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Abstract

Spinal cord injury (SCl) is a common clinical condition of the central nervous system that can lead to sensory and
motor impairment below the injury level or permanent loss of function in severe cases. Dynamic spatiotemporal
neuroinflammation is vital to neurological recovery, which is collectively constituted by the dynamic changes in

a series of inflammatory cells, including microglia, neutrophils, and astrocytes, among others. Immunomodulatory

nanomaterials can readily improve the therapeutic effects and simultaneously overcome various drawbacks
associated with treatment, such as the off-target side effects and loss of bioactivity of immune agents during
circulation. In this review, we discuss the role of dynamic spatiotemporal inflammation in secondary injuries after
SCl, elaborate on the mechanism of action and effect of existing nanomaterials in treating SCI, and summarize
the mechanism(s) whereby they regulate inflammation. Finally, the challenges and prospects associated with
using nanotechnology to modulate immunotherapy are discussed to provide new insights for future treatment.
Deciphering the intricate spatiotemporal mechanisms of neuroinflammation in SCI requires further in-depth
studies. Therefore, SCI continues to represent a formidable challenge.

Introduction

Spinal cord injury (SCI) is a type of central nervous
system (CNS) lesion caused by trauma, inflammation,
tumors, or other factors, which can impair sensory,
motor, and autonomic nervous functions to various
degrees (below the injury level) [1, 2]. With the progres-
sion of SCI, patients may also develop upward neurologi-
cal deficits and impaired brain function [3, 4]. In severe
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cases, sensory and motor functions can be lost, markedly
impacting the quality of life and imposing a substantial
burden on patients and society [5]. Moreover, SCI treat-
ment can impose a substantial financial burden, with
more than US $3 billion spent annually in the United
States on SCI management. Globally, approximately
250,000 to 500,000 new cases of SCI are diagnosed each
year, with trauma representing the primary cause. In par-
ticular, motor vehicle collisions account for ~ 38.2% of the
SCI cases globally, followed by falls (32.3%) [6]. Among
all injury sites, the incidence of cervical SCI is consider-
ably higher than that of chest and waist SCI, accounting
for more than 50% of the traumatic SCI cases [7].

There are two predominant types of SCI—primary
and secondary injury [8]. Primary injury is often directly
caused by violent trauma, whereas secondary injury
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is characterized by a complex cascade of amplified
response processes, including inflammatory reactions,
elevated levels of reactive oxygen species (ROS), gluta-
mate toxicity, calcium overload, ischemia, apoptosis, and
edema, ultimately resulting in neurological dysfunction
[9]. Spatiotemporal dynamic neuroinflammation plays an
important role in secondary injury [10-12]. Inflamma-
tory cells play different roles in inflammatory activation,
inflammatory abatement, tissue repair, and homeostatic
remodeling; inflammatory mediators such as cyto-
kines and chemokines exert unique effects at different
stages of inflammation. For example, early inflammatory

responses can help clear tissue debris and stimulate neu-
ronal regeneration [13, 14]. As inflammation progresses,
numerous cytokines, proteases, and ROS are released,
causing further damage [15]. Additionally, multiple
changes are observed in the counts and functions of vari-
ous cell subsets, while the cumulative effect of multiple
inflammatory cells induces inflammation following SCIL.
These spatiotemporal dynamic neuroinflammatory pro-
cesses directly damage the nerve tissue and inhibit nerve
regeneration; these effects are further buttressed by the
poor post-injury microenvironment [16].
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During the dynamic progression of inflammation, the
transition from beneficial to harmful inflammation poses
substantial challenges and negatively impacts neurologi-
cal recovery. The existing treatments for SCI primarily
include surgery and methylprednisolone (MP) therapy;
however, their disadvantages are becoming increasingly
prominent. Although the spinal stability of patients often
recovers after surgery, the associated nerve damage can
be irreversible, preventing full recovery of function [5].
Moreover, MP treatment may be complicated by mas-
sive digestive tract hemorrhage, pulmonary embolism,
arrhythmia, sepsis, and other issues [17]. Therefore, an
urgent need exists to develop more effective treatments
[17, 18].

As an emerging therapeutic modality, nanomaterials
are favored in various fields owing to their unique prop-
erties, i.e., small size, good targeting, and slow or step-
wise release of drugs. These properties can also add to
the unique advantages of nanomaterials in the dynamic
treatment of SCI inflammation. This article discusses the
current status and latest progress in the management of
inflammation in SCI and the development of treatments
targeting the inflammatory microenvironment after
SCI (Scheme 1). The objective of this article is to lay the
groundwork for further development of various nanoma-
terials aimed at treating inflammation.

Overview of SClI pathophysiology

SCI include two types, i.e., primary and secondary injury
[8]. Primary injury refers to the momentary effect of a
mechanical force on the spinal cord [19]. At this stage,
there may be compression or contusion of the spinal
cord, damage to the axons and neurons [20], reduced and
interrupted spinal cord blood flow, increased blood—spi-
nal barrier permeability, and bleeding at the site of injury
[21, 22]. Meanwhile, secondary injury may result in grad-
ual enlargement of the necrotic area, aggravation of the
destruction and loss of function of the neuronal area, and
impairment of neuronal regeneration [23]. Causes of sec-
ondary injury include inflammatory responses, elevated
levels of ROS, calcium overload, ischemia, edema, excit-
atory toxicity of glutamate, and the onset of necrosis or
apoptosis, leading to neurological loss [9]. The cellular
and molecular changes associated with secondary injury
exhibit dynamic spatiotemporal characteristics. Li et al.
observed pathological changes in 12 key cell types, with
three of these infiltrating the spinal cord at specific times
post-injury (Fig. 1A-F) [24]. The most significant altera-
tions occurred three days post-injury (dpi), and by 14 dpi,
a second wave of microglial activation became apparent
(Fig. 1G-H). A comprehensive understanding of the pro-
cesses could inform the development of treatment strat-
egies that target distinct disease processes at the most
effective times.
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Recently, a study showed that neuroinflammation is
vital in secondary injury [25]. Inflammation is caused by
the activation of resident immune cells (microglia and
astrocytes) and the recruitment of peripheral immune
cells (macrophages and neutrophils). Microglia can
improve the anti-inflammatory microenvironment at the
injury site and plays important roles in various neurolog-
ical diseases. Reactive microglia recruit circulating white
blood cells, including neutrophils, macrophages, T lym-
phocytes, and B lymphocytes, to the injury site. In addi-
tion to damaging the neurons, the recruited white blood
cells can clear tissue debris and support nerve regen-
eration. Following infiltration, neutrophils recruit other
immune cells to clear cell debris, produce inflammatory
factors, and promote tissue healing. For instance, astro-
cytes respond to pathological conditions in the CNS and
work with neutrophils to isolate the damaged site and
rebuild the blood-brain barrier. The inflammatory fac-
tors secreted by astrocytes activate the microglia, while
the chemokines secreted by astrocytes induce inflamma-
tory cell infiltration, leading to increased vascular per-
meability, leukocyte infiltration, glial cell activation, and
increased production of inflammatory mediators such
as cytokines and chemokines, gradually exacerbating
inflammation [26]. Under microglial induction, astro-
cytes can amplify the inflammatory effect and cause neu-
rotoxicity, leading to cell death and scar formation.

In the course of inflammatory response, numerous
inflammatory cells, such as neutrophils and macro-
phages, release pro-inflammatory cytokines, chemokines,
ROS, and proteolytic enzymes, causing an immune
response [27]. Numerous cytokines produced during
inflammatory reactions, including tumor necrosis fac-
tor (TNF)-a and interleukin (IL)-6, can diffuse to other
organs, causing systemic inflammatory changes [28].
In the first few hours, microglia/macrophages, astro-
cytes, and neurons secrete the pro-inflammatory cyto-
kines IL-1f, TNF-a, and IL-6 [29]. Reactive astrocytes
can also release C-C Motif Chemokine Ligand 2(CCL2),
CCL3, CCL5, and nitric oxide (NO), which upregulate
IL-1 o, IL-1 B, IL-6, and TNF-a and downregulate mac-
rophage migration inhibitory factor (MIF). Although
some of these inflammatory factors can help maintain a
good microenvironment and reduce tissue damage, most
stimulate inflammatory cells and disrupt the blood—brain
barrier, thereby exacerbating local inflammation [30].

Ultimately, SCI damages the endothelial cell sheath
and blood vessels, leading to neuronal death. Similarly,
inflammatory reactions can lead to iron deposition,
resulting in programmed cell death, which gradually
increases inflammation [31, 32]. With the progression
of inflammation, inflammatory cells release cytokines,
proteases, ROS, and other factors [33], which hinder
the regeneration of axons and neurons, promote glial
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Scheme 1 A schematic depiction of the inflammatory responses mediated by immune cells and cytokines, their dynamic shifts in the context of trau-
matic spinal cord injury, and the classification and structure of nanomaterials used for inflammation modulation

scarring, and cause more serious injury [34—36]. The
development of fibrotic scars following tissue damage is
a critical phase in the healing process, yet it paradoxically
limits the beneficial aspects of the inflammatory response
and impedes axon regeneration. This occurs as the dense
extracellular matrix laid down by fibroblasts and other
cells creates a formidable barrier [33]. Consequently, the
persistent presence of such scars contributes to ongo-
ing dysfunction by impeding reparative mechanisms
and disrupting normal tissue architecture [37]. Axonal
growth is also limited by the presence of related growth

inhibitors and reduced expression of related genes [38].
After SCI, mitochondrial function is impaired, and many
free radicals are produced, aggravating the injury [39].
Inflammation can also cause systemic pathological and
organ function changes, e.g., changes in vascular perme-
ability [40, 41]. Recent studies have shown that the spa-
tiotemporal progression of inflammation from the acute
to the chronic phase following SCI is a complex process
involving myriad cells, inflammatory factors, and che-
mokines [42]. This process has a significant impact on
neurological function and recovery, with the acute phase
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Fig. 1 (See legend on next page.)
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Fig. 1 Temporal transcriptomic changes post-spinal cord injury (SCI), as revealed by population-based (bulk-RNA-seq) and single-cell RNA sequencing
(scRNA-seq): A) Schematic representation of the tissue sampling process for bulk-RNA-seq and scRNA-seq. B) The t-distributed Stochastic Neighbor
Embedding (t-SNE) plot demonstrates consistent sequencing outcomes across different samples. C) Hierarchical clustering of 39 samples showing the
expression heatmap of each module across all samples. D) Gene ontology (GO) terms for seven gene modules and their average gene expression
changes over time post-SCl. E) Pie chart illustrating the number of genes within each module. F) Overview of the 10x Genomics scRNA-seq experimental
workflow. G) Visualization of spinal cord cells from different samples using Uniform Manifold Approximation and Projection (UMAP). H) Line graph depict-
ing the temporal changes in the relative proportions of 12 major cell types identified through scRNA-seq. Used under the terms of the Creative Commons
Attribution 4.0 International License (CC BY 4.0). License details available at https://creativecommons.org/licenses/by/4.0/"

characterized by immediate inflammatory cell infiltra-
tion, chemokine and cytokine release, and blood-spinal
cord barrier (BSCB) disruption, leading to edema forma-
tion, neuronal damage, and axonal degeneration; con-
versely, the chronic phase is characterized by persistent
inflammation, a shift toward anti-inflammatory media-
tors, gliosis, ongoing neurodegeneration, and potential
neuroplasticity [43].

Dynamic spatiotemporal inflammatory responses
in SCI

After SCI, inflammation is thought to spread centrip-
etally, i.e., it moves from the periphery to the center
[44]. A series of inflammatory cells infiltrate the regions
around the spinal cord [45], and concurrently secrete
inflammatory factors (IL-1pB, IL-6, TNF-a, and IFN-y)
and chemokines (CCL2, CCL3, CCL5, CCL20, C-X-C
Motif Chemokine Ligand 10 (CXCL10), and CXCL12),
aggravating the inflammatory response and inhibiting
axonal regeneration, thereby leading to the loss of nerve
function [46—50]. The secreted inflammatory cytokines
and chemokines elevate immune cell infiltration, further
promoting inflammatory cytokine production and ROS,
NO, and chemokine release [51, 52]. Early inflammation
involves four types of immune cells (Fig. 2A). (1) Microg-
lia are the first inflammatory cells to reach the site of
injury. (2) Neutrophils follow closely, peaking 24 h post-
injury (hpi). Neutrophils can engulf and clear debris;
secrete proteases, elastases, and myeloperoxidase; and
release ROS. (3) Circulating monocytes/macrophages
are subsequently recruited and they release various
cytokines and perform phagocytosis. (4) Lymphocytes
progressively invade the lesion site where, together with
macrophages, they secrete cytokines [53]. These inflam-
matory cells further recruit infiltrating inflammatory
cells. Therefore, with progressive inflammation, various
inflammatory cells and cytokines exhibit spatiotemporal
dynamism (Fig. 2B-C) [42]. Understanding such dynamic
processes is critical for designing effective treatment tar-
gets in the context of SCIL.

Microglia are the first to respond by extending protru-
sions toward the lesion site (within seconds to minutes);
they then transform into amoeba-like phagocytes, engulf-
ing cells and clearing debris, including myelin sheath
fragments [56]. These cells express CD11b and secrete
anti-inflammatory factors, pro-inflammatory factors,

prostaglandins, cytokines, and ROS [57, 58]. Moreover,
under conditions of microglial activation and disruption
of the BSCB, blood-derived immune cells, such as neu-
trophils, monocytes/macrophages, and lymphocytes, can
infiltrate the spinal cord tissue [59]. Neutrophils are the
second immune cell type to reach the site of injury, first
arriving ~4 h after CNS injury, peaking in abundance 24
hpi, and persisting at the site of injury for 2—7 days [60].
These cells can sustainably release pro-inflammatory
cytokines, oxidases, ROS, chemokines, lyases, and other
molecules, continuously exacerbating the inflammatory
response [61, 62]. CD3+lymphocytes become evident in
the spinal cord only after 3 dpi, peak at 7 days, and sus-
tained T-cell response is observed up to 180 days [63].
However, in the context of SCI, T cells have been identi-
fied as early as 1 dpi, peaking at 7 days. Sustained T-cell
responses have been observed up to 180 dpi. Cytotoxic
CD8+CD28+T cells dominate during the first two weeks
following SCI, during which the survival time of cells can
be extended, and the proportion of regulatory CD8+T
cells can increase [63].

In SCI, macrophages are the key phagocytic cells pres-
ent at 3 dpi [64]. Infiltrating macrophages present in the
peripheral circulation begin to infiltrate the spinal cord
1-3 dpi and enter the site of injury 3—4 dpi [24]. How-
ever, microglia and macrophages share several immuno-
histochemical markers, making it difficult to distinguish
them in terms of morphology; hence, they are commonly
referred to as microglia/macrophages [65]. The innate
immune response triggered by microglia is augmented by
peripheral myeloid cells, mainly neutrophils and mono-
cytes, which migrate to the injury site [66]. Microglia/
macrophage abundance peaks at 7 dpi [67]. Fourteen
days after injury, the second wave of microglial/macro-
phage activation occurs, causing them to occupy the core
area of the injury (Fig. 3A-P) [68]. Therefore, the initial
7 dpi are highly dynamic and offer a therapeutic window
for intervention in spinal cord injuries. Microglia/mac-
rophages can continue to aggregate within the core area
of the injury for up to 28 dpi, where they can disrupt the
BSCB continuously, leading to the continuous progres-
sion of inflammation [69]. After 14 dpi, cellular inflam-
mation is prolonged for 180 days; at 60 dpi, another peak
in microglia/macrophages is observed [70]. In fact, foam-
like macrophages can be detected for up to one year after
SCI [71].
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Fig. 2 Inflammation associated with central nervous system (CNS) injury. A) Compartmentalization of the immune response after CNS injury. B) Phases
of molecular and cellular inflammation after CNS injury. C) Activity of specific inflammatory molecules at different time points corresponding to the injury.
Reproduced from with permission [54, 55]. Licensed under CC BY 4.0. Copyright © 2023 Elsevier

The mechanism via which microglia/macrophages
affect SCI may depend on their spatiotemporal activation
[73]. In early-stage SCI, microglia/macrophages phago-
cytose circulating white blood cells, clear cell debris, and
protect nerves [74]. As the injury worsens, microglia/
macrophages secrete pro-inflammatory molecules, caus-
ing neuroinflammation and leading to secondary injury
[75, 76]. The function of microglia/macrophages is deter-
mined by their phenotype, which evolves in response to
the surrounding microenvironment. The M1 macrophage
phenotype tends to enhance the inflammatory response
and exacerbate neuroinflammation, while the M2 phe-
notype has anti-inflammatory effects and promotes tis-
sue repair. However, there may be additional subtypes
of microglia present in the injured spinal cord. Indeed,
eight clusters of microglial subpopulations have been
identified in mice with SCI at the single-cell level, each
with distinct characteristics [24]. The optimal timeframe
for converting reactive microglia to their neuroprotective

phenotypes might be the first week post-SCIL. The trans-
formation of phenotypes is dynamic and regulated by
various factors within the injured microenvironment.
Therefore, microglia/macrophages may represent signifi-
cant therapeutic targets for the next generation of treat-
ments for SCI [24, 44].

Liddelow et al. [77] demonstrated that the release
of IL-1a, TNF-a, and complement component 1q by
microglia triggers transcriptional changes in astrocytes.
These altered astrocytes then secrete inflammatory fac-
tors (such as IL-1B, IL-6, TNF-a, IL-17, and ROS) and
chemokines (including CCL2 and CXCL10), further
exacerbating the inflammatory response [78, 79]. Astro-
cytes can be induced to differentiate into the A1 and A2
phenotypes when exposed to neuroinflammation and
ischemia, respectively. [77] Al astrocytes are charac-
terized by the upregulation of various pro-inflamma-
tory cytokines and complement cascade genes that are
destructive to the synapses. Conversely, A2 astrocytes are
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Fig. 3 After spinal cord injury, microglia extensively proliferate and accumulate at the injury boundary. A-F) Confocal microscopic images displaying
representative spinal cord sections from uninjured to 1-35 dpi. G-P) Number of microglia in each group and the expression of apoptosis and proliferation

markers. Reproduced with permission [72]. Licensed under CC BY 4.0

characterized by the upregulation of various anti-inflam-
matory cytokines, neurotrophic factors, and platelet
reactive proteins, all of which are beneficial in the repair
and reconstruction of neural tissue.

Neuroinflammation is characterized by a series of cel-
lular and molecular changes in the spinal cord, which
are jointly affected by various cytokines and chemokines

[80]. Between 30 min and 1 hpi, microglia and astrocytes
secrete IL-1B, TNF-a, and IL-6, i.e., the main players in
the early stages of injury [81]. IL-1p and IL-6 stimulate
the production of inducible nitric oxide synthase (iNOS)
in astrocytes, microglia, and macrophages [82].

NO produced as a result of iNOS activity participates
in microglia-dependent demyelination and neuronal
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apoptosis [83]. Meanwhile, reduced IL-1B levels can
inhibit lesion development, promotion of axonal plas-
ticity, and improvement of neurological prognoses [84,
85]. IL-1B, TNF-a, and IL-6 are significantly upregu-
lated within 3—6 hpi, leading to further recruitment and
proliferation of microglia, astrocytes, and surrounding
immune cells [86]. The expression of IL-1p, TNF-a, and
IL-6 by neutrophils peaks 12 hpi. However, SCI is also
characterized by the early upregulation of high mobility
group box 1 protein (HMGB1), whose release precedes
those of TNF-a and IL-1B by monocytes/macrophages
via the nuclear factor (NF)-kB signaling pathway [87].
Twenty-four hours after SCI, HMGBI1 expression is
increased significantly, causing an increase in microglial
cell abundance and TNF-a release [88]. Therefore, TNF-
a, IL-1pB, and IL-6 levels continue to rise within the first
24 h. In the post-injury period (spanning 1-7 days), there
is a gradual decline in the number of neutrophils, lead-
ing to gradual decreases in TNF-q, IL-6, and IL-1f lev-
els between 24 h and 7 d. However, their levels remain
elevated significantly compared to those in the uninjured
tissue [89]. In mice, a second surge in the expression of
TNF-a and IL-1B occurs on day 14 post-SCI, concur-
rent with the secondary activation of microglia, which
persists until 28 dpi. In contrast, the levels of IL-6 in rats
and mice decline to baseline levels (14 dpi onward) and
remain stable thereafter.

Although anti-inflammatory cytokines can decrease
the levels of pro-inflammatory cytokines, they are often
lacking or present at minimal levels following SCI [90].
IL-4, IL-10, and IL-13 are secreted by microglia, astro-
cytes, and circulating and peripheral immune cells and
act as anti-inflammatory cytokines that downregulate
pro-inflammatory cytokines [91]. IL-10 activates microg-
lia/macrophages and astrocytes and reduces the levels of
IL-1p and iNOS [92]. These anti-inflammatory cytokines
can be upregulated within 4 hpi, indicating early ini-
tiation of the anti-inflammatory process. However, most
studies indicate that levels of IL-4, IL-10, and IL-13 rise
initially but then decline and stabilize at baseline levels
[92]. This transient increase does not halt the progres-
sion of inflammation, as the recruitment and prolifera-
tion of microglia and astrocytes, along with the influx of
surrounding immune cells, continue to fuel the inflam-
matory process [93]. After an initial surge 4 h following
the injury, levels of IL-4, IL-10, IL-13, and TGF-p are
maintained at baseline for 12—-24 h. A significant increase
in IL-10 levels reportedly occurs at 3 dpi, and the levels
remain elevated until 7 dpi. Meanwhile, IL-4 levels con-
tinue to increase at 14 dpi and begin to decrease at 28 dpi,
whereas IL-10 levels do not change significantly during
this period. The levels of IL-4 and IL-3 decrease gradu-
ally at 28 dpi. From the initial 4 hpi to day 28, the gen-
erated inflammatory and chemotactic factors exacerbate
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the infiltration of immune cells and stimulate their pro-
duction of additional inflammatory mediators [94]. After
SCI, the CNS drives the migration of neural stem cells
(NSCs) along the gradient of soluble chemokines, such as
soluble chemokine 1, matrix binding factor 2, and matrix
cell-derived factor 1a. Gradient migration is used to sup-
plement cells and maintain normal tissue function and
structure in the CNS. Collectively, the above-mentioned
cells and cytokines are characterized by spatiotemporal
dynamism. Spatiotemporal dynamics are often regulated
precisely owing to their essential functions. Remarkably,
macrophages display a high degree of adaptability, akin
to activated microglia. Consequently, advanced targeted
and cell-specific techniques are vital for a better under-
standing of the specific functions of the immune cells
in SCI and to effectively leverage their therapeutic ben-
efits. In addition, this complex interplay creates a spa-
tiotemporal pattern of inflammation that is crucial for
recovery following SCI. Therefore, understanding the
spatiotemporal distribution of the factors during post-
SCI inflammation could inform targeted management of
inflammation in SCI [79, 95].

SCI-induced inflammation is initiated by several sig-
naling pathways, such as the NF-kB, TGF-B/TGFBR,
PI3K/AKT, JAK/STAT3, and MAPK pathways [96-102].
The pathways of action are different under the applica-
tion of various nanomaterials. The NF-kB pathway is
the most common pathway modulating inflammation
after nanomaterial use. Activation of the NF-kB signal-
ing pathway is closely associated with the overexpression
of pro-inflammatory cytokines following SCI. Specifi-
cally, activation of NF-kB leads to its translocation into
the nucleus, where it promotes the transcription of genes
encoding pro-inflammatory cytokines, such as TNF-a,
IL-1B, and IL-6. These cytokines contribute to second-
ary damage and exacerbate the inflammatory environ-
ment, leading to further tissue damage and neuronal cell
death. Various nanomaterials have been developed to
target the pathways involved in SCI-induced inflamma-
tion. Zhang et al. reported that layered double hydrox-
ide-coupled NT3 nanoparticles (NPs) downregulate the
Piezol/NF-kB pathways and exert anti-inflammatory
effects [96]. Zhang et al. have developed a therapeutic
nanofiber based on a self-assembling peptide that carries
emodin (rhein) and promotes the transition of M1-type
macrophages to M2-type macrophages by regulating
the NF-kB/STAT3 signaling pathway [98]. In addition,
Yang et al. have developed an injectable and bioadhesive
gelatin-based hydrogel that delivers folate-functional-
ized polydopamine NPs (FA-PDA@Leon) to suppress
inflammation by downregulating the JAK2/STAT3 sig-
naling pathway in macrophages, in turn reducing fer-
ritinophagy/ferroptosis [100]. Shen et al. developed a
rapamycin (Rapa)-loaded hollow mesoporous Prussian
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blue (HMPB)-based nanozyme (RHPAzyme) that scav-
enges ROS and reduces inflammation by inhibiting the
MAPK/AKT signaling pathway, thereby alleviating neu-
ronal damage and promoting motor function recovery in
SCI mice [102]. Furthermore, some authors report sup-
pressing inflammation by activating the PI3K/AKT path-
way to promote microglial M2 polarization or inhibit M1
polarization [97, 98]. Zhu et al. reported that Mg/Al lay-
ered double hydroxide NPs could increase transforming
growth factor-f receptor 2 (TGFBR2) gene expression,
leading to promotion of microglia/macrophage polar-
ization from M1 to M2 [103]. The mechanism of action
via which nanomaterials inhibit inflammation is complex
and requires further in-depth research.

Nanomaterials as therapeutic agents for
management of dynamic spatiotemporal
inflammation

Although early surgery and MP therapy are widely
accepted modes of SCI treatment, the effectiveness of
surgery is limited, and MP can cause complications, such
as gastrointestinal bleeding, septicemia, and pulmonary
embolism. Therefore, there is considerable debate sur-
rounding the treatment options for SCI. Current fun-
damental research on SCI treatments has incorporated
stem cells and genetically modified cell transplants,
growth factors, biomolecules, and drug delivery systems
in the search for effective treatment modalities. How-
ever, many of these agents have not exhibited appropriate
efficacy in clinical trials [17]. This might be due in part
to the treatment strategies being incompatible with the
pathological process associated with dynamic spatiotem-
poral inflammation. Additionally, limited pharmacologi-
cal efficacy may result from a low drug concentration at
the injured site following administration via conventional
routes or the development of potentially unacceptable
side effects. To overcome these limitations, an urgent
need exists for the development of treatments to coun-
teract the progression of dynamic spatiotemporal inflam-
mation; hence, a multi-target therapeutic approach might
be promising for patients with SCI.

Nanomaterials boast several advantages, including the
ability to cross the BSCB, act as drug carriers, accumulate
and release drugs at the lesion site, have fewer adverse
effects, enable responsive or triggered release, and sup-
port combination therapy [104-107]. Current immu-
nomodulatory nanomaterials enhance SCI treatment
efficacy through targeted delivery, responsive release,
and improved biocompatibility. Such nanomaterials can
be engineered to target specific inflammatory cells, such
as microglia, neutrophils, and astrocytes, employing
strategies such as encapsulation, stabilization, controlled
release, and surface engineering to maintain the bioactiv-
ity of immune agents during circulation. Encapsulation
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protects therapeutic agents from enzymatic degradation,
stabilization maintains their structural integrity, con-
trolled release ensures gradual and consistent delivery,
and surface modifications like PEGylation extend circula-
tion time [108], all of which contribute to maximizing the
therapeutic efficacy while minimizing systemic exposure
[109]. Thus, considering their broad-spectrum efficacy,
nanomaterials have been investigated extensively in dif-
ferent SCI models. These nanomaterials are categorized
into distinct groups based on their source composition,
including organic nanomaterials, bioderived nanomateri-
als, inorganic nanomaterials, and other nanomaterials.

Organic nanomaterials

Organic nanomaterials primarily comprise polymer
nanomaterials [110]. The main polymer materials cur-
rently used in tissue engineering for SCI are polylactic-
co-glycolic acid (PLGA), hyaluronic acid (HA), poly
DL-lactide-co-glycolide (PLG), and polyethylene glycol
(PEG). Due to their inherent lack of imaging capabilities
and native biocompatibility, extensive synthetic efforts
are required to mitigate the need for additional process-
ing steps and minimize cytotoxicity; these efforts involve
techniques such as functionalization and surface modi-
fication [108]. Compared with inorganic nanomaterials,
organic nanomaterials have better biodegradation and
biocompatibility properties, making them suitable for
extensive application as drug carriers.

The polymer nanomaterials loaded with anti-inflam-
matory drugs can reduce side effects, inhibit glial cell
activation, and reduce inflammatory expression [111]. By
exploiting the phagocytotic activity of macrophages and
microglia during inflammation, NPs can act as a “Trojan
horse” and be phagocytosed by macrophages to achieve
the purpose of targeted delivery [112]. Polymeric NPs
carrying anti-inflammatory drugs, such as minocycline,
have been used to target and modulate M1-type mac-
rophages through macrophage phagocytosis, promote
macrophage polarization, and release anti-inflammatory
drugs in situ. [113] In this manner, the dose of the drug
can be adjusted, side effects can be reduced, and bioavail-
ability and therapeutic effects can be improved. PLGA,
polyethylenimine (PEI), and methoxyPEG (mPEG) are
utilized to synthesize PLGA-PEI-mPEG (PPP) nano-
carriers, which can support the anti-inflammatory drug
etanercept (ET) and are modified with activatable cell
penetrating peptide (ACPP)-targeting peptides, enabling
their penetration of the blood-brain barrier to target
the SCI site [114]. Nano drugs can effectively modulate
polarization toward M2 macrophages, promote an anti-
inflammatory immune response, and effectively treat
SCI. In addition, due to the heightened expression of
matrix metalloproteinases (MMPs) at the SCI site, the
MMP-responsive molecule ACPP is incorporated into
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the biocompatible polymer PPP, enabling the NPs to spe-
cifically target diseased tissue. Meanwhile, the clinical
anti-inflammatory drug ET can be loaded onto the poly-
mer to modulate macrophage polarization and promote
motor recovery. This organic polymer nanosystem exhib-
its effective lesion targeting and can inhibit the produc-
tion of pro-inflammatory cytokines while promoting the
production of anti-inflammatory cytokines, reducing the
proportion of M1 macrophages and increasing the pro-
portion of M2 macrophages [115]. After using these NPs,
a significant decrease in the expression of M1-type mark-
ers can be observed at the injury site 3 dpi, indicating that
the proportion of M1-type macrophages can be reduced
within three days. HA can reportedly inhibit astrocyte
proliferation and activation in the CNS by interacting
with CD44 receptors to downregulate inflammatory sig-
naling pathways [116]. Therefore, many nanomaterials
use HA as a targeting molecule.

Polymer-functionalized NPs are widely used in the
medical field owing to their antioxidant and anti-inflam-
matory properties. For example, chitosan NPs can effec-
tively improve the conduction of nerve impulses to the
brain after SCI and can play an important role in the
intervention of acute SCI [117]. Nano micelles (PSMs)
have been prepared using polysialic acid (PSA) as a car-
rier and loaded with minocyclic acid (MC) to treat SCI.
PSA can promote axon remodeling and tissue regen-
eration, while MC has an anti-inflammatory effect.
Therefore, PSMs possess anti-inflammatory and neuro-
protective properties, protecting damaged neurons and
reducing scar formation, exhibiting a therapeutic effect
[118]. Liu et al. prepared nano-antagonist hydrogel that
mitigates inflammatory responses by specific calcium ion
adsorption. In a contusive SCI mouse model, it success-
fully improved locomotor function [119]. Moreover, reti-
noic acid (RA) and curcumin (Cur) have been co-loaded
with bovine serum albumin (BSA) to synthesize RA@
BSA@Cur NPs (Fig. 4A). Cur has antioxidant properties
and can effectively resist the ROS released during SCI.
Meanwhile, RA can promote the regeneration and dif-
ferentiation of axons, while albumin has favorable drug-
loading properties and water solubility and is non-toxic.
The constructed NPs harness the beneficial effects of
both drugs and can be targeted to induce polarization
towards M2-type macrophages, inhibit the release of
inflammatory mediators, and reduce the inflammatory
response (Fig. 4B-D) [120]. Owing to the dynamic spa-
tiotemporal changes in inflammation following SCI, and
targeting the increasing and peaking population of mac-
rophages post-injury, administration of 150 pl of RA@
BSA@Cur NPs at a concentration of 2 mg/ml via tail vein
injection was selected 3 days after SCI. An increase in
M2 macrophage polarization and a reduction in inflam-
matory effects were observed 7 dpi [120]. Notably, the
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therapeutic efficacy of these NPs in treating SCI can be
attributed to both the intrinsic properties of the nano-
materials and the pharmacological effects of the incor-
porated drugs. The BSA matrix provides a biocompatible
and stable platform for RA and Cur delivery, ensuring
that the therapeutic agents reach the site of injury in a
controlled and sustained manner. The synergistic action
of RA promoting axon regeneration and Cur scavenging
ROS, coupled with the targeted delivery mechanism of
the NPs, contributes to the observed reduction in inflam-
mation and enhancement of the regenerative microenvi-
ronment post-SCI. Therefore, the effectiveness of RA@
BSA@Cur NPs in treating SCI is a result of the interplay
between nanomaterial design and the therapeutic prop-
erties of the loaded drugs [120].

Immunomodulatory NPs carrying plasmid DNA or
microRNA have been synthesized for delivery of nucleic
acids to regulate macrophage polarization. For example,
various HA-PEI NPs coated with IL-4/IL-10-expressing
plasmid DNA or microRNA-223 can regulate macro-
phage polarization from the M1 to M2 phenotype [110].
Indeed, certain NPs can inhibit the inflammation-asso-
ciated migration of neutrophils. Park et al. found that
intravenous PLG NPs can be internalized by circulating
neutrophils, leading to the reprogramming of neutrophil-
related immune responses and reduced neutrophil abun-
dance at the injury site. Consequently, the occurrence of
fibrosis and glial scarring is reduced, and a microenviron-
ment that promotes regeneration and functional recov-
ery is maintained [110].

Dendritic macromolecules are highly branched, spheri-
cal, and low-dispersion synthetic molecules. Owing to
their precise and controllable structure, dendritic macro-
molecules have an excellent drug-loading ability as car-
riers. Water-soluble NPs (PAMAM) and carboxymethyl
chitosan (CMCht) have been used to synthesize CMCht/
PAMAM dendrite NPs, which can effectively transport
biological agents to the SCI site through endocytosis.
These are readily internalized by glia when loaded with
MP, which is released in the cells to regulate glial activ-
ity, inhibit the activation of astrocytes and formation of
inflammatory factors, and promote axon regeneration. In
fact, MP can be released continuously for up to 14 days
[121]. In PPP-ACPP NPs, ACPP peptides target SCI
sites. Leveraging the encapsulated etanercept, the NPs
effectively home in on the lesion, balance the M1/M2
macrophage ratio, suppress inflammation, and accumu-
late prominently in the injured area, significantly enhanc-
ing the therapeutic efficacy for SCI (Fig. 5A-E) [115]. In
addition, organic molecules or drugs can be combined
with nanocarriers to achieve transport and anti-inflam-
matory effects. For instance, zein, which is amphiphilic,
can penetrate the cell membrane and has excellent stabil-
ity [122]. Meanwhile, aucubin—a member of the iridoid
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glycoside family—has anti-inflammatory and antioxidant
effects; it can regulate the M1/M2 ratio of microglia/
macrophages and reduce inflammation by blocking the
NEF-«B pathway [89].

Bioderived nanomaterials

The term “bioderived nanomaterials” refers to nanoscale
materials derived directly from living organisms or
obtained by mimicking biological systems, including
biomacromolecule nanomaterials (proteins and nucleic
acids), extracellular vesicles (exosomes), and biological
self-assembly systems (liposomes). These nanomaterials
typically exhibit good biocompatibility, biodegradability,
and specific biological activity; these properties allow
their extensive utilization in biomedical and other fields.

Exosomes and cell-derived nanovesicles

Exosomes are nano-liposomes with a diameter of approx-
imately 20-150 nm. They have paracrine functions and
can quickly make corresponding physiological responses
to help tissues recover from damage [123]. As extracel-
lular vesicles, exosomes play a crucial role in intercellular
communication and cargo transport.Exosomes exhibit a
strong targeting ability, high safety, and low immunoge-
nicity [124—126]. In addition, as drug carriers, they can
extend the drug cycle time, improve bioavailability, and
exhibit targeting properties [127]. Guo et al. developed
intranasally administered mesenchymal stem cell-derived
exosomes loaded with phosphatase and tensin homolog

small interfering RNA (ExoPTEN) that migrated to the
injured spinal cord area, attenuated PTEN expression,
reduced microgliosis and astrogliosis, and significantly
promoted functional recovery in rats with complete SCI
[128]. Liu et al. prepared exosomes derived from iPSC-
NSCs (iPSC-NSCs-Exos), which, in an SCI mouse model,
were administered at different time points post-injury,
targeting the expression levels of related proteins, and
due to the peak content of microglia/macrophages occur-
ring 7 dpi, the administration was set for 7 dpi. These
exosomes can target microglia/macrophages and regulate
LRIG3 expression by delivering let-7b-5p, thereby allevi-
ating inflammation and enhancing motor function recov-
ery. Seven days post-injury, a significant reduction in the
expression of IL-1p and IL-18 was observed, indicating
that the treatment based on the dynamic inflammatory
process produced favorable results [129].

Mesenchymal stem cells (MSCs) have angiogenic,
anti-apoptotic, and immunomodulatory effects. MSCs
are driven to the injury site, where they promote polar-
ization and reduce inflammation [130]. The therapeutic
effects of MSCs are derived primarily from paracrine
mechanisms. MSC-derived exosomes can downregulate
pro-inflammatory cytokine levels and upregulate anti-
inflammatory cytokine levels, reduce inflammation, and
promote angiogenesis [131]. However, exosomes have
unique advantages over MSCs in terms of manufactur-
ing, storage, and application. Moreover, exosomes pro-
duced by M2 macrophages promote polarization of the
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M2 phenotype microglia/macrophages via a mechanism
that may involve miRNA-mRNA interactions [132]. cir-
cRNA (circRNA/circ) is a type of non-coding RNA with a
regulatory role in neural and inflammatory processes that
is abundant in exosomes [133]. Bone marrow MSC exo-
somes can inhibit inflammation and treat SCI by secret-
ing circRNAs. However, miRNA can be combined with
exosomes to create, for example, exosomes rich in miR-
124-3p. Exosomes can also be used as carriers to deliver
miRNA to the microglia and inhibit the activation of M1
microglia and astrocytes, slow down the progression of
inflammation after SCI, and aid recovery [134].

As emerging drug carriers, extracellular vesicles are
characterized by high biocompatibility and low cytotox-
icity and thus have a wide range of drug delivery pros-
pects. The extracellular vesicles derived from MSCs are
extracellular nanovesicles with the properties of MSCs
and the specifications of NPs that can cross the cerebro-
spinal barrier to elicit antioxidant and anti-inflammatory
effects in SCI. Extracellular vesicles from M2 macro-
phages can inherit various anti-inflammatory cytokines.
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Hence, due to the drug delivery advantages and anti-
inflammatory effect, extracellular vesicles can be used as
ideal drug carriers for treating SCI-associated inflamma-
tion [135]. Indeed, its effective combination with drugs to
treat SCI is bound to elicit a 1+1>2 effect, affording it
broad future prospects. Xiong et al. explored the use of
extracellular vesicles (EVs) derived from mouse umbilical
cord MSCs (MUMSCs) loaded with curcumin (Cur-EVs)
for treating traumatic SCI. They incubated MUMSCs
with curcumin for 48 h, and then isolated both regular
EVs and Cur-EVs using ultracentrifugation. In a mouse
model of complete SCI, Cur-EVs/EV administration sig-
nificantly improved locomotor function and reduced
inflammation compared to untreated model mice. Nota-
bly, Cur-EVs demonstrated superior effectiveness over
regular EVs in enhancing the structural and functional
recovery of SCI, including promoting macrophage polar-
ization from the M1 to M2 phenotype and improving
axonal regeneration in the lesioned areas [136].

A newly developed vector (i.e., pOXR1) can effectively
deliver OXR1 plasmids (Fig. 6A). Meanwhile, a vitamin
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Fig. 6 Therapeutic outcomes of NPs-pOXR1-Lip. A) Characterization of NPs-pOXR1-Lip. B-D) NPs-pOXR1-Lip decreases apoptosis following spinal cord
injury. (SCI). E-G) NPs-pOXR1-Lip diminishes fibrotic scar tissue by influencing the inflammatory response. H, 1) NPs-pOXR1-Lip facilitates functional recov-
ery post-SCl. Reproduced from with permission [137]. Licensed under CC BY 4.0
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E succinate-grafted e-polylysine (VES-g-PLL) polymer
has been successfully utilized to create cationic NPs.The
process of pre-compressing pOXR1 with NPs and then
encapsulating it in cationic liposomes can help achieve
a high encapsulation efficiency, good stability, and
improved transfection efficiency. Indeed, NPs-pOXR1-
Lip can prevent the degradation of DNA by DNase I, pre-
serve DNA activity, and promote functional recovery by
alleviating oxidative stress and suppressing inflammation
(Fig. 6B-I) [137].

Membrane-coated nanomaterials

Membrane-coated NPs comprise a new type of nano-
material consisting of cell biofilm-coated nanomaterial,
typically synthesized via extrusion and ultrasonography.
As they combine the cell membrane with nanomaterials,
they incorporate the biological activity of cells and the
therapeutic effect of nanomaterials. Currently, these NPs
are widely used in the targeted delivery of drugs. More-
over, due to the antigen profile inherited from the source
cell, membrane-coated NPs can act as decoys to neutral-
ize and absorb diverse and complex pathological mol-
ecules, creating an anti-inflammatory microenvironment
[110]. Neutrophil decoys (NDs) have been created with
biomimetic properties similar to those of neutrophils in
regulating inflammation and clearing ROS to regulate the
microenvironment [138]. They can also adsorb inflamma-
tory factors, reduce the overactivation of macrophages,
microglia, and astrocytes, and delay the progression of
inflammation [138]. Thus, by taking advantage of the
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sharp increase in the levels of TNF-a, IL-1p, and IL-6 in
the spinal cord and serum within 6 h post-SCI, NDs can
be targeted to the spinal injury site to address the rapidly
amplifying inflammatory response during the early stage
of SCI [138].

An et al. developed macrophage membrane bionic-
modified nanoliposomes (MH-DS@M-Lips) loaded
with minocycline hydrochloride (MH) and dextran sul-
fate (DS) to target the injury site and alleviate second-
ary injury in SCIL. These nanoliposomes are designed to
bind calcium ions in situ, forming metal ion complexes
that lower calcium ion concentrations, while also slowly
releasing MH to enhance anti-inflammatory effects. Con-
sidering the elevation of macrophages occurs within 7
dpi, they selected the 7-day period post-injury as the sus-
tained injection window, during which the slow release of
MH promotes the transformation of macrophages from
the M1 to the M2 phenotype, targeting the treatment
of inflammation [139]. Gu et al. prepared a multifunc-
tional biomimetic nano platform specifically designed
for the CCL2-CCR?2 axis (CCR2-MM@PLGA/Cur); the
platform consists of an engineered macrophage mem-
brane (MM) coating with elevated CCR2 expression and
PLGA NPs encapsulating therapeutic drugs (Fig. 7A-C).
Overexpression of CCR2 on the MM enhances targeted
drug delivery to the injury site and reduces macrophage
infiltration, pro-inflammatory polarization of microg-
lia, and neuronal apoptosis by facilitating the capture
of CCR2 ligands. Owing to CCR2 effectively targeting
CCL2 secreted by microglia according to the dynamic
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across various experimental groups. E) Quantitative immunofluorescence of CD86 (indicating pro-inflammatory) and CD206 (indicating anti-inflammato-
ry) in microglia, and the relative expression of pro-inflammatory genes (TNF-q, IL-16, IL-6, and iNOS), normalized to control levels [140]. Reproduced with

permission. Copyright © 2023 Wiley
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spatiotemporal changes of inflammation, NPs are inter-
nalized by macrophages on the third day after injec-
tion, and the level of various pro-inflammatory factors
is reduced seven days later. With the dynamic changes
in the microglial population, fluorescent signals can be
detected as early as one day after injection, peaking at
three days, which helps to inhibit the progression of early
inflammatory cascades following SCI. After injection, the
NPs are internalized by macrophages on the third day
and a decrease in various pro-inflammatory factors can
be detected seven days later (Fig. 7D-E) [140].

Inorganic nanomaterials

Inorganic nanomaterials include silica NPs, metal NPs,
carbon nanotubes, quantum dots, among others. Their
preparation process is simpler than that for organic NPs,
which typically require linking or coating with a “bio-
compatible” coating [108]. However, due to the differ-
ent preparation materials and contents, the presence of
heavy metals can result in cytotoxicity, making it neces-
sary to monitor their safety profiles carefully.

Metal nanoclusters are smaller (<3 nm) than tradi-
tional nanomaterials and are advantageous owing to
their biocompatibility, low cytotoxicity, high cleaning
efficiency, and blood—brain barrier-crossing ability. For
example, gold NPs (AuNPs) are gradually being devel-
oped for potential use in biomedicine owing to certain
anti-inflammatory properties. AuNPs, which are small
and exhibit surface plasmonic resonance and quantum
tunneling effects, can strongly bind to terminal sulfhydryl
groups (-SH), and they contain negatively charged ions.
Therefore, they can serve as drug carriers to ensure the
controlled delivery of drugs to the target location [141,
142]. Moreover, they reportedly reduce the number of
M1 macrophages while increasing that of M2 macro-
phages in the spleens of septicemic mice [110]. Lin et al.
developed zinc-modified R-DHLA-stabilized gold nano-
clusters that promoted the polarization of pro-inflam-
matory macrophages, reduced neuronal ROS-induced
apoptosis and inflammation, decreased lesion size, and
increased the survival rate of ventral neurons in SCI ther-
apy [143].

Silica NPs, common inorganic nanomaterials, are easy
to synthesize. Owing to their size, shape, porosity, and
other physical properties, silica NPs can be modified eas-
ily and thus are suitable for use in different applications.
Silica NPs have unique advantages as drug carriers owing
to their structure, large surface area, and nano-size,
enabling their penetration of the blood—brain barrier and
target areas of SCI [106]. Mesoporous silica NPs can be
used to synthesize various drugs by leveraging porous
networks according to different requirements. They can
extend the circulation time of the loaded therapeutic
agents, thereby increasing their half-life and reducing the
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overall concentration to minimize side effects [108]. A
mesoporous silica NP carrier was used to deliver pirfeni-
done for managing inflammation after SCI. This carrier
addressed issues related to the short half-life of pirfeni-
done, substantially reducing side effects throughout the
treatment course and crossing the blood-brain barrier to
reach the lesion sites with improved therapeutic efficacy
[144]. Ma et al. developed polyethylenimine-conjugated,
diselenide-bridged mesoporous silica NPs (MSN) to
deliver siRNA-IRF5, which regulated M1-to-M2 macro-
phage polarization by silencing IRF5, thereby suppressing
excessive inflammation, enhancing neuroprotection, and
promoting locomotor restoration in a crush SCI mouse
model [145].

Graphite has conductive properties that can mediate
signal transduction between cells and promote trauma
recovery. Functional graphene nanomaterials have high
load capacity and adhesion ability, which facilitate effec-
tive targeting of select areas and release of drugs over
long periods for therapeutic purposes [146]. Graphene
quantum dots are 1-10-layer-thick sheets of graphene,
a carbon allotrope comprising a single layer of carbon
atoms in a honeycomb structure. They hold great poten-
tial for use as bioimaging agents and biosensors owing
to their small size, high surface—volume ratio, excellent
electrical properties, and low toxicity [147]. Selenium is
an essential trace element that strengthens the immune
system and protects against free radical-induced dam-
age [148]. While the safe dose range of selenium is very
narrow, synthesized selenium NPs exhibit low toxic-
ity, high antioxidant activity, and immune regulatory
properties. Therefore, selenium nanomaterials have
become a research hotspot. In particular, they have
good anti-inflammatory properties, which are condu-
cive to tissue regeneration after SCI [105]. The therapeu-
tic effect of selenium NPs is related to particle diameter
and dose. Moreover, selenium NPs are relatively safe at
diameters of 25-80 and 50-250 nm. When the diame-
ter is <200 nm, the specific surface area provides more
active sites, and the free radical-scavenging efficiency is
increased significantly [148]. Selenium-doped carbon
quantum dots (Se-CQDs) have been ingeniously synthe-
sized, exhibiting remarkable anti-inflammatory proper-
ties. These Se-CQDs actively mitigate inflammation in
the affected tissues, safeguarding cells from inflammatory
damage, particularly under conditions such as SCI-asso-
ciated neuroinflammation. By suppressing the activa-
tion of pro-inflammatory cytokines and modulating the
immune response, they significantly hinder the progres-
sion of inflammatory cascades [104]. Similarly, epigallo-
catechin-3-gallate selenium NPs can effectively remove
ROS from lesion sites and reduce inflammation [149].
Zhou et al. developed a synergistic therapeutic strategy
using multifunctional selenium NPs. These NPs promote
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mitochondrial homeostasis, regulate inflammatory fac-
tor expression, and facilitate the polarization of macro-
phages to an M2 phenotype [150]. Luo et al. prepared
CD44-targeting hyaluronic acid-selenium (HA-Se) NPs
that effectively scavenged ROS, suppressed inflammatory
responses by mitigating the secretion of proinflamma-
tory cytokines, and enhanced functional recovery in a rat
model of SCI [151].

CeNPs are composed primarily of CeO, and exhibit
remarkable antioxidant, anti-inflammatory, and anti-
apoptotic effects. As the surface of these NPs contains
several Ce®*/Ce* REDOX active sites, they have a high
antioxidant capacity. In the acute phase following SCI,
they can inhibit inflammation, while in the subacute
stage, they reduce the damage cavity and pro-inflamma-
tory cytokine expression and increase anti-inflammatory
factor expression. Subsequent significant improvement in
motor function has been reported in the chronic stage.
Therefore, CeO, can reduce ROS levels after SCI, as well
as the level of inflammation at the injury site, and pro-
mote repair after inflammation [105]. Inflammatory cells,
when treated with CONPs in vitro, have been found to
markedly reduce their expression of acute inflammatory
and apoptosis-regulating molecules, including Cox2,
Nr-f2, P53, Casp3, IL-1p, IL-6, and TNF-a, according to
a pioneering study. CONPs can induce the polarization
of M1 macrophages to M2 macrophages, thereby pro-
moting axonal regeneration. In the dynamic changes fol-
lowing SCI, the peak in macrophage numbers occurs on
the fifth day; therefore, drug administration is scheduled
at this time point to achieve optimal therapeutic effects.
A decrease in levels of iNOS, IL-1f, IL-6, and TNF-«a
can be detected within the first week of treatment, indi-
cating good anti-inflammatory effects. However, this
improvement has an optimal therapeutic dose range
(500-1000 pg mL™?), beyond which CONPs can have
adverse effects on functional recovery. Therefore, admin-
istering appropriate doses of local CONPs is crucial for
enhancing the efficacy of any drug, gene, or cell therapy
for acute SCI [152]. A previous study developed a smart
carrier that incorporates cerium oxide NPs with enzyme-
mimicking properties. Cerium oxide NPs restore the
responsiveness of pro-inflammatory M1 macrophages to
calcitonin gene-related peptide (CGRP) by upregulating
RAMP1, shifting macrophages toward an anti-inflam-
matory M2 phenotype. The cerium oxide NPs improved
hindlimb locomotor function significantly in SCI rats.
This work highlights the potential of cerium oxide NPs
as a promising therapeutic candidate for SCI and other
conditions characterized by similar inflammatory states
[153].

As a two-dimensional (2D) transition metal disulfide
compound nanomaterial, MoS, has good conductiv-
ity, catalytic activity, biocompatibility, and intercalable
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structure. Hence, MoS, is currently being used in the
development of drug delivery nanocallers [154]. MoS,
regulates the polarization of macrophages, promotes
anti-inflammatory effects, and repairs and protects the
nerves. Its high elasticity and low friction coefficient
enable it to alleviate mechanical stress on the spinal cord
and serve as a natural carrier. Researchers have synthe-
sized polyvinyl alcohol (PVA) and MoS, to create hydro-
gels, where PVA inhibits the migration of inflammatory
cells and reduces secondary injury post-SCI, while MoS,
suppresses M1 and promotes M2 differentiation and acti-
vation. The synthesized hydrogels exhibit good flexibility,
an appropriate Young’s modulus, and high electrical con-
ductivity, which can facilitate the targeted differentiation
of NSCs and scavenge ROS from the injury site [154].
Additionally, the MoS2@PEG nanoflowers created by
incorporating PEG with MoS, nanosheets act as carriers
for anti-inflammatory drugs. The nanoflowers can extend
the therapeutic time window to over 96 h and regulate
the polarization of macrophages to elevate the levels of
anti-inflammatory factors [155].

Zinc oxide NPs are relatively common and have low
toxicity and good biocompatibility and bioactivity. These
NPs can be applied locally to ameliorate the inflam-
matory microenvironment and reduce the dysfunction
caused by secondary injury [156]. Moreover, a highly
bioactive iridium complex (IrFPHtz) has shown strong
antioxidant properties as well as neuroprotective and
anti-inflammatory effects [157]. IrFPHtz can enhance
the expression of superoxide dismutase (SOD)1—a key
antioxidant enzyme—effectively mitigating ROS gen-
eration. Thus, it safeguards neurons and myelin sheath
integrity against inflammation-induced damage, thereby
inhibiting the formation of a dense glial scar. This thera-
peutic action helps preserve neural function, facilitates
the creation of a conducive microenvironment for neu-
ronal repair, and promotes the regrowth of elongated
axons within the glial scar, contributing to neural tissue
restoration following inflammatory insults [157]. Due to
its selective antioxidant properties, ease of penetration,
and good biosafety, hydrogen (H,) is widely studied as a
potential anti-inflammatory gas for treating SCI. A par-
ticle nanocomposite material featuring a Schottky het-
erojunction was synthesized through the in-situ growth
of AuNPs on piezoelectric BaTiO; (Au@BT) (Fig. 8A-B).
This composite material can generate H, continuously
by catalyzing H+reduction through piezoelectric cataly-
sis and achieve anti-inflammatory effects by scavenging
intracellular ROS. Furthermore, Au@BT NPs can act as
potential neuroprotective agents. With the assistance of
ultrasonography, these NPs can scavenge free radicals
by producing H, and further protect the nerves by regu-
lating the tryptophan metabolism pathway (Fig. 8C-D)
[158].
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Wang et al. developed carrier-free thioketone-linked
MP dimer@rutin NPs (MP2-TK@RU NPs), achieving
combined therapy for SCI by co-assembling MP dimers
and rutin (Fig. 9A). These compounds are designed to be
cleavable by ROS (Fig. 9B). This nanomedicine offers sev-
eral advantages: (1) the carrier-free system is straightfor-
ward to produce and has a high drug-loading capacity; (2)
the ROS-cleavable linker enhances the efficiency of tar-
geted drug delivery to the injury site; (3) rutin, a natural
flavonoid derived from plants, possesses good biocom-
patibility along with anti-inflammatory and antioxidant
properties. The combined application of nanomedicine
and anti-inflammatory drugs can effectively enhance
therapeutic efficacy. Indeed, MP2-TK@RU NPs demon-
strate potent anti-inflammatory and antioxidant proper-
ties both in vitro and in vivo, along with neuroprotective
effects and improvement in motor function recovery, and
it can effectively mitigate the complications associated
with MP use (Fig. 9C-I) [107]. The ROS-cleavable linkers
enable the NPs to respond dynamically to the microenvi-
ronment at the injury site, where ROS levels are elevated.
This dynamic response facilitates the localized release of
rutin, maximizing its therapeutic impact while minimiz-
ing systemic exposure and side effects. Rutin’s inherent
anti-inflammatory and antioxidant properties comple-
ment the ROS-scavenging capability of the NPs, creating
a synergistic effect that enhances the overall therapeutic
outcome. The high biocompatibility of rutin ensures that

the NPs remain non-toxic to surrounding healthy tissue,
which is particularly important given the delicate nature
of the spinal cord environment. Moreover, the high
drug-loading capacity of the carrier-free system ensures
sustained release of rutin over time, which is beneficial
for long-term management of SCIL. Together, the design
of the nanomaterial and the therapeutic effects of rutin
provide a multifaceted approach to SCI treatment,
addressing both immediate inflammatory responses and
long-term regeneration and repair processes [107].

Other nanomaterials
Tannic acid, as a crosslinking agent, has antioxidant,
anti-inflammatory, and antibacterial properties; how-
ever, it cannot reach nerve tissue on its own [159]. Owing
to their anti-inflammatory function, tannic acid-doped
MSC extracellular vesicles have been developed for treat-
ing SCI and promoting nerve tissue repair. These vesicles
can suppress the release of pro-inflammatory cytokines,
including IL-6 and TNF-a. With the aid of carriers, these
vesicles can be effectively released in the damaged site
where they enhance the anti-inflammatory effects.
Low-dose estrogen can limit the activation of glial
cells to improve motor function. There are studies on the
surgical implantation of epidural gel patches to directly
deliver NPs, which increase the therapeutic window of
estrogen and effectively reduce the risk of venous throm-
boembolism caused by intravenous injection [160].
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Moreover, methotrexate, a folate inhibitor with anti-pro-
liferative and anti-inflammatory effects primarily used to
manage inflammatory diseases and cancers, inhibits cell
proliferation and interferes with the activation and migra-
tion of inflammatory cells (such as T cells, macrophages,
and neutrophils). Nanomaterials can specifically target
macrophages overexpressing the inflammation-activated
folic acid receptor for anti-inflammatory therapy [110].
Additionally, butylphthalein elicits anti-inflammatory
and protective effects by reducing the levels of pro-
inflammatory molecules, ROS, and autophagy, promot-
ing M2 polarization, and regulating T-cell function [161].

Veneruso et al. prepared a novel nanogel capable of
selectively releasing active compounds in microglia and
astrocytes. In the early stage, the nanogel loaded with
rolipram (an anti-inflammatory drug) improves animal
mobility significantly due to a greater number of microg-
lia and macrophages localizing to the lesions. However,
advanced treatments are not as effective, with poor
motor recovery due to extensive degenerative changes.
The results indicate that nanocarriers have selectivity
and functionality in the context of targeting glial compo-
nents at different stages of SCI, providing new treatment
options for glia-mediated inflammation following neuro-
degenerative events in the CNS [162].

Fan et al. designed a novel nano complex for targeted
drug delivery to treat SCI, featuring a mesoporous sil-
ica NP core loaded with microRNA and enveloped in a
human umbilical cord MSC membrane modified with

A) Synthesis of the precursor MP2-TK.
behavior of MP2-TK@RU NPs. C) Treatment principles of spinal cord injury. D) Representative immunofluorescence images of injured spinal cords eight
weeks post-different treatments. E) Relative intensity of Iba-1 immunofluorescence in injured spinal cords. F, G) Magnified immunofluorescence images
of TNF-a. H, I) Relative intensity of TNF-a H) and IL-6 1) immunofluorescence in injured spinal cords. Reproduced with permission [107]. Copyright © 2023
American Chemical Society
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rabies virus glycoprotein (RVG). The design allows the
nano complex to efficiently cross the compromised BSCB
and accumulate at the injury site due to its exosome-like
characteristics and the targeting ability of RVG. Upon
accumulation, the nano complex releases microRNAs
that stimulate axon growth and modulate the inflam-
matory microenvironment, promoting M2 polarization
of microglia and reducing inflammation [163]. Xin et al.
utilized a microfluidic chip to create imine-crosslinked
aldehyde-methacrylate-hyaluronan/collagen hybrid
hydrogel microfibers loaded with IL-4-containing ZIF-8
NPs (IL4A@ZIF-8 NPs). These microfibers mimic the
natural ECM, exhibit neuroinductive properties, and
respond to the acidic microenvironment by releasing
IL-4, which promotes the polarization of recruited mac-
rophages toward an M2 phenotype and inhibits inflam-
mation. When implanted into SCI rat models post-SCI,
the content of macrophages, which normally peaks at
seven days, was significantly reduced and polarized
toward the M2 type [164].

Conclusions and prospects

SCl-induced neuroinflammation exhibits complex
spatiotemporal characteristics, with interconnected
and interacting elements posing challenges to the pre-
cise characterization of the process. While single-cell
sequencing has highlighted numerous cell subsets or
subtypes that could serve as key therapeutic targets,
confirmatory research remains scarce. Looking ahead,
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deciphering the intricate spatiotemporal mechanisms
of neuroinflammation in SCI requires further in-depth
studies. Moreover, the paucity of effective means to aug-
ment neural regeneration capacity and the persistent
hindrance to substantial nerve regeneration constitute
ongoing obstacles. Consequently, SCI continues to pres-
ent a formidable challenge. Strategies aiming to modu-
late the dynamic spatiotemporal neuroinflammatory
response in SCI have garnered significant research atten-
tion. However, reliance on a single intervention strategy
is insufficient to efficaciously facilitate recovery from SCI,
suggesting that future clinical interventions may require
multifaceted synergistic approaches. This underscores
the requirement for interdisciplinary collaboration within
neuroscience to forge a holistic therapeutic strategy, inte-
grating surgical interventions with biological rehabilita-
tion modalities, thereby comprehensively addressing the
multifarious nature of SCI.

The field of nanomaterial-based immunotherapy has
seen substantial progress in recent decades, showcasing
notable potential for clinical application. Through con-
tinuous advancements in manufacturing techniques and
the implementation of sophisticated design concepts,
nanotechnology has been effectively applied in the field
of immunological regulation, enabling the management
of a wide range of diseases [165]. Nevertheless, there has
been insufficient research on the use of nanomaterials
for modulating dynamic spatiotemporal inflammation,
which has received growing recognition. Consequently,
exploring the complex interplay between nanomaterials
and dynamic spatiotemporal inflammation has become a
novel area of research within nanomedicine and neurol-
ogy [166]. A comprehensive understanding of the positive
and negative aspects of each nanomaterial will facilitate
their appropriate use and enable their development as
effective modalities for managing dynamic spatiotem-
poral inflammation. If nanomaterials can be developed
to counter the effects of different inflammatory cells in
the background of SCI, they would be able to specifi-
cally target each cell subset, the counts and functions of
which are dynamically altered during inflammation. Such
targeted treatment measures can compensate for the dis-
advantage that, in the existing treatment modalities, the
speed of drug therapy cannot match the dynamicity of
inflammation.

Future research hotspots in the field of nanomateri-
als for addressing dynamic spatiotemporal inflamma-
tory responses will likely involve the design of intelligent
nanomaterials. These materials should be capable of
dynamically or smartly regulating interactions between
different cells within the inflammatory environment. For
example, a system can be designed wherein drugs target-
ing different inflammatory cells can be released in a step-
wise manner based on the dynamicity of inflammation

Page 20 of 25

in SCI to achieve better efficacy. Alternatively, slow-
release drugs can be designed by exploiting the different
dynamic phenomena observed during inflammation. In
the early stage, inflammation itself can be used to prevent
the spread of injury. That is, when the negative effects of
inflammation gradually become prominent, inflamma-
tion can be controlled through drug activity. However,
research on the dynamic modulation of inflammation in
SCI using nanomaterials is relatively scarce. Organic NPs,
which display good biocompatibility, represent a hotspot
in nanomaterial research. Consequently, it is highly likely
that these nanomaterials can facilitate swift bioengineer-
ing transformations within limited timeframes.

Upcoming research endeavors should focus on explor-
ing and refining strategies for active targeting in nanoma-
terial design, with the primary goal of precisely enhancing
drug accumulation at the lesion site and reducing side
effects. This targeted approach ensures that the therapeu-
tic agent is released only when and where it is needed,
thereby minimizing systemic exposure and reducing the
risk of adverse effects on non-target tissues. In addition,
nanomaterials can be surface-functionalized with ligands
that bind specifically to inflammatory cells, and they can
incorporate responsive release mechanisms that trigger
drug release in the presence of inflammation-related cues
such as pH changes or presence of ROS. Third, using bio-
compatible and biodegradable materials reduces the risk
of chronic toxicity. Localized delivery methods could fur-
ther reduce exposure to healthy tissues.

Constraints related to the rapid, accurate, and consis-
tent biofabrication of NPs impede their clinical appli-
cation. Additionally, the inherent toxicity of inorganic
nanomaterials represents a bottleneck to their practical
utilization in biomedicine. Therefore, the development
of more efficacious and less invasive nano-scale thera-
peutic strategies by incorporating bioactive materials,
such as exosomes and cellular membranes, is important.
Owing to their high compatibility with human cells and
tissues, these nanomaterials are poised to gain increased
prominence, revolutionizing medical interventions by
mimicking nature’s own delivery systems and enhanc-
ing treatment outcomes while minimizing the adverse
effects. Simultaneously optimizing drug delivery to pre-
cisely target specific cells or tissues enhances therapeutic
efficacy while minimizing adverse reactions. This tar-
geted approach involves integrating targeting ligands and
optimizing release kinetics to achieve higher therapeu-
tic outcomes with reduced off-target effects. Ultimately,
comprehensive safety assessments should be conducted
to evaluate the long-term effects of NPs in vivo, includ-
ing their biodistribution, metabolism, and clearance,
to ensure safety within the body. Such assessments are
critical for establishing the safety profile of NPs and for
guiding the development of dosing regimens. Developing
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more efficient and scalable methods for the production of
NPs ensures consistency and reproducibility, which are
essential for clinical translation. Such steps could pave
the way for gradual clinical translation, enabling effective
application in patients and facilitating transition from
bench to bedside.

Overall, exploring therapies that use nanomaterials
to spatiotemporally, dynamically manipulate inflam-
mation is a highly attractive and promising research
field. Through continuous advancements in manufac-
turing techniques and implementation of sophisticated
design concepts, nanotechnology has been utilized
effectively in the field of spatiotemporal dynamic regu-
lation. This emphasizes the increasing necessity to
develop a comprehensive understanding of the altera-
tions in dynamic spatiotemporal inflammation in SCL
Hence, further investigations are necessary to explore
“smarter nanomaterials” consistent with dynamic spa-
tiotemporal inflammation to enhance therapeutic capa-
bilities, while concurrently mitigating the detrimental
effects. Biocompatibility and safety still hinder clinical
translation. Hence, it is imperative to conduct a com-
prehensive study and assess the local and systemic tox-
icity of nanomaterials. Although numerous obstacles
remain, we are optimistic about spatiotemporal dynamic
immunomodulation.
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CNS Central nervous system
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Se-CQD  Selenium-doped carbon quantum dot
TNF Tumor necrosis factor

Acknowledgements

This work was supported by the National Natural Science Foundation
of China (grant number 82271411, 51803072, 82401619), Department
of Finance of Jilin Province (grant numbers 2022SCZ25, 20225CZ10, and

Page 21 of 25

2023SCZ41), Jilin Provincial Science and Technology Program (grant numbers
YDZJ202201ZYTS038 and YDZJ202402063CXJD), Youth Support Programmed
Project of China Japan Union Hospital of Jilin University (grant number
2022gnpy11), and China Japan Union Hospital of Jilin University Project (grant
number XHQMX20233).

Author contributions

Zeping Liu: Conceptualization, Methodology, Writing - Original Draft. Toshimi
Aizawa, Chunyu Xiang: Investigation, Data Curation. Xu Zhao, Renrui Niu:
Resources. Jianhui Zhao: Formal Analysis. Fengshuo Guo: Visualization. Yueying
Li: Software. Wengji Luo: Supervision, Project Administration, Writing - Review
& Editing, Funding Acquisition. Wanguo Liu: Writing - Review & Editing,
Funding Acquisition. Rui Gu: Supervision, Project Administration, Funding
Acquisition.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Department of Orthopedic Surgery, China-Japan Union Hospital of Jilin
University, Changchun 130033, PR China

Department of Orthopedics, Third Military Medical University, Xingiao
Hosp, 83 Xingiao Main St, Chongging 400037, PR China

*Department of Orthopedic Surgery, Tohoku University Graduate School
of Medicine, Sendai 980-8574, Japan

“Department of Hand & Foot Surgery, China-Japan Union Hospital of Jilin
University, Changchun 130033, PR China

Received: 13 September 2024 / Accepted: 24 November 2024
Published online: 19 December 2024

References

1. Tamburin S, Filippetti M, Mantovani E, Smania N, Picelli A. Spasticity following
brain and spinal cord injury: assessment and treatment. Curr Opin Neurol.
2022;35(6):728-40.

2. Albashari AA, He Y, Luo Y, Duan X, Ali J, Li M, et al. Local spinal cord injury
treatment using a dental pulp stem cell encapsulated H2S releasing multi-
functional injectable hydrogel. Adv Healthc Mater. 2023;13(9):e2302286.

3. Alonso F, Hart DJ. Advanced imaging techniques in cervical spinal cord
trauma. World Neurosurg. 2015;83(4):496-7.

4. Rao J-S, Zhao C, Wei R-H, Feng T, Bao S-S, Zhao W, et al. Neural regeneration
therapy after spinal cord injury induces unique brain functional reorganiza-
tions in rhesus monkeys. Ann Med. 2022,54(1):1867-83.

5. Badhiwala JH, Wilson JR, Witiw CD, Harrop JS, Vaccaro AR, Aarabi B, et al. The
influence of timing of surgical decompression for acute spinal cord injury: a
pooled analysis of individual patient data. Lancet Neurol. 2021;20(2):117-26.

6. Malekzadeh H, Golpayegani M, Ghodsi Z, Sadeghi-Naini M, Asgardoon M,
Baigi V, et al. Direct cost of illness for spinal cord injury: a systematic review.
Global Spine J. 2022;12(6):1267-81.

7. DingW,Hu S, Wang P, Kang H, Peng R, Dong Y, et al. Spinal cord injury:
the global incidence, prevalence, and disability from the global burden of
disease study 2019. Spine. 2022;47(21):1532-40.

8. Fouad K, Popovich PG, Kopp MA, Schwab JM. The neuroanatomical-func-
tional paradox in spinal cord injury. Nat Reviews Neurol. 2021;17(1):53-62.

9. ChenG,LiX ZhuH, WuH, He D, Shi L, et al. Transplanting neurofibromato-
sis-1 gene knockout neural stem cells improve functional recovery in rats
with spinal cord injury by enhancing the mTORC2 pathway. Exp Mol Med.
2022;54(10):1766-77.



Liu et al. Journal of Nanobiotechnology

20.

21

22.

23.

24.

25,

26.

27.

28.

29.

30.

31.

32.

33.

(2024) 22:767

Pelisch N, Almanza JR, Stehlik KE, Aperi BV, Kroner A. CCL3 contributes to
secondary damage after spinal cord injury. J Neuroinflamm. 2020;17(1):362.
LiY, Lei Z, Ritzel RM, He J, Li H, Choi HMC, et al. Impairment of autophagy after
spinal cord injury potentiates neuroinflammation and motor function deficit
in mice. Theranostics. 2022;12(12):5364-88.

Schmidt E, Raposo P, Vavrek R, Fouad K. Inducing inflammation following
subacute spinal cord injury in female rats: a double-edged sword to promote
motor recovery. Brain Behav Immun. 2021;93:55-65.

Finkel Z, Cai L. Transcription factors promote neural regeneration after spinal
cord injury. Neural Regeneration Res. 2022;17(11):2439-40.

Nakajima H, Honjoh K, Watanabe S, Kubota A, Matsumine A. Distribution and
polarization of microglia and macrophages at injured sites and the lumbar
enlargement after spinal cord injury. Neurosci Lett. 2020;737:135152.

Li S, Ke Z, Peng X, Fan P, Chao J, Wu P, et al. Injectable and fast gelling hyal-
uronate hydrogels with rapid self-healing ability for spinal cord injury repair.
Carbohydr Polym. 2022;298:120081.

Weyer M-P, Strehle J, Schafer MKE, Tegeder I. Repurposing of pexidartinib for
microglia depletion and renewal. Pharmacol Ther. 2023;253:108565.

Huang H, Young W, Skaper S, Chen L, Moviglia G, Saberi H, et al. Clinical neu-
rorestorative therapeutic guidelines for spinal cord injury (IANR/CANR version
2019). J Orthop Translation. 2020,20:14-24.

Bentley ER, Little SR. Local delivery strategies to restore immune homeostasis
in the context of inflammation. Adv Drug Deliv Rev. 2021;178:113971.
JogiaT, Kopp MA, Schwab JM, Ruitenberg MJ. Peripheral white blood cell
responses as emerging biomarkers for patient stratification and prognosis in
acute spinal cord injury. Curr Opin Neurol. 2021;34(6):796-803.

Chen Y-X, Zuliyaer T, Liu B, Guo S, Yang D-G, Gao F, et al. Sodium selenite
promotes neurological function recovery after spinal cord injury by inhibiting
ferroptosis. Neural Regeneration Res. 2022;17(12):2702-9.

Bretheau F, Castellanos-Molina A, Belanger D, Kusik M, Mailhot B, Boisvert

A, et al. The alarmin interleukin-1 alpha triggers secondary degeneration
through reactive astrocytes and endothelium after spinal cord injury. Nat
Commun. 2022;13(1):5786.

Liu C, Hu F, Jiao G, GuoY, Zhou P, Zhang Y, et al. Dental pulp stem cell-derived
exosomes suppress M1 macrophage polarization through the ROS-MAPK-NF
kappa B P65 signaling pathway after spinal cord injury. J Nanobiotechnol.
2022,20(1):65.

Sommer D, Corstjens |, Sanchez S, Dooley D, Lemmens S, Van Broeckhoven

J, et al. ADAM17-deficiency on microglia but not on macrophages promotes
phagocytosis and functional recovery after spinal cord injury. Brain Behav
Immun. 2019;80:129-45.

Li G, Wu Z, Zhou L, Shao J, Hu X, Xu W, et al. Temporal and spatial cellular and
molecular pathological alterations with single-cell resolution in the adult
spinal cord after injury. Signal Transduct Target Therapy. 2022;7(1):65.

Lee JY, Park CS, Seo KJ, Kim IY, Han S, Youn |, et al. IL-6/JAK2/STAT3 axis medi-
ates neuropathic pain by regulating astrocyte and microglia activation after
spinal cord injury. Exp Neurol. 2023;370:114576.

Freyermuth-Trujillo X, Segura-Uribe JJ, Salgado-Ceballos H, Orozco-Barrios CE,
Coyoy-Salgado A. Inflammation: a target for treatment in spinal cord injury.
Cells. 2022;11(17):2692.

Yang T, Jiang H, Luo X, Hou Y, Li A, He B, et al. Thrombin acts as inducer of pro-
inflammatory macrophage migration inhibitory factor in astrocytes following
rat spinal cord injury. J Neuroinflamm. 2022;19(1):120.

Fan H, Tang H-B, Chen Z, Wang H-Q, Zhang L, Jiang Y, et al. Inhibiting HMGB1-
RAGE axis prevents pro-inflammatory macrophages/microglia polariza-

tion and affords neuroprotection after spinal cord injury. J Neuroinflamm.
2020;17(1):295.

Xia M, Zhang Y, Wu H, Zhang Q, Liu Q, Li G, et al. Forsythoside B attenuates
neuro-inflammation and neuronal apoptosis by inhibition of NF-?B and p38-
MAPK signaling pathways through activating Nrf2 post spinal cord injury. Int
Immunopharmacol. 2022;111:109120.

Gensel JC, Zhang B. Macrophage activation and its role in repair and pathol-
ogy after spinal cord injury. Brain Res. 2015;1619:1-11.

Qian Z-Y, Kong R-Y, Zhang S, Wang B-Y, Chang J, Cao J, et al. Ruxolitinib
attenuates secondary injury after traumatic spinal cord injury. Neural Regen-
eration Res. 2022;17(9):2029-35.

Hu X, Zhang H, Zhang Q, Yao X, Ni W, Zhou K. Emerging role of STING signal-
ling in CNS injury: inflammation, autophagy, necroptosis, ferroptosis and
pyroptosis. J Neuroinflamm. 2022;19(1):242.

Pang Q-M, Chen S-Y, Xu Q-J, Fu S-P, Yang Y-C, Zou W-H, et al. Neuroinflam-
mation and scarring after spinal cord injury: therapeutic roles of MSCs on
inflammation and glial scar. Front Immunol. 2021;12:751021.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Page 22 of 25

Zhang B, Lin F, Dong J, Liu J, Ding Z, Xu J. Peripheral macrophage-derived
exosomes promote repair after spinal cord injury by inducing local anti-
inflammatory type microglial polarization via increasing autophagy. Int J Biol
Sci. 2021;17(5):1339-52.

ZhuW, Chen X, Ning L, Jin K. Network analysis reveals TNF as a major hub of
reactive inflammation following spinal cord injury. Sci Rep. 2019;9:928.
Dolma S, Kumar H. Neutrophil, extracellular matrix components, and their
interlinked action in promoting secondary pathogenesis after spinal cord
injury. Mol Neurobiol. 2021;58(9):4652-65.

YaoF, LuoY, Liu Y-C, Chen Y-H, Li Y-T, Hu X-Y, et al. Imatinib inhibits pericyte-
fibroblast transition and inflammation and promotes axon regeneration by
blocking the PDGF-BB/PDGFR beta pathway in spinal cord injury. Inflamm
Regeneration. 2022;42(1):44.

Noristani HN. Intrinsic regulation of axon regeneration after spinal cord injury:
recent advances and remaining challenges. Exp Neurol. 2022;357:114198.
Huang T, Shen J, Lin J, Zheng X. Effect of M2-like macrophage/microglia-
derived mitochondria transplantation in treatment of mouse spinal cord
injury. Zhongguo Xiu Fu Chong Jian Wai Ke Za Zhi=Zhongguo. Xiufu
Chongjian Waike Zazhi = Chin J Reparative Reconstr Surg. 2022;36(6):751-9.
Bloom O, Tracey KJ, Pavlov VA. Exploring the vagus nerve and the inflam-
matory reflex for therapeutic benefit in chronic spinal cord injury. Curr Opin
Neurol. 2022;35(2):249-57.

Rosales-Antequera C, Viscor G, Araneda OF. Inflammation and oxidative stress
as common mechanisms of pulmonary, autonomic and musculoskeletal
dysfunction after spinal cord injury. Biology-Basel. 2022;11(4):550.

Zrzavy T, Schwaiger C, Wimmer |, Berger T, Bauer J, Butovsky O, et al. Acute
and non-resolving inflammation associate with oxidative injury after human
spinal cord injury. Brain. 2021;144:144-61.

Parvin S, Williams CR, Jarrett SA, Garraway SM. Spinal cord injury increases
pro-inflammatory cytokine expression in kidney at acute and sub-chronic
stages. Inflammation. 2021,44(6):2346-61.

Tian DS, Xie MJ, Yu ZY, Zhang Q, Wang YH, Chen B, et al. Cell cycle inhibition
attenuates microglia induced inflammatory response and alleviates neuronal
cell death after spinal cord injury in rats. Brain Res. 2007;1135(1):177-85.
Shen K, Li X, Huang G, Yuan Z, Xie B, Chen T, et al. High rapamycin-loaded hol-
low mesoporous prussian blue nanozyme targets lesion area of spinal cord
injury to recover locomotor function. Biomaterials. 2023;303:122358.

Beck KD, Nguyen HX, Galvan MD, Salazar DL, Woodruff TM, Anderson AJ.
Quantitative analysis of cellular inflammation after traumatic spinal cord
injury: evidence for a multiphasic inflammatory response in the acute to
chronic environment. Brain. 2010;133:433-47.

Bloom O, Herrnan PE, Spungen AM. Systemic inflammation in traumatic
spinal cord injury. Exp Neurol. 2020,325:113143.

Yin X, Lin S, Xiong Y, Zhang P, Mei X. Biomimetic nanoplatform with anti-
inflammation and neuroprotective effects for repairing spinal cord injury in
mice. Mater Today Bio. 2023;23:100836.

Guha L, Agnihotri TG, Jain A, Kumar H. Gut microbiota and traumatic central
nervous system injuries: insights into pathophysiology and therapeutic
approaches. Life Sci. 2023;334:122193.

Liu Z Sun M, Jin C, Sun X, Feng F, Niu X, et al. Naringenin confers protection
against experimental autoimmune encephalomyelitis through modulating
the gut-brain axis: a multiomics analysis. J Nutr Biochem. 2023;122:109448.
Hellenbrand DJ, Quinn CM, Piper ZJ, Morehouse CN, Fixel JA, Hanna AS.
Inflammation after spinal cord injury: a review of the critical timeline of
signaling cues and cellular infiltration. J Neuroinflamm. 2021;18(1):284.
Fakhri S, Abbaszadeh F, Moradi SZ, Cao H, Khan H, Xiao J. Effects of polyphe-
nols on oxidative stress, inflammation, and interconnected pathways during
spinal cord injury. Oxidative Med Cell Longev. 2022;2022:8100195.

Neirinckx V, Coste C, Franzen R, Gothot A, Rogister B, Wislet S. Neutrophil
contribution to spinal cord injury and repair. J Neuroinflamm. 2014;11:150.
Salvador AFM, Kipnis J. Immune response after central nervous system injury.
Semin Immunol. 2022:59:101629.

Gadani SP, Walsh JT, Lukens JR, Kipnis J. Dealing with danger in the CNS: the
response of the immune system to injury. Neuron. 2015,87(1):47-62.

Brockie S, Hong J, Fehlings MG. The role of microglia in modulating neuroin-
flammation after spinal cord injury. Int J Mol Sci. 2021;22(18):9706.

Liu G, Fan G, Guo G, Kang W, Wang D, Xu B, et al. FK506 attenuates the inflam-
mation in rat spinal cord injury by inhibiting the activation of NF-kappa B in
microglia cells. Cell Mol Neurobiol. 2017;37(5):843-55.

Kobayakawa K, Ohkawa Y, Yoshizaki S, Tamaru T, Saito T, Kijima K, et al. Macro-
phage centripetal migration drives spontaneous healing process after spinal
cord injury. Sci Adv. 2019;5(5):eaav5086.



Liu et al. Journal of Nanobiotechnology

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

72.

73.

74.

75.

76.

77.

78.

79.

80.

(2024) 22:767

He H, Zhou Y, Zhou Y, Zhuang J, He X, Wang S, et al. Dexmedetomidine
mitigates microglia-mediated neuroinflammation through upregulation of
programmed cell death protein 1in a rat spinal cord injury model. J Neu-
rotrauma. 2018:35(21):2591-603.

Popovich P, McTigue D. Beware the immune system in spinal cord injury. Nat
Med. 2009;15(7):736-7.

Feng Z, Min L, Liang L, Chen B, Chen H, Zhou Y, et al. Neutrophil extracellular
traps exacerbate secondary injury via promoting neuroinflammation and
blood-spinal cord barrier disruption in spinal cord injury. Front Immunol.
2021;12:698249.

Gadani SP,Walsh JT, Smirnov |, Zheng J, Kipnis J. The glia-derived alarmin IL-33
orchestrates the mmune response and promotes recovery following CNS
injury. Neuron. 2015;85(4):703-9.

Hu X, XuW, RenY, Wang Z, He X, Huang R, et al. Spinal cord injury: molecular
mechanisms and therapeutic interventions. Signal Transduct Target Therapy.
2023;8(1):245.

Winkler I, Engler JB, Vieira V, Bauer S, Liu Y-H, Di Liberto G, et al. MicroRNA-92a-
CPEB3 axis protects neurons against inflammatory neurodegeneration. Sci
Adv. 2023,9(47):eadi6855.

Pang QM, Chen SY, Xu QJ, Zhang M, Liang DF, Fu SP, et al. Effects of astrocytes
and microglia on neuroinflammation after spinal cord injury and related
immunomodulatory strategies. Int Immunopharmacol. 2022;108:108754.
Milich LM, Ryan CB, Lee JK. The origin, fate, and contribution of macrophages
to spinal cord injury pathology. Acta Neuropathol. 2019;137(5):785-97.
Saberi SEM, Chua LS. Potential of rosmarinic acid from Orthosiphon Aristatus
extract for inflammatory induced diseases and its mechanisms of action. Life
Sci. 2023,333:122170.

Greenhalgh AD, David S, Bennett FC. Immune cell regulation of glia during
CNS injury and disease. Nat Rev Neurosci. 2020;21(3):139-52.

LuoY,Yao F, Hu X, LiY, Chen, Li Z, et al. M1 macrophages impair tight
junctions between endothelial cells after spinal cord injury. Brain Res Bull.
2022;180:59-72.

Denaroso GE, Smith Z, Angeliu CG, Cheli VT, Wang C, Paez PM. Deletion of
voltage-gated calcium channels in astrocytes decreases neuroinflammation
and demyelination in a murine model of multiple sclerosis. J Neuroinflamm.
2023,20(1):263.

Fraussen J, Beckers L, van Laake-Geelen CCM, Depreitere B, Deckers J,
Cornips EMJ, et al. Altered circulating immune cell distribution in traumatic
spinal cord injury patients in relation to clinical parameters. Front Immunol.
2022;13:873315.

Bellver-Landete V, Bretheau F, Mailhot B, Vallieres N, Lessard M, Janelle M-E,
et al. Microglia are an essential component of the neuroprotective scar that
forms after spinal cord injury. Nat Commun. 2019;10:518.

Mueller CA, Schluesener HJ, Conrad S, Pietsch T, Schwab JM. Spinal cord
injury-induced expression of the immune-regulatory chemokine inter-
leukin-16 caused by activated microglia/macrophages and CD8(+) cells. J
Neurosurgery-Spine. 2006;4(3):233-40.

Vinkel J, Arenkiel B, Hyldegaard O. The mechanisms of action of hyper-

baric oxygen in restoring host homeostasis during sepsis. Biomolecules.
2023;13(8):1228.

Kim HW, Yong H, Shea GKH. Blood-spinal cord barrier disruption in degenera-
tive cervical myelopathy. Fluids Barriers CNS. 2023;20(1):68.

Dong W, Peng Q, Liu Z, Xie Z, Guo X, Li Y, et al. Estrogen plays an important
role by influencing the NLRP3 inflammasome. Biomed Pharmacother.
2023;167:115554.

Liddelow SA, Guttenplan KA, Larke LEC, Bennett FC, Bohlen CJ, Schirmer L, et
al. Neurotoxic reactive astrocytes are induced by activated microglia. Nature.
2017,541(7638):481-7.

Luo W, LiY, Xiang C, Aizawa T, Niu R, Wang Y, et al. Nanomaterials as thera-
peutic agents to modulate astrocyte-mediated inflammation in spinal cord
injury. Mater Today Bio. 2023;23:100888.

Ham TR, Cox DG, Leipzig ND. Concurrent delivery of soluble and immobilized
proteins to recruit and differentiate neural stem cells. Biomacromolecules.
2019,20(9):3445-52.

Sun'W, Wang Q, Zhang R, Zhang N. Ketogenic diet attenuates neuroinflam-
mation and induces conversion of M1 microglia to M2 in an EAE model of
multiple sclerosis by regulating the NF-kB/NLRP3 pathway and inhibiting
HDAC3 and P2X7R activation. Food Funct. 2023;14(15):7247-69.

Endo K, Sawa T, Tanaka Y, Saiki T, Haga H, Rizeq L, et al. Oral administration

of procyanidin B2 3,3-di-O-gallate ameliorates experimental autoimmune
encephalomyelitis through immunosuppressive effects on CD4*T cells by
regulating glycolysis. Eur J Pharmacol. 2023,954:175879.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

101.

102.

103.

Page 23 of 25

LiY, Fang B. Neural stem cell-derived extracellular vesicles: the light of central
nervous system diseases. Biomed Pharmacother. 2023;165:115092.

BaoT, LiN, ChenH, Zhao Z, Fan J, Tao Y, et al. Drug-loaded zwitterion-based
nanomotors for the treatment of spinal cord injury. ACS Appl Mater Inter-
faces. 2023;15(27):32762-71.

Yuan F, Peng W, Yang Y, Xu J, Liu Y, Xie Y, et al. Endothelial progenitor cell-
derived exosomes promote anti-inflammatory macrophages via SOCS3/
JAK2/STAT3 axis and improve the outcome of spinal cord injury. J Neuroin-
flamm. 2023;20(1):156.

Balog BM, Sonti A, Zigmond RE. Neutrophil biology in injuries and diseases of
the central and peripheral nervous systems. Prog Neurobiol. 2023;228:156.
Zhai X, Chen K, Wei X, Zhang H, Yang H, Jiao K; et al. Microneedle/CD-MOF-
mediated transdural controlled release of methylprednisolone sodium
succinate after spinal cord injury. J Controlled Release. 2023;360:236-48.

So H-K, Kim H, Lee J, You C-L, Yun C-E, Jeong H-J, et al. Protein arginine meth-
yltransferase 1 ablation in motor neurons causes mitochondrial dysfunc-
tion leading to age-related motor neuron degeneration with muscle loss.
Research. 2023;6:0158.

Mo'Y, Chen K, Review. The role of HMGBT in spinal cord injury. Front Immunol.
2023;13:1094925.

Xiao S, Zhong N, Yang Q, Li A, Tong W, Zhang Y, et al. Aucubin promoted neu-
ron functional recovery by suppressing inflammation and neuronal apoptosis
in a spinal cord injury model. Int Immunopharmacol. 2022;111:109163.

Hao H, Hou'Y, Li A, Niu L, Li S, He B, et al. HIF-1a promotes astrocytic produc-
tion of macrophage migration inhibitory factor following spinal cord injury.
CNS Neurosci Ther. 2023;29(12):3802-14.

DuBois EM, Adewumi HO, O'Connor PR, Labovitz JE, O'Shea TM. Trehalose-
guanosine glycopolymer hydrogels direct adaptive glia responses in CNS
injury. Adv Mater. 2023;35(30):e2211774.

Yang J, Wang M, Zheng S, Huang R, Wen G, Zhou P, et al. Mesoporous polydo-
pamine delivering 8-gingerol for the target and synergistic treatment to the
spinal cord injury. J Nanobiotechnol. 2023;21(1):192.

Shu J,Wang C, Tao Y, Wang S, Cheng F, Zhang Y, et al. Thermosensitive
hydrogel-based GPR124 delivery strategy for rebuilding blood-spinal cord
barrier. Bioeng Translational Med. 2023;8(5):e10561.

Su X, Jing X, Jiang W, Li M, Liu K, Teng M, et al. Curcumin-containing
polyphosphazene nanodrug for anti-inflammation and nerve regenera-

tion to improve functional recovery after spinal cord injury. Int J Pharm.
2023;642:123197.

Chen F, Hu M, ShenY, Zhu W, Cao A, Ni B, et al. Isorhamnetin promotes
functional recovery in rats with spinal cord injury by abating oxidative stress
and modulating M2 macrophages/microglia polarization. Eur J Pharmacol.
2021;895:173878.

Zhang F, He X, Dong K, Yang L, Ma B, Liu Y, et al. Combination therapy with
ultrasound and 2D nanomaterials promotes recovery after spinal cord injury
via Piezo1 downregulation. J Nanobiotechnol. 2023;21(1):91.

Liu M, Zhang W, Han S, Zhang D, Zhou X, Guo X, et al. Multifunctional
conductive and electrogenic hydrogel repaired spinal cord injury via
immunoregulation and enhancement of neuronal differentiation. Adv Mater.
2024;36(21):22313672.

Zhang W, Liu M, Ren J,Han S, Zhou X, Zhang D, et al. Magnetic nanopar-
ticles and methylprednisolone dased physico-chemical bifunctional

neural stem cells delivery system for spinal cord injury repair. Adv Sci.
2024;11(21):2308993.

Wang X, Zhang B, Chen Z, ShiQ, Yang E, Xu J, et al. Biodegradable bilayer
hydrogel membranes loaded with bazedoxifene attenuate blood-spinal cord
barrier disruption via the NF-kB pathway after acute spinal cord injury. Acta
Biomater. 2023;159:140-55.

. Yang RZ, Yan LW, Xu TH, Zhang KB, Lu X, Xie CM, et al. Injectable bioadhesive

hydrogel as a local nanomedicine depot for targeted regulation of inflamma-
tion and ferroptosis in rheumatoid arthritis. Biomaterials. 2024;311:122706.
Zhang ZH, Peng SJ, Xu TY, Liu J, Zhao LE, Xu H, et al. Retinal microenvi-
ronment-protected rhein-GFFYE nanofibers attenuate retinal ischemia-
reperfusion injury via inhibiting oxidative stress and regulating microglial/
macrophage M1/M2 polarization. Adv Sci. 2023;10(30):2302909.

Shen K, Li XW, Huang GN, Yuan ZW, Xie B, Chen TF, et al. High rapamycin-
loaded hollow mesoporous prussian blue nanozyme targets lesion

area of spinal cord injury to recover locomotor function. Biomaterials.
2023;303:122358.

ZhuR, Zhu X, Zhu Y, Wang Z, He X, Wu Z, et al. Immunomodulatory layered
double hydroxide nanoparticles enable neurogenesis by targeting transform-
ing growth factor-B receptor 2. ACS Nano. 2021;15(2):2812-30.



Liu et al. Journal of Nanobiotechnology

104.

105.

106.

107.

108.

109.

110.

112

113.

116.

117.

120.

121.

122.

123.

124.

125.

126.

(2024) 22:767

LuoW,Wang, Lin F, LiuY, Gu R, Liu W, et al. Y selenium-doped carbon quan-
tum dots efficiently ameliorate secondary spinal cord injury via scavenging
reactive oxygen species. Int J Nanomed. 2020;15:10113-25.

Wang X, Li B, Fan J, Tian S, Wei X. Novel nanoformulated combination of Se
and CeO, particles loaded polylactic-co-glycolic acid vesicle to improved
anti-inflammation and auto-regenerative for the treatment and care of spinal
cord injury. Appl Organomet Chem. 2021;35(8).

Sterczynska A, Sliwinska-Bartkowiak M, Zienkiewicz-Strzalka M, Derylo-Mar-
czewska A. Surface properties of synthesized nanoporous carbon and silica
matrices. Jove-Journal Visualized Experiments. 2019(145).

Wang H, Lin FEWu'Y, Guo W, Chen X, Xiao C, et al. Carrier-Free nanodrug
based on co-assembly of methylprednisolone dimer and rutin for combined
treatment of spinal cord injury. ACS Nano. 2023;17(13):12176-87.
White-Schenk D, Shi R, Leary JF, Rditors. Interactions of silica nanoparticles
with therapeutics for oxidative stress attenuation in neurons. Conference on
Reporters, Markers, Dyes, Nanoparticles, and Molecular Probes for Biomedical
Applications VII; 2015 2015.

Feng X, XuW, Li Z, Song W, Ding J, Chen X. Immunomodulatory nanosystems.
Adv Sci. 2019,6(17):1900101.

Liu J, Liu Z, Pang Y, Zhou H.The interaction between nanoparticles and
immune system: application in the treatment of inflammatory diseases. J
Nanobiotechnol. 2022;20(1):127.

. Kim Y-t, Caldwell J-M, Bellamkonda RV. Nanoparticle-mediated local

delivery of methylprednisolone after spinal cord injury. Biomaterials.
2009;30(13):2582-90.

David S, Kroner A. Repertoire of microglial and macrophage responses after
spinal cord injury. Nat Rev Neurosci. 2011;12(7):388-99.

Papa S, Caron |, Erba E, Panini N, De Paola M, Mariani A, et al. Early modulation
of pro-inflammatory microglia by minocycline loaded nanoparticles confers
long lasting protection after spinal cord injury. Biomaterials. 2016;75:13-24.

. Zhao Z, Ukidve A, Kim J, Mitragotri S. Targeting strategies for tissue-specific

drug delivery. Cell. 2020;181(1):151-67.

. Shen K, Sun G, Chan L, He L, Li X, Yang S, et al. Anti-inflammatory nanothera-

peutics by targeting matrix metalloproteinases for immunotherapy of spinal
cord injury. Small. 2021;17(41):€2102102.

Xu G-Y, Xu'S, Zhang Y-X, Yu Z-Y, Zou F, Ma X-S, et al. Cell-free extracts from
human fat tissue with a hyaluronan-based hydrogel attenuate inflammation
in a spinal cord injury model through M2 microglia/microphage polarization.
Small. 2022;18(17):2107838.

Chen B, Bohnert D, Ben Borgens R, Cho Y. Pushing the science forward: chito-
san nanoparticles and functional repair of CNS tissue after spinal cord injury. J
Biol Eng. 2013;7(1):15.

. Wang H, Wan K, Shi X. Recent advances in nanozyme research. Adv Mater.

2019;31(45):1805368.

. LiuQL, Peng SF, Tang Q, Li C, Chen JY, Pang P et al. A N-cadherin nano-antag-

onist hydrogel enhances recovery from spinal cord injury by impeding glial
scarring. Adv Funct Mater. 2024;34(39).

Gao X, Han Z,Huang C, Lei H, Li G, Chen L, et al. An anti-inflammatory and
neuroprotective biomimetic nanoplatform for repairing spinal cord injury.
Bioactive Mater. 2022;18:569-82.

Oliveira JM, Sousa RA, Kotobuki N, Tadokoro M, Hirose M, Mano JF, et al.
The osteogenic differentiation of rat bone marrow stromal cells cultured
with dexamethasone-loaded carboxymethylchitosan/poly(amidoamine)
dendrimer nanoparticles. Biomaterials. 2009;30(5):804-13.

LiT, Jing P.Yang L, WanY, Du X, Wei J, et al. CAQK modification enhances the
targeted accumulation of metformin-loaded nanoparticles in rats with spinal
cord injury. Nanomedicine-Nanotechnology Biology Med. 2022;41:102526.
MuJ, Li L, Wu J, Huang T, Zhang Y, Cao J, et al. Hypoxia-stimulated
mesenchymal stem cell-derived exosomes loaded by adhesive hydrogel
for effective angiogenic treatment of spinal cord injury. Biomaterials Sci.
2022;10(7):1803-11.

Huang JH, Yin XM, Xu Y, Xu CC, Lin X, Ye FB, et al. Systemic administration of
exosomes released from mesenchymal stromal cells attenuates apoptosis,
inflammation, and promotes angiogenesis after spinal cord injury in rats. J
Neurotrauma. 2017;34(24):3388-96.

Romanelli P, Bieler L, Scharler C, Pachler K, Kreutzer C, Zaunmair P, et al.
Extracellular vesicles can deliver anti-inflammatory and anti-scarring activi-
ties of mesenchymal stromal cells after spinal cord injury. Front Neurol.
2019;10:1225.

Phinney DG, Pittenger MF. Concise review: MSC-derived exosomes for cell-
free therapy. Stem Cells. 2017,35(4):851-8.

128.

129.

132.

138.

139.

143.

146.

Page 24 of 25

. Gao ZS, Zhang CJ, Xia N, Tian H, Li DY, Lin JQ, et al. Berberine-loaded M2

macrophage-derived exosomes for spinal cord injury therapy. Acta Biomater.
2021;126:211-23.

Guo S, Perets N, Betzer O, Ben-Shaul S, Sheinin A, Michaelevski |, et al.
Intranasal delivery of mesenchymal stem cell derived exosomes loaded with
phosphatase and tensin homolog siRNA repairs complete spinal cord injury.
ACS Nano. 2019;13(9):10015-28.

Liu J,Kong G, Lu C,Wang J, LiW, Lv Z, et al. IPSC-NSCs-derived exosomal
let-7b-5p improves motor function after spinal cord Injury by modulating
microglial/macrophage pyroptosis. J Nanobiotechnol. 2024,22(1):403.

. GaoT,Huang F, Wang W, Xie Y, Wang B. Interleukin-10 genetically modified

clinical-grade mesenchymal stromal cells markedly reinforced functional
recovery after spinal cord injury via directing alternative activation of macro-
phages. Cell Mol Biol Lett. 2022,27(1):27.

. Yan J, Zhang L, Li L, He W, Liu W. Developmentally engineered bio-assemblies

releasing neurotrophic exosomes guide in situ neuroplasticity following
spinal cord injury. Mater Today Bio. 2022;16:100406.

Peng P, Yu H, Xing C, Tao B, Li C, Huang J, et al. Exosomes-mediated pheno-
typic switch of macrophages in the immune microenvironment after spinal
cord injury. Biomed Pharmacother. 2021;144:112311.

. ZhaoY, ChenY,Wang Z, Xu C, Qiao S, Liu T, et al. Bone marrow mesenchymal

stem cell exosome attenuates inflammasome-related pyroptosis via veliver-
ing circ_003564 to improve the recovery of spinal cord injury. Mol Neurobiol.
2022;59(11):6771-89.

. Jiang D, Gong F, Ge X, Lv C, Huang C, Feng S, et al. Neuron-derived exosomes-

transmitted mir-124-3p protect traumatically injured spinal cord by suppress-
ing the activation of neurotoxic microglia and astrocytes. J Nanobiotechnol.
2020;18(1):105.

. Zhang C, Li D, Hu H,Wang Z, An J, Gao Z, et al. Engineered extracellular

vesicles derived from primary M2 macrophages with anti-inflammatory and
neuroprotective properties for the treatment of spinal cord injury. J Nanobio-
technol. 2021;19(1):373.

. Xiong W, Tian H, Li Z, Peng Z, Wang Y. Curcumin-primed umbilical cord mes-

enchymal stem cells-derived extracellular vesicles improve motor functional
recovery of mice with complete spinal cord injury by reducing inflammation
and enhancing axonal regeneration. Neurochem Res. 2023;48(5):1334-46.

. Zhang J, LiY, Xiong J, Xu H, Xiang G, Fan M, et al. Delivery of pOXR1 through

an injectable liposomal nanoparticle enhances spinal cord injury regenera-
tion by alleviating oxidative stress. Bioactive Mater. 2021,6(10):3177-91.

BiY, Duan W, Chen J,YouT, Li S, Jiang W et al. Neutrophil decoys with
anti-inflammatory and anti-oxidative properties reduce secondary spinal
cord injury and improve neurological functional recovery. Adv Funct Mater.
2021;31(34).

An J, Jiang X, Wang Z, LiY, Zou Z, Wu Q, et al. Codelivery of minocycline
hydrochloride and dextran sulfate via bionic liposomes for the treatment of
spinal cord injury. Int J Pharm. 2022;628:122285.

. GuC, Geng X, Wu, DaiY, Zeng J, Wang Z, et al. Engineered macrophage

membrane-coated nanoparticles with enhanced CCR2 expression promote
spinal cord injury repair by suppressing neuroinflammation and neuronal
death. Small. 2024:20(10):e2305659.

. AnH, Li Q, Wen J. Bone marrow mesenchymal stem cells encapsulated

thermal-responsive hydrogel network bridges combined photo-plasmonic
nanoparticulate system for the treatment of urinary bladder dysfunction after
spinal cord injury. J Photochem Photobiology B-Biology. 2020,203:111741.

. Kim SJ, Ko W-K, Dong Nyoung H, Lee SJ, Lee D, Heo M et al. Anti-neuroinflam-

matory gold nanocomplex loading ursodeoxycholic acid following spinal
cord injury. Chem Eng J. 2019;375.

Lin S, Li D, Zhou Z, Xu C, Mei X, Tian H. Therapy of spinal cord injury by zinc
modified gold nanoclusters via immune-suppressing strategies. J Nanobio-
technol. 2021;19(1):281.

. Zhang B, Ding Z, Dong J, Lin F, Xue Z, Xu J. Macrophage-mediated degrad-

able gelatin-coated mesoporous silica nanoparticles carrying pirfenidone
for the treatment of rat spinal cord injury. Nanomedicine-Nanotechnology
Biology Med. 2021;37.

. Ma D, Shen H, Chen F, LiuW, Zhao Y, Xiao Z, et al. Inflammatory microen-

vironment-responsive nanomaterials promote spinal cord injury repair by
targeting IRF5. Adv Healthc Mater. 2022;11(23):€2201319.

Sun G, Zeng S, Liu X, ShiH, Zhang R, Wang B, et al. Synthesis and character-
ization of a silica-based drug delivery system for spinal cord injury therapy.
Nano-Micro Lett. 2019;11(1):23.



Liu et al. Journal of Nanobiotechnology

147.

148.

149.

150.

151

152.

153.

154.

155.

156.

157.

158.

(2024) 22:767

Tosic J, Stanojevic Z, Vidicevic S, Isakovic A, Ciric D, Martinovic T, et al.
Graphene quantum dots inhibit T cell-mediated neuroinflammation in rats.
Neuropharmacology. 2019;146:95-108.

Liu X, Mao Y, Huang S, Li W, Zhang W, An J, et al. Selenium nanoparticles
derived from Proteus mirabilis YC801 alleviate oxidative stress and inflam-
matory response to promote nerve repair in rats with spinal cord injury.
Regenerative Biomaterials. 2022,9:rbac402.

Wang Y, Luo W, Lin F, Liu W, Gu R. Epigallocatechin-3-gallate selenium
nanoparticles for neuroprotection by scavenging reactive oxygen species
and reducing inflammation. Front Bioeng Biotechnol. 2022;10:989602.

Zhou H, Li ZW, Jing SL, Wang B, Ye ZF, Xiong W, et al. Repair spinal cord injury
with a versatile anti-oxidant and neural regenerative nanoplatform. J Nano-
biotechnol. 2024;22(1):351.

Luo W, LiY, Zhao J, Niu R, Xiang C, Zhang M, et al. CD44-targeting hyaluronic
acid-selenium nanoparticles boost functional recovery following spinal cord
injury. J Nanobiotechnol. 2024,22(1):37.

Kim JW, Mahapatra C, Hong JY, Kim MS, Leong KW, Kim HW, et al. Functional
recovery of contused spinal cord in rat with the injection of optimal-dosed
cerium oxide nanoparticles. Adv Sci. 2017;4(10):1700034.

Zheng GJ, Yu W, Xu Z, Yang C, Wang YH, Yue ZH, et al. Neuroimmune
modulating and energy supporting nanozyme-mimic scaffold synergisti-
cally promotes axon regeneration after spinal cord injury. J Nanobiotechnol.
2024;22(1):399.

Chen L, Wang W, Lin Z, LuY, Chen H, Li B, et al. Conducting molybdenum sul-
fide/graphene oxide/polyvinyl alcohol nanocomposite hydrogel for repairing
spinal cord injury. J Nanobiotechnol. 2022;20(1):210.

Sun G, Yang S, Cai H, Shu'Y, Han Q, Wang B, et al. Molybdenum disulfide
nanoflowers mediated anti-inflammation macrophage modulation for spinal
cord injury treatment. J Colloid Interface Sci. 2019;549:50-62.

Lin S, Zhao HS, Xu C, Zhou ZP, Wang DH, Chen SR, et al. Bioengineered zinc
oxide nanoparticle-loaded hydrogel for combinative treatment of spinal cord
transection. Front Bioeng Biotechnol. 2022,9:796361.

Ji Z-S, Gao G-B, Ma Y-M, Luo J-X, Zhang G-W, Yang H, et al. Highly bioactive
iridium metal-complex alleviates spinal cord injury via ROS scavenging and
inflammation reduction. Biomaterials. 2022,284:121481.

You, Jiang J, Zheng G, Chen Z, Zhu Y-X, Ma H, et al. In situ piezoelectric-
catalytic anti-inflammation promotes the rehabilitation of acute spinal cord
injury in synergy. Adv Mater. 2024;36(18):e2311429.

162.

Page 25 of 25

. LiuZ Guo S, Dong L, Wu P, Li K, Li X, et al. A tannic acid doped hydrogel with

small extracellular vesicles derived from mesenchymal stem cells promotes
spinal cord repair by regulating reactive oxygen species microenvironment.
Mater Today Bio. 2022;16:100425.

. Cox A, Capone M, Matzelle D, Vertegel A, Bredikhin M, Varma A, et al.

Nanoparticle-based estrogen delivery to spinal cord injury site reduces local
parenchymal destruction and improves functional recovery. J Neurotrauma.
2021;38(3):342-52.

. ZhangY,RenY, Chen X, Deng S, Lu W. Role of butylphthalide in immunity and

inflammation: Butylphthalide may be a potential therapy for anti-inflamma-
tion and immunoregulation. Oxidative Med Cell Longev. 2022;2022:7232457.
Veneruso V, Petillo E, Pizzetti F, Orro A, Comolli D, De Paola M, et al. Synergistic
pharmacological therapy to modulate glial cells in spinal cord injury. Adv
Mater. 2024;36(3):e2307747.

. Fan X, ShiL, Yang Z, LiY, Zhang C, Bai B, et al. Targeted repair of spinal cord

injury based on miRNA-124-3p-loaded mesoporous silica camouflaged
by stem cell membrane modified with rabies virus glycoprotein. Adv Sci.
2024;11(21):22309305.

. Xin N, Liu X, Chen S, Zhang Y, Wei D, Sun J, et al. Neuroinduction and neuro-

protection co-enhanced spinal cord injury repair based on IL-4@ZIF-8-loaded
hyaluronan-collagen hydrogels with nano-aligned and viscoelastic cues. J
Mater Chem B. 2022;10(33):6315-27.

. Zhou Z, Li D, Fan X, Yuan Y, Wang H, Wang D, et al. Gold nanoclusters con-

jugated berberine reduce inflammation and alleviate neuronal apoptosis
by mediating M2 polarization for spinal cord injury repair. Regenerative
Biomaterials. 2022;9:rbab072.

. Saremi J, Mahmoodi N, Rasouli M, Ranjbar FE, Mazaheri EL, Akbari M, et al.

Advanced approaches to regenerate spinal cord injury: the development of
cell and tissue engineering therapy and combinational treatments. Biomed
Pharmacother. 2022;146:112529.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Regulation of dynamic spatiotemporal inflammation by nanomaterials in spinal cord injury
	﻿Abstract
	﻿Introduction
	﻿Overview of SCI pathophysiology
	﻿Dynamic spatiotemporal inflammatory responses in SCI
	﻿Nanomaterials as therapeutic agents for management of dynamic spatiotemporal inflammation
	﻿Organic nanomaterials
	﻿Bioderived nanomaterials
	﻿Exosomes and cell-derived nanovesicles
	﻿Membrane-coated nanomaterials


	﻿Inorganic nanomaterials
	﻿Other nanomaterials
	﻿Conclusions and prospects
	﻿References


