment.

Name Year Origin Admin Mechanisms

BMSC-Exons 2021 BMSC IVa Regulate TLR4/myd88/NF-κB
MSC-exo 2019 BMSC IV Down-regulate the phosphory
MSCs-exosomes 2017 BMSC IV Anti-inflammatory, anti-apop
BMSC-Exons 2019 BMSC IV Inhibit inflammation, apoptos
BMSC-Exons 2020 BMSC IV Promote autophagy; reduce n
BMSCs-Exo 2019 BMSC IV Inhibit the complement mRN
BMSCs-Exos 2019 BMSC IV Activate Wnt/b-catenin signa

Inhibit cell apoptosis and red
MSC-exosomes 2021 HPC IV Activate neural progenitor ce
NSCs-Exons 2020 NSCs IV High expression of VEGF-A, im
HPC-exosomes 2020 HPC IV Promote angiogenesis
Exosomes 2019 Perictes IV Regulate endothelial cells,

Protect bscb integrity, improv

a IV, intravenously injection.
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play an important role in the development of secondary injury by
transporting parent cell-specific signaling cargoes, such as signaling
lipids, genetic information, cytokines, receptors, to change the function
of receptor cells inside and outside the central nervous system [139]. As a
cell-free therapeutic approach, extracellular vesicles inherit biocompat-
ibility while reducing the uncertainty of stem cell differentiation
compared to exosomes, which will be a potential for SCI therapeutic
[140]. Table 2 lists the different cell-derived exosomes used for SCI
treatment.

Exosomes carry intracellular substances, including proteins, lipids,
and nucleic acids, which enable them to play a unique role in the
Reference

signal pathway; reduce apoptosis and inflammation [149]
lated NFκBP65 subunit; I nhibit A1 astrocytes activation [145]
tosis, promote angiogenesis [144]
is, and scar formation promote axon [40]
euronal apoptosis [147]
A and the activation of NF-kb signaling pathway [146]
ling pathway
uce tissue damage

[148]

lls, promote regeneration [41]
prove spinal cord microvascular activity of endothelial cells (SCMEC) [153]

[151]

e microcirculation
[155]
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treatment of different diseases. However, exosomes are obtained at a low
yield, and a significant number of cells is consumed. As cell generations
increase, production is greatly reduced. Thus, researchers have tried to
improve the technical methods to produce controllable cell derived
nanovesicles [141–143]. For example, J. Park et al. [143] used appro-
priate centrifugation and filtration methods to generate large numbers of
self-assembled spherical nanovesicles with a diameter of ~100 nm. This
generation process not only greatly increased the quantity but also
improved the intracellular content concentrations in the vesicles
compared to the conventional exosomes.

4.3.1.1. Therapeutic effects of various cell derived exosomes and nano-
vesicles. BMSCs are the most commonly applied stem cell lines used to
produce exosomes as well as in the treatment of SCI. In 2017, Huang et al.
[144] used BMSC exosomes to treat SCI in rats intravenously and found
for the first time that the systemic administration of this type of exosome
effectively attenuated inflammation and apoptosis and promoted angio-
genesis after SCI. Liu et al. [40] also confirmed similar effects in their
research. They also found that BMSC exosomes could inhibit scar for-
mation and promote axon regeneration, and this process was related to
the suppression of the activation of neurotoxic A1 astrocytes. Jia et al.
[145] further studied the mechanism of the inhibition of A1 astrocyte
activation by BMSC exosomes in SCI and found that the inhibitory effect
was related to the downregulation of the phosphorylated NFκBP65
subunit. Zhao et al. [146] found that BMSC exosomes could effectively
inhibit the activation of NF-κB signaling by binding to microglial cells
and effectively reduce the synthesis and release of complement mRNA in
SCI.

Scholars also studied how BMSC exosomes reduced cell apoptosis to
improve SCI. Gu et al. [147] found that the inhibition of apoptosis was
related to the activation of early autophagy by BMSC exosomes. How-
ever, Li et al. [148] and Fan et al. [149] confirmed that BMSC exosomes
could effectively reduce neuronal cell apoptosis in SCI by regulating the
Wnt/b-catenin and TLR4/MyD88/NF-κB signaling pathways,
Table 3
Exosomes and cell derived nanovesicles loaded with genes or drug for SCI treatment

Name Year Origin Administration M

Gene-loaded

ExoPTEN 2019 HBMSC Intranasal De
an

miR-126-loaded exosomes 2019 BMSC IV Pr
miR-21 and miR19b-loaded
exosomes

2019 MSC IV Re

PTENP1-shRNA loaded
exosomes

2019 PC12 IV In
ne

miR-544-loaded exosomes 2020 BMSC IV De
miR-133b-loaded exosomes 2018 BMSC IV Ac

Pr
GIT1-loaded exosomes 2021 BMSC IV Pr

ap
ANGPTL3-loaded exosomes 2021 human urine stem cell

(HUMSC)
Intrathecal Re

miR-181c loaded exosomes 2021 BMSC IV In
Exosomal miR-124-3p 2020 Neurons IV Re

In
miR-26a loaded exosomes 2019 BMSC IV Ac

pr
miR-125a loaded exosomes 2021 BMSC Intrathecal Re

En
miR-199a-3p/145-5p loaded
exosomes

2021 HUMSC IV Re

miR-133b-modified
exosomes

2019 Adipose-derived stem
cells

IV Pr
pr

Drug-loaded
Exos-Ber 2021 M2 macrophage IV De

ta
Exo þ Res 2020 Microglial IV Lo

au
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respectively. In addition, a study by Jia et al. [150] reported that the
anti-apoptotic ability of BMSC-extracellular vesicles was related to the
downregulation of the NF-κBp65 signaling pathway. After pathway
downregulation, pericyte migration is effectively reduced, and the
integrity of the BSCB is effectively maintained, thereby improving SCI.

In addition to common BMSC exosomes, exosomes derived from
HPCs, human umbilical cord MSCs (HUCs), NSCs, and pericytes can be
used to extract exosomes for SCI treatment. Zhang et al. [151] found that
HPC exosomes applied to SCI in rats could promote angiogenesis at the
injury site, thus improving neurologic function. Zhou et al. [41] also
found that this type of exosome could activate the reactivation of
endogenous neurogenesis and promote nerve regeneration. Pasquale
Romaneli et al. [152] used HUC exosomes to conduct related studies and
found that they exhibited anti-inflammatory and anti-scarring effects
against SCI injury. Zhong et al. [153] found that NSC exosomes highly
expressed VEGF-A, which could effectively mediate the angiogenic ac-
tivity of spinal microvascular endothelial cells and facilitate spinal cord
functional recovery. Rong et al. [154] confirmed that NSC derived small
extracellular vesicles promoted the expression of the autophagy-related
proteins LC3B and Beclin-1 when treating SCI in rats, which was bene-
ficial for reducing the occurrence of nerve apoptosis. Pericytes play an
important role in spinal cord microcirculation. Yuan et al. [155] used
pericyte-derived exosomes to treat a rat SCI model and found that they
could easily be taken up by endothelial cells. Experimental intravenous
injections effectively improved microcirculation blood flow, protected
the BSCB, and reduced apoptosis.

4.3.1.2. Delivery function of exosomes and cell derived nano-
vesicles. Exosomes and cell derived nanovesicles not only play a thera-
peutic role themselves but also make them good delivery vehicles given
their natural biological advantages. As noted in Table 3, in the current
research on SCI, exosomes and cell derived nanovesicles are primarily
used for gene delivery. More recently, exosomes and cell derived nano-
vesicles have also been used as drug carriers. Li et al. [156] used BSMC
.

echanism Reference

livery of sirna to inhibit PTEN expression; promote axon regeneration and
giogenesis

[20]

omote angiogenesis and neuron regeneration, inhibit apoptosis [157]
gulate PTEN, PDCD4 genes expression, inhibit neurons death [159]

hibit PTEN expression, promote mir-21 and mir-19 expression, and reduce
urons apoptosis

[161]

liver the therapeutic gene, reduce nerve cell apoptosis [156]
tivate ERK1/2, STAT3, and CREB signaling pathways
otect neurons, promote axon regeneration

[165]

omote axon regeneration, inhibit neuroinflammatory response, reduce
optosis

[158]

gulate PI3K/AKT signaling pathway, promote angiogenesis [164]

hibit PTEN and NF-kb pathways, reduce apoptosis [176]
gulate PI3K/AKT/NF-κB signaling cascade,
hibit the activation of M1 microglial and A1 astrocytes

[162]

tivate the PTEN/AKT/mtor signaling pathway, reduce glial scar formation,
omote axon regeneration

[177]

duce the expression of IRF5;
hance M2 polarization

[167]

gulate NGF and trka signal pathways, promote nerve regeneration [168]

omote the expression of mir-133b, NF, GAP-43, GFAP and MBP genes,
omote axon regeneration

[166]

livery of berberine, anti-inflammatory therapy, M2 macrophages derived
rgeting ability

[171]

aded with resveratrol, regulate P13K signaling pathway, activate
tophagy, and inhibit cell apoptosis

[170]



Fig. 20. Schematic illustration of exosome and composite nanovesicle delivery for the treatment of SCI. (A) Showing TEM presentation of MSC exosomes and its
targeting delivery for PTEN siRNA to the lesion site. Tubulin staining presented regenerative corticospinal tract fibers after exosomes therapy. Copyright 2019 ACS
Nano [20]. (B) Showing the fabrication of composite nanovesicles with IONP and their targeting delivery ability by magnetic field. The therapeutic effects were
reflected by NF and GFAP immunofluorescence stainings at 28 days after injury. Copyright 2018, Nano Letters [172].
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exosomes to deliver the miR-544 repair gene and found that it reduced
nerve cell apoptosis. Huang et al. [157] used the same method to deliver
the miR-126 gene and found that it could effectively promote the
regeneration of blood vessels and nerves after SCI, thereby inhibiting
nerve cell apoptosis. Luo et al. [158] applied BMSC exosomes deliver
high GIT1 gene expression levels to a rat model of SCI injury. The exo-
somes also had the ability to promote axonal regeneration and inhibit
neuroinflammatory responses.

In many studies on exosomal gene delivery for SCI treatment, the
PTEN gene is regarded as a key therapeutic target. Delivery therapy can
directly or indirectly regulate the expression level of the PTEN gene or
affect different PTEN gene signaling pathways, thereby exerting different
therapeutic effects. Guo et al. [20] used human BMSC exosomes to
encapsulate PTEN siRNA to construct ExoPTEN NPs, which were intra-
nasally administered to treat SCI in rats (Fig. 20A). The results showed
that the treatment effectively inhibited the expression of PTEN, promoted
axonal regeneration and angiogenesis, and effectively improved the re-
covery of motor function in the rats. At 8 weeks postinjury, β–III–Tubulin
level detection which stands for axonal regeneration was significantly
increased in the NPs treated group compared to the untreated SCI rats.
Meanwhile, the recovery of BBB locomotor scoring was in sharp contrast
to that of the mean untreated transection rats. Xu et al. [159] fabricated
extracellular vesicles derived from PC12 cells and human mesenchymal
cells and loaded themwith the miR-21/miR-19b therapeutic gene for SCI
treatment. The combination of the delivery gene could guide neuronal
cell differentiation and reduce neuronal cell apoptosis, exerting a ther-
apeutic effect. PTENP1, a PTEN pseudogene, was reported to sponge both
miR-21 and miR-19b, negatively regulating the effects of binding of these
two genes with PTEN, thus inhibiting cell proliferation [160]. Wang et al.
[161] used PC12 cell-derived exosomes to encapsulate PTENP1-shRNA
for SCI in rats and found that it could remove the inhibitory effect of
PTENP1, effectively enhance the expression of miR-21 and miR-19b, and
subsequently promote nerve function repair.

In addition to the PTEN gene, the P13k gene and related pathways
have also served as therapeutic targets. Jiang et al. [162] used
neuron-derived exosomes to carry the miR-124-3p gene. The fabricated
NPs inhibited the activation of M1 microglial cells and A1 astrocytes by
regulating the PI3K/AKT/NF-κB signaling cascade, eventually promoting
functional recovery following SCI in mice. The MSC exosomes modified
by the related gene miR-124 have previously been shown to promote
neurogenesis in traumatic brain injury [163]. Cao et al. [164] used
human urine stem cells to construct ANGPTL3-loaded exosomes and
applied them for SCI through local intrathecal injection. This delivery
treatment effectively mediated the PI3K/AKT signaling pathways and
promoted angiogenesis in the SCI model.

Other gene delivery systems and regulators of related signal trans-
duction pathways should be mentioned. Li et al. [165] used BSMC exo-
somes to deliver the miR-133b gene and found that it could activate the
ERK1/2, STAT3, and CREB signaling pathways, protecting neurons and
promoting axonal regeneration. Ren et al. [166] found that
adipose-derived stem cell-derived exosomes modified by miR-133b pro-
moted the expression of NF, growth associated protein 43 (GAP-43), glial
fibrillary acidic protein (GFAP), and myelin basic protein (MBP). Zhao
et al. [167] recently found that BMSC-derived exosomal microRNA-125a
downregulated IRF5 gene expression through gene delivery and pro-
moted the activation of M2 macrophages, thereby reducing the inflam-
matory response in SCI. Wang et al. [168] reported that
miR-199a-3p/145-5p highly expressed in exosomes derived from HUCs
could mediate the NGF/TrkA signaling pathway in the treatment of SCI,
promoting nerve differentiation and outgrowth. Another report sug-
gested that the exosomes modified by miR-146a-5p could reduce the
deleterious effects of neurotoxic astrocytes and protect neurological
biofunctions after the injury [169].

Exosomes and cell derived nanovesicles also perform well in drug
delivery. Fan et al. [170] used microglial cell-derived exosomes to
encapsulate resveratrol, effectively increasing its solubility. The
22
drug-loaded NPs inhibited apoptosis post-SCI by regulating the P13K
signaling pathway to activate autophagy. Gao et al. [171] used M2
macrophage-derived exosomes to deliver berberine in SCI treatment and
found that they exhibited good anti-inflammatory effects. In addition,
exosomes derived from M2 macrophages increased the efficacy of tar-
geted therapy.

Han Young Kim et al. [172] used human MSC derived nanovesicles
with IONPs to construct composite nanovesicles, namely, NV-IONPs
(Fig. 20B). Due to the introduction of IONPs, NPs with an average size
of 150 nm exhibited magnet-guided targeting capability. In vivo delivery
to treat SCI showed that external magnetic attraction could significantly
increase the aggregation of NPs in the lesion. The experiment also found
that after intervention with IONPs, the number of functional compo-
nents, such as mRNA and proteins, carried in the nanovesicles was also
significantly increased, indirectly improving the neuroprotective thera-
peutic and antiapoptotic effects. Thus, NV-IONPs represent a very
promising treatment.

4.3.2. Membrane-coated NPs
Membrane-coated NPs are biomimetic NPs composed of bio-

membranes extracted from natural cells (red blood cells, white blood
cells, cancer cells, stem cells, platelets, and bacterial cells) with encap-
sulated nanocores. This technique could be tailored as needed to design
specific biohybrid nanosystems that incorporate the natural bioactivity of
cells and the therapeutic properties of synthetic nanomaterials. The
synthetic methods include extrusion and sonication. Presently,
membrane-coated NPs have been used in a series of biomedical appli-
cations, such as in vivo drug delivery and tumor targeting, at a very early
stage for SCI.

Bi et al. [173] were the first to take advantage of the property wherein
neutrophils infiltrate inflamed areas and applied neutrophil membranes
to encapsulate a polydopamine supporting core to fabricate biomimetic
NPs using a sonication and extrusion method. Through ligand‒receptor
binding, the NPs act as decoys to neutralize multiple types of chemo-
kines, preventing neutrophil infiltration and inflammation progression in
SCI. In addition, the protected polydopamine could also play a strong
antioxidant and anti-inflammatory role (Fig. 21). By reprograming the
microenvironment, demyelination and glial scar formation was effec-
tively reduced，thus promoting neural regeneration. At 28 days post-
injury, the neurological functional recovery of the treated group showed
significant BBB improvement, compared with the PBS group. Similar to
neutrophils, macrophages are also recruited during the inflammatory
processes of secondary SCI. Tang et al. [174] found that macrophage
membrane-camouflaged liposomes loaded with MC effectively accumu-
lated at the trauma site after SCI. The targeting mechanism may be
attributed to the interaction between integrin α4 and Mac-1 on macro-
phage membranes and vascular cell adhesion molecule-1 on impaired
microvascular endothelium. In addition, this targeted aggregation ability
was independent of the 3 different macrophage subtypes (M0, M1, and
M2). Moreover, macrophage membranes can also be used to coat the
exosome nucleus to fabricate macrophage membrane-fused exosome--
mimetic nanovesicles (MF-NVs) [175]. Integrins α4 and β1 derived from
the envelope membrane enhanced the binding ability and enabled the
nanovesicles to effectively accumulate in the diseased site, representing
another method to improve targeted delivery.

5. Conclusions and prospects

SCI is currently one of the most complicated and intractable diseases
in the world, causing great distress in people's lives. The current thera-
peutic strategies are fraught with complications and problems, which
have increasingly aroused concern. Continued investigations of abundant
synthetic NPs have shown great potential for clinical applications.
Completely understanding the advantages and disadvantages of each
nanomaterial will help us to better utilize and develop these nano-
materials for SCI treatment.



Fig. 21. Schematic illustration depicts neutrophil membrane-coated NPs with anti-inflammatory and anti-oxidative properties as decoys to treat SCI. (A) Stimulating
rats to extract neutrophils and the preparation process of neutrophil membrane-coated NPs, characterizated as TEM images (C). (B) Fluorescence images showed the
targeting distribution of neutrophil membrane-coated NPs in SCI lesions. Intensity quantified as (E). And (D) exhibited a significant reduction of MPO þ staining
infiltration neutrophil cells, compared with other groups, quantitied as (F). Copyright 2021 Advanced Functional Materials [173].
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The preparation technology of inorganic NPs is more mature, and
each batch production is more uniform and controllable. Although a
number of studies have shown that inorganic NPs are biocompatible with
neural cells in vitro, questions remain about their biosafety in vivo ap-
plications. Especially for metal NPs, such as Au, Fe and Ce, their prop-
erties can improve the negative pathological changes in SCI; however,
the neurotoxicity caused by the deposition of these elements in the
central nervous system remains a concern. Metal NPs are more suitable
for the detection of disease, positioning, and imaging technology
research. MSNs indeed serve as good drug carriers, providing stable
protection for the core cargo. However, despite attempts by scholars to
improve its availability through PEGmodification, the use of MSNs in the
clinic is still limited by how they can be efficiently degraded and
metabolized in vivo. Go NPs and their derivatives are more suitable for
constructing conductive materials, such as hydrogels, to repair SCI
electrophysiological damage, and their size, surface charge, and layer
numbers all have corresponding effects on biological systems. The
toxicity in vivo remains to be further studied. In recent years, the dis-
covery of selenium NPs has provided a new idea for the development of
inorganic NPs in the future. As a trace element, selenium exhibits better
biosafety and good antioxidant activity, making it suitable for the
treatment of pathological changes in secondary injury. However, the
dosage should be further standardized.

Organic NPs are a hot spot in the research of various types of nano-
materials, and they are also the nanomaterials with the greatest possi-
bility for clinical translation in the short term. Some of these polymeric
materials have even been approved for clinical use, such as PEG and
23
PLGA. Organic NPs are synthesized artificially by chemical methods
using degradable polymer materials. Compared with inorganic NPs, the
biological safety is greatly improved, the raw materials are cheap, and
the physicochemical properties are more controllable. Therefore, these
nanomaterials are more likely to achieve biological engineering con-
version in the short term. Micelles, liposomes and polymeric nanospheres
account for the majority of studies, and a number of PEG- or PLGA-based
nanomaterials have been approved by the FDA for marketed drugs.
However, most of the current studies are repetitive and seek to improve
the bioavailability of drugs through systematic passive targeting delivery
or to develop new drugs as SCI therapies. We should focus on the design
and optimization of active targeting in assembly design in future research
to increase the accumulation of drugs at the lesion site. In addition, the
relationship between biopolymers and different cell lines and molecules
in the pathological process of SCI as well as the influence on immune
regulation and treatment need to be further explored. Dendritic bio-
macromolecules can effectively package drugs into the structure and
increase the loading rate, but the current delivery methods mostly rely on
local administration. Their toxicity in systemic delivery needs to be
further assessed. Nanoprodrugs are a useful method to protect delivered
drugs by modifying them. However, compared to conventional delivery
methods, how to release the drug effectively in the body and how to
maintain the efficacy of the drug after covalent bonding are issues to be
considered. Nanogel structures have not been widely used in the treat-
ment of SCI. The question arises as to whether the sustained release
properties of the gel itself are separate from the delivery requirements in
the acute phase of SCI and whether the expansion process of the
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nanomaterials will cause further damage to the spinal cord. The nano-
bubble structure is also a novel structure, but the stability of this kind of
bubble structure in the treatment of SCI in vivo remains to be further
studied. Nanoprotein capsule studies are indeed very impressive, which
may open up novel ideas for directions. We can make full use of key
metabolic enzymes, cytokines, and neurotransmitters after SCI to
assemble nanodrugs by simple electrostatic interactions and then
perform in-depth research and treatment on the mechanisms and im-
munity. How to further improve the stability and targeting delivery
capability of this nanomaterial in long-term drug delivery is a problem
that needs to be solved.

Regarding bioderived NPs, one of the advantages is that the escape
ability of MPS is further enhanced compared with the synthesized
polymers. If the nanomaterials were derived from autologous cells, there
would be no issue with immunogenicity. Such nanomaterials are more
suitable for gene transfection studies due to their high loading and lack of
safety risk of viral vectors. However, some problems are noted. As far as
exosomes are concerned, their internal components are too complex,
which will simultaneously bring nontherapeutic substances into the
injured site, and the impact of these substances on SCI is uncertain.
Furthermore, exosomes are mostly extracted from stem cells, and their
differentiation in vivo is uncertain. The possibility of tumor cell trans-
formation is noted, which is problematic. At present, research on bio-
membrane coating technology in SCI remains in the initial stage. The
hybrid method of using a natural cell shell and artificial core will have
great advantages in all nanomaterials. For example, making full use of the
early infiltration of platelets and neutrophils into the lesion site, we may
easily achieve active targeted delivery of drugs. We can also design
different cell-membrane NPs to explore the role of different cells after
injury by enhancing or reducing specific intercellular connections. This
information will help us to further understand the pathological process of
SCI and provide help for more effective treatment. However, autologous
harvesting requires a complex process of cell extraction, a large amount
of money, and specific storage technologies and equipment. The use of
engineered cell extraction may cause immune rejection. The novel
nanomaterial is currently far from clinical application.

Overall, although there are still many obstacles ahead, the future is
bright. Utilizing a variety of ingredients, NPs made with advanced
technological methods will be effective in the treatment of SCI, eventu-
ally providing a new treatment approach for paralyzed patients. A bold
prediction is that the pathological process of SCI could potentially be
reversed or even completely resolved through a simple intravenous
nanodrug. It will be quite encouraging.
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