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Abstract

Neutrophil extracellular traps (NETs) participate in both host defense and the pathogenesis of various diseases, such
as infections, thrombosis, and tumors. While they help capture and eliminate pathogens, NETs' excessive or dysregu-
lated formation can lead to tissue damage and disease progression. Therapeutic strategies targeting NET modula-
tion have shown potential, but challenges remain, particularly in achieving precise drug delivery and maintaining
drug stability. Nanoparticle (NP)-based drug delivery systems offer innovative solutions for overcoming the limita-
tions of conventional therapies. This review explores the biological mechanisms of NET formation, their interactions
with NPs, and the therapeutic applications of NP-based drug delivery systems for modulating NETs. We discuss

how NPs can be designed to either promote or inhibit NET formation and provide a comprehensive analysis of their
potential in treating NET-related diseases. Additionally, we address the current challenges and future prospects

for NP-based therapies in NET research, aiming to bridge the gap between nanotechnology and NET modulation
for the development of novel therapeutic approaches.
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Introduction

Neutrophils, also known as polymorphonuclear leu-
kocytes, are the most numerous white blood cells, usu-
ally accounting for 50—70% of the total number of white
blood cells in the body [1]. They are produced in the bone
marrow, are one of the major members of the intrinsic
immune system, and have a variety of important func-
tions, including participation in inflammatory responses,
the phagocytosis of pathogens and dead cells, and the
release of killer substances. Through blood circulation,

neutrophils can rapidly enter sites of infection or inflam-
mation and eliminate foreign pathogens to protect the
host [2]. As well as directly engulfing and digesting invad-
ing pathogens, neutrophils can release neutrophil extra-
cellular trapping nets (NETs) to capture them and limit
their spread [3].

The process of NET formation has been termed “NETo-
sis,” which primarily occurs through two distinct path-
ways: the classical pathway (also known as the suicidal
NETosis pathway) and the alternative pathway (often
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referred to as vital NETosis). These pathways play differ-
ent roles in immune responses and disease pathology [4,
5]. In the classical pathway, pattern recognition receptors
(PRRs) like Toll-like receptors (TLRs) recognize dam-
age-associated molecular patterns (DAMPs) released by
injured or dying cells and pathogen-associated molecular
patterns (PAMPs) from pathogens [6-8]. This recogni-
tion triggers intracellular signaling cascades, promoting
neutrophil recruitment through rolling and adhesion.
At inflammation sites, Ca?" in the neutrophils can be
released from the endoplasmic reticulum. As calcium
concentrations increase, the Ras-Raf-MEK-ERK signaling
pathway is activated, leading to the activation of protein
kinase C (PKC). This induces the production of reactive
oxygen species (ROS) via NADPH oxidase (NOX) and the
release of neutrophil elastase (NE) and myeloperoxidase
(MPO) from azurophilic granules [9, 10]. These enzymes
translocate to the nucleus, where NE degrades histones
and MPO and peptidylarginine deiminase 4 (PAD4) cit-
rullinate histones to promote chromatin decondensa-
tion [11]. The nuclear envelope then ruptures, expelling
chromatin mixed with granulin and cytoplasmic proteins
into the extracellular space as NETs, leading to neutro-
phil death [12]. This NET formation process takes several
hours.

The alternative pathway involves activated neutrophils
releasing NETs without resulting in cell death. This rapid
process occurs within minutes and is usually triggered by
activated platelets, bacterial peptides, TLR2, TLR4, and
complement components [13, 14]. NE is translocated to
the nucleus independently of NOX activity during this
process, initiating chromatin decondensation. Decon-
densed nuclear DNA coated with antimicrobial pro-
teins, such as NE and MPO, is packaged into vesicles and
expelled through the plasma membrane while maintain-
ing its integrity. This mechanism allows neutrophils to
continue to perform functions such as phagocytosis and
chemotaxis even after the release of NETs [4].

NETs play an important role in immune responses by
capturing and immobilizing a variety of pathogens, pre-
venting their proliferation and facilitating their elimi-
nation. NETs may also serve as scaffolds for various
immune cell interactions, enhancing local inflammation
and modulating immune responses [15, 16]. However,
excessive or dysregulated NET formation can cause tis-
sue damage and the development of a variety of dis-
eases, including autoimmune diseases, thrombosis, and
tumor metastasis. Given their dual role in host defense
and disease pathogenesis, NETs could therefore serve
as key targets for therapeutic intervention. Understand-
ing the delicate balance between NETs' beneficial and
detrimental effects is essential for developing effective
strategies to modulate them in various clinical settings
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[17-19]. Nanoparticle (NP)-based delivery systems load
drugs within nanoscale materials, offering significant
advantages for NET-targeted therapies, including precise
delivery, controlled release, enhanced drug stability, and
improved bioavailability [20, 21].

This review comprehensively analyzes the application
of NP-based drug delivery systems for NET modulation.
NETs’ formation mechanisms, biological functions, and
pathological effects in various diseases are systematically
investigated to elucidate NP-NET interactions. Since
NETs play a crucial role in the development and pro-
gression of various diseases (e.g., infections, thrombosis,
wound healing, trauma, stroke, and tumors), we highlight
and summarize the therapeutic applications and mecha-
nisms of NP-based drug delivery systems that target and
modulate NETs by promoting or inhibiting their forma-
tion (Fig. 1). We also discuss the existing limitations and
challenges in this field and propose future directions for
research and development. Our aim was to integrate
nanotechnology with NETs and provide insights for the
development of novel therapeutic NPs targeting NET
modulation.

Roles of NETs in various diseases

Released by neutrophils in response to various stimuli,
NETs play a role in immune defense against pathogenic
infections and regulate immune responses together with
other immune cells [11]. Because excessive or dysregu-
lated NET formation can trigger and amplify inflamma-
tory responses, leading to tissue damage and a variety
of diseases [22, 23], it is essential to clarify NETS’ roles
in different diseases to elucidate their pathogenesis and
develop targeted therapeutic strategies with the overall
goal of improving the prognosis of patients with NET-
associated diseases.

Infections
NETs are composed of decondensed chromatin and anti-
microbial proteins in a web-like structure, which acts as
a physical barrier that captures and immobilizes patho-
gens. Antimicrobial proteins such as NE and MPO are
embedded in the DNA backbone of NETs and directly
eliminate pathogens by degrading their structural com-
ponents and generating antimicrobial substances [14,
24]. NETs thus prevent the pathogens from spreading
throughout the body, which is essential for controlling
infection and limiting tissue damage [23]. NETs also act
as scaffolds to enhance local immune responses by pro-
moting the recruitment and activation of other immune
cells (e.g., macrophages and dendritic cells) [25].
However, in certain infections, NETs play a deleteri-
ous role in infectious diseases [26], being capable of kill-
ing epithelial and endothelial cells, which damages tissue
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Fig. 1 Classification of NPs and their application in modulating NETs in different diseases. The classification of NPs based on composition
that commonly used in biomedical applications (outer ring) and application of NPs in modulating NETs in infections, autoimmune diseases, tumors,
thrombosis, and chronic sterile inflammatory diseases (inner ring). Created with BioRender.com

and organs [27]. For example, excessive NETosis damages
epithelial cells in fungal infections of the lungs [16]. In
bloodstream methicillin-resistant Staphylococcus aureus
infections, NETs utilize NEs to damage hepatic vascula-
ture. Collateral damage to host tissues can be effectively
prevented by inhibiting NET production using a PAD4-
deficient animal model or preventing NET formation
and proteolytic activity using NE knockout [28]. In the
lipopolysaccharide (LPS)-induced mouse model of acute
lung injury (ALI), NETs also injure alveolar epithelial
cells, mediating cytotoxic effects through the histones
and MPOs involved in the destruction of lung tissue [27].

Autoimmune diseases

In autoimmune diseases such as systemic lupus erythe-
matosus (SLE) and rheumatoid arthritis (RA), NETs can
expose chromatin and cytoplasmic components, which
possibly act as autoantigens to the host immune system.

This leads to autoantibody production, triggering a cycle
of inflammation and tissue damage. In addition, impaired
NET clearance can exacerbate autoimmune diseases
[29]. NETs are normally degraded by serum nucleases
and macrophages in healthy individuals [30]; however,
in patients with autoimmune diseases, impaired clear-
ance results in NET accumulation, escalating their role
as self-antigens and exacerbating inflammation [31]. This
compromised clearance is associated with the presence
of anti-NET antibodies, which inhibit NET degradation
[32].

NETs pathogenic mechanisms have been studied
extensively in a number of autoimmune diseases. For
example, in SLE, the presence of NETs containing modi-
fied histones and DNA stimulates antinuclear antibody
production, leading to pathogenesis [33]. Larger amounts
of anti-nuclear and anti-dsDNA autoantibodies in the
plasma of SLE patients have been linked to higher NET
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release [34]. NETs containing large amounts of citrul-
linated histones and other modified proteins have been
found in the blood and tissues of patients with SLE; these
structures not only cause systemic inflammation but also
organ damage, such as to the kidneys (lupus nephritis)
[17].

Similarly, NETs are found in the inflammatory envi-
ronment of the joints of patients with RA; the DNA and
proteins in these NETs act as DAMPs to initiate and sus-
tain the inflammatory response [35]. NETs also release
proinflammatory mediators through the production of
antibodies to citrullinated proteins, which promote syno-
vial inflammation and joint damage [36]. NETs contain-
ing citrullinated peptides are internalized by synovial
fibroblast-like synoviocytes, promoting their inflamma-
tory phenotype and the upregulation of major histocom-
patibility complex (MHC) class II. Once internalized, the
NET peptide that causes arthritis is loaded into fibro-
blast-like synoviocytes MHC class II and is presented to
antigen-specific T cells, leading to pathogenic autoim-
mune and cartilage damage [37].

NET deposition has also been found in anti-neutrophil
cytoplasmic autoantibody (ANCA)-associated vasculitis;
these patients produce antibodies against NET compo-
nents (e.g., MPO and proteinase 3). NET deposition in
inflamed kidneys and circulating MPO-DNA complexes
indicates that, in small-vessel vasculitis patients, NET
formation triggers vasculitis and promotes autoimmune
responses against neutrophil components [38]. NETs
thus play a crucial role in the pathogenesis of various
autoimmune diseases by exposing autoantigens, perpet-
uating chronic inflammation, and contributing to tissue
damage.

Tumors

NETs have a facilitating and inhibitory role in cancers
[39, 40]. Some studies have shown that the compo-
nents within NETs released by activated neutrophils,
such as histones, NE, and ROS, may exert direct cyto-
toxic effects in the tumor microenvironment (TME),
serving as potential anti-tumor tools [39]. However,
most research indicates that NETs are associated with
tumor growth, metastasis, and TME regulation pro-
cesses. With respect to tumor growth, NETs form in
response to stimuli from tumor cells and the TME.
Neutrophil activation and NET formation can be
induced by tumor-derived factors, such as granulo-
cyte colony-stimulating factor (G-CSF), interleukin-8
(IL-8), and other chemokines [41, 42]. With respect to
tumor metastasis, NETs can release various proteases
such as NE and matrix metalloproteinases (MMPs) that
degrade the extracellular matrix and promote tumor
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invasion [43] and the epithelial-mesenchymal transi-
tion (EMT) of tumor cells to increase their motility
and invasiveness [44]. NETs provide a scaffold that sup-
ports the adherence and migration of circulating tumor
cells (CTCs). They also capture CTCs, shielding them
from immunosurveillance and mechanical stress in the
bloodstream, which promotes their survival and dis-
semination to distant organs. In turn, CTCs stimulate
neutrophils to form metastasis-supporting NETs, cre-
ating a mutually reinforcing cycle that drives metastatic
progression [45, 46]. NETs also help establish pre-meta-
static niches by promoting angiogenesis and increasing
vascular permeability, thereby supporting metastatic
cells [47]. NETs’ web-like structure can act as a physi-
cal barrier that prevents immune cells from targeting
tumor cells, aiding the metastatic process. NETs can
also shape the TME to promote tumor growth and
progression. NETs’ inflammatory signals recruit other
immune cells, creating a pro-tumor inflammatory envi-
ronment. This regulation of the microenvironment is
critical for primary tumor growth and metastatic colo-
nization [48].

NETs have a negative impact on tumor treatment effi-
cacy. Recent studies have shown that certain chemother-
apies can induce NET formation, which may play a dual
role. On the one hand, NETs can enhance the anti-tumor
effect of chemotherapy by releasing cytotoxic enzymes
such as cathepsin G to trap and kill tumor cells by induc-
ing apoptosis [49]. However, they can also protect tumor
cells from antitumor drugs, which can lead to thera-
peutic resistance [50]. Furthermore, NETs contribute to
tumor radioresistance. In a mouse model of bladder can-
cer, NET deposition was observed in the TME of mice
treated with radiotherapy, and NET inhibition improved
the overall radiation response [51]. NETs have also been
reported to trap chemotherapeutic drugs, such as doxo-
rubicin (DOX), potentially reducing their efficacy in
spreading and inducing apoptosis in ovarian cancer cells
[52]. Martins-Cardoso et al. described how the TF/PAR2
signaling axis works by enhancing the expression of tissue
factor (TF) and promoting pro-tumorigenic cytokines
and the EMT-related factors that support NETs pro-
tumorigenic effects in breast cancer [53]. Research has
shown that NETs activate the NF-kB/NLRP3 pathway by
down-regulating IncRNA MIR503HG expression, which
promotes EMT and metastasis in lung cancer [54]. In
addition, Zhou et al. found that, in breast cancer, tumor
cell-released autophagosomes induced PD-L1-decorated
NETs, inhibiting T-cell function and promoting pulmo-
nary metastasis [55]. These studies suggest that although
NETs can enhance certain aspects of chemotherapy,
they can also act as barriers to drug delivery. Therefore,
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strategies that inhibit NET formation or promote NET
degradation may attenuate their pro-tumorigenic effects.

Thrombosis

NETs have emerged as an important causative factor in
thrombosis, which is characterized by the formation
of blood clots in blood vessels that can lead to serious
complications such as deep vein thrombosis (DVT), pul-
monary embolism (PE), and stroke. NETs contribute to
thrombosis through a variety of mechanisms involving
complex interactions with platelets, coagulation factors,
and the vascular endothelium [56]. NETs’ web-like struc-
ture is a scaffold for platelet adhesion and aggregation as
well as the accumulation of coagulation factors such as
fibrinogen and von Willebrand factor (vWF) [57], thereby
enhancing thrombus stability and growth, which can
promote thrombosis [58]. With respect to platelet acti-
vation, histones and other NET components can directly
activate platelets, leading to aggregation, which in turn
amplifies thrombin generation. This process is mediated
through the interaction between NET-related histones
and platelet TLRs (TLR2 and TLR4), which enhances
platelet adhesion and activation [59]. With respect to
coagulation, histones and NE in NETs further contribute
to thrombosis, as they have procoagulant properties and
degrade anticoagulant proteins [60]. In addition, when
TF is exposed to NETSs, the extrinsic coagulation pathway
is initiated, whereas factor XII (FXII) binding to NETs
activates the intrinsic coagulation pathway. This dual
activation enhances fibrin clot formation and stability,
contributing to thrombosis [61].

Clinical studies have shown that patients with venous
thrombus embolism (VTE) have elevated levels of NET
biomarkers such as plasma DNA, citrullinated histone
H3 (CitH3), and MPO-DNA complex [62]. In addition,
NETs can activate the intrinsic coagulation pathway by
providing negatively charged DNA, which activates FXII,
in turn promoting thrombin generation and fibrin for-
mation [63]. NETs’ promotion of the recruitment and
activation of other immune cells exacerbates the inflam-
matory environment, thereby mediating DVT [64]. NETs
also play a critical role in arterial thrombosis, having
been implicated in the formation of arterial thrombi such
as myocardial infarction and stroke [65]. Research has
reported that NETs interact with platelets and endothe-
lial cells to promote atherothrombosis and plaque desta-
bilization. Additionally, NET components, particularly
proteases such as NE, can degrade the structural pro-
teins of the blood—brain barrier (BBB), which accounts
for the injury of surrounding neurons and subsequent
neurological disorders [66]. This degradation enables
more immune cells and harmful substances to enter
the brain tissue, worsening cerebral edema and further
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damaging neurons. Complement C5a has been reported
to induce NET formation by inhibiting mitochondrial
STATS3, thereby promoting arterial thrombosis [67]. This
highlights a new pathway through which NETs promote
atherothrombosis. In conclusion, NETs are key players
in the pathogenesis of venous and arterial thrombosis
through their interactions with the coagulation system
and immune cells.

Chronic sterile inflammatory diseases

Many diseases are characterized by chronic sterile
inflammation, and NETs play a key role in their patho-
genesis. Neutrophils release NETSs in response to multiple
triggers, such as cytokines, DAMPs, and environmen-
tal stressors, which can promote chronic inflammation
and tissue damage [68]. Sustained stimuli often result in
persistent NET formation. NETs release nuclear chro-
matin, ROS, and various biologically active proteins into
the extracellular matrix, creating a pro-inflammatory
environment that promotes and exacerbates chronic
inflammation and tissue damage, particularly in sterile
inflammatory disorders [69]. TLRs, particularly TLR4
and TLRY, play an important role in NET formation by
recognizing DAMPs released during sterile inflamma-
tion. These receptors activate downstream signaling
pathways that enhance ROS production and NET release.
For example, TLR4 has been associated with NET forma-
tion in conditions such as atherosclerosis and ischemia/
reperfusion injury [70, 71].

In lung diseases such as chronic obstructive pulmonary
disease (COPD) and cystic fibrosis, NETs can obstruct
the airways and stimulate persistent inflammation [72].
Pulmonary fibrosis is characterized by excessive tissue
remodeling and fibrosis in the lungs; NETs are involved
in its pathogenesis by inducing fibroblast activation and
differentiation into myofibroblasts [73]. ALI or acute
respiratory distress syndrome (ARDS) are severe con-
ditions characterized by the rapid onset of widespread
inflammation in the lungs. Abnormal NET formation is
highly correlated with the lung mucus-plugging microen-
vironment and enhances the overactivation of lung mac-
rophages [74]. Asthma is a chronic airway inflammatory
disease characterized by wheezing, breathlessness, and
coughing that leads to airway remodeling, with thickened
walls and increased mucus production [75]. Neutrophil-
derived enzymes, ROS, and NET components (DNA, his-
tones, proteases) exacerbate inflammation, contribute to
airway remodeling, and increase mucus viscosity, causing
obstruction [76].

NETs also contribute to atherosclerosis and abdomi-
nal aortic aneurysm (AAA). In atherosclerosis, NET
formation is induced by cholesterol crystals and initi-
ates the transcription of genes encoding IL-6 and IL-1B
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precursors in macrophages via TLR2 and TLR4, promot-
ing myeloid cell recruitment to lesions [77]. NETs also
trap cholesterol crystals and promote cholesterol depo-
sition within the arterial wall, leading to plaque desta-
bilization. These interactions accelerate plaque growth,
increasing the risk of plaque rupture and leading to cardi-
ovascular events such as myocardial infarction and stroke
[78]. In AAA, NET components degrade the aortic wall
and extracellular matrix and weaken the integrity of the
vessel wall, advancing the formation and progression of
the disease.

NETs also play a role in the progression of inflamma-
tory bowel disease (IBD), such as Crohn’s disease and
ulcerative colitis. During the acute phase of IBD, neutro-
phils migrate to inflammation sites and release proteases,
ROS, and pro-inflammatory cytokines, contributing to
tissue damage. Excessive neutrophil infiltration can dis-
rupt the mucosal barrier and increase intestinal perme-
ability. NETs can exacerbate inflammation by exposing
surrounding tissues to their pro-inflammatory compo-
nents, damaging epithelial cells and aggravating ulcera-
tion and barrier dysfunction [79].

The normal wound-healing process involves an inflam-
matory response that promotes wound cleansing and
tissue repair [80]. However, in diabetic patients, chronic
hyperglycemia induces excessive neutrophil recruitment
and NET release [81], leading to a pro-inflammatory state
that sustains inflammation and causes tissue damage,
delaying wound healing [82]. Overall, NETs contribute to
chronic inflammatory diseases by perpetuating inflam-
mation, promoting tissue injury, and facilitating disease
progression.

In summary, NETs play diverse roles in the patho-
genesis of various diseases. While essential for immune
defense against infections by capturing and neutralizing
pathogens, excessive or dysregulated NET formation
contributes to tissue damage and exacerbates disease
processes in autoimmune disorders, tumors, thrombosis,
and chronic sterile inflammatory diseases. These findings
highlight NETs” dual nature in acting as both protective
immune structures and pathological mediators, making
them important therapeutic targets in a wide range of
clinical conditions.

Strategies for optimizing NPs to modulate NETs

NETs are important therapeutic targets for a variety
of diseases, but the agents that are used to promote or
inhibit NET formation often face challenges of non-spec-
ificity and rapid degradation in the complex environment
of the human body [83]. NP-based drug delivery systems
offer promising solutions to these challenges. Nanotech-
nology represents an innovative approach with unique
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characteristics and advantages, including enhanced sta-
bility, controlled drug release, and the ability to improve
bioavailability. By optimizing and functionalizing NPs, it
is possible to achieve targeted NET interaction, enabling
more effective treatment of NET-related diseases [84].

Tuning the physicochemical properties of NPs

The interaction between NPs and NETs is complex and
influenced by NPs’ physicochemical properties. Manip-
ulating these factors is essential for leveraging NPs to
modulate NETs therapeutically. Key properties influenc-
ing NP-NET interactions include NP size, shape, surface
charge, composition, and surface chemistry [85, 86].

Size

The size of NPs plays a critical role in their interactions
with NETs. Smaller NPs can penetrate deeper into the
dense DNA fiber network, then diffuse into the NET
matrix and interact with the internal components. Con-
versely, larger NPs may be trapped at the periphery and
unable to interact directly with NETs [87]. It has been
reported that smaller polyphosphate NPs are more effi-
cient in stabilizing fibrin through interactions with NET
histones compared to their larger counterparts [88]. Sil-
ver NPs (AgNPs) with a size of 5 nm were reported to
induce NET formation in neutrophils dependent on ROS,
PAD, and NE, while the 100 nm AgNPs did not induce
NETs at similar concentrations. AgNPs (5 nm) generated
ROS, triggering NET formation by activating histone cit-
rullination through PAD4 and histone cleavage through
NE [89]. Furthermore, small NPs such as 10 nm nano-
diamonds and 40 nm polystyrene beads could stimulate
a NET-like structure, whereas larger NPs did not induce
NETs [85]. In addition, LPS significantly enhanced the
uptake of 10 nm gold NPs (AuNPs) by neutrophils com-
pared to that of 40 nm and 100 nm AuNPs. The combi-
nation of AuNPs and LPS synergistically upregulated
ROS modulator 1 via ERK activation, increasing mito-
chondrial ROS production and promoting NET release
[90]. Based on the reported research, NPs less than
40 nm in size tend to penetrate the porous structure of
NETSs more effectively and interact with neutrophils and
NET components like DNA and histones. However, NPs
larger than 100 nm have limited diffusion into NETs but
can form stable complexes with them for localized drug
delivery.

Shape

NPs’ shapes affect their surface area-to-volume ratio
and hydrodynamic behavior, which in turn affect their
mode of interaction with NETs [91]. For example, rod-
shaped NPs are more likely to become entrapped in
NETSs’ fibrous structures because of their higher surface
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area and alignment with NET fibers, while spherical NPs
may interact more uniformly [92]. This shape-depend-
ent interaction enhances the trapping efficiency of
rod-shaped NPs in NETs, potentially increasing their
clearance by the immune system. Recent studies have
highlighted that irregularly shaped or star-shaped NPs
exhibit enhanced membrane permeability compared with
spherical NPs. This is likely due to their sharp edges and
increased contact points with cell membranes, which
might create localized damage that triggers NETosis
and affect their efficacy at NET modulation [86, 93]. For
example, different shapes, such as needle-like crystals
(e.g., calcium oxalate, monosodium urate) and irregu-
larly shaped particles, enhance the formation of NET-like
structures caused by neutrophil necroptosis compared
to more uniform particles [94]. In contrast, spherical or
amorphous particles are less effective at initiating NET
formation because of their reduced ability to disrupt
membranes and generate the mechanical stress required
for NET induction [86].

Surface charge

The surface charge of NPs also significantly influences
their interaction with NETs—which consist of negatively
charged DNA strands and positively charged histones—
resulting in a heterogeneous charge distribution [95,
96]. Due to electrostatic interactions, negatively charged
DNA in NETs exhibits a higher affinity for positively
charged NPs, enhancing their binding and interaction.
For example, cationic solid lipid NPs induced signifi-
cantly more NET production than neutral solid lipid NPs
[97]. Conversely, negatively charged NPs may be repelled,
reducing their interaction with NETs. Cationic liposomes
and polymer-coated NPs exhibit strong binding to
NETs, facilitating drug delivery to sites of infection or
inflammation [98]. Another study compared the ability
of phosphatidylcholine cationic liposomes containing
stearylamine (SA liposomes) and phosphatidylcholine
liposomes (PC liposomes) to form NETs. PC liposomes
had —1.74+0.31 mV in zeta potential and did not cause
NET formation, while SA liposomes had 11.40+0.44 mV
but did induce NET formation due to the positively
charged stearylamine-enhanced interaction with the neg-
atively charged neutrophil membrane [99].

Composition

NP composition not only affects their biodistribution and
cellular uptake but also affects innate immune responses,
including neutrophil activation. Their surface compo-
sition significantly affects their interactions with cell
membranes and surface receptors [100]. Some NPs with
good biocompatibility and degradability, such as PLGA
NPs, may reduce inflammation, neutrophil adhesion and
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migration, and ROS production, which could be relevant
in the context of immunomodulation [101]. In contrast,
some highly reactive NPs may promote neutrophil activa-
tion and NET formation. For instance, AgNPs are highly
reactive and can induce ROS production in neutrophils
[89]. Some metal oxide NPs can directly activate neu-
trophils and enhance NETosis through oxidative stress
[102].

Surface chemistry

NPs’ surface chemistry critically influences their inter-
action with the biological environment, subsequently
affecting their interaction with NETs. NP surfaces are
often modified to reduce the recognition and uptake of
NPs by the immune system. The modification of NPs with
Polyethylene Glycol (PEG), known as PEGylation, can
form a steric barrier around them, preventing opsoniza-
tion by serum proteins and phagocytosis by immune cells
[103]. Studies reveal that PEGylated NPs tend to induce
lower levels of neutrophil activation compared to their
non-PEGylated counterparts [104]. In contrast, non-
PEGylated silver NPs caused a dose-dependent release of
NETs from neutrophils [105].

Upon their introduction into a biological system, NPs
rapidly adsorb proteins and biomolecules, forming a
“protein corona” that alters their physicochemical prop-
erties (e.g., size, surface charge, hydrophobicity) [106].
This corona can shield the NP surface, which poten-
tially reduces direct interactions with NET components,
thereby modifying binding affinity and uptake by NETs
[107, 108]. For example, agglomerations of non-stabilized
superparamagnetic iron oxide NPs (SPIONs) induced
NET formation by isolated human neutrophils. In con-
trast, agglomeration and NET formation were reduced by
the stabilization of SPIONs with biocompatible layers of
either human serum albumin or dextran [109]. The pro-
tein corona therefore impacts NPs’ effectiveness in tar-
geting or modulating NETs.

To summarize, NPs’ physicochemical properties influ-
ence their interactions with the biological environment,
as well as their recognition and uptake by immune cells,
including neutrophils; this is crucial for subsequent inter-
actions with NETs. Designing NPs that can effectively
interact with NETs for therapeutic applications—such as
targeted drug delivery, inflammation control, and disease
treatment—thus requires the careful consideration of
these properties to enhance their efficacy and specificity.

Enhancing NP targeting specificity toward NETs

Enhancing the targeting specificity of NPs toward NETs
can also promote their interactions. NPs designed and
engineered to specifically target NETs can enhance
therapeutic efficacy while minimizing adverse effects
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[84]. Several strategies have been developed to this end,
such as modifying the surface of NPs to enhance their
targeting specificity toward NETs and designing pH- or
ROS-responsive NPs that respond to the NET microenvi-
ronment. These approaches leverage the unique proper-
ties of NPs to target NETs.

Surface modification for targeted drug delivery

Surface modification is a key strategy for enhancing NP
targeting and functionality. Modifying the surface of NPs
with specific ligands, antibodies, or peptides enables
them to selectively bind to NET components or neutro-
phil surfaces. This facilitates targeted drug delivery and
increases local drug concentrations while reducing sys-
temic side effects compared to those induced by stand-
ard systemic administration. Some neutrophil-expressed
receptors, such as integrin, L-selectin, P-selectin gly-
coprotein ligand-1 (PSGL-1), mannose receptor, and
CD11b, have been studied as targets. For example, a click
reaction between the maleimide group on 1,2-Distearoyl-
sn-glycero-3-phosphoethanolamine-polyethylene glycol
2000-maleimide (DSPE-PEGyy,,-Mal) and the sulfhy-
dryl group on cyclo (Arg-Gly-Asp-d-Phe-Cys) (cRGDfC)
was used to conjugate cyclic arginine-glycine-aspartate
(cRGD) peptides targeting neutrophil integrin receptors
to the surface of NPs [110]. In other research, targeted
delivery to neutrophils was facilitated by the electrostatic
interaction between the carboxylate groups of polysialic
acid and the lysine residues of L-selectin [111], which
improved the delivery of therapeutic agents to NET for-
mation sites [110]. In addition, liposomal nanocarriers
modified with ROS-responsive polymers and a fibrin-
binding peptide (Cys-Arg-Glu-Lys-Ala) were negatively
charged, enabling their binding to positively charged
histones within NETs. Additionally, these NPs delivering
PAD4 inhibitor Cl-amidine suppressed NETosis, thereby
neutralizing their activity and preventing further tissue
damage [112].

pH- or ROS-responsive NPs

Designing NPs that respond to specific NET micro-
environments, such as low pH or high ROS levels, can
improve targeting precision. pH-sensitive NPs release
their payload in acidic environments, which are typically
associated with inflammation and infection sites where
NETs are prevalent [113]. These NPs are commonly
designed with acid-labile linkers (e.g., imines, acetals,
and orthoesters) or pH-sensitive polymers [e.g., poly(p-
amino esters)] that undergo structural breakdown or
swelling under low pH conditions, leading to rapid drug
release [114]. Ionizable groups like amines and carbox-
ylic acids are protonated or deprotonated in response to
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pH changes, leading to alterations in solubility or charge
[115]. For example, hydrazone linkers cleave in acidic
environments, enabling the precise release of encapsu-
lated drugs at target sites [116].

Similarly, ROS-sensitive NPs are designed with func-
tional groups such as thioketal bonds, phenylboronic
acid/ester, and selenium-containing linkages. These
NPs respond to elevated ROS levels in NET-rich envi-
ronments characterized by high oxidative stress by
undergoing oxidation-induced bond cleavage or hydro-
phobic-to-hydrophilic transitions, causing NP disassem-
bly and controlled drug release [117, 118]. For instance,
a polyprodrug NP designed with thioketal linkers in its
polymer backbone enabled ROS-responsive chain-break-
age degradation and controlled drug release in tumor
tissues [119]. In brief, surface modification and stimuli-
responsive design of NPs enable precise drug delivery to
NETs. These strategies synergistically improve therapeu-
tic efficacy while minimizing off-target effects in NET-
associated conditions.

Optimizing drug delivery strategies of NPs

To enhance therapeutic efficacy and precision in NET
modulation, NPs are engineered to optimize drug deliv-
ery through strategies such as encapsulating therapeutics
targeting NET components and establishing multi-drug
nanoplatforms. These strategies enable comprehensive
NET modulation while addressing complex pathological
processes.

Encapsulation of therapeutics targeting NET components
NETs comprise DNA, histones, and various proteases.
NPs can be used to deliver agents that degrade or neu-
tralize these components, mitigating the harmful effects
of excessive NET formation. Extracellular DNA can be
degraded by DNase I-encapsulated NPs to dismantle the
NET structure and inhibit its formation, thereby reduc-
ing its pro-inflammatory and pro-thrombotic effects
[120]. Histones, exhibiting cytotoxic and pro-inflam-
matory effects, can be reduced using NPs encapsulating
PAD4 inhibitors (e.g., Cl-amidine, GSK484), which are
involved in catalyzing histone citrullination and induc-
ing chromatin decondensation [121]. Furthermore, NE
and MPO within the NETs can be degraded by protease
inhibitors delivered by NPs such as sivelestat or lumi-
nol, thereby reducing tissue damage and inflammatory
responses [110]. The NE inhibitor sivelestat blocks NE by
competitively binding to its active site, preventing sub-
strate hydrolysis [122], while luminol inhibits MPO by
interacting with the heme group in the MPO active site
and blocking its catalytic activity [123]. These nanoplat-
forms provide a comprehensive strategy for inhibiting
NETs and hold promise for treating related diseases.
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Multi-drug nanoplatforms

Loading multiple drugs with distinct therapeutic mech-
anisms onto a single nanoplatform enables combina-
tory treatments with synergistic effects. This strategy
is highly suited for targeting NETs because of their
complex role in different diseases. Multi-drug NPs can
simultaneously deliver DNA-degrading enzymes, anti-
inflammatory agents, and antioxidants to inhibit NET
formation, promote degradation, and reduce inflam-
mation. For instance, a nanoplatform was designed to
deliver DNase I and methylprednisolone sodium succi-
nate (MPS) to degrade the DNA scaffold of NETs and
inhibit neutrophil cytokine release, respectively. A cal-
cium acetate gradient method was used to encapsulate
MPS into the liposomes. The liposomes were prepared
with a defined lipid composition, hydrated with calcium
acetate, and loaded with MPS using a remote loading
technique. DNase I was conjugated to the NPs through
MMP-9 cleavable peptide linkers using maleimide-thiol
chemistry. The peptide linkers were functionalized with
maleimide groups, and DNase I was modified to expose
thiol groups. This enabled the formation of a stable
covalent bond between the thiol groups on DNase I
and the maleimide groups on the peptide linkers [124].
Another study reported NPs composed of luminol and
alendronate for targeting anti-inflammation and cal-
cification. The luminol was covalently conjugated to
a-cyclodextrin to form the core component in the NPs,
and alendronate was attached to DSPE-PEG-Mal via an
amine group and then incorporated into the NP sys-
tem during the nanoprecipitation process [123]. These
multi-therapeutic NPs offer effective NET regulation in
disease environments, though careful design is needed
to ensure drug stability and efficacy.

Overall, NP-based drug delivery systems hold great
potential for treating a variety of NET-related diseases.
In order to achieve molecular specificity in target-
ing NET components, the design and manipulation of
NPs incorporates several strategies. First, surface func-
tionalization with specific ligands or peptides enables
selective interaction with target components. Second,
stimuli-responsive mechanisms, such as ROS- or pH-
sensitive polymers, facilitate controlled drug release in
inflammatory environments, enhancing specificity by
limiting off-target effects. Third, encapsulated agents
can degrade or neutralize NET components, includ-
ing extracellular DNA, histones, NE, and MPO, effec-
tively mitigating inflammation caused by excessive
NET formation. However, because the complex com-
position of NETs can lead to overlapping interactions,
achieving absolute molecular specificity remains chal-
lenging. Future improvements, such as multi-function-
alized NPs capable of simultaneously targeting DNA,

Page 10 of 30

histones, and proteases with distinct mechanisms,
could potentially address these limitations and enhance
therapeutic precision.

Applications of NP-based NET modulation
strategies

NP-based drug delivery systems represent innovative
approaches to treating NET-related diseases, address-
ing the complex role of NETs in various conditions. The
published literature includes two main strategies for
modulating NETs using NPs, including promoting NET
formation to boost the immune response and inhibiting
NET formation to mitigate tissue damage and inflam-
mation. Each strategy demonstrates the versatility and
potential of NP-based therapies in treating NET-related
disorders.

Promoting NET formation

NPs have the significant potential to enhance immune
responses by promoting NET formation. Strategies to
leverage NPs for this purpose include utilizing their
intrinsic antimicrobial physicochemical properties,
directly integrating NPs with neutrophils to exploit
their natural migratory abilities, and modifying NP sur-
faces to enhance recognition and uptake by neutrophils.
Together, these approaches aim to boost NET-mediated
defense mechanisms while enabling the precise delivery
of therapeutic agents to sites of infection, inflammation,
or tumors (Table 1).

Utilizing NPs with antimicrobial physicochemical properties

Neutrophils are a major player in the anti-infection
process. Their antimicrobial function can be achieved
through direct phagocytosis and NET formation,
which can capture and kill bacteria extracellularly,
promoting tissue remodeling [131]. NPs with carefully
designed physicochemical properties, such as the abil-
ity to generate ROS or induce immune cell activation,
have emerged as promising tools for combating infec-
tions. Such NPs can enhance antimicrobial defense by
inducing the formation of NETs, facilitating pathogen
clearance, and creating a localized microenvironment
hostile to pathogens. Biocompatible metal biomaterials
are widely used in the repair of bone defects, but these
implantations carry the risk of infection, often leading
to delayed bone healing, implant failure, chronic pain,
and even life-threatening sepsis. The development of
new medical metal materials with anti-infective prop-
erties can, therefore, effectively reduce or eliminate
the risk of infection [132]. A zinc-doped ferric oxy-
hydroxide nano-layer (PEO-FeZn) was investigated
for its ability to enhance the bactericidal activity and
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Table 1 Summary of NP-based drug delivery systems for promoting NET formation in various diseases

Strategies to target NETs Diseases NP type NPs Payload Treatment mechanism Refs.
Utilizing NPs with antimi- Implant- Zinc-doped ferric oxyhy- PEO-FeZn NA Znions induced ROS produc- [125]
crobial physicochemical associated droxide tion and NET formation
properties infections in neutrophils

Bacterial sepsis Carbonized polymer dots CPDs Curcumin Induced NET formation [126]

and enhanced the entrap-
ment and elimination

of bacteria
Directly integrating NPs Tumor BSA BSA-Ce6 NPs Ceb Generated ROS, increased 271
with neutrophils NETosis, enhanced cytolytic

activity of neutrophils
against tumor cells

Thrombosis Silver UM-NEs (Ag-UK) Urokinase Targeted thrombi [128]
and induced NET formation

Surface modification of NPs  Tumor Hybrid (mycoplasma mem-  MM-LPs Podophyl- Induced NET formation, [129]
for neutrophil recognition brane/ liposomes) lotoxin, suppressed tumor growth
and uptake resiquimod and lung metastasis of breast
tumor
Hybrid (polymer /bacterial NPNs Cisplatin Hitchhiked neutrophils, [130]
membrane vesicles) delivered to tumors sites,

triggered NET formation,
and facilitated drug release

of NPNs
A e
i 1 immersing in Fe?*
solution
Plasma electrolytic sy FeOOH nano layer
oxidation
Mg substrate PEO coating
immersing in Fe?*
and Zn* solution 7, GFeOOH nano layer
; * %
/
3 Condensation and Carbonization and *
polymerization passivation *
Molecular curcumin A
crystals Polymer clusters CCM-CPDs

Fig. 2 Applications of NP-based drug delivery systems in promoting NET formation by utilizing NPs with antimicrobial physicochemical properties.
A Schematic illustration for the preparation of Zn-doped FeOOH nano-layer on PEO-coated Mg alloy [125]. Copyright © 2022 Elsevier. B Schematic
representation of the preparation and formation mechanism of CCM-CPDs via mild pyrolysis at 180 °C [126]. Copyright © 2024 Wiley-VCH GmbH
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osseointegration of a magnesium alloy. These NPs were
synthesized using a combination of plasma electrolytic
oxidation (PEO) and immersion treatments to form a
Zn-doped ferric oxyhydroxide nano-layer on a mag-
nesium alloy (Fig. 2A). Compared to PEO and PEO-Fe,
PEO-FeZn samples had a higher level of NET forma-
tion and induced higher levels of ROS in neutrophils,
primarily driven by the Zn ions [125].

Sepsis is characterized by a dysregulated immune
response to infection, leading to systemic inflammation,
coagulation abnormalities, tissue damage, multi-organ
failure, and even death [133]. Excessive neutrophil acti-
vation contributes to systemic inflammation and tissue
damage through the release of ROS, proteases, and pro-
inflammatory cytokines [134]. While NETs trap and kill
pathogens, their components can exacerbate inflam-
mation and tissue damage when overproduced [135].
It is therefore essential for effective sepsis treatment to
develop multimodal therapies with both anti-infective
and anti-inflammatory effects. For example, research-
ers designed carbonized polymer dots (CPDs) derived
from curcumin to treat bacterial sepsis (Fig. 2B). Pre-
pared via mild pyrolysis, these CPDs induced NET
formation, enhancing bacterial entrapment and elimi-
nation. They also exhibited anti-inflammatory proper-
ties due to the phenolic hydroxyl and carbonyl groups
from curcumin precursors, enhancing their therapeu-
tic potential. In addition, they enhanced neutrophil
ROS production and activated protein kinase C (PKC)
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Motor

“ Neutrophils

“ Urease Motor

PBIBDF-BT
T Semarma,

e

— 1
sk/[}_l»
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and NADPH oxidase [126]. These studies demonstrate
that NPs represent an innovative approach to reduc-
ing infection-related complications while maintaining
immune homeostasis.

Directly integrating NPs with neutrophils
Neutrophil chemotaxis is a key immune mechanism
that directs neutrophils to sites of inflammation, infec-
tion, or tumors. This natural migratory ability can be
leveraged for targeted therapeutic delivery via NETs
[136, 137]. Once loaded directly into or onto neutro-
phils, NPs can hitchhike on them and be transported
to the disease site. Once neutrophils arrive at the target
sites and induce NET formation, the NPs are released,
delivering drugs precisely where they are needed.

This strategy was investigated in a study that reported
a photosensitizer chlorin e6 (Ce6), which was nano-
packaged with bovine serum albumin (BSA) to cre-
ate biocompatible BSA-Ce6 NPs for integration with
neutrophils. Reinfusion of the engineered neutrophils
led to greater Ce6 accumulation in tumors relative to
Ce6 nanoformulation. Upon near-infrared illumina-
tion, Ce6 generated ROS, inducing NET formation and
enhancing neutrophil cytotoxicity against 4T1 tumor
cells [127]. Another study developed enzyme-catalyzed
biomotor-engineered neutrophils for targeted drug
delivery and thrombolytic therapy, conjugating AgNPs
with urokinase to form Ag-UK. The urease was immo-
bilized asymmetrically onto the neutrophils’ surface

Bubble

A
A8 ben .;;; [ 2
> WS _ e TS
y o S AR L
L s ;g 1 ® Extrusion
R oMV NPN

Nano-pathogenoid (NPN)

Fig. 3 Applications of NP-based drug delivery systems in promoting NET formation by directly integrating NPs with neutrophils (A) and modifying
NPs for neutrophil recognition and uptake (B). A The synthesis route of the UM-NEs (Ag-UK) system [128]. Copyright © 2022, American Chemical
Society. B Preparation of PEG-b-PLGA NPs encapsulating PBIBDF-BT (PBT) as a photothermal transducer (left). Preparation of NPNs by coating OMVs
on NPs, which inherit PAMPs from the OMVs (right) [130]. Copyright © The Authors 2020
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before loading Ag-UK (Fig. 3A). This system targeted
thrombi and induced NET formation; neutrophils
released Ag-UK to degrade the thrombus via urokinase,
restoring vascular recanalization [128]. This approach
enables precise delivery and targeting accuracy, signifi-
cantly improving the local concentration and efficacy of
therapies.

Surface modification of NPs for neutrophil recognition

and uptake

An alternative strategy focuses on modifying NP surfaces
to make them recognizable and easily phagocytosed by
neutrophils. By functionalizing NPs with specific ligands,
peptides, or antibodies that interact with neutrophil sur-
face receptors, these modified NPs can selectively bind
to neutrophils. Once recognized, neutrophils engulf the
NPs, internalize the therapeutic agents, and deliver them
to inflamed sites. On reaching their target location and
forming NETs, neutrophils can release the NPs, deliver-
ing the therapeutic payload directly into the inflamed or
diseased tissue [138].

Surface modifications of pathogen membranes facili-
tate neutrophils’ recognition and engulfment. For
example, a mycoplasma membrane (MM) fused with
liposomes was designed to employ circulating neutro-
phils to transport liposome NPs, having the advantage
of inflammatory cytokine-guided autonomous tumor
localization. R848, a TLR7/8 agonist, was also encapsu-
lated into NPs to activate neutrophils and increase their
infiltration of tumors. NPs loaded with pycnogenol were
simultaneously released from neutrophils and phago-
cytosed by tumor cells, suppressing tumor growth and
lung metastasis in the 4T1 breast tumor model [129]. Li
et al. developed chemotaxis-driven nano-pathogenoids
(NPNs) to enhance the efficacy of tumor treatment post-
phototherapy. The NPNs mimicked bacterial outer mem-
brane vesicles to hitchhike on circulating neutrophils,
being delivered to tumors following photothermal ther-
apy (Fig. 3B). Upon reaching the tumor site, the inflam-
matory conditions triggered NET formation, thereby
facilitating the release of NPNs from neutrophils, allow-
ing the encapsulated drugs to be taken up by tumor cells
[130].

Neutrophil chemotaxis and NET formation are lever-
aged to enhance drug delivery precision and therapeutic
efficacy by utilizing NPs with antimicrobial physicochem-
ical properties and strategies such as direct integra-
tion and surface modification. These approaches enable
targeted delivery to disease sites, including infections,
tumors, and inflamed tissues, while minimizing off-target
effects and maximizing treatment efficiency [139]. Care-
fully balancing neutrophils’ antimicrobial or anti-inflam-
matory effects with the tissue damage caused by their
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overactivation is crucial when designing NP-based ther-
apeutics, as NETs" pathological and physiological roles
vary across diseases [140]. In addition, designing NPs to
specifically target neutrophils and induce localized NET
formation at tumor sites is essential for enhanced thera-
peutic potential. This approach minimizes the risk of
nonspecific pro-tumor effects while maximizing the anti-
tumor efficacy.

Inhibiting NET formation

NETs are crucial for the immune response, but exces-
sive or inappropriate NET formation may lead to patho-
logic changes. Therefore, inhibiting NET formation helps
to relieve tissue damage and inflammation under some
circumstances [141]. Various strategies that use NPs to
inhibit NET formation have been developed to address
specific diseases and conditions in which NETs play a
detrimental role, such as the degradation of DNA scaf-
folds, the inhibition of PAD4 or NE activity, the neutrali-
zation of NET-associated components or mediators, the
suppression of neutrophil recruitment and activation,
and ROS scavenging (Table 2).

DNA scaffold degradation

The structural integrity of NETSs is primarily maintained
by extracellular DNA. Degrading this DNA scaffold effec-
tively disrupts NET formation, reducing associated tissue
damage. DNase I, a commonly used enzyme, hydrolyzes
extracellular DNA, diminishing NET generation and the
associated pro-inflammatory effects [25]. DNase I can be
chemically conjugated to NPs via covalent bonding. This
is achieved using functional groups on the NP’s surface,
such as maleimide or carboxyl groups, which react with
thiol or carboxylic acid groups on DNase 1 [120, 124].
Therefore, NP-based delivery systems protect DNase I
from rapid degradation in circulation and achieve con-
trolled release at the site of inflammation using micro-
environment-responsive mechanisms. For controlled
release, NPs can incorporate pH-sensitive, ROS-respon-
sive polymers or enzyme-sensitive linkers, such as MMP-
cleavable peptides, to degrade inflamed tissues, enabling
site-specific DNase I release and enhancing therapeutic
precision [149].

NPs have been designed to encapsulate DNase I for the
treatment of various diseases. For lung disease treatment,
an inhalable nanoplatform comprising serum exosomes
and liposomes was designed to deliver DNase I and MPS
to relieve inflammation for ALI treatment. DNase I was
modified to expose thiol groups, enabling the covalent
bond formation with maleimide groups of DSPE-PEG
in liposomes. The degradation of NETs facilitated the
targeted delivery of MPS to macrophages and promoted
anti-inflammatory M2 phenotype polarization [124].
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Fig. 4 Applications of NP-based drug delivery systems in inhibiting NET formation by DNA scaffold degradation. A Schematic illustration
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Cell membranes overexpressing CXC motif chemokine
receptor 2 (CXCR2) and mimicking neutrophil chemot-
axis were conjugated with DNase I to form NPs, which
degraded NETs, reduced pro-inflammatory cytokines
(TNF-a, IL-1f, and IL-6), and decreased neutrophil infil-
tration in lung tissue (Fig. 4A) [142]. DNase-I-coated
polydopamine nanospheres were also developed to
reduce neutrophil levels, NETs, extracellular DNA, NE
and MPO activity in the blood of septic mice, thereby
mitigating the  NETosis-associated inflammatory
response [143].

NPs loaded with DNase I reduce NET formation
and inflammation for the treatment of IBD. A DNase-
I nanozyme (DNase-NZ) was fabricated using a PLGA
core coated with dopamine and PEGylated polymeric
NPs. DNase I was chemically conjugated to NPs via car-
boxylic acid, which reacted with coupling reagents on

the NPs’ surfaces. DNase-NZ effectively degraded NETs,
reducing their accumulation and alleviating colon inflam-
mation more efficiently than free DNase-I or mesala-
mine [120]. Dong et al. developed calcium alginate NPs
(ALG-SNase) that encapsulated staphylococcal nuclease
(SNase) to degrade intestinal NETs. SNase was used to
degrade NETs’ DNA backbone. ALG-SNase reduced pro-
inflammatory cytokines (TNF-a, IL-1pB, IL-6), decreased
neutrophil infiltration, and preserved intestinal barrier
integrity by increasing tight junction proteins (ZO-1,
occludin) [144].

NPs have been manipulated to load DNase I to degrade
NETs for RA treatment. Wang et al. developed a DNase-
functionalized hydrogel (DHY) to reduce the levels of
inflammatory cytokines (TNF-a, IL-6) and inhibit the
polarization of macrophages to the pro-inflammatory
M1 phenotype [145]. For ischemic stroke treatment,
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researchers have investigated using NPs to degrade the
NETs” DNA scaffold. DNase I-loaded hollow Prussian
blue NPs coated with sialic acid-modified platelet mem-
branes were designed to target neutrophils via sialic acid-
L-selectin interaction by accumulating in injured brain
tissue, degrading NETs, and reducing oxidative stress
by scavenging ROS [146]. pH-triggered polymersome
loaded with DNase 1 also showed efficacy in disrupting
the thrombus skeleton structure and inhibiting plate-
let activation by blocking histones binding to the TLR4
(Fig. 4B) [113].

NET modulation has clinical significance for the treat-
ment of tumors, as excessive accumulation of NETs
has been found in the distant metastases foci of tumor
patients [169]. DNase I-loaded NPs used to degrade NETSs
have been widely studied for the treatment of tumor
growth and metastasis. Examples include NET-targeting
polymeric NPs decorated with 5-hydroxytryptamine
(5-HT) (Fig. 4C) [147], a nanoplatform comprising a
plasmonic gold blackbody core and mesoporous poly-
dopamine shell [148], a nanocarrier system consisting
of paclitaxel prodrug core and poly-L-lysine-conjugated
DNase I shell responsive to matrix metalloproteinase
9 (MMP-9) [149], a manganese-enriched nanosystem
co-delivering DOX responsive to a lower pH and higher
GSH [150], deformable protein NPs composed of a poly
amino acid conjugated with PEG [151], NET-binding
protein coiled-coil domain containing 25 (CCDC25)
overexpressing cell membrane-derived liposomes [152],
mesoporous bioactive glass NPs incorporated into a
hydrogel matrix composed of oxidized starch and gela-
tin [153], and fibrin-alginate hydrogel incorporated with
DNase I-loaded PLGA NPs and propranolol [154]. These
nanomedicines not only degraded NETs but also induced
an anti-tumor immune response.

PAD4 inhibition

PAD4 is a crucial enzyme in the NETosis pathway, cata-
lyzing the conversion of arginine residues on histones
into citrulline, a process known as citrullination. By cit-
rullinating histones, PAD4 reduces their positive charge,
leading to chromatin decondensation. This loosening of
the tightly packed DNA allows it to spread out within the
neutrophil, a necessary step for NET formation [170].
Therefore, inhibiting PAD4 activity can prevent NET
formation. Small molecule PAD4 inhibitors, such as Cl-
amidine and GSK484, have shown potential in reduc-
ing NETosis by blocking histone citrullination. Both can
be encapsulated into NPs through physical entrapment.
When these inhibitors are encapsulated in NPs, their
pharmacokinetic properties improve, allowing for higher
local concentrations and enhanced targeting of neutro-
phils at sites of inflammation [112, 121].
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NPs have been developed to deliver PAD4 inhibitors for
the treatment of ischemic stroke. For example, Sun et al.
reported a Cys-Arg-Glu-Lys-Ala (CREKA) peptide-mod-
ified ROS-responsive liposome system targeting fibrin
in microthrombi at ischemic stroke sites (Fig. 5A). The
CREKA peptide bound to fibrin and fibrin-associated
clots. Cl-amidine was encapsulated within the liposo-
mal nanocarrier through physical interactions during the
liposome preparation process. The nanocarriers could
block the PAD4 enzyme and suppress the activation of
the cGAS-STING pathway, reducing inflammation and
microglial polarization toward an anti-inflammatory
M2-like phenotype. This improved the integrity of the
BBB by reducing vascular leakage and upregulating tight
junction proteins claudin-5 and ZO-1 [112]. Addition-
ally, GSK484-loaded ROS-responsive polymer-based
nanocarriers were synthesized to prevent the citrullina-
tion of histone-3, reducing NETosis and neuroinflamma-
tion. GSK484 was encapsulated into NPs designed with
ROS-sensitive diselenide (-Se-Se-) bonds within the poly-
mer matrix, enabling the controlled release of GSK484 in
response to elevated ROS levels at injury sites [121].

NE inhibition

NE is another critical enzyme and is released from neu-
trophil granules into the nucleus during NETosis to
degrade histones. This degradation helps loosen the
tightly packed chromatin and aids in the subsequent
release of NETs. Along with other enzymes like PAD4,
NE facilitates chromatin unraveling. Inhibiting NE activ-
ity helps to reduce chromatin decondensation and NET-
associated inflammation [171]. Research has shown that
NE inhibitors like sivelestat can mitigate tissue damage
and inflammation in diseases in which NETs play a path-
ogenic role [172]. The NP-based delivery of NE inhibitors
has been explored for the purposes of suppressing NET
formation and reducing the detrimental effects of exces-
sive NETosis. Sivelestat can be encapsulated into NPs or
conjugated via a thioketal bond [110, 155, 156].

Sivelestat has been delivered through NPs to treat ath-
erosclerosis, ALI, and RA. For atherosclerosis therapy,
cRGD-modified sivelestat-loaded liposome was synthe-
sized to inhibit NE activity and NET formation. Sivelestat
was encapsulated into liposomes using a film dispersion
method, where it was physically entrapped within the
lipid bilayer. The cRGD peptide modification allowed
for targeting and uptake by neutrophils [110]. An inter-
bilayer-crosslinked multilamellar vesicle system encap-
sulated with sivelestat was designed to inhibit NE for the
treatment of ALL In vivo, the NPs decreased NE serum
levels and pro-inflammatory cytokines, thereby reduc-
ing NET-mediated tissue damage and inflammatory
responses [155]. Furthermore, using the collagen-induced
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arthritis mouse model, dexamethasone palmitate-load-
ing BSA NPs were developed for the alleviation of RA
(Fig. 5B). Sivelestat was conjugated to BSA NPs via a
thioketal bond, a sulfur-containing compound forming
ROS-sensitive linkages. This bond ensured sivelestat’s
release in high ROS environments [156]. Additionally,
a nanomedicine platform used al-antitrypsin-derived
peptide motif to inhibit NE activity for treating throm-
bosis. Hydroxychloroquine, serving as an NE inhibitor,
was loaded into the NPs by way of physical encapsulation
during NP assembly. By binding to NE, the NPs targeted
activated neutrophils to deliver hydroxychloroquine
directly to sites with abundant activated neutrophils, alle-
viating conditions in which excessive NETs contribute to
the disease pathology, such as thrombosis and inflamma-
tion [157].

Neutralization of NET-associated components or mediators

Neutralizing NET components that contribute to tis-
sue damage and inflammation, such as histones and
proteases, can alleviate NETs harmful effects without
necessarily preventing their formation. For instance,

neutralizing DNA released by neutrophils could reduce
its adverse effects. During NET formation, mediators like
hypochlorous acid are essential for stabilizing NET struc-
ture; inhibiting or scavenging these mediators thus inter-
feres with the NETosis process [160].

NPs can be engineered to deliver agents that specifi-
cally neutralize NET components or inhibit protease
activity. One study designed a positively charged cati-
onic poly(aspartic acid) NP (cANP) to bind strongly to
the negatively charged NET-DNA through electrostatic
interactions, preventing NET-DNA from interacting
with tumor cells and blocking its chemotactic func-
tion, which attracted tumor cells to metastatic sites. The
NPs also competed with tumor cell surface proteins like
CCDC25 for NET-DNA binding, thereby disrupting
the NET-mediated signaling that promotes tumor cell
migration and metastasis in mice and human metastatic
models [158]. In another study, black phosphorus (BP)
nanosheets functionalized with polyglycerol-50% amine
(BP-PGA50) bound and removed cell-free DNA (cfDNA),
a critical component inducing NET formation (Fig. 5C).
By scavenging cfDNA, BP-PGA50 reduced inflamma-
tory cytokines (IL-1B, IL-6, and TNF-«) in the nasal and
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lung tissues of airway inflammatory model mice and sup-
pressed TLR9 activation [159].

Some catalysts or mediators play important roles in
NET formation, and NPs can be manipulated to interfere
with this process. Wang et al. designed a type of sulfox-
ide-containing homopolymer with fouling-resistant and
NET-inhibiting capabilities—poly(2-methacryloylox-
yethyl sulfide sulfoxide) (PMeSEA)—for the treatment
of tumors. The hydrating sulfoxide groups of PMeSEA
inhibited protein/cell adhesion and scavenged hypochlo-
rous acid, an oxidizing agent produced by neutrophils
that plays a key role in NET stabilization and formation.
In this way, PMeSEA prevented postoperative adhesions
and suppressed peritoneal metastasis [160].

Inhibition of neutrophil recruitment and activation
Neutrophils’ recruitment to sites of inflammation and
their subsequent activation play a critical role in initiat-
ing NETosis. Inhibiting neutrophil chemotaxis and acti-
vation can reduce the number of neutrophils available to
form NETs. Manipulating NPs to decrease the number of
neutrophils or block neutrophil adhesion and infiltration
may help to prevent excessive immune cell accumulation
at inflamed sites and reduce damage caused by NET-
mediated tissue injury [136].

Inhibition of neutrophil recruitment improves NET-
induced immune-mediated injury. Research demon-
strated that a trimethylamine N-oxide (TMAO)-derived
zwitterionic hydrogel enhanced diabetic wound healing,
inhibiting NET formation and coordinating the immune
response by balancing the activities of macrophages
and neutrophils. The hydrogel upregulated C—C motif
chemokine ligand 3 (Ccl3) positive macrophages, which
promote wound healing, and downregulated pro-inflam-
matory S100a9+ neutrophils [161]. Hybrid biomimetic
nanovesicles composed of neutrophil membranes con-
taining activated P2 integrins, fused with cationic lipid
DDAB and loaded with docosahexaenoic acid (DHA),
were developed to bind to intercellular adhesion mol-
ecules 1 and 2 (ICAM-1/2) on inflammatory vascular
endothelium via B2 integrins. This blocked further neu-
trophil adhesion and infiltration, preventing NET-related
inflammatory damage for the treatment of ARDS [138].
Another study reported on celastrol-loaded BSA NPs
(CBR NPs) that targeted circulating neutrophils via RGD-
integrin interactions, inducing apoptosis and reducing
their recruitment with the aim of treating RA [162]. Star-
shaped, anti-PSGL-1-antibody-coated AuNPs targeted
activated neutrophils, reducing thrombosis by preventing
PSGL-1 from binding to p-selectin on inflamed endothe-
lium and activated platelets. This inhibited neutrophil
recruitment and NET formation, with the star shape
showing a higher affinity for PSGL-1 clusters [163].
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Inhibiting neutrophil activation reduces NET release.
A photocurable methacryloxylated silk fibroin hydro-
gel was developed to improve diabetic wound healing in
orthopedic surgery. Metformin-loaded mesoporous silica
NPs and AgNPs were incorporated into the hydrogel. The
AgNPs ensured a sterile environment, while the met-
formin reduced neutrophil inflammation and promoted
M2 macrophage polarization, further inhibiting NET
formation [164]. Luminol-conjugated a-cyclodextrin was
used to form LaCD NPs for treating asthma (Fig. 6A).
LaCD NPs inhibited neutrophil recruitment and acti-
vation, decreased NET formation, and attenuated the
activation of the NLRP3 inflammasome in neutrophils
[165]. To summarize, inhibiting neutrophil recruitment
and activation reduces NET formation and inflammation,
mitigating tissue damage in diseases such as diabetic
wounds, ARDS, RA, thrombosis, and asthma. NPs that
target neutrophils effectively suppress immune responses
and reduce immune-mediated injury.

ROS scavenging

ROS are crucial mediators of NET formation because
they initiate the oxidative burst in neutrophils that trig-
gers NETosis. Excessive ROS production not only pro-
motes NETosis but also contributes to tissue damage
[173]. NPs designed to scavenge ROS can inhibit NET
formation by neutralizing oxidative stress within the
microenvironment. For example, NPs loaded with anti-
oxidants, such as luminol and Tempol, can reduce ROS
levels. By diminishing oxidative stress, these NPs prevent
the activation of the NETosis pathway, which ultimately
reduces the harmful effects of excessive NET formation
[166]. Furthermore, ROS-scavenging NPs can protect
surrounding tissues from oxidative damage, providing a
dual therapeutic benefit [117].

For example, with the aim of treating corneal pathological
fibrosis treatment, a responsive hydrogel made of oxidized
chitosan NPs loaded with black phosphorus quantum dots
and grafted to silk fibroin methacrylate was used to inhibit
NET formation by scavenging ROS and preventing NF-kB
activation. This downregulated pro-inflammatory mark-
ers, reduced M2 macrophage polarization, and prevented
macrophage-induced fibrosis [117]. In a study develop-
ing a potential treatment for AAA, LaCD NPs—compris-
ing luminol-conjugated a-cyclodextrin and functionalized
with alendronate for targeting calcified tissues—exhibited
ROS scavenging and anti-inflammatory properties. These
NPs inhibited NETosis by reducing neutrophil activation,
suppressing pro-inflammatory mediators (MPO, TNF-a,
CXCL1), and decreasing MMP-2 and MMP-9 levels in aor-
tas [123]. Additionally, a research group developed TPCN,
a cyclic oligosaccharide-derived nanotherapy for severe
asthma that was based on Tempol and PBAP conjugated to
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(NM-LaCD NP) [165]. Copyright © 2023 The Authors. B Preparation process of APTS. AP, A151/PEI@PDA; SA, sialic acid; TP, targeting peptide; APTS,
nanoplatform composed of AP with modifications of SA and TP peptide [167]. Copyright © 2024 The Authors

B-cyclodextrin. TPCN was designed to target and neutral-
ize ROS, inhibit NET formation, and reduce pro-inflam-
matory cytokines and oxidative stress, thereby decreasing
neutrophil infiltration and airway remodeling and restor-
ing Treg/Th17 balance for immune homeostasis [166]. A
polydopamine-coated A151/PEI nanoplatform was devel-
oped to scavenge ROS, decrease the levels of MPO, NE,
and CitH3, and prevent the chromatin decondensation
necessary for NET formation (Fig. 6B). Furthermore, the
NPs exposed phosphatidylserine on the neutrophil surface,
signaling apoptotic cell death rather than NETosis [167].
In addition, neutrophils incubated with puerarin-loaded
liposomes via electrostatic interactions were designed
to chemotax to the brain injury site, where they released
puerarin. This reduced NETs, oxidative stress, and inflam-
mation, thereby protecting neural cells from damage [168].

Inhibiting NET formation can effectively reduce tissue
damage and inflammation in those diseases in which exces-
sive NETs contribute to pathology. NP-based strategies,
including degrading the DNA scaffold, inhibiting PAD4 or
NE activity, neutralizing NET components, blocking neu-
trophil recruitment and activation, and scavenging ROS,
have shown promise for targeting NET-related diseases
and improving therapeutic outcomes.

Challenges and prospects of NP-based drug
delivery systems in NET modulation

Current technological limitations of NPs

Despite the promise of NP-based drug delivery systems in
targeting NETs, several technological challenges remain.
One primary limitation is the complexity of designing
NPs that can effectively navigate the diverse physiologi-
cal environments encountered in vivo. This complexity
includes difficulties ensuring NP stability, the precise tar-
geting of NETs, and the balance between reduced neutro-
phil activation and NETs targeting.

NPs’ stability under physiological conditions is a pre-
requisite to ensuring therapeutic effectiveness. NPs
often encounter a range of environments within the
body, including varying pH, enzymatic activity, and oxi-
dative stress, all of which may impact their structural
integrity and drug-release properties. Ensuring that
NPs both remain stable long enough to reach their tar-
get and degrade or release their cargo upon reaching the
intended site is a delicate balance requiring precise engi-
neering [174]. Furthermore, because of the large molecu-
lar weight of the enzyme, how to load it with NPs while
maintaining its activity is also one of nanotechnology’s
challenges.

The precise targeting of NETs is another challenge
for NPs. While several strategies have been developed
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to improve NP targeting, such as electrostatic interac-
tions or surface modifications with ligands, their effi-
ciency remains suboptimal. NETSs are dynamic structures
formed at sites of inflammation and can vary in both
spatial distribution and density [175]. Additionally, NPs
may face off-target effects, binding to unintended pro-
teins or cells, which could reduce their efficacy or cause
unwanted side effects. Enhanced specificity in targeting
NET components like DNA, histones, or proteases is a
promising way to maximize therapeutic potential while
minimizing off-target toxicity.

The balance between reduced neutrophil activation
and NETs targeting should also be considered. While
systemically administered modified NPs can target neu-
trophils and inhibit their activation and recruitment to
inflammatory sites, their ability to specifically target NET
formation may be limited, since neutrophils would not be
present at the inflammatory sites. One potential solution
is to incorporate environment-responsive features into
the design of NPs, such as pH- or ROS-sensitive mecha-
nisms that enable selective activation and drug release in
the inflammatory microenvironment [176]. Alternatively,
NPs can be functionalized to recognize inflammation-
specific markers, such as fibrin or pro-inflammatory
cytokines, ensuring that therapeutic effects are concen-
trated at the sites of inflammation [112, 161]. These strat-
egies allow for precise NET targeting while minimizing
off-target effects and preserving the therapeutic benefits
of neutrophil modulation.

Clinical challenges of NP application

Several clinical challenges must be overcome to ensure
the safe and effective use of NP-based therapies in
patients. These challenges include issues related to safety
and toxicity, biodistribution, and regulatory hurdles that
must be addressed before widespread clinical application.

Safety remains a major concern in the clinical appli-
cation of NPs. Certain types of NPs, particularly those
made from non-degradable materials (e.g., metal-based
NPs such as gold or silver), may accumulate in organs,
such as the liver, kidneys, or lungs, over time, leading
to potential toxicity. These accumulations may cause
chronic inflammation, organ damage, or unintended
effects on the immune system [177]. Testing the toxicity
of NPs often requires long-term studies to fully under-
stand their effects.

The biodistribution of NPs is a crucial factor influenc-
ing their clinical effectiveness. After administration, NPs
can be distributed to various tissues and organs, includ-
ing non-target sites, which may reduce the amount
of drug reaching the intended location. For instance,
because of the high concentration of macrophages in
the liver and spleen, many NPs are preferentially taken
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up by these organs, leading to reduced NP availability at
the target site, including areas of NET formation [178].
Designing NPs with optimal size, charge, and surface
properties to ensure effective biodistribution while mini-
mizing unwanted accumulation in non-target tissues is
critical for their clinical application.

The large-scale production of NPs with consistent size,
shape, and surface characteristics is also an area of con-
cern, affecting the reproducibility of experimental results
and the scalability of clinical applications. Establishing
standardized synthesis protocols and scalable manu-
facturing processes is crucial for the successful clinical
translation of NP-based therapies [179].

Future directions and potential of NP application

in NET-related diseases

NP-based therapies hold promise for targeting NETs in a
wide range of diseases. With advances in research, there
are several exciting future directions that could enhance
the effectiveness, safety, and precision of NP-based thera-
pies for NET-related conditions. These innovations are
likely to focus on enhancing targeted delivery, explor-
ing combination therapies, and advancing personalized
nanomedicine.

Stimuli-responsive NPs allow for precise drug release
in response to specific triggers in the NET microenvi-
ronment. These NPs are designed to react to particular
stimuli such as pH changes, ROS, enzymatic activity, or
temperature shifts, all of which are prevalent in areas of
NET formation [176]. These stimuli-responsive systems
facilitate localized and time-controlled drug release,
reducing systemic toxicity and enhancing therapeutic
efficacy.

Another exciting frontier is the integration of nano-
medicine with other treatment modalities, such as gene
therapy, immunotherapy, or photodynamic therapy [145].
By targeting multiple pathways simultaneously, NP-based
combination therapies can enhance therapeutic efficacy
and address the multifaceted nature of NET-related dis-
eases, offering a more holistic and potent treatment
strategy.

Personalized nanomedicine, treatment tailored to an
individual’s unique biological and genetic profile [180],
is likely to play an increasing role in the future of NET-
targeting therapies. As research into NET biology and
patient-specific disease mechanisms advances, person-
alized NP-based therapies could be developed to target
specific NET-related pathways that are unique to each
patient. Advancements in diagnostics and biomarker dis-
covery could also help identify the patients most likely to
respond to NP-based therapies, enabling more targeted
and effective treatment plans [181].
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By addressing these challenges and embracing these
future research directions, NP-based therapies hold
the potential to revolutionize the treatment of NET-
related diseases. Through advances in stimuli-respon-
sive systems, combination therapies, and personalized
approaches, the therapeutic landscape for conditions
involving excessive NET formation could see transforma-
tive improvements.

Conclusion

NETs play a crucial role in both protective immune
responses and pathological conditions, making them
a significant target for therapeutic interventions. NP-
based drug delivery systems offer innovative solutions
for NET modulation, providing opportunities to enhance
treatment efficacy and precision. Utilized as drug deliv-
ery vehicles to promote or inhibit NET formation, NPs
have demonstrated their potential in addressing a range
of NET-related diseases. However, significant challenges
remain, including technological limitations, safety con-
cerns, and the need for scalable production. Future
advances in nanotechnology hold great promise for over-
coming these challenges, paving the way for novel thera-
peutic strategies to treat complex NET-related diseases.
The continued exploration of NP-NET interactions will
be essential for translating these promising technologies
into clinical applications.
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