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Promoting the recovery of neurological function in patients with traumatic spinal cord injury (TSCI) remains
challenging. The balance between astrocyte-mediated neurotrophic and pro-inflammatory responses is critical
for TSCI repair. Recently, the utilization of nanomaterials has been considerably explored in immunological
reconstructive techniques that specifically target astrocyte-mediated inflammation, yielding positive outcomes.
In this review, we aim to condense the present knowledge regarding the astrocyte-mediated inflammation

following TSCI. We then review the various categories of nanomaterials utilized in the management of astrocyte-
mediated inflammation in TSCI and conclude by summarizing their functions and advantages to offer novel
insights for the advancement of effective clinical strategies targeting TSCI.

1. Introduction

Millions of individuals worldwide are afflicted by TSCI, a condition
that can result in enduring dysfunction and paralysis [1]. Numerous
variables can impede recovery following TSCI, including the progressive
neuronal death associated with hostile inflammatory responses [2]. The
prevailing consensus is that the inflammatory response is initiated by
the activation of macrophages/microglia at the site of damage. These
activated cells release pro-inflammatory cytokines that subsequently
facilitate the infiltration and functionality of other immune-related cells
[3-5]. Nevertheless, the involvement of the immune system after TSCI is
immensely intricate, wherein, specifically, astrocytes assume crucial
functions in the inflammation of the central nervous system (CNS) [6,7].
One aspect to consider is that activated astrocytes possess inherent

neurotoxic properties by releasing chemokines, including chemokine
ligand 2 (CCL2), C-X-C motif chemokine ligand 10 (CXCL10), and
interleukin (IL)-6 [8-10]. The activity of these chemokines is mediated
by the nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-xB), Janus kinase/signal transducer, and activator of transcription 3
(JAK/STAT3), or mitogen-activated protein kinase (MAPK) pathway.
These pathways are crucial in the context of inflammation following
TSCI [6,9,11]. Nonetheless, astrocytes possess the dual capability to
impede the entry of peripheral immune cells into the spinal cord and
concurrently instigating inflammation by enlisting peripheral inflam-
matory cells [6,8,11,12]. Hence, effectively regulating these varied
astrocyte reactions is regarded as a pivotal option for the treatment of
TSCI.

The present therapeutic approaches aimed at improving the
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outcomes of TSCI encompass surgical interventions for decompression
and stabilization of the spinal cord, as well as the management of
spasticity and provision of rehabilitative care [13]. Various pathways
have been proposed to enhance recovery in preclinical investigations.
Additionally, a range of treatment strategies are being examined to
alleviate secondary damage and optimize regeneration after TSCI [14,
15]. Nevertheless, numerous studies have demonstrated a lack of sig-
nificant effectiveness when these interventions were tested in clinical
trials [16-18]. Alternatively, immunological reconstruction strategies
based on nanomaterials for targeting astrocyte-mediated inflammation
have recently been widely explored, demonstrating good potential for
clinical application [19,20]. Nanomaterials exhibit several favorable
features: 1) codelivery of anti-inflammatory drugs combined with spinal
cord-specific targeting, 2) the extension of the duration of bioactive
cargo molecules in the bloodstream by preventing their breakdown
through enzymatic processes, and 3) synergistic therapeutic effects of
the functional groups of the nanomaterial itself and the encapsulated
drugs [21].

This review focuses on the roles of nanomaterials in moderating
astrocyte-mediated inflammation upon TSCI. First, we present a
comprehensive summary of the important roles played by astrocytes in
TSCl-associated inflammation. In the following section, we proceed to
elucidate the present utilization of functional nanomaterials in the
regulation of astrocyte-mediated inflammation. These nanomaterials
are classified into distinct categories based on their source composition,
namely organic nanomaterials, bioderived nanomaterials, inorganic
nanomaterials, and other nanomaterials (Fig. 1). Finally, the prospects
and obstacles associated with the utilization of nanomaterials as a
therapeutic approach for TSCI are presented. This review aims to furnish
a comprehensive summary of the current advancements in research
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regarding the application of nanomaterials in the setting of astrocyte-
mediated inflammation in TSCI. Our intention is to facilitate a deeper
comprehension of the existing research landscape, while also proposing
innovative avenues for investigating the underlying pathogenic mech-
anisms and developing clinical interventions.

2. A brief overview of TSCI

The field of spinal cord injury (SCI) is classified into two main cat-
egories based on the etiology: traumatic and non-traumatic. The char-
acteristics of non-traumatic SCI have been highlighted in several recent
reports [22-24]. Non-traumatic etiologies include benign and malignant
tumors, vascular disorders, infectious diseases, and inflammatory con-
ditions [22,23]. The incidence of non-traumatic SCI is higher than that
of TSCI in several developed countries, suggesting that a more
comprehensive understanding of non-traumatic SCI is required to better
plan health services that can meet the anticipated future demand for
non-traumatic SCI prevention and the rehabilitation of affected in-
dividuals [24]. Alternatively, in the present review, we focus on TSCI.
TSCIs are usually attributed to an external physical impingement, such
as sports injuries, maneuver injuries, falls, and violence [25-27]. TSCI is
most commonly observed in the general population at the cervical spine
level, accounting for approximately 60 % of cases. Thoracic level in-
juries account for approximately 32 % of cases, while lumbosacral level
injuries account for approximately 9 % of cases [25]. Accordingly, TSCI
typically leads to permanent motor- and sensory dysfunction, with
autonomic as well as neurogenic bladder functions being disrupted [25].
The incidence of TSCI varies worldwide (8-246 cases per million in-
dividuals annually) [28,29]. In industrialized nations, the prevalence of
TSCI is comparatively higher in North America, with a reported
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Fig. 1. Schematic illustration of the classification and structure of nanomaterials for modulating astrocyte-mediated inflammation in traumatic spinal cord injury.
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incidence of 39 cases per million inhabitants. By contrast, Australia and
western Europe exhibit lower rates, with incidences of 16 and 15 cases
per million individuals, respectively [25]. Of the approximately 768,473
new cases of SCI that occur worldwide annually, approximately 5000
new cases of TSCI are reported each year in Japan, whereas 12,500-17,
000 new cases occur annually in the USA [21,29,30]. The range of es-
timates for acute in-hospital mortality is between 4 % and 17 %.
Following hospital discharge, the yearly mortality rates continue to be
consistently high. Within the first year after injury, 3.8 % of patients
experience mortality. In the second year, the mortality rate decreases to
1.6 %, and for each subsequent year, it remains at 1.2 % [25]. The
financial burden associated with the provision of care for individuals
with TSCI is substantial, with estimated expenses ranging from $1.1 to
$4.7 million per patient during their lifespan [25,31]. Therefore, TSCI
imposes a significant strain on both the patient’s family and society as a
whole [25].

The pathophysiological progression of TSCI is characterized by pri-
mary injury and secondary injury cascades [32]. The primary injury
occurs immediately following the mechanical breakdown and disloca-
tion of the vertebral column, leading to the compression or complete
rupture of the spinal cord [26,32]. The ensuing and prolonged second-
ary injury cascade results in further damage to the spinal cord and
subsequent impairment of neurological function. In particular, the in-
flammatory response plays a key role among the multitude of physio-
pathological processes that occur following the secondary injury
cascade, determining secondary pathophysiological changes and
persistent neurological dysfunction [3,33,34]. Microglial cells and as-
trocytes are activated by several inflammatory agents, as well as aden-
osine triphosphate (ATP), DNA, and potassium [2,35,36], which
infiltrate the injury site together with other inflammatory cells, such as
activated macrophages, polymorphonuclear cells, and lymphocytes.
Collectively, they propagate the inflammatory response and play a
central role in the continuous death of neurons and oligodendrocytes [2,
25,37]. Inflammatory cells have the capacity to remove myelin debris at
the site of injury [38]. However, importantly, these cells can also
exacerbate damage to the spinal cord by releasing cytotoxic by-products,
such as free radicals (e.g., 0?7, hydrogen peroxide, and peroxynitrite)
and nitric oxide [39]. Reactive oxygen species (ROS) are responsible for
inducing lipid peroxidation, DNA oxidative damage. These processes
subsequently lead to necrotic and apoptotic cell death, thereby exacer-
bating the hostile microenvironment [40-42].

The concept of “time is spine” has become central to the management
of any patient with TSCI [43,44]. Historically, numerous steps have been
undertaken to restrict the damage: drugs targeting inflammation or
excitotoxicity, surgical decompression, therapeutic hypothermia, phar-
macological or cellular treatment, and rehabilitation and training
(Fig. 2) [45]. Specifically, the use of corticosteroid methylprednisolone
is an established clinical practice for the treatment of TSCI, and it may be
promptly administered to patients who have suffered a severe injury and
lack alternative therapeutic alternatives [46,47]. However, the efficacy
of this treatment approach remains a subject of debate owing to its
tendency to yield only modest therapeutic outcomes. Moreover, this
approach is associated with a horde of possible consequences, including
gastrointestinal hemorrhage, pneumonia, sepsis, pulmonary embolism
[25,46]. Hence, it can be argued that the efficacy of methylprednisolone
is limited, and there is a possibility of adverse consequences. Despite
being legally condemned as a standard of care in most countries, this
medication continues to be employed in clinical practice [25]. As a
result, the discourse surrounding the indispensability and most advan-
tageous scheduling of spinal surgery subsequent to TSCI has proven to
be a challenging matter to settle. In the recent decades, a notable tran-
sition in the care of TSCI has been seen from a conservative approach to
a more surgically aggressive one. This movement has been facilitated by
advancements in surgical technique and armamentarium. Consequently,
the assessment of risks and benefits associated with decompressing the
injured spinal cord has been reevaluated, leading to a growing
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preference for early surgical intervention [45]. The implementation of
hypothermia subsequent to neurotrauma is scientifically valid. Hypo-
thermia effectively diminishes the pace of many biological responses
and processes, specifically addressing numerous mechanisms associated
with secondary damage, such as excitotoxicity, neuroinflammation,
necrosis, and free radical generation [48]. Nevertheless, the effective-
ness of systemic hypothermia is constrained by various criteria, such as
the correlation between the temperature at the site of injury and the core
body temperature, as well as the initiation and pace at which safe and
technically feasible systemic cooling may be accomplished [49]. The
therapeutic strategies for addressing chronic TSCI encompass various
approaches, such as altering the glial scar, resolving the formed scar,
bridging the gap resulting from cyst formation, transplanting cells into
the lesion, remyelinating spared axons, regenerating injured axons,
reprogramming endogenous cells, and promoting sprouting of surviving
axons [45,50]. However, the results of these treatments remain unsat-
isfactory in both preclinical and clinical applications.

3. Overview of the inflammatory response upon TSCI

A distinct inflammatory response has been documented following
TSCI [1,51]. Specifically, the immunological microenvironment is
significantly influenced by microglia, macrophages, astrocytes, neutro-
phils, lymphocytes, the secretion of several cytokines, and the degra-
dation of the extracellular matrix [46]. Primary injury to the spinal cord
results in the necrotic death of resident neurons, glia, and stromal cells
and the rapid release of alarmins (such as IL-33, high mobility group box
1 [HMGB1], and ATP) in the extracellular space (Fig. 3A) [52-54].
Localized cells from injured sites can produce chemokines, which recruit
neutrophils, macrophages, and cytoplasmic pattern recognition re-
ceptors. These cells coordinate and promote inflammasome formation
and activation through a variety of triggers. Moreover, the generation of
pro-inflammatory cytokines IL-1f and IL-8, which is dependent on
inflammasome activity, plays a crucial role in the development of neu-
roinflammation (Fig. 3A) [53]. This leads to a well-known series of
events, including the mobilization of peripheral immune cells, such as
neutrophils, monocytes, and lymphocytes, to the location of the injury,
followed by their subsequent activation. The inflammatory cells are
spatiotemporally dynamic in the presence of various type of inflam-
matory factors. Neutrophils arrive a few hours after injury, whereas
monocytes begin to infiltrate and persist within the first day. Lympho-
cytes arrive days to weeks after the injury (Fig. 3B). The process of
immune activation is often precisely regulated owing to its essential
function. Inadequate immunological responses can lead to severe harm
to the spinal cord, while the failure to initiate an appropriate immune
response when required can have catastrophic outcomes.

Under the alarmin-released microenvironment, neutrophils are the
initial neurotrophic factor cells to be recruited to the site of TSCL This
recruitment occurs within 4 h of injury and reaches its peak between 6
and 12 h (Figs. 3B and 4A) [1,53]. Neutrophils are responsible for the
secretion of several substances, including tumor necrosis factor (TNF),
ROS, antimicrobial proteins, matrix metalloproteases, elastases, and
neutrophil extracellular traps. These secretions promote neuronal
cytotoxicity and vascular leakage [55]. Subsequently, the primary influx
of cellular entities that migrate to the site of injury consists predomi-
nantly of macrophages (Fig. 4A). The involvement of these macrophages
has been associated with both advantageous and disadvantageous ef-
fects as their removal has been shown to enhance or hinder the process
of functional recovery following TSCI, respectively. The recruitment of
monocytes/macrophages with various phenotypes in their original
location could potentially result in adverse consequences, such as the
activation of pro-inflammatory M1 macrophages [1,56], exacerbating
inflammatory response and tissue loss via inducible nitric oxide synthase
(iNOS), ROS, and pro-inflammatory cytokines, or in beneficial effects,
such as the activation of M2 macrophages [1,57], which support neu-
roprotection and regeneration in different animal models [58-60].
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Fig. 2. Schematic illustration of the strategies to halt the progression of injury and facilitate the repair of the spinal cord. Surgical decompression and pharma-
cological interventions are employed with the objective of alleviating secondary injury. The therapeutic strategies for addressing chronic TSCI encompass several
approaches, such as the alteration of the glial scar, remyelination of undamaged axons, plasticity of surviving neurons, and rehabilitation and training. Copyright

2014 Lancet Neurology [45].
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Furthermore, microglia, the immune cells residing in the spinal cord
parenchyma, may have a significant impact on the harsh microenvi-
ronment [61]. This is because of their activation shortly after injury,
which leads to them exhibiting comparable characteristics as infiltrating
macrophages (Fig. 4B) [37]. Bellver-Landete et al. [62] observed a 67 %
decrease in microglia at the lesion epicenter on day 1 post injury in mice;
however, a four-fold increase in microglia was observed on day 4, which
further increased in the first 2 weeks following TSCI. Nevertheless,
recent research has demonstrated that microglia restrict the wound,
stabilize the glial scar following injury, and remove cellular debris
(Fig. 4B) [37]. Notably, macrophages possess remarkable flexibility,
resulting in their similarity to activated microglia. Hence, it is impera-
tive to advance the development of more refined and cell-specific
methodologies to investigate the precise function of these immune
cells in the context of TSCI and effectively utilize their therapeutic ca-
pabilities. Furthermore, the absence of agreement concerning the
overarching function of macrophages/microglia in the damaged spinal
cord indicates that they constitute a profoundly diverse population that
necessitates further systematic investigation. Lymphocytes have also
been shown to migrate and remain present at the site of damage, as
depicted in Fig. 4C. Nevertheless, the precise function of these cells re-
mains complex, as their existence in the spinal cord has been hypothe-
sized to indicate autoimmunity and the continuation of tissue injury, but
the specific mechanism is now being examined [63,64]. Furthermore,
accumulating evidence supports the notion that astrocytes play vital
roles in inflammatory process [65-67]. These astrocytes not only secrete
inflammatory factors but also produce large amounts of chemokines,
which further aggravate the inflammatory process (Section 4).

4. Astrocytes play an important role in TSCI-associated
inflammation

Astrocytes originate from neural progenitors. These cells, which are
present in large quantities, play a crucial role in several actions that are
vital for the functioning of the spinal cord [68]. Astrocytes in the spinal
cord function in a manner similar to those in the brain (Fig. 5A), per-
forming many important and complex functions. Specifically, these cells
play an active role in the establishment and upkeep of the blood-spinal
cord barrier (BSCB) [6,69]. They also release neurotrophic factors to
govern the development of synapses and the differentiation and survival
of neurons [6,70]. Additionally, they maintain the balance of extracel-
lular fluids, ions, and neurotransmitters [6,68]. Furthermore, they
supply energy sources to neurons, modulate local blood flow, control the
drainage of interstitial fluid, and regulate the functioning of neural
circuits, as well as neurological processes and behavior (Fig. 5B) [68,
70]. The BSCB is important in maintaining the homeostasis of the spinal
cord. Consequently, BSCB may emerge as a prominent target for thera-
peutic interventions for TSCI in the future.

As our understanding of astrocyte functions deepens, an expanding
corpus of evidence indicates that reactive astrocytes play a critical role
in the innate immune response of the spinal cord [8,71]. Astrocytes
exhibit a wide range of receptors for pathogen-related chemical patterns
as well as damage- or danger-associated molecular patterns, which are
responsible for initiating innate immune responses [68]. Notably,
Toll-like receptors (TLRs), including TLR4, are among the receptors
expressed by astrocytes. Notably, TLR4 is occasionally mistakenly linked
solely with microglia [68]. Astrocytes exhibiting the Al phenotype
exhibit neurotoxic properties because of the upregulation of several
genes linked to synaptic and neuronal degeneration, indicating that the
Al phenotype exerts detrimental pro-inflammatory effects [72]. By
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contrast, reactive A2 astrocytes demonstrate protective effects through an invaluable part in the development of TSCI since they possess both
the upregulation of neurotrophic factors that facilitate the survival and advantages and disadvantages. Hence, the precise modulation of astro-
regeneration of neurons [20]. The various pathways of activation play cyte activation to provide a conducive microenvironment for mitigating
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secondary injury is of paramount importance in the context of TSCI
rehabilitation [46].

Astrocyte reactivity can be triggered by a diverse array of chemical
compounds derived from multiple sources. These sources include all cell
types present in the spinal cord tissue, as well as microbial infections,
circulating immune cells, serum proteins, peripheral metabolic disor-
ders, and environmental toxins (Fig. 6A) [6,8,67,73]. Astrocytes have
the ability to induce inflammation in response to external stimuli that
are not cell autonomous. This inflammatory response is facilitated
through the flow of chemical signals and direct contacts between as-
trocytes and other cells of the innate immune system. This process en-
compasses the recruitment of peripheral inflammatory cells and the
activation of microglia residing in the spinal cord, as well as different
perivascular cells and leukocytes present in the bloodstream. The
aforementioned interactions subsequently impact the cellular states of
peripheral nerve cells and other glia, thereby initiating a detrimental
loop and finally resulting in heightened and unregulated inflammation
(Fig. 6B) [68].

The interaction between astrocytes and cells presents in or entering
CNS is of paramount importance in modulating the inflammatory re-
sponses. Inflammation is facilitated by the bilateral interaction between
astrocytes and microglia, which involves the release of different cyto-
kines and inflammatory mediators (Fig. 7A) [67]. Astrocytes facilitate
the pro-inflammatory functions of microglia by releasing various cyto-
kines, including IL-1, IL-6, TNF-a, granulocyte-macrophage colony
stimulating factor, and interferon-y-induced protein 10 [74]. This pro-
cess involves the activation of relevant signaling pathways such as
NF-kB and TLRs, as well as the modulation of microglial activation and
regulation. These immune cascades initiated by astrocytes ultimately
lead to the development of neurotoxicity. Following TSCI, astrocytes
that have been activated release CCL2. This chemokine acts on microglia
by utilizing the small extracellular vesicle route. Upon binding to the
chemokine receptor 2, microglial activation is promoted [73]. Subse-
quently, the activated microglia secrete IL-1B, which interacts with
neuronal cells, thereby exacerbating their apoptosis [8]. Furthermore,
the release of ATP by astrocytes activated through apoptosis triggers
inflammatory reactions and stimulates the formation of NLR family
pyrin domain-containing 2 (NLRP2) inflammasomes [75]. This inflam-
masome is responsible for the cleavage of pro-caspase-1 and the
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subsequent secretion of caspase-1, which, in turn, initiates the creation
of mature IL-1f and caspase-1 forms [75]. Astrocyte-derived extracel-
lular vesicles have the potential to function as cellular transmitters of
inflammatory signals. They can facilitate the spread and amplification of
the neuroinflammatory response that is initiated by a stimulus through
TLR4 activation [76]. Subsequently, the activated astrocytes release
regulatory factors that have a negative effect on the microglia, reducing
the immune response. Additionally, astrocytes can generate TGF-f in
reaction to IL-10, produced from microglia, which, in turn, regulates the
expression of pro-inflammatory genes in microglia [77]. Astrocytes have
been found to exhibit the presence of the dopamine D2 receptor, which
regulates innate immunity and inflammasome activity. In experimental
autoimmune encephalomyelitis, the inhibition of this receptor shows
beneficial effect [78,79]. In addition, the study conducted by Liddelow
et al. [72] revealed that the release of IL-1a, TNF-a, and complement
component 1q by microglia triggers a transcriptional reaction in astro-
cytes. This response is characterized by the generation of a neurotoxic
factor that has not yet been identified, a decrease in phagocytic activity,
and a reduction in the expression of neurotrophic factors.

Furthermore, the reciprocal exchange of information between as-
trocytes and oligodendrocytes is of utmost importance in the inflam-
matory process. This is because oligodendrocytes possess a diverse range
of receptors that are capable of responding to inflammatory signals
released by astrocytes, and vice versa (Fig. 7B). Research indicates that
oligodendrocytes may influence inflammation through mechanisms that
extend beyond their role in myelination. As an illustration, the study
conducted by Falcao et al. [80] revealed that oligodendrocytes play a
role in phagocytosis, antigen presentation, and the stimulation of
memory and effector CD4" T cells. Oligodendrocytes are capable of
secreting pro-inflammatory cytokines, including IL-1$, CCL2, IL-17, and
IL-6. These cytokines can stimulate NF-xB activation and promote
pro-inflammatory actions of astrocytes [81]. Furthermore, oligoden-
drocytes play a role in inflammation by disrupting the integrity of the
blood-brain barrier, which, in turn, decreases the integrity of tight
junctions [82].

Additionally, the involvement of astrocyte foot processes in the
development of the glia limitans, in conjunction with capillary endo-
thelial cells, pericytes, and the basal lamina, collectively establishes the
BSCB, which serves as a physical barrier separating the spinal cord from
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the peripheral blood circulation (Fig. 7C). The involvement of vascular
endothelial growth factor-A (VEGF-A) derived from astrocytes is crucial
in the maintenance of the BSCB. It is involved in a signaling pathway
that ultimately leads to an elevation in BSCB permeability [73]. The
study conducted by Argaw et al. [83] provided evidence that the syn-
thesis of VEGF-A in astrocytes is increased in response to IL-1p, a cyto-
kine that is synthesized by activated microglia in the context of
neuroinflammation. VEGF-A downregulates the expression of tight
junction proteins claudin-5 and occludin in endothelial cells through the
endothelial NOS pathway. This process ultimately leads to the disrup-
tion of tight junctions and compromises the integrity of the BSCB [83].
Astrocytes are also responsible for the production of substances that
enhance the integrity of the BSCB in the presence of inflammatory cir-
cumstances. One instance where astrocytes contribute to the integrity of
the BSCB is through the synthesis of sonic hedgehog [84]. Furthermore,
activated astrocytes release CCL2 and CXCL10 to regulate the recruit-
ment of perivascular leukocytes, monocytes, macrophages, and T cells
into the spinal cord [10,85].

Astrocyte-mediated neuroinflammation is initiated and modulated
by several signaling pathways, such as the JAK/STAT3, NF-B, calci-
neurin, and MAPK pathways [9,11,71]. The signaling pathways of as-
trocytes exhibit a tendency to converge on shared downstream
transcriptional regulators in conditions of inflammation. An essential
step in the astrocytes mediated-inflammation is the generation of the
NF-kB heterodimer (Fig. 7D). The nuclear translocation of NF-kB in as-
trocytes is initiated by pro-inflammatory stimuli, including TNF-a, IL-1p,
IL-17, ROS, phagocytosed myelin, TLR activation, sphingolipids such as
sphingosine 1-phosphate and lactosylceramide, and other factors that
are associated with inflammation in TSCI [6,67,86]. In addition, the
ligand-activated transcription factor aryl hydrocarbon receptor of as-
trocytes, whose activity is modulated by small molecules of cellular and
commensal flora metabolism, also induces NF-kB nuclear translocation
(Fig. 7D) [87,88]. Specifically, the TGFp pathway inhibits NF-xB acti-
vation and nuclear translocation [71]. The STAT3 pathway plays an
important role in astrocytes, wherein the activation of the STAT3
pathway damages repair and decreases cell survival [71,89]. The acti-
vation of the STAT3 pathway has consistently been reported in reactive
astrocytes following acute damage. By contrast, the exacerbation of
neonatal white matter injury and adult contusive SCI is observed when
STATS3 is conditionally deleted in astrocytes [90,91].

5. Nanomaterials as therapeutic agents to modulate astrocyte-
mediated inflammation

Concomitant with the understanding that astrocytes, as well as
microglia, constitute the major players in the TSCI immune response
[92], promising results have been obtained via strategies that induce a
change in the inflammatory microenvironment at and around the lesion
site [56]. Currently, a significant number of strategies focus exclusively
on addressing one particular aspect of TSCL. Nevertheless, considering
the complex and multidimensional nature of TSCI, it is reasonable to
anticipate that combining several strategies will yield greater effec-
tiveness [93]. Nanomaterials play a crucial role in combinatorial ap-
proaches since they possess the capability to provide localized drug
delivery over an extended duration and assist in the regulation of as-
trocytes to optimize benefits. Nevertheless, most studies involving the
use of nanomaterials to mediate inflammation in TSCI have focused on
microglia, with few in-depth studies on the inflammatory pathways
involving astrocytes. In the subsequent sub-sections, we provide a
concise overview of the benefits and constraints associated with
commonly employed approaches for facilitating recuperation post
injury. Additionally, we emphasize novel scientific investigations
demonstrating the augmented efficacy of combinatorial strategies for
modulating astrocytes through the utilization of nanomaterials. When
assessing the selection and configuration of nanomaterials for the pur-
pose of modulating astrocytes after TSCI, one must consider certain
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overarching factors such as biodegradability, biocompatibility, cyto-
compatibility, physical qualities, and topographical cues [93].

5.1. Organic nanomaterials

Organic nanomaterials exhibit distinct characteristics compared to
inorganic nanomaterials, primarily in terms of enhanced biodegrad-
ability and biocompatibility. Organic nanomaterials are predominantly
composed of polymers that possess diverse components and character-
istics: natural polymers, such as chitosan (Cs) [94,95], and collagen, and
synthetic polymers, such as polycaprolactone (PCL), poly (lactide-co--
glycolide) (PLG), poly (D, i-lactide co-glycolide) (PLGA) [96], poly--
t-lactic acid, poly (glycidyl methacrylate) (PGMA) [97], and poly
(ethylene glycol) (PEG) (Fig. 1) [98]. Active and targeted transport ca-
pabilities can be conferred upon natural or synthetic polymers by
including specific functional groups. This feature is particularly signif-
icant in the context of targeting astrocyte-mediated inflammation. In
addition, organic NPs can be loaded with anti-inflammatory drugs (e.g.,
rolipram [20,98], spirulina [99], and valproic acid [94]) to limit the
inflammatory responses of astrocytes.

Ren et al. [19] fabricated PLGA nanoparticles (NPs) for sustained
local delivery of flavopiridol. They found that these NPs effectively
reduced the production of inflammatory factors by astrocytes and
restricted glial scarring. As a result, behavioral performance in rats was
improved. Vismara et al. [20] synthesized a nanogel using PEG and
polyethylene-imine (PEI) coated with primary amines and loaded with
rolipram. The application of this nanogel may mitigate the inflammatory
response in Al astrocytes, resulting in reduced iNOS and lipocalin 2
(Lcn2) production. Consequently, this reduction reverses the harmful
impact of pro-inflammatory astrocytes on motor neurons in vitro. These
findings demonstrate the superiority of the nanogel approach compared
to the standard methods of administering anti-inflammatory therapy
(Fig. 8) [20]. Furthermore, the nanogel demonstrated selective inter-
nalization within activated astrocytes in both mouse and human models.
Papa et al. [98] reported that NH or Cy5 functionalized on the surface
of PEG- and PEI-based nanogel markedly increased the nanogel uptake
of astrocytes.

Gao et al. [100] synthesized a unique type of polypyrrole nanowires
(PpyNWs) that exhibited vertical alignment and electromagnetic sensi-
tivity. These nanowires were further doped with dexamethasone (DEX)
and subjected to an external electromagnetic field twice a day for a
duration of 1 week. This controlled release of DEX from the polymer
reduced astrocyte-mediated inflammation. Lozic et al. [97] synthesized
PGMA-6-maleimidohexanoic acid (MHA)-rhodamine-B (RhB) NPs
functionalized with an anti-AQP4 antibody and encapsulated resveratrol
(PGMA-MHA-RhB-RA NPs), targeting astrocytes (Fig. 9A). The results
showed that the size of NPs was 150 nm, as determined using dynamic
light scattering (Fig. 9A). In addition, these NPs played a vital role in
ameliorating secondary injury by reducing oxidative damage to DNA
and AQP4 immunoreactivity (Fig. 9B).

PCL and PLGA are biocompatible and beneficial for traumatic brain
injury as they can alleviate astrocytic activation [101]. In particular, the
topography of PCL nanofibers promotes adhesion and downregulates
GFAP expression, thereby leading to reduced astrocyte activity [102].
Galactose functionalization of PCL nanofibers can maintain an attenu-
ated inflammatory profile of astrocytes over an extended culture period
[103]. Moreover, valproic acid-labeled chitosan (VA-CNs) NPs that
inhibit the production of IL-1p, IL-6, and TNF-« by reactive astrocytes in
rats were constructed, and they represent a novel and promising ther-
apeutic strategy for SCI [94]. Poly (lactide-co-glycolide)--
graft-polyethylenimine (PgP) delivery of small interfering RNA (siRNA)
targeting RhoA (siRhoA) reduced astrogliosis and inflammation in rats
[104]. siRNA-loaded PLGA NPs significantly inhibited PLK4 expression
in rats, together with PCNA expression [96]. We speculate that the in-
hibition of Plk4 might inhibit the proliferation of astrocytes and decrease
the astrocyte-mediated inflammatory response, thereby promoting the
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functional recovery of SCI [96]. In conclusion, the process of nano- expression associated with GFAP, TNF-a, and IL-1 [105].

patterning polydimethylsiloxane demonstrates a reduction in the in-
flammatory response of astrocytes by the downregulation of gene
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5.2. Bioderived nanomaterials

Despite the potential for organic nanomaterials to be customized to
suit the specific microenvironment of live organisms in terms of their
components and capabilities, there are still unresolved concerns over
their immunogenicity when they are used over extended periods of time.
Bioderived nanomaterials derived from living organic cells, including
exosomes and membrane-coated NPs with highly non-immunogenic
properties, can be used to prevent immune monitoring during sys-
temic administration [106]. Exosomes with an average diameter of
50-200 nm contain an array of membrane-associated, high-order olig-
omeric proteins (e.g., CD63/CD81/CD9, heat shock protein 60, and
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actin-interacting protein 1/ALG-2-interacting protein X), nucleic acids
(e.g., DNA, mRNA, and noncoding RNA), lipids (e.g., cholesterol,
phosphatidylserine, and phosphatidylinositol), and metabolites (lactate,
glutamate, acetate, stearate, palmitate, and amino acids) [106,107].
Encapsulated biomolecules play a crucial role in enhancing intercellular
communication activities, consequently facilitating the fusion of cell
membranes, improving the efficiency of delivery and transfection, and
replenishing nutrients in areas that have been damaged [107,108]. The
utilization of cell membrane-based nanotechnology has come to be as a
promising strategy for enhancing the delivery of pharmaceuticals. This
technique combines the biomimetic properties of cell membranes with
the functional adaptability of nanoparticles [109]. Cell membranes are
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Fig. 10. Schematic illustration of the characterization of mesenchymal stem cell-derived extracellular vesicles (MSC-Exo) and their impact on the suppression of
inflammation. (A) Western blot analysis was used to assess the protein expression in exosomes derived from the umbilical cord. (B) A representative scanning electron
microscopy image is presented, depicting the morphology of MSC-Exo (indicated by arrowheads). (C) The size distribution of isolated MSC-Exo is shown. (D) The
protein expression of Nrf2-NF-kB signaling in primary cultured astrocytes was assessed using western blotting. (E) Representative photos depicting the nuclear
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measured relative to those of the reference gene Gapdh. Copyright 2019 Theranostics [112].
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commonly isolated from various types of cells, including red blood cells,
white blood cells, stem cells, platelets, macrophages, and lymphocytes.
Membrane-coated NPs, thus, constitute biomimetic NPs with the ability
to prolong their circulation times and achieve specific and sensitive
targeting [106].

Bone marrow stem cells (BMSCs) are frequently employed as stem
cell lines in the generation of exosomes and for therapeutic applications
in the treatment of TSCL In their study, Liu et al. [110] discovered that
exosomes derived from BMSCs has the ability to impede scar formation
by suppressing the activation of neurotoxic Al astrocytes. Wang et al.
[111] conducted further investigations into the mechanism underlying
the inhibition of Al astrocyte activation by exosomes derived from bone
marrow mesenchymal stem cells (MSC-Exo) in the context of TSCI. Their
findings revealed that the inhibitory impact was associated with the
downregulation of the phosphorylated NF-kB P65 subunit. The study
found that MSC-Exo had a significant impact on SCI-induced Al astro-
cytes, most likely by inhibiting the nuclear translocation of NF-kB p65.
This resulted in a decrease in the lesion area and a reduction in the
expression of TNF-a, IL-1a, and IL-1f. Additionally, MSC-Exo increased
the expression of myelin basic protein, synaptophysin (Syn), and
neuronal nuclei. These effects led to an improvement in Basso, Beattie,
and Bresnahan scores, indicating the anti-inflammatory and neuro-
protective properties of MSC-Exo in the context of TSCI [111].

Xian et al. [112] successfully isolated MSC-Exo by employing an
ultra-centrifugation procedure, which allowed for the identification of
classical exosomal markers, including CD63 and CD81 (Fig. 10A). The
MSC-Exo showed a typical “rim of a cup” morphology with a diameter
ranging from 30 to 150 nm (Fig. 10B and C). Furthermore, their findings
indicated that MSC-Exo effectively mitigated the adverse effects of
inflammation on astrocyte morphology. Additionally, it was observed
that the NF-E2-related factor 2 (Nrf2)-NF-«B signaling pathway played
a key role in modulating astrocyte activation in mice (Fig. 10D-H). The
data presented in this study indicated that MSC-Exo exhibited consid-
erable potential as a nanotherapeutic agent in the management of
neurological disorders characterized by astrocyte abnormalities.

In recent years, exosomes and cell-derived nanovesicles have
emerged as viable options for medication delivery. In their study, Jiang
et al. [113] employed exosomes generated from neurons as carriers for
miR-124-3p. The artificially created NPs hindered the activation of Al
astrocytes by modulating the PI3K/AKT/NF-«B signaling pathway, ul-
timately facilitating the restoration of normal function after TSCI in rats.
Furthermore, the authors stated that the exosomes produced from
neurons enhanced functional behavioral recovery by inhibiting the
activation of M1 microglia and Al astrocytes, both in vivo and in vitro
[113]. The enrichment of miR-124-3p in neuron-derived exosomes was
validated using a miRNA array. Subsequently, MYH9 was identified as a
downstream target of miR-124-3p [113].

5.3. Inorganic nanomaterials

Inorganic nanomaterials often consist of biocompatible and inert
metals, which confer stable properties and reduced dimensions to the
nanomaterials. Inorganic nanomaterials have demonstrated significant
efficacy and display a range of impacts in various biological applica-
tions. Cerium dioxide (CeO,) and selenium (Se) [95] have been used to
modulate astrocyte-mediated inflammation in SCI. In particular, CeOy
(or nanoceria) NPs have drawn increased research attention in the field
of nanomedicine as a potential anti-inflammatory and anti-oxidative
biomaterial. = Moderate nanoceria treatment could inhibit
astrocyte-activation-related NF-kB expression and enhance Nrf2
expression in vivo and in vitro, suggesting that nanoceria could inhibit
inflammation and nerve injury [114]. In addition, application of the
NF-kB inhibitor pyrollidine dithiocarbamate (PDTC) to primary astro-
cytes demonstrated that the Nrf2 pathway could be upregulated in a
dose-dependent manner by nanoceria [114]. A controlled drug delivery
system containing selenium NPs may also protect the nerve cells in SCI
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through an anti-inflammatory effect [95]. Moreover, according to recent
studies, selenium nanoparticles promoted A2 astrocyte polarization in
brain models under ischemia/reoxygenation [115,116]. The selenium
nanomaterials stimulate phosphoinositide 3-kinase (PI3K) activity,
which confers protective effects [115,116]. Thus, selenium nano-
materials may have a similar role in TSCI. However, the primary
obstacle that hinders the utilization of these nanomaterials is their
clearance from the human body, as repeated administration might lead
to toxicity through the accumulation of these nanomaterials. To tackle
this issue, a nanostructured material has been created by integrating the
advantageous electrochemical characteristics of iridium oxide (IrOx)
and carbon nanotubes with the properties of poly (3,4-ethyl-
enedioxythiophene) [117]. The results of this study indicate that this
material exhibits a reduced inflammatory response in astrocytes when
exposed to lipopolysaccharide, as evidenced by the decreased expression
of Nos2 and Cox2 mRNA [117].

5.4. Other nanomaterials

Rolipram [20], spirulina [99], and valproic acid [94] have been
applied to limit the inflammatory response of astrocytes. Resveratrol is a
naturally occurring polyphenol found in grapes, berries, peanuts, and
wine [75]. Resveratrol has been shown to efficiently impede the acti-
vation of the NF-kB signaling pathway through the suppression of the
inhibitor of kB kinase (Ikk) activity [75]. Resveratrol impedes the cre-
ation of the NLRP2 inflammasome in astrocytes by diminishing ATP
generation and ROS production [75]. Ren et al. [19] found a significant
reduction in the synthesis of inflammatory factors, including TNF-a,
IL-1B, and IL-6, by astrocytes upon treatment with flavopiridol NPs.
Additionally, the expression of IL-10 was found to be increased. In
addition to their reactive properties, astrocytes can also produce in-
flammatory chemicals, including Len2. This secretion of Len2 by reac-
tive astrocytes contributes to the perpetuation of their reactivity and has
negative effects on other cells within the spinal cord [118]. Smith et al.
[118] demonstrated the feasibility of utilizing the packaging RNA
(pRNA)-derived three-way junction (3 W J) motif as a platform for
delivering siRNAs. This approach, known as RNA nanotherapeutics, was
employed to effectively downregulate the expression of GFAP, Vim, and
Len2 in astrocytes, thereby impeding the progression of inflammation in
these normally inactive cells. In turn, the study conducted by Zou et al.
revealed that the utilization of tetrahedral framework nucleic acid
nanomaterials effectively induces a shift in cellular polarization, spe-
cifically from the proinflammatory A1 phenotype to the neuroprotective
A2 phenotype [119]. Furthermore, it has been observed that tetrahedral
framework nucleic acid nanomaterials downregulate the TLRs/NF-kB
signaling pathway, suggesting that this could be a potential mechanism
by which nanomaterials protect astrocytes during stroke [119]. These
nanomaterials may possess a comparable function in the context of
spinal cord damage. In addition, another study demonstrated that the
utilization of chitosan-alginate-sodium tripolyphosphate
(CS-ALG-STPP) NPs significantly improved the duration of action and
the amount of curcumin that can be absorbed by the body. Furthermore,
the study observed a reduction in the degree of inflammation and acti-
vation of glial cells in a model of localized demyelination caused by
lysolecithin (LPC) following treatment with curcumin-loaded
CS-ALG-STPP NPs [120]. Recently, researchers successfully created
and enhanced chitosan-coated rosmarinic acid nanoemulsions. These
nanoemulsions have demonstrated notable anti-inflammatory proper-
ties in the context of lipopolysaccharide-induced inflammation in as-
trocytes [121].

6. Conclusions and prospects
Reactive astrocytes are crucial in the innate immune response to

TSCI and in attracting and restricting inflammation. Accordingly, stra-
tegies to manipulate astrocyte reactivity in TSCI have attracted
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increasing research interest. The available body of evidence indicates
that the reactivity of astrocytes cannot be categorized into a limited
number of generalized programs that are either positive or negative to
the host [68]. In addition, similar to microglia, astrocytes exhibit
spatio-temporal dynamics following TSCI [122]. Several studies have
demonstrated that reactive astrocytes exhibit a wide range of nuanced
alterations that are particular to the condition and setting, both in the
acute and chronic stages of inflammation associated with TSCI [66,123,
124]. This emphasizes the increasing necessity to develop a compre-
hensive understanding of the alterations in distinct astrocyte functions
that occur in the process of spatio-temporal dynamics in TSCI. Hence,
further investigations are necessary to determine the means by which
the restorative and therapeutic capabilities of astrocytes can be
enhanced, while concurrently mitigating the detrimental effects of
excessive inflammation that exacerbates tissue injury.

The field of nanomaterial-based immunotherapy has undergone
significant advancements in recent decades, demonstrating significant
potential for implementation in clinical settings. Through the contin-
uous advancement of manufacturing techniques and the implementa-
tion of sophisticated design concepts, nanotechnology has been
effectively utilized in the field of immunological regulation, enabling the
management of numerous diseases [125,126]. Nevertheless, nano-
materials to modulate astrocyte-mediated inflammation remain rela-
tively under researched. In recent years, there has been a growing
recognition of the significant physiological roles played by astrocytes.
Consequently, investigating the intricate interplay between nano-
materials and astrocytes has emerged as a novel area of exploration
within the fields of nanomedicine and neurology [92]. A more thorough
understanding of the positive and negatives aspects of each nano-
material will facilitate their appropriate utilization and allow their
development as effective therapeutic modalities for astrocyte-mediated
inflammation. Organic NPs, which exhibit the greatest potential among
nanomaterials for clinical translation in the short term, constitute a
hotspot in nanomaterial research. Hence, it is quite probable that these
nanomaterials will be able to accomplish biological engineering con-
version within a short timeframe. Subsequent investigations ought to
prioritize the investigation and refinement of active targeting tech-
niques in the realm of nanomaterial design, with the aim of augmenting
medication accumulation specifically at the site of the lesion. Moreover,
codelivery of anti-inflammatory drugs or micromolecules in nanosized
carriers enhances the efficacies of nanomaterials. However, limitations
regarding the rapid, precise, and reproducible organic production of
NPs, as well as their biocompatibility and safety still hinder clinical
translation [127]. Alternatively, owing to the well-known toxicity of
inorganic nanomaterials, their practical application in biomedicine re-
mains elusive. Nevertheless, the technological advancements in the
manufacture of inorganic NPs have reached a higher level of maturity
compared to the production of organic NPs. This has resulted in a greater
degree of uniformity and control in the manufacturing of each batch of
inorganic NPs. Furthermore, despite several studies demonstrating the
biocompatibility of inorganic NPs with brain cells in laboratory settings
[20,128,129], concerns persist regarding their safety when used in
living organisms.

The primary concern in utilizing immunomodulatory NPs is ensuring
safety. Given the intimate interaction between NPs and the immune
system, it becomes necessary to establish a standardized approach for
evaluating their potential immunotoxicity. As an illustration, the pro-
cess of NPs binding to serum proteins can result in the formation of a
protein corona surrounding the NP surface [130,131]. Additional tox-
icities, such as challenges in the elimination process from the human
body, should be duly considered prior to the implementation of clinical
interventions. Hence, it is imperative to conduct a thorough study and
assessment of the local and systemic toxicity of nanomaterials toward
healthy organs and tissues. The utilization of nanomaterials that have
been functionalized with effective targeting ligands and/or
stimuli-sensitive capabilities can contribute to the further enhancement
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of safety. This is achieved by enabling targeted distribution and regu-
lated responsive release of anti-inflammatory medicines or
immunomodulators.

In general, the investigation of innovative immunotherapies by the
effective manipulation of nanomaterials presents an attractive and
promising area of research. Although numerous obstacles remain, pro-
found improvements in clinical efficacy and benefits for preventing or
ameliorating the detrimental effects of SCI are expected in the future.
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