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Abstract: This review article discusses the potential of nanomaterials in targeted therapy and immunomodulation for stroke-induced immuno-
suppression. Although nanomaterials have been extensively studied in various biomedical applications, their specific use in studying and addressing
immunosuppression after stroke remains limited. Stroke-induced neuroinflammation is characterized by T-cell-mediated immunodepression, which
leads to increased morbidity and mortality. Key observations related to immunodepression after stroke, including lymphopenia, T-cell dysfunction,
regulatory T-cell imbalance, and cytokine dysregulation, are discussed. Nanomaterials, such as liposomes, micelles, polymeric nanoparticles, and
dendrimers, offer advantages in the precise delivery of drugs to T cells, enabling enhanced targeting and controlled release of immunomodulatory
agents. These nanomaterials have the potential to modulate T-cell function, promote neuroregeneration, and restore immune responses, providing
new avenues for stroke treatment. However, challenges related to biocompatibility, stability, scalability, and clinical translation need to be addressed.
Future research efforts should focus on comprehensive studies to validate the efficacy and safety of nanomaterial-based interventions targeting
T cells in stroke-induced immunosuppression. Collaborative interdisciplinary approaches are necessary to advance the field and translate these
innovative strategies into clinical practice, ultimately improving stroke outcomes and patient care.
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Introduction
Stroke is a devastating neurological condition characterized by the interruption of blood flow to the brain, leading to
brain tissue damage and functional impairments.' > In addition to the acute damage caused by the initial ischemic event,
stroke triggers a complex cascade of secondary processes, including neuroinflammation, immune cell activation, and
immunodepression.* ' Among the immune cells involved in the poststroke immune response, T cells have emerged as
key players in modulating the inflammatory environment and influencing stroke outcomes.'''?

T-cell-mediated immunodepression refers to the functional impairment and reduced immune response observed in T cells
following stroke. This immunodepressive state can lead to increased susceptibility to infections and impaired recovery.'*
Understanding the role of T cells in stroke pathophysiology and their impact on stroke outcomes is crucial for developing

effective therapeutic strategies.
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In recent years, nanomaterials have gained considerable attention in the field of biomedicine due to their unique
properties and versatile applications. Nanomaterials offer opportunities for targeted therapy and immunomodulation by
enabling precise interactions with biological systems at the nanoscale. The small size and tunable characteristics of these
vesicles make them ideal for targeting specific cells, including T cells, and delivering therapeutic agents directly to the
desired sites of action.'> '® While nanomaterials have been extensively studied for the treatment of various diseases, few
studies have applied them to address immunodepression after stroke.'

The use of nanomaterials in stroke research provides exciting avenues for modulating T-cell-mediated immunodepression and
improving stroke outcomes. Nanomaterials can be functionalized with ligands or antibodies that selectively bind to T cells,
allowing for targeted delivery of immunomodulatory agents.”’ Furthermore, the physicochemical properties of nanomaterials can
be engineered to enhance drug stability, prolong circulation time, and provide controlled release, ensuring optimal delivery and
efficacy.”’

Additionally, nanomaterials possess inherent immunomodulatory properties that can be harnessed to counteract
immunodepression. Some nanomaterials can act as adjuvants, stimulating immune responses and enhancing T-cell
activation.”> >* Others can scavenge reactive oxygen species, reducing oxidative stress and mitigating T-cell
dysfunction.”® By leveraging these unique properties, nanomaterial-based approaches hold great promise for promoting
a favorable immune environment and restoring T-cell function in stroke patients.

In this review article, we aim to explore the untapped potential of nanomaterials for targeted therapy and immunomodula-
tion, specifically in the context of stroke-induced immunodepression (Figure 1). Our goal was to provide a comprehensive
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Figure | lllustration of the relationships between stroke, brain injury, and immunodepression and the role of nanotechnologies. The diagram illustrates the sequence of events
following a stroke. Initially, stroke causes brain injury, leading to the opening of the blood-brain barrier (BBB) and the release of damage-associated molecular patterns (DAMPs).
This influences the peripheral immune system, particularly affecting T-cell function and leading to a state of immunodepression. Concurrently, the brain interacts with the immune
system, further intensifying this immunodepression. Following these initial changes, peripheral immune cells, including neutrophils, monocytes, and T cells, are recruited to the
ischemic brain, where they exacerbate neuroinflammation and reinforce the immunosuppressive state. Nanotechnologies are potential tools for intervening in this cascade and have
potential applications in acute neuroprotection, anti-inflammatory therapy, and T-cell targeting strategies aimed at attenuating poststroke immunodepression.
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overview of the role of T-cell-mediated immunodepression in stroke pathophysiology and its significant implications for
stroke outcomes. We will delve into the unique properties of nanomaterials and their diverse applications in targeted therapy
and immunomodulation. Specifically, we highlight recent advancements in nanomaterial-based delivery systems and immu-
nomodulatory nanotherapies, focusing on their potential to modulate T-cell function and alleviate immunodepression in stroke
patients. By shedding light on the unexplored potential of nanomaterials in this specific context, we hope to inspire further
research and development in the field and ultimately contribute to the advancement of stroke treatment strategies.

By elucidating the synergistic interplay between T-cell-mediated immunodepression and nanomaterial-based inter-
ventions, we hope to pave the way for the development of innovative and effective strategies to improve stroke outcomes.
This comprehensive exploration of nanomaterial-based approaches for targeted therapy and immunomodulation in stroke
patients holds great promise for advancing our understanding of stroke pathophysiology and facilitating the translation of
novel therapies from the bench to the bedside.

Stroke Results in Immunodepression

Stroke-Induced Immunosuppression and T-Cell Dysfunction

Immunodepression after stroke is associated with alterations in specific subsets of T cells, namely, CD4" and CD8"
T cells.?® These T-cell populations play crucial roles in orchestrating immune responses and regulating inflammation.®?’
Following ischemic stroke, there is a reduction in both CD4" and CD8" T-cell numbers, contributing to the overall
lymphopenia observed in stroke-induced immunosuppression.

CD4" T cells, also known as helper T cells, are important for coordinating immune responses and activating other immune
cells.”® They play a crucial role in promoting the differentiation and function of various immune cell subsets, including B cells
and cytotoxic CD8" T cells.”” After stroke, a reduction in the CD4 T-cell number compromises the ability of patients to provide
adequate immune support and effectively modulate the immune response.'' CD8" T cells, also known as cytotoxic T cells, are
responsible for directly eliminating infected or damaged cells. They recognize and kill target cells harboring specific antigens,
including those derived from pathogens or damaged tissue.'? In stroke-induced immunosuppression, there is a decrease in the
number of circulating CD8" T cells, which compromises the immune system’s ability to eliminate infected cells and control
immune responses at the site of injury.”” Along with functional impairments, the reductions in CD4" and CD8" T cells after
stroke contribute to an inadequate immune response against infections and to the dysregulation of poststroke inflammation.*® 2
This immunodepression state increases susceptibility to infections and impairs the body’s ability to control inflammatory
processes effectively. Understanding the mechanisms underlying the reduction and dysfunction of CD4" and CD8" T cells
after stroke is crucial for developing strategies to mitigate immunodepression and improve patient outcomes. However, further
research is needed to uncover the specific factors contributing to these T-cell alterations and to explore potential therapeutic
interventions targeting T cells to restore immune function and mitigate the adverse effects of immunodepression after stroke.

Stroke-induced immunodepression is characterized by functional changes in lymphocyte populations, particularly
a shift from T helper 1 (Thl) to T helper 2 (Th2) activity.**>** This shift impairs the antibacterial defense mediated by
Thl cytokines, such as interferon-y (IFN-y). Reestablishing IFN-y production helps prevent stroke-associated pneumonia.
Studies in both animals and humans have shown that the rapid Th1/Th2 shift,*> assessed by key cytokines, is associated
with stroke-associated pneumonia and correlates with stroke severity.6 The shift toward a Th2 response persists for
several months and is linked to a higher infection rate.*® Invariant natural killer T cells also contribute to the Th1/Th2
shift by releasing IL-10. These findings highlight the importance of understanding the immune response in stroke-
induced immunosuppression and its impact on infection susceptibility.>’

Regulatory T cells (Tregs) are a subset of CD4" T cells known for their immunosuppressive properties.*® They function to
maintain immune homeostasis, prevent excessive inflammation, and suppress autoreactive and excessive immune responses.
In the context of stroke, Tregs have been shown to be involved in regulating the immune response and mitigating poststroke
inflammation.*” The number of Tregs in the ischemic brain after stroke gradually increases over time, reaching a peak at
approximately 40% of the CD4" T cells on day 14 and persisting for 2 months.** Tregs exhibit temporal and spatial
variations, with increased proliferation on the ischemic hemisphere side.*' However, there are differences in the timing and
distribution of Tregs in various stroke models, with some studies observing an early increase in Tregs within 24 hours after
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stroke.*” These findings emphasize the dynamic nature of Tregs in stroke-induced immune responses. Studies have
demonstrated a reduction in Treg numbers and impaired suppressive function after stroke, contributing to the dysregulated
immune response and increased inflammation observed in stroke-induced immunosuppression.*® This reduction in Tregs
compromises their ability to suppress excessive immune activation and dampen inflammation, thereby exacerbating post-
stroke immune dysregulation.>' Changes in the number of peripheral Tregs occur after ischemic stroke. The total number of
T cells in the peripheral blood decreases, while the proportion of Tregs significantly increases. The proportion of Tregs
initially decreases on day 1 after stroke, then returns to normal on day 3 and reaches approximately 10% on day 7, suggesting
that Tregs are redistributed after stroke. It is believed that Tregs migrate from the periphery to the brain early after stroke and
exert their effects on cerebral ischemia through the peripheral immune system.**

A study led by Professor Offner investigated the impact of experimental stroke on the spleen and immune cell
populations.*> Their results showed that stroke leads to splenic atrophy, accompanied by an increase in the number of
Tregs in the spleen and in the number of circulating macrophages in the blood. These findings suggest an immune regulatory
response and immune activation following stroke. This study provides insights into the immune alterations associated with
stroke, highlighting the involvement of Tregs and macrophages.*> An imbalance of Tregs during stroke-induced immunode-
pression has implications for the overall immune response and disease progression.*® Decreased Treg numbers and dysfunc-
tion contribute to a proinflammatory environment, promoting the release of inflammatory cytokines and the activation of other
immune cells.*” This sustained inflammation can further damage brain tissue, impair neuroregeneration, and exacerbate
secondary complications.*® The relationship between Tregs and immunodepression after stroke is complex and
multifaceted.?” While Tregs normally play a beneficial role in immune regulation, their depletion and dysfunction in stroke
can contribute to an inadequate immune response, heightened inflammation, and subsequent immunodepression.*’ Therefore,
understanding the underlying mechanisms involved in Treg alterations after stroke and exploring strategies to restore Treg
numbers and suppressive function hold potential for developing therapeutic interventions, including T-cell-based
nanoparticles.>® Targeting Tregs to enhance their regulatory capacity or modulate their function may help mitigate immuno-
depression, promote immune homeostasis, and improve poststroke outcomes.”’ Elucidating the intricate mechanisms
governing Treg dynamics after stroke and exploring innovative approaches to harness the immunomodulatory potential of
Tregs are essential.

In addition, in stroke-induced immunodepression, both the adaptive and innate immune systems are affected, with more
changes observed in functionality than in cellularity. The expression of monocytic HLA-DR, a well-characterized marker, has
been found to be significantly lower in stroke patients with stroke-associated pneumonia (SAP) than in patients without SAP
or healthy controls.”*> Decreased HLA-DR expression on monocytes is observed as early as day 1 after stroke, preceding the
occurrence of infections typically observed between days 2 and 5.7*** Similar rapid effects are observed in lymphocytes.
Additionally, other myeloid cells, such as dendritic cells, exhibit decreased HLA-DR, CD64, and CD14 expression, which
may contribute to immunosuppression.”> Interestingly, immunodepressive IL-10" monocytes exhibit increased HLA-DR
expression after stroke. In experimental stroke,’® impaired antibacterial defense of macrophages and alveolar epithelial cells
has been shown to play a crucial role in SAP.”” These findings collectively demonstrate that stroke induces functional changes
in monocytes and other myeloid cells, increasing susceptibility to infection. Understanding stroke-induced immunosuppres-
sion and T-cell dysfunction, especially the different functions of various T-cell subtypes as well as their functional timing, is
crucial for choosing the correct nanoparticles and timing for the application of this medicine.

Relationship Between Immunodepression and Cytokine Dysregulation

After stroke, cytokines, which are signaling molecules that play a crucial role in immune responses and inflammation, are
dysregulated.”® This dysregulation contributes to immunosuppression by promoting a proinflammatory environment and
impairing the balance between proinflammatory and anti-inflammatory signaling.”® One key observation is the increase in
proinflammatory cytokines, including interleukin-1p (IL-1p), tumor necrosis factor-a (TNF-o)), and IFN-y, after stroke in the
ischemic brain. These cytokines are produced by various immune cells, such as macrophages, microglia, and T cells, and
contribute to the activation of immune responses and the recruitment of immune cells to sites of injury. Furthermore, these
proinflammatory cytokines can directly affect T-cell function by inhibiting T-cell proliferation, cytokine production, and
cytotoxic activity. These cells create an inflammatory environment that is detrimental to T-cell survival and function.
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Additionally, excessive proinflammatory cytokine production contributes to the recruitment and activation of other immune cells,
further exacerbating inflammation and tissue damage. In the context of stroke, excessive production of proinflammatory
cytokines can lead to sustained inflammation and tissue damage.®™®" Conversely, there is a decrease in the levels of anti-
inflammatory cytokines, such as interleukin-10 (IL-10), which normally play regulatory roles in dampening immune responses
and promoting immune tolerance.®* Marius Piepke et al reported that IL-10 improves stroke outcome by controlling the
detrimental interleukin-17A response.®” The reduced levels of anti-inflammatory cytokines contribute to an imbalance between
proinflammatory and anti-inflammatory signals, favoring a proinflammatory environment that further perpetuates immune
dysfunction. This cytokine imbalance has several implications for immunosuppression after stroke.?”*® First, the excessive
production of proinflammatory cytokines can impair the function of immune cells, including T cells, leading to their dysfunction
and reduced immune responses. It can also disrupt the balance of immune cell subsets and contribute to the polarization of
immune responses toward a proinflammatory phenotype. Second, the decrease in anti-inflammatory cytokines limits the
regulatory mechanisms that dampen excessive immune activation, contributing to prolonged inflammation and tissue damage.

Overall, the dysregulation of cytokines after stroke plays a significant role in immunosuppression by promoting
a proinflammatory environment and impairing immune responses. Targeting cytokine signaling pathways and rebalan-
cing the cytokine profile may be useful for modulating the immune response, reducing inflammation, and restoring
immune function in stroke-induced immunosuppression. Dysregulation of cytokines after stroke profoundly impacts
T-cell reduction and dysfunction.*® An altered cytokine profile characterized by increased proinflammatory cytokines and
decreased anti-inflammatory cytokines contributes to impaired function and a reduced number of T cells. A dysregulated
cytokine profile not only directly affects T cells but also influences the overall immune environment and T-cell
interactions with other immune cells.** An imbalance between proinflammatory and anti-inflammatory cytokines can
disrupt regulatory networks that involve T cells and other immune cells, such as macrophages, dendritic cells, and Tregs
cells.*®6%6¢ These interactions are crucial for maintaining immune homeostasis and proper T-cell function. Disruption of
these networks further contributes to T-cell dysfunction and impaired immune responses.

In summary, the dysregulation of cytokines after stroke has a direct impact on T-cell reduction and dysfunction. Altered
proinflammatory cytokines and anti-inflammatory cytokines create an inflammatory environment that impairs T-cell function
and survival. Utilizing nanoparticles to restore the balance of cytokines and modulate cytokine signaling pathways may be
promising for mitigating T-cell-mediated immunodepression and promoting immune recovery after stroke.

The Pathological Mechanisms of Immunosuppression After Stroke

Stroke-induced immunodepression is a complex process that involves intricate interactions among central nervous system
(CNS) injuries, immune system dysregulation, sympathetic and parasympathetic pathways, and the endocrine system
(Figure 2).5%67-%8 Following ischemic stroke, the CNS is damaged and releases a cascade of proinflammatory cytokines and
damage-associated molecular patterns (DAMPs).®” While these signals trigger an immune response, the immune-privileged
status of the CNS and the release of immunosuppressive factors result in dysregulated immune function. Microglia, the
resident immune cells of the CNS, become activated in response to stroke-induced inflammation.”® While their activation
initially contributes to neuroinflammation, prolonged microglial activation can lead to excessive inflammation and immune
cell dysfunction, including T-cell dysfunction. Furthermore, the breakdown of the blood-brain barrier (BBB) allows
immune cells, including T cells, to infiltrate the brain.”! However, the CNS environment, characterized by immunosup-
pressive factors and limited antigen presentation, can dampen T-cell responses, resulting in immunodepression.

In addition to CNS injuries, sympathetic pathways are activated in response to stroke.’™’*"* Increased sympathetic
outflow leads to the release of stress hormones, such as adrenaline and noradrenaline, which can modulate immune
responses, including T-cell function. Sympathetic activation induces T-cell apoptosis,’* suppresses T-cell activation and
proliferation, and alters the balance of T-cell subsets, contributing to immunodepression.”®> Furthermore, sympathetic
pathways influence the trafficking of immune cells by altering adhesion molecule expression and chemokine gradients,
affecting their recruitment and infiltration into stroke-affected regions.”

The endocrine system also plays a significant role in stroke-induced immunodepression.”®’” Stroke triggers a stress
response, resulting in the release of glucocorticoids, such as cortisol, from the adrenal glands. Glucocorticoids have
potent immunosuppressive effects and can modulate T-cell function. They inhibit T-cell activation, proliferation, and
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Figure 2 Diagram illustrating the pathophysiological mechanisms of stroke-induced immunosuppression. Following a stroke, several systems—including systemic inflam-
matory responses, the neuroendocrine system, and the autonomic nervous system—contribute to the induction of immunosuppression. Initial neuroinflammation in the
ischemic brain leads to breakdown of the blood-brain barrier (BBB) and release of inflammatory mediators into the circulation, thereby impacting circulating immune cells.
The activation of the hypothalamic—pituitary—adrenal (HPA) axis in response to stroke results in elevated levels of glucocorticoids, which inhibit immune cell function,
contributing to immunosuppression. Additionally, the sympathetic nervous system (SNS) mediates immunosuppression via the delivery of invariant natural killer T (iNKT)
cells to the liver and norepinephrine (NE), subsequently affecting spleen function and resulting in immunodepression. Finally, the parasympathetic nervous system (PSNS)
influences immunosuppression through the release of acetylcholine (Ach) and cytokines, further affecting T-cell functions. The diagram illustrates these complex interactions
and their cumulative role in stroke-induced immunosuppression.

cytokine production, leading to immunodepression. Glucocorticoids also influence the balance of T-cell subsets, favoring
the expansion of Tregs over effector T cells and further suppressing immune responses.

In summary, immunodepression after stroke arises from the complex interplay of CNS injuries, immune system
dysregulation, sympathetic and parasympathetic pathways, and the endocrine system. The CNS environment, microglial
activation, sympathetic outflow, stress hormone release, and glucocorticoid signaling collectively contribute to impaired
function, reduced numbers, and dysregulation of T cells. Therefore, it is necessary to understand these mechanisms to
develop targeted nanoparticle interventions that restore immune function and alleviate immunodepression after stroke.

Clinical Consequences of Immunodepression After Stroke

Immunosuppression after stroke has significant consequences for patients, leading to increased morbidity and mortality.
A compromised immune system leaves stroke patients more vulnerable to infections, which can have severe implications. The
following are the key points highlighting the consequences of immunosuppression after stroke: (1) Increased risk of
infection:”®”? Immunodepression impairs the body’s ability to fight infections, increasing susceptibility to various infectious
diseases. (2) Pneumonia: Aspiration pneumonia is a common and severe infection in stroke patients due to immobility, an
impaired cough reflex, and compromised respiratory function. Immunodepression further weakens the defense mechanisms
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against bacterial colonization and lung infection. (3) Urinary tract infections:**®' Bladder dysfunction in stroke patients
increases the risk of urinary tract infections (UTIs). UTIs can progress to sepsis, a severe condition associated with a high
mortality rate. (4) Other infections:** Stroke patients are also at increased risk of developing skin and soft tissue infections,
bloodstream infections, and gastrointestinal infections, which can complicate their recovery and increase mortality rates. (5)
Impact on overall health:** > Prolonged immunosuppression not only affects the immediate poststroke period but also has
long-term consequences.®”**” Chronic infections, delayed wound healing, and secondary complications can impact the
overall health and survival of stroke patients.®®

Addressing immunosuppression as a major cause of death in stroke patients is crucial for improving outcomes. However,
treating immunosuppression is challenging. Antibiotics alone are insufficient for restoring immune function, and the optimal

timing and selection of immunomodulatory therapies are still being investigated.**° Stem cell therapy®'+**

and personalized
medicine approaches hold promise but require further research on their role in stroke-induced inflammation. Comprehensive
poststroke care, including rehabilitation and supportive measures, is essential.”> Therefore, it would be interesting to see that
the combination of T-cell-based nanoparticle treatment with these methods could be a new avenue. Overcoming these
challenges necessitates a deeper understanding of the mechanisms underlying immunosuppression and the development of
targeted and personalized treatment strategies, especially nanoparticles. By addressing immunosuppression and preventing

infections, we can significantly improve patient outcomes and reduce mortality rates in stroke patients.

Nanomaterials for Targeted Drug Delivery to T Cells

Nanomaterials have shown promise in various aspects of stroke research.”**> They have been utilized for targeted drug
delivery to the brain, neuroprotection, neuroregeneration, and immunomodulation. NPs, such as liposomes and polymeric
NPs, have been designed to deliver therapeutic agents specifically to stroke-affected regions, enhancing treatment efficacy and
minimizing off-target effects.”*”’ Additionally, nanomaterials have been used to deliver neuroprotective agents, anti-
inflammatory drugs, and immunomodulatory agents to mitigate neuroinflammation and promote tissue repair.”*"’

While nanomaterials have shown potential for neuroprotection in stroke and for modulating immune responses, including
their use in immunotherapy for cancer and other diseases, their specific application for reversing stroke-induced immunode-
pression is an area that is still under investigation. The use of nanomaterials for immunomodulation in the context of stroke is
an emerging field of research, and further studies are needed to fully understand their effectiveness and potential in addressing
immunodepression after stroke.

Current research on the use of nanomaterials for the treatment of stroke-induced immunosuppression faces several limita-
tions. First, there is a lack of comprehensive studies in this specific area, with limited preclinical and clinical investigations. The
translation of nanomaterials into clinical practice is still in its early stages.'” Specifically, immunological responses and long-
term safety concerns related to nanomaterials need to be thoroughly addressed. Moreover, scale-up and manufacturing challenges
need to be overcome to ensure cost-effective production. Thus, the biological process, large-scale manufacturing and safety all
need extensive improvement.'® Additionally, designing nanomaterials with optimal properties for targeted therapy is complex,
especially because efficiently crossing the BBB remains a challenge.'®"'> The BBB is a self-protective layer that allows only
particles that are small enough or lipid soluble to bypass this barrier. In 2022, MIT scientists developed nanoparticles that could be
used as chemical drugs for brain glioblastoma infection in animal models, and particles coated with the AP2 peptide were found
to be superior at penetrating the vessels surrounding tumors.'® However, whether this basic research protocol could be translated
into clinical trials requires further testing. Overcoming these limitations will require further research, interdisciplinary collabora-
tion, and advancements in nanomaterial design and manufacturing processes to facilitate the effective translation of nanomater-
ial-based therapies for stroke-induced immunosuppression.'**

Nanomaterials offer a promising platform for targeted drug delivery to T cells in stroke therapy.?® By utilizing nanocarriers,
such as nanoparticles or liposomes, immunomodulatory drugs or therapeutic agents can be specifically delivered to T cells,
enabling precise modulation of their function and immune response.'*>'% This targeted approach provides several advantages
over conventional drug delivery systems.'®”-'*® First, nanomaterials can enhance the T-cell targeting ability.'* By functionalizing
the surface of nanocarriers with ligands or antibodies that recognize T-cell-specific markers or receptors, nanomaterials can
selectively bind to T cells and facilitate their uptake.''® This targeted binding increases the accumulation of drugs or therapeutic
agents in T cells while minimizing off-target effects on other cell types. This specificity is particularly important in the context of
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stroke, where the modulation of T-cell function while minimizing interference with other immune cells or tissues is desired.'"!
For instance, the combination of cell surface markers and nanoparticles has shown great potential in the treatment of cancer.''?
The 100 nm iron nanomaterials were modified with antibodies against CD137 (anti-CD137) and programmed death-ligand 1
(anti-PD-L1). Anti-PD-L1 antibodies blocked PD-L1-PD-1 interactions and thus prevented PD-1-mediated T-cell exhaustion,
which showed that T cells could function well without exhaustion in an animal model.''? Clinically, nanogels are nanodrug
delivery systems (NDDSs) in which the drug is delivered as an IL-15 superagonist complex to treat various solid tumors and
lymphomas and are now in a phase II clinical trial.'"* Second, nanomaterials allow for localized drug release.?' The unique
properties of nanocarriers can be harnessed to control the release of therapeutic agents in a spatial and temporal manner.
Nanomaterials can be designed to respond to specific stimuli, such as pH, temperature, or enzymatic activity, which are
characteristic of the T-cell microenvironment.''* By incorporating stimuli-responsive components into the nanocarrier, drug
release can be triggered specifically within T cells or within the vicinity of T-cell populations, ensuring efficient and localized
therapeutic effects. This localized drug release minimizes systemic exposure and reduces the risk of off-target effects.
Moreover, nanomaterials can improve the stability and pharmacokinetics of immunomodulatory drugs or therapeutic

5 Many drugs or bioactive molecules have limited stability or solubility, which can compromise their efficacy.

agents.
Nanocarriers can protect these drugs from degradation and facilitate their transport to T cells, increasing their stability and
bioavailability.''®'!” Additionally, nanomaterials can prolong the circulation time of drugs in the bloodstream.''® For instance,
Maxim Nikitin’s group reported an improved method for enhancing the blood circulation time and performance of
nanomedicines via the forced clearance of erythrocytes.''® This kind of improvement allows sustained release and prolonged
exposure of T cells, which is particularly important for achieving durable therapeutic effects. Furthermore, the small size of
these nanomaterials enables efficient cellular uptake and intracellular drug delivery.''® T cells possess specific mechanisms for
internalizing nanoscale particles, making them highly receptive to nanocarrier-based drug delivery. Once internalized,

. . . . 120,121
nanocarriers can release their cargo directly into cells,'*”

ensuring efficient intracellular drug delivery and maximizing
therapeutic potential. Figure 3 shows a series of steps illustrating the potential of a nanomaterial carrying an immunomodu-
latory drug from administration to T-cell targeting in the context of stroke. First, functionalized nanoparticles were intrave-
nously injected with T-cell-specific ligands. Next, circulation in the bloodstream occurs with prolonged retention time due to
surface modifications (eg, PEGylation). It is necessary to cross the BBB either passively (poststroke) or actively (using BBB
permeation strategies). Then, these nanoparticles need to interact with T cells in inflamed brain tissue; therefore, the targeted
cells can take up the nanoparticles by T cells through receptor-mediated endocytosis or pinocytosis. Finally, drugs can be

released inside T cells, leading to the modulation of T-cell function (activation/inhibition).

Blood stem BBB
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Figure 3 A series of steps illustrating the journey of a nanomaterial carrying an immunomodulatory drug from administration to T-cell-targeting stroke therapy. Step I:
Intravenously inject the functionalized nanoparticles with T-cell-specific ligands. Step 2: Circulation in the bloodstream with prolonged retention time due to surface
modifications (eg, PEGylation). Step 3: Crossing the blood-brain barrier either passively (poststroke) or actively (using BBB permeation strategies). Step 4: T cells interact
with T cells in inflamed brain tissue; the targeting ligand binds to a T-cell surface marker (eg, CD3 or CD4). Step 5: Uptake of the nanoparticles by T cells through receptor-
mediated endocytosis or pinocytosis. Step 6: Drug release inside T cells leads to the modulation of T-cell function (activation/inhibition).
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Based on the above discussion, there is a high possibility of utilizing nanomaterials for the targeted delivery of drugs
to T cells in stroke therapy, which offers several advantages.'*?'?* The advantages of nanomaterials in the precise
delivery of drugs to T cells are shown in Table 1. By harnessing the unique properties of nanomaterials, it becomes
possible to achieve precise modulation of T-cell function, attenuate immunodepression, and promote therapeutic effects
in stroke patients (Figure 4). Nanomaterial-based delivery systems hold great promise for the precise immunomodulation
of T-cell function in stroke therapy. By incorporating immune checkpoint inhibitors, cytokines, or gene therapies into
nanocarriers, it becomes possible to achieve targeted and controlled modulation of T-cell responses, optimizing the
immune response and improving stroke outcomes. Further research and development in this area will undoubtedly
contribute to advancing the field of stroke therapy and enhancing patient care.

Using Nanoparticles to Modulate T-Cell Function

Immunomodulation of T-cell function plays a crucial role in stroke therapy, as T cells are key regulators of the immune
response and can exert both beneficial and detrimental effects.?’"'*>13¢ The specific material properties, design criteria,
characteristics, and optimization strategies for these materials influence targeting efficacy and therapeutic outcomes, as
discussed below.

Size

The size of the nanoparticles greatly impacts their biodistribution, cellular uptake, and ability to cross biological barriers
such as the BBB. Generally, particles with sizes ranging from 10 to 200 nm are preferred because they exhibit longer
circulation times and greater accumulation in the target tissue. Smaller nanoparticles (<200 nm) have a greater likelihood
of crossing the compromised BBB after stroke, allowing for better penetration into the ischemic region where T cells
accumulate.'>” An optimal size also facilitates endocytosis by T cells, ensuring effective drug delivery.'*®

Surface Charge

The surface charge influences nanoparticle-cell interactions and colloidal stability. Cationic nanoparticles tend to have
greater cellular uptake but can also cause cytotoxicity, while neutral or slightly negative charges can reduce nonspecific
binding and improve biocompatibility.'**'*° Modulating the surface charge to achieve a balance between cellular uptake
and reduced toxicity is crucial for targeting T cells during stroke. Neutral or negatively charged nanoparticles can
minimize nonspecific interactions and enhance the selective targeting of T cells via specific ligands.

Table | Advantages of Nanoparticles in the Precise Delivery of Drugs to T Cells

Nanomaterial Characteristics Advantages for Stroke Treatment Reference
Type
Liposomes ® Phospholipid bilayer structure ® Enhanced drug solubility and bioavailability [125-128]

® Can encapsulate both hydrophilic and hydrophobic Controlled drug release

drugs Reduced systemic toxicity

® Biocompatible and biodegradable

Micelles ® Self-assembled amphiphilic block copolymers ® Improved penetration across the blood-brain [129,130]
® Nanoscale size for improved cellular uptake barrier
® Core-shell structure for drug encapsulation ® High payload capacity

® Targeted delivery to T cells

Polymeric ® Synthetic or natural polymers ® Prolonged circulation time [131-133]
Nanoparticles ® Size tunable and versatile surface modifications ® Enhanced stability
® Can encapsulate multiple drugs ® Targeting ligands for specific T-cell subsets
Dendrimers ® Highly branched, monodisperse structures ® Precise control over drug loading and release [132,134]
® Large number of functional groups on surface ® Efficient multivalent interactions with T cells
® Well-defined size and shape ® Potential to cross BBB
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Figure 4 lllustration of potential strategies for targeting stroke-induced immunodepression via the use of nanomaterials. The diagram categorizes nanomaterials into three
broad types: (1) organic materials, including liposomes, dendrimers, micelles, and polymers; (2) carbon-based materials, such as fullerenes and graphene; and (3) inorganic
materials, such as gold nanoparticles and quantum dots. These nanomaterials can be engineered for a variety of applications to counter immunodepression. These
applications include the delivery of therapeutic agents, controlled release of drugs, imaging of immune cell functions, targeting of immune checkpoints, modulation of
inflammatory factors, and alteration of gene expression. The ultimate goal of these strategies is to attenuate the T-cell-mediated immunosuppression that occurs following
stroke.

Shape

Nanoparticle shape can affect cellular internalization pathways and clearance rates. Spherical shapes are common due to
the ease of synthesis, but rod-shaped or discoidal particles may show preferential uptake by specific cell types.”
Although the optimal shape for T-cell targeting in stroke has not been extensively studied, tailored shapes could enhance
targeting efficiency if they match the uptake preferences of T cells.

Functionalization and Ligand Conjugation
Coating nanoparticles with targeting ligands (such as antibodies against T-cell surface markers such as CD3, CD4, or
CDS8) ensures specific recognition and binding to T cells. PEGylation can also be used to increase circulation time and
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stealth properties.'*! Selective targeting of T cells requires careful selection and attachment of ligands that recognize
overexpressed receptors on these cells in the stroke environment.

Drug Loading Efficiency and Release Kinetics

NPs must have sufficient drug-loading capacity and controlled release kinetics to ensure that the appropriate amount of
drug reaches the target cells at the appropriate time.'**"'** Optimization of drug loading methods and incorporation of
stimuli-responsive components (eg, pH-sensitive linkers) can ensure the timely release of immunomodulatory agents
upon reaching the acidic microenvironment of inflamed tissues where T cells are active.

Nanomaterials could offer a powerful platform for precisely modulating T-cell activation, proliferation, and differentiation,
thereby influencing the immune response in stroke patients. This section focuses on the use of nanomaterials to deliver
immune checkpoint inhibitors, cytokines, or gene therapies for targeted immunomodulation of T cells. One approach is to
incorporate immune checkpoint inhibitors, such as antibodies against programmed cell death protein 1 (PD-1), as increasing
evidence has shown that PD-1 plays an essential role in brain diseases, including stroke-induced neuroinflammation.'>~'4”
PD-L1 monoclonal antibodies treat ischemic stroke by controlling central nervous system inflammation.'*® Cytotoxic
T-lymphocyte-associated protein 4 (CTLA-4) is another key T-cell immune checkpoint molecule that has evolved in
idiopathic ischemic stroke.'* These inhibitors can block the inhibitory signals that suppress T-cell activation, effectively
enhancing T-cell responses against stroke-associated antigens. By encapsulating immune checkpoint inhibitors in nanomater-
ials, their stability can be improved, and their targeted delivery to T cells can be achieved. In a Chinese cohort, the serum
CTLA-4 concentration was significantly greater in hypertensive patients with ischemic stroke than in hypertensive patients
without ischemic stroke.'*® Therefore, this targeted delivery allows for higher local concentrations of inhibitors at the site of
action, minimizing systemic side effects. Additionally, nanomaterials can be designed to provide controlled release of immune
checkpoint inhibitors, ensuring sustained immunomodulation and prolonged therapeutic effects. Another strategy involves the
delivery of cytokines to T cells using nanocarriers. For example, McHugh et al demonstrated the paracrine codelivery of
Transforming growth factor-f (TGF-B) and IL-2 using CD4-targeted nanoparticles for the induction and maintenance of
regulatory T cells.'>® Cytokines play critical roles in regulating T-cell function, proliferation, and differentiation. By
encapsulating cytokines, such as interleukins (eg, IL-2 and IL-15), into nanomaterials, their stability and bioavailability can
be enhanced, and targeted delivery to T cells can be achieved. This targeted delivery allows for precise modulation of T-cell
responses in stroke. Moreover, nanomaterials can provide controlled release of cytokines, enabling sustained exposure and
preventing the rapid clearance of cytokines in the bloodstream. This controlled release ensures that T cells receive the
appropriate signals for prolonged and optimized immune activation. Furthermore, nanomaterials can facilitate the delivery of
gene therapies for T-cell modulation.'>''>? Gene therapies, such as the introduction of chimeric antigen receptors (CARs) or
genetic modifications to enhance T-cell function, hold great potential in stroke therapy. Nanocarriers can protect and deliver
therapeutic genes to T cells, allowing precise genetic modifications and controlled expression of therapeutic molecules. By
incorporating gene therapies into nanomaterials, targeted delivery to T cells can be achieved, enhancing their therapeutic

efficacy and minimizing off-target effects.'*

Multifunctional Nanoplatforms for T-Cell Modulation

The design and development of multifunctional nanoplatforms have emerged as promising approaches for simultaneously
targeting neuroinflammation and T-cell-mediated immunodepression in the context of stroke.'>> These nanoplatforms
integrate therapeutics and immunomodulatory agents within a single system, providing a comprehensive solution for precise
and effective T-cell modulation.'** These nanoplatforms can be loaded with various therapeutics, including neuroprotective
agents, anti-inflammatory drugs, immune checkpoint inhibitors, or cytokines, to address different aspects of stroke pathology.
The following summarizes some T-cell nanoparticle design targeting mechanisms in stroke models by.

Liposomes

Liposomes functionalized with specific antibodies or ligands that bind to receptors overexpressed on T cells, such as CD3
or CD4, have been developed. For example, PEGylated liposomes conjugated with an anti-CD4 antibody can specifically
bind to CD4" T cells.'?*!3 Alternatively, they can be decorated with peptides that home to inflamed tissues where T cells
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accumulate after stroke. After stroke, inflammation, including the infiltration of T cells into the brain, increases. By
incorporating drugs that regulate T-cell function (immunomodulatory agents) into targeted liposomes, they can reach the
desired site of action more effectively, modulating the immune response and reducing inflammation.

Micelles

Like liposomes, micelles can be modified with T-cell-specific ligands or antibodies. They can also utilize T-cell-homing
peptides or aptamers that recognize unique markers expressed on T cells during stroke. Upon recognition and binding,
micelles can encapsulate immunomodulatory agents and release them slowly near T cells, thus minimizing off-target
effects. Their small size enhances cellular uptake, making it easier for them to deliver cargo to T cells in the brain

microenvironment.'**

Polymeric Nanoparticles

Polymers can be engineered to contain T-cell-specific ligands or antibodies directly within the polymer matrix or attached
to its surface. For example, PLGA nanoparticles conjugated with anti-CD3 antibodies can selectively target
T cells.'**!3*155 In the context of stroke, polymeric nanoparticles can transport drugs across the blood-brain barrier
and target activated T cells within the ischemic brain. The controlled release of these particles ensures sustained drug
exposure to T cells, potentially reducing inflammation and improving stroke outcomes.

Dendrimers

Dendrimers possess numerous terminal functional groups that can be chemically modified with T-cell-specific ligands.
Some dendrimers can also translocate across the BBB and interact with T cells expressing specific receptors. For
instance, cationic dendrimers can be efficiently internalized into T cells due to electrostatic interactions.'>®'*’
Dendrimers can be designed to carry and deliver immunomodulatory cargoes directly to infiltrating T cells in the
ischemic brain, modulating the immune response and alleviating secondary brain injury.

In summary, the success of T-cell targeting in stroke models depends on the efficient design of nanoparticles that can
recognize and bind to T-cell surface markers, overcome biological barriers (such as the BBB), and provide controlled
release of immunomodulatory drugs at the site of inflammation. These approaches represent innovative strategies for
precision medicine in stroke therapeutics.

One successful example is from the Dr. Roel Hammink group, in which the ex vivo expansion of T cells by artificial
antigen-presenting cells (aAPCs) was considered to be a limiting factor for T-cell activation. They engineered nanosized
immunofilaments (IFs) with a soluble semiflexible polyisocyanopeptide backbone, which is a major histocompatibility
complex (MHC). Thus, this nanosized IF could activate and expand antigen-specific T cells such as APCs.'*®
Neuroprotective agents help minimize neuronal damage and promote tissue repair, while anti-inflammatory drugs reduce
neuroinflammation and mitigate the detrimental effects of excessive immune responses. Immune checkpoint inhibitors
enhance T-cell activation and effector functions, and cytokines promote the differentiation and proliferation of T cells.
The incorporation of these therapeutics into nanoplatforms allows for controlled release, prolonged release, and targeted
delivery to the stroke site, maximizing therapeutic efficacy while minimizing off-target effects.

Overall, multifunctional nanoplatforms hold great promise for simultaneous targeting of neuroinflammation and
T-cell-mediated immunodepression in stroke treatment. By integrating therapeutics and immunomodulatory agents, these
nanoplatforms provide a comprehensive solution for precise T-cell modulation and effective stroke treatment. Further
research and development in this field will pave the way for innovative nanotechnology-based strategies to improve
stroke outcomes and promote neurorecovery.

Innovative Approaches for Characterization and Monitoring

In recent years, significant advancements have been made in the field of nanosensors and imaging techniques,'>® enabling
real-time monitoring and characterization of T-cell responses and immunomodulation in the context of stroke. These
innovative approaches offer valuable insights into the dynamic changes occurring in the immune system and provide
a basis for personalized and precise treatment options. Nanosensors are highly sensitive devices capable of detecting and
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measuring specific biological markers or signals at the nanoscale.'**'®" By integrating the advantages of nanomaterials
and sensing factors, CVD can be rapidly diagnosed.'®® By integrating nanosensors into nanomaterial-based systems, it is
possible to monitor T-cell responses in real time, providing valuable information about their activation, proliferation, and
functional status. For example, the use of nanosensors could provide immediate and impactful detection of acute T-cell-
mediated transplant rejection.'® Moreover, nanosensors can be engineered to detect the secretion of cytokines or the
expression of specific surface markers on T cells, allowing quantitative assessment of the immune response.'®>'®® This
real-time monitoring of T-cell behavior could help researchers better understand the underlying mechanisms of immu-
nodepression in stroke patients and evaluate the effectiveness of therapeutic interventions.

Imaging techniques play a crucial role in characterizing and monitoring T-cell responses and immunomodulation.
Advanced imaging modalities, such as positron emission tomography (PET), magnetic resonance imaging (MRI), or
optical imaging, can be combined with nanomaterials to provide detailed visualization of T-cell distribution, migration,
and interaction with the stroke-affected region.lé“*](’(’ For instance, nanomaterials labeled with specific imaging agents
could be administered to track T-cell infiltration into the brain and assess their localization within neuroinflammatory
sites. Furthermore, molecular imaging techniques can be employed to detect specific biomarkers associated with T-cell
activation or immunomodulatory processes, providing insights into the efficacy of nanomaterial-based therapies.

The integration of nanotechnology with biomarkers and imaging modalities offers exciting prospects for personalized
and precise treatment options in stroke patients. By identifying specific biomarkers associated with immunodepression or
T-cell dysfunction in individual patients, clinicians can tailor treatment strategies to target those specific abnormalities.
Nanotechnology-based approaches can then be employed to deliver therapeutics, immunomodulatory agents, or gene
therapies directly to the affected areas, ensuring targeted and efficient intervention. Moreover, real-time monitoring of
T-cell responses using nanosensors and imaging techniques can guide treatment decisions, enabling clinicians to adjust
therapeutic protocols based on the observed immune dynamics.

In summary, innovative approaches combining nanosensors, imaging techniques, and biomarkers provide valuable
tools for characterizing and monitoring T-cell responses and immunomodulation in stroke patients. These advancements
allow real-time assessment of T-cell behavior, localization, and functional status, leading to personalized treatment
options and precise interventions. Further research in this area holds great potential for optimizing stroke management
and improving patient outcomes.

Challenges and Future Perspectives

While nanomaterial-based strategies for targeting T-cell-mediated immunodepression in stroke patients show great
promise, several challenges need to be addressed to facilitate their clinical translation. These challenges include ensuring
the biocompatibility, stability, and scalability of nanomaterials, as well as fostering interdisciplinary collaborations for
accelerated development and optimization of these strategies.

First, the biocompatibility of nanomaterials is of utmost importance for ensuring their safe use in clinical
applications. Comprehensive biocompatibility assessments are necessary to evaluate the potential cytotoxicity,
immunogenicity, and long-term effects of nanomaterials on the human body. Understanding the interactions
between nanomaterials and biological systems is crucial for mitigating any adverse effects and ensuring their
safety profile. Additionally, the stability of nanomaterials, including their physicochemical properties, drug
loading efficiency, and controlled release mechanisms, must be optimized to maintain their therapeutic efficacy
throughout the treatment duration. Despite promising results in preclinical models, ensuring adequate circulation
time and specific accumulation of nanomaterials at targeted T-cell sites remains challenging. Achieving the right
balance between stability and biodegradability to avoid rapid clearance and maintain drug concentration at the
target is crucial.'®’

Scalability is also a significant challenge in the clinical translation of nanomaterial-based strategies. The manufactur-
ing processes of nanomaterials need to be scalable and reproducible to meet the demands of large-scale production for
clinical applications. This involves developing robust and cost-effective fabrication methods, optimizing formulation
parameters, and ensuring batch-to-batch consistency. The scalability of nanomaterials is essential for facilitating their
widespread use in clinical settings and enabling their accessibility to patients.
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Another important issue is toxicity and body immune response. Nanomaterials may trigger unforeseen immune
responses or induce toxicity in the body. Long-term safety evaluations and the use of biocompatible materials are
essential before clinical translation. Specifically, our previous study showed that the immune response plays a pivotal role
in stroke recovery.'®® Inhibiting the proinflammatory response in the acute phase while increasing the anti-inflammatory
response in the recovery stage could benefit the recovery process.'® Here, we need to emphasize that immune cells
themselves could function as vehicles. Engineering nanoparticles to be taken up by monocytes/macrophages and
subsequently transported across the BBB when these cells migrate into brain tissue is another approach. Our published
results showed that systemically delivering the nanoparticle Maclpil short interfering RNA (siRNA) could alleviate
experimental ischemic stroke by promoting macrophage apoptosis and anti-inflammatory activation.'’

Blood-brain barrier penetration should also be considered when designing nanoparticles to treat stroke. While
some nanomaterials can cross the BBB under certain circumstances (eg, after stroke when the BBB is disrupted),
designing nanoparticles that can consistently penetrate the healthy or mildly compromised BBB remains a significant
challenge.'”® Nanoparticles with a diameter of approximately 20-80 nm can potentially cross the BBB more easily
than larger particles. Surface modification with polyethylene glycol (PEG) can increase circulation time and reduce
clearance from the bloodstream, increasing the chances of BBB penetration. When nanoparticles are functionalized
with ligands that bind to receptors expressed on BBB endothelial cells, receptor-mediated transcytosis can be
triggered. For example, transferrin, insulin, and low-density lipoprotein (LDL) receptors are commonly targeted to
facilitate transport across the BBB.'’' Notably, ultrasound and magnetic fields provide a novel method for
nanoparticle transport, and utilizing focused ultrasound (US) in combination with microbubbles or magnetic fields
with magnetic nanoparticles can transiently disrupt the BBB, creating temporary openings for nanoparticles to pass
through.'”?

Furthermore, regulatory approval for nanomedicine products is complex due to the novelty of the technology.
Rigorous characterization, standardization, and quality control measures are necessary to satisfy regulatory requirements.

To overcome these challenges, interdisciplinary collaboration is crucial. Researchers from diverse fields, including materials
science, nanotechnology, immunology, neuroscience, and clinical medicine, need to work together to exchange knowledge, share
expertise, and collaborate on the development of nanomaterial-based strategies. Interdisciplinary collaborations can foster the
design of innovative nanomaterials with enhanced functionality and performance and accelerate preclinical and clinical
evaluation of these strategies. By pooling resources and expertise, researchers can address the complex challenges associated
with nanomaterial-based immunomodulation in stroke and pave the way for successful clinical translation of these materials.

In conclusion, while nanomaterial-based strategies hold great promise for targeting T-cell-mediated immunosuppres-
sion in stroke, several challenges need to be overcome for successful clinical translation of these materials. Addressing
the biocompatibility, stability, and scalability of nanomaterials, as well as promoting interdisciplinary collaboration, will
be critical for advancing these strategies toward clinical application. By addressing these challenges and fostering
collaborative efforts, we can unlock the full potential of nanomaterials in revolutionizing stroke treatment and improving
patient outcomes in the future.

Conclusion

Although there are no published reports on the use of T-cell nanoparticles for treating stroke, clinical trials using
nanomaterials aimed at treating stroke, including magnetic nanorobots, are ongoing (Table 2). Nanomaterials hold
promise for targeting neuroinflammation and attenuating T-cell-mediated immunosuppression in stroke patients.
However, further research is needed to validate the efficacy and safety of these methods. Preclinical studies should
assess therapeutic outcomes and evaluate biodistribution and long-term effects. Clinical trials should focus on relevant
outcomes and include long-term follow-up. Standardized protocols are essential for reproducibility. With continued
investigation, nanomaterial-based interventions targeting T cells could revolutionize stroke treatment and improve

outcomes.

5806 " International Journal of Nanomedicine 2024:19
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Wang et al
Table 2 Clinical Nanomaterial-Based Strategies for Treating Stroke
Status Study Title Drug Condition NCT ID
Recruiting Ex Vivo Test of New Stroke Steered t-PA Delivery for Thrombolysis Thrombosis NCT04644653
(Hong Kong) Treatment Using Magnetic Test Using Magnetic Swarming
Nanorobots Nanorobots
Recruiting Pulse Endovascular Device: Pulse NanoMED System Acute Ischemic Stroke AIS NCT06052969
(US) ReperFUSION for Acute Cerebral Arterial Disease
Ischemic Stroke
Complete A New Approach in Laser HemoHaemoblock (phase 1V) Vascular Diseases NCT04999618
(Russian Surgery Using the Regenerative (HemoHaemoblock contains Vascular Malformation
Federation) Solution in Children Diagnosed nanoparticles of silver and is known for Capillary Malformation-
With Vascular Pathology both bactericidal and bacteriostatic Arteriovenous Malformation
effects, it likely decreases the potential for Port-Wine Stain
infection postoperatively) Sturge—WeberSturge-VWeber
Syndrome

Vascular Tumor
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