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ABSTRACT

Sepsis-induced immunothrombosis is driven-in part by dystegulated neutrophil extracellular
traps (NET'), yet existing therapies fail to adequatcly address the oxidative checkpoints that initiate
this cascade.

This mechanistic Pefspective proposes a paradigm shift toward dual-functional inorganic
nanomedicine aimed at modulating both inflammation and coagulation. We discuss emerging
evidence supporting a “prevention-plus-clearance” strategy employing PEGylated cerium oxide
nanoparticles (nanoceria) surface-grafted with DNase 1.

The inorganic core functions as a prolonged superoxide dismutase—like redox buffer through
the regenerative Ce3’/Ce** cycle, thereby. attenuating reactive oxygen species (ROS)-dominant
NETosis pathways rather than universally blocking NET formation. In parallel, the surface-
immobilized DNase I facilitates enzymatic degradation of extracellular chromatin scatfolds. We
hypothesize that this bio-inorganic combination may address the biphasic nature of sepsis
pathogenesis by limiting NET initiation while promoting microvascular de-obstruction.

Finally, we outline a translational roadmap required to validate this “circuit-breaker” strategy in
vivo, pesitioning the eerium—NETosis axis as a promising frontier in the management of sepsis-
associated coagulopathy.
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INTRODUCTION

Sepsis continues to be among the leading causes of

hospital mortality worldwide despite substantial
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advances in critical care management; current estimates
place the annual global burden at over 21 million
fatalities.!? This condition is triggered by a catastrophic
dysregulation of the host response, in which the
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coagulation cascade and the innate immune system
collaborate to contain intravascular infection rather than
solely eliminate pathogen burden.® This physiological
axis, termed immunothrombosis, evolved as a host
defense strategy to spatially restrict infection ( “walling
off” pathogens); however, during systemic infection it
becomes profoundly maladaptive, leading to
microvascular occlusion and disseminated intravascular
coagulation (DIC), ultimately depriving tissues of
oxygen.*

Significantly, there is currently no targeted therapy
for this hazardous immuno-coagulatory interface.
Existing approaches remain blunt instruments:
conventional anticoagulants such as heparin attenuate
clot formation but carry a substantial bleeding risk and
may fail due to “heparin resistance” arising from
reduced antithrombin levels.® Unlike heparin, which
relies on adequate circulating antithrombin to exert its
anticoagulant effect—a factor often depleted in septic
patients—the  proposed inorganic nanomedicine
operates via direct catalytic redox buffering and
enzymatic cleavage, thereby functioning independently
of the host’s antithrombin levels.® Conversely, broad-
spectrum anti-inflammatory strategies-have consistently
failed to improve survival in clinical trials, in part
because they disrupt essential host  defense
mechanisms.” Precision therapeutics capable of
interrupting  the  thrombo-inflammatory . cycle—
particularly  its  immunological triggers—without
compromising systemic - hemostasis are therefore
urgently needed. This narrative perspective synthesizes
recent mechanistic findings to propose a dual-functional
nanotherapeutic strategy. Literature was selected based
on a targeted search of PubMed and Web of Science for
studies intersecting  “nanoceria,” “NETosis,” and
“immunothrombosis” published between 2010 and
2025, with a focus on identifying the dominant structural
and molecular drivers of immunothrombosis and
potential inorganic interventions.

A critical step toward, such therapies is the
identification of the dominant structural and molecular
drivers of immunothrombosis. Brinkmann et al first
described neutrophil extracellular traps (NETs) in 2004
as a distinct antimicrobial defense mechanism separate
from phagocytosis.® NETs are expansive web-like
structures composed of a decondensed chromatin
(DNA) backbone decorated with cytotoxic granule
proteins, including neutrophil elastase (NE),
myeloperoxidase (MPO), and histones.’ NET formation,

termed NETosis, frequently proceeds viaa “suicidal”
pathway that is highly dependent on a respiratory burst:
activation of NADPH oxidase (NOX2) generates
intracellular reactive oxygen species (ROS), which
promote the nuclear translocation and activation of
peptidylarginine deiminase 4 (PAD4).!° PAD4 catalyzes
histone citrullination—particularly citrullinated histone
H3 (CitH3), a widely used NET marker—driving
chromatin decondensation and eventual rupture of the
neutrophil membrane,. releasing NETs into the
extracellular milieu."! Although originally intended to
immobilize and neutralize pathogens during sepsis,
NETs function as a double-edged. sword. Extracellular
DNA provides a negatively charged scaffold capable of
activating factor XII and recruiting platelets and
erythrocytes, while associated histones and proteases
amplify platelet aggregation and impair endogenous
anticoagulant pathways.!>!3 Consequently, NETs may
transition. from localized antimicrobial traps into a
systemic framework for <microvascular thrombosis,
mechanistically linking neutrophil oxidative stress to
vascular occlusion and organ dysfunction.'*

In response, the field has increasingly pursued more
stable and effective therapeutic platforms to overcome
the limitations of conventional DNase I, particularly its
rapid inactivation by serum G-actin.’® Emerging
biological strategies include adeno-associated viral-
mediated gene delivery to sustain circulating nuclease
levels and DNase v , which exhibits partial resistance to
actin inhibition.!> Complementing these biological
approaches, inorganic nanotherapeutics—most notably
cerium oxide nanoparticles (nanoceria)—have attracted
attention. Owing to their auto-catalytic Ce®*/Ce** redox
cycle, nanoceria function upstream of NET degradation
by acting as regenerative antioxidants. Rather than
dismantling NETs after formation, they may attenuate
ROS-dominant triggers of NETosis, potentially
interrupting the cascade at its initiation stage.!6

PERSPECTIVE

The Biological Requirement: ROS-dominant
NETosis as a Therapeutic Checkpoint

To develop an efficient inhibitor, it is necessary to
target a non-redundant and therapeutically actionable
checkpoint within the NETosis pathway. While
neutrophils can undergo multiple forms of cell death, the
regulated release of extracellular traps is frequently and
mechanistically linked to an oxidative burst. Upon
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stimulation by pathogens or inflammatory cytokines,
neutrophils assemble the NOX2 complex at the plasma
membrane, generating a rapid surge of superoxide
anions (O:-7) that are subsequently dismutated into
hydrogen peroxide (H202).!%!7 It is important to note that
neutrophils can also undergo "vital" NETosis, a rapid,
ROS-independent pathway mediated by vesicular
exocytosis that preserves cellular viability and
function.'® However, in the context of sepsis-induced
immunothrombosis, the maladaptive, massive release of
NETs is predominantly driven by the suicidal, ROS-
dependent pathway described here, making oxidative
stress the primary therapeutic target. These reactive
species act as critical secondary messengers, promoting
the dissociation of NE and MPO from azurophilic
granules and their translocation to the nucleus.'® There,
these enzymes act in concert with PAD4 to modify
histones and disrupt nuclear architecture, driving
chromatin decondensation that precedes membrane
rupture.

Patients with chronic granulomatous disease (CGD),
who harbor genetic defects in the NOX2 complex,
illustrate the central role of oxidative signaling in
classical NETosis. In a landmark study;. Fuchs et al
(2007) demonstrated that neutrophils from CGD patients
exhibit a profound impairment in NET formation,
rendering them highly susceptible to certain infections
while simultaneously conferring resistance to NET-
mediated inflammatory. pathology.!®?° This biological
dependency supports a context-specific therapeutic
principle: sustained suppression of intracellular ROS
can markedly attenuate ROS-dependent NETosis
pathways. Under such. conditions, the upstream
signaling cascade is disrupted, substantially limiting the
neutrophil’ s capacity to externalize chromatin.

The Material Capability: Cerium as a Redox
Machine

To meet the biological requirement for sustained
suppression of oxidative signaling, a therapeutic agent
must function catalytically rather than as a consumable
reactant. Conventional antioxidants, such as vitamin C
or N-acetylcysteine, are stoichiometrically exhausted
upon neutralizing reactive species. In contrast, nanoceria
possess a distinctive fluorite lattice enriched with
oxygen vacancies, enabling reversible redox cycling and
prolonged antioxidant activity. The dynamic
interconversion between trivalent (Ce*") and tetravalent
(Ce*") oxidation states at the nanoparticle surface

underlies this behavior, allowing nanoceria to
functionally mimic key redox activities of endogenous
antioxidant enzymes rather than act as a one-time radical
scavenger.?!

Mechanistically, nanoceria exhibits broad-spectrum
ROS-buffering capacity through two well-characterized
surface-mediated pathways. Sites enriched in Ce**
display superoxide dismutase (SOD)-like activity,
interacting with superoxide anions (O2*")—a proximal
trigger of ROS-dependent NETosis—and facilitating
their conversion into hydrogen peroxide (H:02),
concomitant with oxidation of cerium to the Ce** state.??
Subsequently, Ce**-rich _sites —exhibit catalase—like
activity, promoting the decomposition of hydrogen
peroxide into water and molecular oxygen, thereby
tegenerating Ce*" at the surface.”® Through this auto-
regenerative Ce**/Ce*" redox cycle, nanoceria functions
as a persistent ROS buffer, with the potential to attenuate
excessive. oxidative bursts over extended periods,
contingent on dose, surface chemistry, and biological
context.?

The Convergence: Proof of Concept

The theoretical requirement to quench the oxidative
burst has been translated into experimental validation by
Dich et al (2025), who provided compelling proof-of-
concept evidence supporting the proposed “cerium-—
NETosis” axis.?*> To this end, the investigators
engineered a dual-functional nanoplatform consisting of
a cerium oxide core functionalized with phosphonic
acid—terminated PEG copolymers and surface-grafted
DNase 1.2° This rigorous functionalization strategy is
chemically essential not only for preserving catalytic
activity, but also for ensuring biocompatibility.?® In line
with a comparative study by Baryshev et al (2024),
which demonstrated that bare or high-dose exposure to
inorganic nanoparticles can paradoxically promote
neutrophil degranulation and MPO release, appropriate
surface shielding is critical.?® Accordingly, the PEG
corona employed by Dich et al likely enables the
nanoplatform to function as a biological stabilizer rather
than an inflammatory irritant.

Upon internalization by human neutrophils, these
engineered nanoparticles exhibited a pronounced
capacity to modulate key immunothrombotic signaling
events.”> Specifically, treatment significantly reduced
ROS generation in phorbol 12-myristate 13-acetate
(PMA)-stimulated cells, flattening the oxidative
response relative to untreated controls and arresting
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neutrophils in a chromatin-decondensed yet membrane-
intact state.?> These findings suggest that the Ce**/Ce**
redox cycle can functionally interrupt the oxidative
threshold required for NET release, rather than inducing
terminal cell rupture. Supporting this interpretation,
Ernst and Puntes (2022) demonstrated that nanoceria
modulates immunometabolism through redox buffering,
reducing intracellular ROS levels necessary to sustain
the glycolytic, pro-inflammatory state that underpins
respiratory burst activation in myeloid cells.?’
Importantly, in the context of pre-existing NETs—a
frequent clinical scenario—the surface-conjugated
DNase I retained substantial nucleolytic activity,
degrading fibrillar extracellular DNA in a dose-
dependent manner.?> While nanoceria exhibit catalytic
antioxidant behavior, including SOD- and catalase-like
activity, they lack intrinsic capacity to enzymatically
cleave complex extracellular biomolecular
structures.?®?? Accordingly, the incorporation of DNase
I is a necessary design element for physical NET
dismantling. By integrating redox modulation with
enzymatic clearance, the dual-functional nanoplatform
addresses key limitations inherent to antioxidant-only
approaches.?® Collectively, these findings.support the
concept that  dual-functional® nanoceria can
simultaneously attenuate ROS-dominant NET formation
and facilitate clearance of established extracellular traps,
offering a mechanistically integrated—though context-
dependent—strategy for mitigating immunothrombosis.

Comparative Nanotoxicology: Why Cerium Oxide
Represents a Favorable Design Profile

To fully appreciate the distinctive positioning of
nanoceria; they must be considered within the broader
framework of nanotoxicology, where several otherwise
promising mnanomaterials. have failed due to
immunological “incompatibility. The innate immune
system—particularly neutrophils—
discriminates based on physicochemical properties, with
particle shape, aspect ratio, and surface charge critically
influencing the propensity for immune overactivation
and pathological NET formation.

High—aspect ratio carbon nanotubes (CNTs)
exemplify shape-driven nanotoxicity. Their rigid, fiber-
like geometry can impede complete phagocytic uptake,
resulting in frustrated phagocytosis, mechanical stress,
and sustained immune activation. In vivo studies have
demonstrated that CNTs can activate platelets,
increasing P-selectin expression, promoting platelet—

sensitively

leukocyte aggregate formation, and accelerating
thrombus development,3®3! although CNTs do not
consistently induce NETosis directly, platelet activation
and neutrophil engagement may converge to amplify
thrombo-inflammatory responses. In parallel, NETs
serve as pro-thrombotic scaffolds that recruit platelets
and promote fibrin deposition,3 illustrating how high—
aspect ratio nanomaterials may indirectly potentiate
immunothrombosis.

Surface charge represents a second major
determinant of mnanomaterial-immune interactions.
Positively charged nanoparticles, including cationic
liposomes; exhibit charge-mediated toxicity driven by
strong electrostatic interactions with negatively charged
neutrophil membranes. This interaction can induce
membrane. destabilization, calcium influx, oxidative
burst activation, and rapid NET.release.>>** While
cationic surfaces may enhance binding to extracellular
NET structures,® they also risk amplifying neutrophil
activation in inflammatory environments such as sepsis,
contributing to tissue injury—a phenomenon commonly
described as charge toxicity.

Against. this' backdrop, nanoceria exhibit a
comparatively favorable immunological profile when
appropriately engineered. Nanoceria are typically
spherical, reducing the likelihood of frustrated
phagocytosis observed with high—aspect ratio materials.
Moreover, their surface chemistry does not rely on
strong cationic charge, minimizing charge-driven
membrane disruption and calcium influx characteristic
of cationic formulations. Importantly, nanoceria possess
intrinsic redox-buffering capacity, enabling scavenging
of reactive oxygen species and attenuation of pro-
inflammatory signaling in macrophages and endothelial

3637 In vitro studies have demonstrated reduced

cells.
oxidative injury and diminished inflammatory mediator
expression in models of wound healing and tissue stress,
supporting a higher degree of biocompatibility relative
to more reactive nanomaterial classes.®

Collectively, these comparisons underscore the
importance of rational nanomaterial design—
particularly geometry and surface charge—in mitigating
immune toxicity. While nanoceria are not inherently
inert and remain subject to dose-, coating-, and context-
dependent effects, their physicochemical properties and
redox-modulating behavior position them as a promising
and comparatively well-tolerated platform for
applications where excessive immune activation and

NETosis are pathologically relevant. However, while
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nanoceria exhibit a favorable profile, the "more is better"
paradigm does not apply to redox modulation. Given the
catalytic, self-regenerative nature of nanoceria, defining
the optimal "therapeutic window" is critical. Excessive
antioxidant activity could theoretically dampen the
oxidative burst required for essential bacterial killing
within phagosomes. Therefore, the translational goal is
not the total abrogation of ROS, but the attenuation of
the "spillover" oxidative stress that triggers systemic
NETosis, without compromising the localized anti-
microbial capacity.

Future Roadmap: From Bench to Bedside

The emerging evidence supporting a proposed
“cerium—NETosis” axis provides a compelling proof of
concept; however, translation of this nanotherapeutic
strategy from controlled in vitro systems to clinical
application requires careful navigation of a complex and
dynamic biological landscape.

Bridging the gap between static experimental models
and the hemodynamic, immunological; and
coagulopathic complexity of sepsis remains a central
challenge. While Dich et al demonstrated effective
modulation of NET formation inisolated human
neutrophils, the inflammatory milieu of a septic host—
characterized by disturbed blood . flow, endothelial
dysfunction, and dysregulated coagulation—presents a
substantially different context. Future studies must
therefore prioritize in‘vivo validation in relevant sepsis
and immunothrombosis models. Furthermore, designing
clinical trials for this strategy will require distinct
endpoints compared. to standard anticoagulants. Rather
than solely monitoring bleeding times (e.g., PTT),
efficacy 'monitoring . should include biomarkers of
immunothrombosis such as circulating CitH3-DNA
complexes and D-dimer levels to assess the specific "de-
coupling" of inflammation and coagulation.

The protein corona challenge is another critical
barrier lies at the bio—nano interface. Upon exposure to
biological fluids, nanoparticles rapidly acquire a protein
corona that can profoundly influence their surface
chemistry, cellular interactions, and functional
performance.®® In the context of sepsis, where plasma
proteomes are markedly altered, high-abundance
proteins such as fibrinogen or albumin may sterically
occlude Ce**/Ce*" redox sites or impair the activity of
surface-conjugated DNase 1. Although PEGylation was
employed by Dich et al to mitigate nonspecific protein
adsorption, the inflammatory and proteolytic

environment of sepsis may compromise this shielding.
Furthermore, the stability of the PEG corona itself is of
concern; recent studies indicate that anti-PEG antibodies
or high-affinity plasma proteins can displace or degrade
surface polymers, potentially leading to 'stealth' failure
and accelerated clearance by the mononuclear
phagocyte system.*’ Future designs must therefore
validate the integrity of the PEG layer specifically
within the protease-rich environment of septic plasma.

Despite the favorable immunological profile of
nanoceria, their/inorganic nature presents a challenge
regarding biopersistence. Unlike organic platforms that
undergo-enzymatic hydrolysis; metal oxides are not
readily biodegradable and may be sequestered by the
reticuloendothelial system (RES), leading to potential
accumulation in the liver and spleen. Consequently,
while optimizing pharmacokinetics is critical for
therapeutic efficacy, defining the long-term clearance
pathways is equally vital to ensure that the management
of acute sepsis does not.compromise chronic organ
health through heavy metal retention. This risk is
amplified in sepsis treatment, which may require repeat
dosing to match the kinetics of a sustained systemic
infection. Translational efforts must therefore rigorously
evaluate the implications of hepatic and splenic
accumulation, particularly in vulnerable populations
with pre-existing organ dysfunction.

CONCLUSION

In summary, the use of functionalized nanoceria
represents a conceptual shift from reactive intervention
toward upstream modulation of immunothrombotic
triggers. By integrating redox buffering with enzymatic
NET clearance, this bio-inorganic strategy offers a
mechanistically coherent framework for addressing key
drivers of sepsis-associated coagulopathy. If future
studies can validate nanoparticle stability in human
blood, preserve function in complex inflammatory
milieus, and demonstrate efficacy in live
immunothrombosis models, dual-functional nanoceria
may emerge as a valuable adjunctive approach for
mitigating thrombo-inflammatory complications in
sepsis.

STATEMENT OF ETHICS

Ethical approval was not required for this study as it
is a perspective article based on the analysis of

Iran J Allergy Asthma Immunol, / 5

Published by Tehran University of Medical Sciences (http://ijaai.tums.ac.ir)


http://ijaai.tums.ac.ir/

Nanoceria in Immunothrombosis: ROS-driven NETs

previously published literature and does not involve the
collection of primary human or animal data.

FUNDING
Not applicable.
CONFLICT OF INTEREST
The authors declare no conflicts of interest.
ACKNOWLEDGMENTS
Not applicable.
DATA AVAILABILITY

As this is a perspective article, no primary data were
generated or analyzed. Therefore, data sharing is not
applicable.

AT ASSISTANCE DISCLOSURE

The content of this manuscript was-authored and
edited exclusively by the human contributors. No
artificial intelligence (Al) tools, large language models,
or automated generation software were used in the
development, writing, or refinement of this work. All
ideas, data interpretation, and conclusions presented are
the original intellectual product of the authors.

REFERENCES

1. Gray AP, Chung E, Hsu RL, Araki DT, Gershberg Hayoon
A, Davis Weaver N, et al. Global, regional, and national
sepsis incidence and mortality, 1990&#x2013;2021: a
systematic anmalysis. The Lancet Global Health.
2025;13(12):¢2013-€26.

2. Rudd KE, Johnson SC, Agesa KM, Shackelford KA, Tsoi
D, Kievlan DR, et al. Global; regional, and national sepsis
incidence and mortality, 1990-2017: analysis for the
Global Burden of Disease Study. Lancet.
2020;395(10219):200-11.

3. Aklilu A, Lai MS, Jiang Z, Yip SP, Huang CL.
Immunothrombosis in  Sepsis: Cellular Crosstalk,
Molecular Triggers, and Therapeutic Opportunities-A
Review. Int J Mol Sci. 2025;26(13).

4. Tba T, Levy JH. Inflammation and thrombosis: roles of
neutrophils, platelets and endothelial cells and their

10.

1T

12.

13.

14.

15.

16.

interactions in thrombus formation during sepsis. J
Thromb Haemost. 2018;16(2):231-41.

Butt SP, Kakar V, Kumar A, Razzaq N, Saleem Y, Ali B, et
al. Heparin resistance management during cardiac surgery:
a literature review and future directions. J Extra Corpor
Technol. 2024;56(3):136-44.

Levy JH, Connors JM. Heparin Resistance - Clinical
Perspectives and Management Strategies. N Engl J Med.
2021;385(9):826-32.

Marshall JC. Why have clinical trials in sepsis failed?
Trends Mol Med. 2014;20(4):195-203.

Brinkmann V, Reichard U, Goosmann C, Fauler B,
Uhlemann. Y, Weiss DS, et al:-Neutrophil extracellular
traps kill bacteria. Science. 2004;303(5663):1532-5.
Papayannopoulos V. Neutrophil extracellular traps in
immunity and disease. Nat Rev Immunol. 2018;18(2):134-
47.

Fuchs TA, Abed U, Goosmann C, Hurwitz R, Schulze I,
Wahn'V, et al. Novel cell death program leads to neutrophil
extracellular traps. J Cell Biol. 2007;176(2):231-41.

Li P, Li M, Lindberg MR, Kennett MJ, Xiong N, Wang Y.
PAD4 is essential. for antibacterial innate immunity
mediated. by neutrophil extracellular traps. J Exp Med.
2010;207(9):1853-62.

Fuchs TA, Brill A, Duerschmied D, Schatzberg D,
Monestier M, Myers DD, Jr., et al. Extracellular DNA traps
promote thrombosis. Proc Natl Acad Sci U S A.
2010;107(36):15880-5.

Long AT, Kenne E, Jung R, Fuchs TA, Renné T. Contact
system revisited: an interface between inflammation,
coagulation, and innate immunity. J Thromb Haemost.
2016;14(3):427-37.

Martinod K, Wagner DD. Thrombosis: tangled up in NETs.
Blood. 2014;123(18):2768-76.

Espiritu A, O’Sullivan KM. A Web of Challenges: The
Therapeutic Struggle to Target NETs in Disease.
International Journal of Molecular Sciences [Internet].
2025;26(10):[4773 p.].

Nelson BC, Johnson ME, Walker ML, Riley KR, Sims
CM. Antioxidant Cerium Oxide Nanoparticles in Biology
and Medicine. Antioxidants (Basel). 2016;5(2).

. Sanni K, Ena G, Sanket K, Anupam J. Neutrophil

Extracellular Traps: Formation and Involvement in
Disease Progression. Iranian Journal of Allergy, Asthma
and Immunology. 2018;17(3).

. Yipp BG, Kubes P. NETosis: how vital is it? Blood.

2013;122(16):2784-94.

. Papayannopoulos V, Metzler KD, Hakkim A, Zychlinsky

A. Neutrophil elastase and myeloperoxidase regulate the

Iran J Allergy Asthma Immunol, / 6

Published by Tehran University of Medical Sciences (http://ijaai.tums.ac.ir)


http://ijaai.tums.ac.ir/

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Nanoceria in Immunothrombosis: ROS-driven NETs

formation of neutrophil extracellular traps. J Cell Biol.
2010;191(3):677-91.

Stoiber W, Obermayer A, Steinbacher P, Krautgartner WD.
The Role of Reactive Oxygen Species (ROS) in the
Formation of Extracellular Traps (ETs) in Humans.
Biomolecules. 2015;5(2):702-23.

Celardo I, Pedersen JZ, Traversa E, Ghibelli L.
Pharmacological potential of cerium oxide nanoparticles.
Nanoscale. 2011;3(4):1411-20.

Korsvik C, Patil S, Seal S, Self WT. Superoxide dismutase
mimetic properties exhibited by vacancy engineered ceria
nanoparticles. Chem Commun (Camb). 2007(10):1056-8.
Pirmohamed T, Dowding JM, Singh S, Wasserman B,
Heckert E, Karakoti AS, et al. Nanoceria exhibit redox
state-dependent catalase mimetic activity. Chem Commun
(Camb). 2010;46(16):2736-8.

Das M, Patil S, Bhargava N, Kang JF, Riedel LM, Seal S,
offer

cord neurons.

et al. Auto-catalytic ceria nanoparticles
neuroprotection to adult rat spinal
Biomaterials. 2007;28(10):1918-25.

Dich H, Abou Rjeily R, Rath G, Berthet M, Dayde-Cazals
B, Berret JF,

nanoparticles with antioxidant and DNase I activities to

et al. Dual-functional cerium oxide
prevent and degrade neutrophil extracellular traps. Front
Immunol. 2025;16:1693809.

Baryshev AS ea. Effect of cerium and selenium
nanoparticles on functional activity of neutrophils in vitro.
Opera Med Physiol. 2023;10(4):24-35.

Ernst LM, Puntes¢ V. How Does Immunomodulatory
Nanoceria Work? ROS and Immunometabolism. Frontiers
in Immunology. 2022;Volume. 13 - 2022.

Ren X, Chen D, Wang Y, Li H, Zhang Y, Chen H, et al.
Nanozymes-recent  development . and
applications. J Nanobiotechnology. 2022;20(1):92.

Sadidi H, Hooshmand S, Ahmadabadi A, Javad Hoseini S,
Baino F, Vatanpour M, et al. Cerium Oxide Nanoparticles

biomedical

(Nanoceria): Hopes in Soft Tissue Engineering. Molecules
[Internet]. 2020; 25(19):[4559 p.].

Radomski A, Jurasz P, Alonso-Escolano D, Drews M,
Morandi M, Malinski T, et al. Nanoparticle-induced
platelet aggregation and vascular thrombosis. Br J
Pharmacol. 2005;146(6):882-93.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Bihari P, Holzer M, Praetner M, Fent J, Lerchenberger M,
Reichel CA, et al. Single-walled carbon nanotubes activate
platelets and accelerate thrombus formation in the
microcirculation. Toxicology. 2010;269(2-3):148-54.

Fuchs TA, Brill A, Duerschmied D, Schatzberg D,
Monestier M, Myers DD, et al. Extracellular DNA traps
promote thrombosis. Proceedings of the
Academy of Sciences. 2010;107(36):15880-5.
Frohlich E. The role of surface charge in cellular uptake

National

and cytotoxicity of . medical
Nanomedicine. 2012;7:5577-91.
Hwang TL, Aljuffali IA, Hung CF, Chen CH, Fang JY. The
impact of cationic solid.lipid nanoparticles on human

nanoparticles. Int J

activation and formation of neutrophil
(NETs). Chem  Biol

neutrophil
extracellular traps Interact.
2015;235:106-14.

Raghavan P, Perez CA, Sorrentino TA, Kading JC,
Finbloom JA, Desai TA. Physicochemical Design of
Nanoparticles to Interface with and Degrade Neutrophil
Extracellular Traps. ACS Appl Mater Interfaces.
2025;17(6):8862-74.

Nelson BC, Johnson ME, Walker ML, Riley KR, Sims
CM. Antioxidant Cerium Oxide Nanoparticles in Biology
and Medicine. Antioxidants [Internet]. 2016; 5(2):[15 p.].
Lee SS, Song W, Cho M, Puppala HL, Nguyen P, Zhu H,
et al. Antioxidant Properties of Cerium Oxide
Nanocrystals as a Function of Nanocrystal Diameter and
Surface Coating. ACS Nano. 2013;7(11):9693-703.
Chigurupati S, Mughal MR, Okun E, Das S, Kumar A,
McCaffery M, et al. Effects of cerium oxide nanoparticles
on the growth of keratinocytes, fibroblasts and vascular
endothelial cells in cutaneous
Biomaterials. 2013;34(9):2194-201.
Mahmoudi M, Landry MP, Moore A, Coreas R. The
protein corona from nanomedicine to environmental
science. Nature Reviews Materials. 2023;8(7):422-38.
Deuker MFS, Mailander V, Morsbach S, Landfester K.

Anti-PEG antibodies enriched in the protein corona of

wound  healing.

PEGylated nanocarriers impact the cell uptake. Nanoscale
Horizons. 2023;8(10):1377-85.

Iran J Allergy Asthma Immunol, / 7

Published by Tehran University of Medical Sciences (http://ijaai.tums.ac.ir)


http://ijaai.tums.ac.ir/

