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Abstract: Sepsis remains a major challenge in critical care, with high mortality despite ongoing improvements in treatment. The early
uncontrolled burst of reactive oxygen and nitrogen species (RONS) and cytokine storms form a vicious cycle, ultimately leading to multiple
organ dysfunction syndrome (MODS). The absence of effective therapies to interrupt this process is likely a key reason for poor outcomes. In
recent years, the emergence of nanozymes has represented a transformative breakthrough in addressing this challenge. With strong antioxidant
capacity, high stability, and low cost, nanozymes surpass conventional antioxidants and offer a promising therapeutic strategy for sepsis,
especially through effective redox regulation. Nanozymes not only efficiently scavenge diverse RONS but also inhibit hyperactivated
inflammatory pathways, thereby breaking the fatal vicious cycle between oxidative stress and cytokine storms. This provides a novel approach
for immunomodulation and organ protection in sepsis. This review summarizes the key role of redox imbalance in sepsis progression and the
therapeutic potential of nanozymes targeting redox imbalance, discusses their in vivo metabolic distribution and biosafety, and outlines
prospects for future clinical translation and development. The objective is to provide insights that facilitate the development of innovative
therapies targeting the RONS-inflammation axis in sepsis.
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Introduction

Epidemiology of Sepsis

Sepsis is a life-threatening organ dysfunction caused by a dysregulated host response to infection.' It is prevalent in
intensive care units (ICUs) and exhibits extremely high mortality. From a global epidemiological perspective, approxi-
mately 48.9 million new sepsis cases occur annually, resulting in around 11 million deaths, which account for 19.7% of
all global deaths.” Sepsis imposes a huge economic burden on healthcare systems worldwide and remains one of the most

intractable challenges in acute and critical care medicine.’

Lack of Effective Therapies for Redox Imbalance and Immune Dysregulation

Despite considerable advances in sepsis management (including fluid resuscitation, antimicrobial therapy, and organ
support),’ mortality remains unacceptably high, with approximately one-third of patients dying before hospital
discharge.*® The lack of effective interventions targeting the central pathophysiological drivers of sepsis—redox
imbalance and the closely associated cytokine storm and immune suppression—may be a key contributor to the
persistently high mortality.>’
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Anti-Inflammatory and Antioxidant Strategies in Sepsis

Recent international guidelines recommend the use of corticosteroids in refractory septic shock to exert anti-
inflammatory effects. However, their therapeutic benefit remains highly controversial. Numerous studies have shown
that glucocorticoids do not reduce sepsis-related mortality and are associated with increased adverse events, such as
a heightened risk of secondary infections. Therefore, guidelines do not support their routine early use.'”” Antioxidant
therapies have been explored to alleviate oxidative stress and inflammation.® For example, high-dose vitamin C can
mitigate inflammatory response in COVID-19 and prevent disease progression.” Nevertheless, numerous studies indicate
that natural antioxidants, such as vitamin C and E, are ineffective in disrupting the “sepsis redox cycle” and reducing
mortality, primarily due to their low catalytic activity and poor stability. Thus, most antioxidant strategies remain at the

preclinical stage.'®!!

Nanozymes Offer New Hope for Overcoming Sepsis
Nanozymes, a new class of artificial enzymes, possess many advantages including low cost, facile synthesis, high
stability, and tunable activity.'*'® They hold significant promise as replacements for natural antioxidants in treating redox
imbalance related diseases.'*'> In animal models of sepsis, nanozymes efficiently reduce reactive oxygen and nitrogen
species (RONS) by mimicking multiple natural antioxidant enzymes. Furthermore, nanozymes disrupt pathological
crosstalk between RONS and inflammation, modulate immune imbalance, achieve multi-organ protection, and reduce
mortality (Table 1). Hence, nanozymes are highly promising candidates to address the critical therapeutic gap related to
redox imbalance and immune dysregulation in sepsis.'®!” The representative nanozymes for sepsis treatment described
in this article are summarized in Table 1.

This review systematically elaborates sepsis pathophysiology of immune dysregulation and organ injury induced by
oxidative stress and cytokine storms. It then discusses the mechanisms and therapeutic effects of intravenously
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Table | Representative Nanozymes for Sepsis Treatment

Ultrathin tungsten disulfide (WS,) nanozymes'®

Prussian blue nanozymes (PBzyme)*

Honeysuckle - Derived Carbon Dots?'

Sulfide-Modified Zero-Valent Iron Nanozymes

(S-nanoFe)22

Au|-Os-Nay-(OH)4 clusters (AuO clusters)?

Copper single-atom nanozyme (Cu-SAzyme)'®

Au-doped ceria nanozymes (Au/CeO,)**
Cel2V6 Clusters®

Nitrogen-doped carbon-supported Co-porphyrin
centers (Co/PMCS)*

Oxygen-Vacancy- Rich Monolayer BiO2-X
Nanosheets (BiO,-x)>’

CeCH nanozymes®®

Polyphenol copper nanozymes (Cu-CA st)zs

4 nm thickness
37.5 nm side
length

202 nm

32 nm

35-50 nm

1.48 nm

Not

mentioned

10-15 nm

2.19 nm

Not

mentioned

0.9-1.2 nm

thickness

150 nm side

length
51.2 nm

200 nm

a relatively high Ce**/Ce*" ratio.

Two-dimensional nanosheet, with abundant sulfur-

atom active sites

Synthesized by a modified hydrothermal method

Synthesized from honeysuckle by hydrothermal
method, with abundant functional groups

Based on nanoscale zero-valent iron, passivate with
Na,$ for improved stability

Composed of | gold atom, 5 oxygen atoms, and

a protective layer. Au-O4, as active site, achieves

a complete 100% utilization

Spherical porous structure, with Cu-N4 sites similar

to the active center of natural Cu-SODS5.

Dope Au into CeO,, increase the Ce>*/Ce*" ratio,
thereby enhancing stability and catalytic activity.
Small size with good biological excretion. valences Ce
and V are the highest oxidation states +4 and +5
respectively.

Have an atom-dispersed, coordinatively unsaturated

active cobalt porphyrin center. Co content 2.02%.

Ultrathin sheet with abundant oxygen vacancies,
a mixed valence state of Bi**/Bi*".

Self-assembled from CeO, nanozymes and curcumin.
Zeta potential —17 mV, facilitating dispersion.

Teardrop shaped metal- polyphenol network structure
centered on chlorogenic acid (CA) and Cu®*

RNS.

SOD, CAT, and the ability to scavenge
RNS

Enhances the expression and activity
of HO-1

SOD, Comparable to natural SOD

Activates AMPK/PPARY pathway

GPx, CAT, urease, NOX

SOD

SOD, CAT, GPx, POD, OXD. higher
activity than CeO, nanozymes

GPx, SOD, POD

SOD, CAT, GPx, and scavenge ‘NO.
Beyond Mn;0,, CeO,, Fe;0,, and
Co304 nanozymes.

OXD, CAT, SOD (pH-dependent)
OXD peaks at pH 4.5, CAT and SOD
peaks at pH 7.4.

CAT, SOD, beyond CeO, nanozymes

SOD, CAT, and broad-spectrum
antibacterial ability

state cycle of Ce®* and Ce*, reduce
the levels iNOS.

Scavenge RONS, break inflammatory
signal amplification.

Activate HO-I, scavenge ROS, and
inhibits NF-xB pathway.

Inhibit Caspasel I/GSDMD
dependent pyroptosis.

Increase antioxidant mediators (Nrf2
and HO-1), inhibit NOX2 and
NLRP3.

Enhance redox balance, catalyze the
decomposition of urea.

Reduce DNA oxidation and

proinflammatory cytokine

Combat pathogens, increase CD8"
and CD4" T cells, and protect spleen
Reduce MDA, restore tissue SOD
and GSSG/GSH, and decrease IFN-y,
TNF-a and IL-1p.

Protect DNA integrity, reduce MDA,
and reduce TNF-a and IL-6.

Directly kill bacteria, scavenge
excessive ROS, and reduce
cytokines.

Up-regulate GPx4 and inhibit
ferroptosis. Protects mitochondrial
function.

Kill bacteria directly. Reduces
endoplasmic reticulum stress.

Category Size Structural Characteristics Enzyme-Like or Antioxidant Mechanism of Action Benefits in Model Animals
Activity
Ceria - Zirconia nanozymes's 2 nm Optimized composition being Ce.7Zro.30; and SOD, CAT, and the ability to scavenge | Clear ROS through the valence - Inhibit systemic inflammation, combat infection, and

increase |4-day survival rate of model animals from
40% to 100%.
Reduce lung injury scores and pathological changes,

increase 100 hour survival rate from 10% to 90%.

Alleviate the inflammatory response and
pathological changes in the lungs, increase 72-hour
survival rate from 0% to 60%.

Reduces pathological changes and protect the barrier
function of lung tissue.

Inhibit pathogenic bacteria, restore cardiac function,
and reduce 72-hour mortality by over 40%.

Inhibit excessive inflammation, protect immunity and
key organs (brain, lungs, liver, kidneys)

Improves body temperature and inflammation levels,
protects key organs, increases 24-hour survival from
0 to 80%

Alleviate cytokine storms and immune suppression,
and reduce pathological damage to key organs.
Alleviate inflammatory storms, maintain normal
function of key organs, and increase 48-hour survival
rate from 10% to 50%.

Restore multi-organ function, alleviate immune
dysregulation, and reduce bacterial load in blood and
key organs.

Reduce bacterial load in key organs and increase the

survival rate of sepsis model animals from 0% to 77%.

Reduce the infiltration of inflammatory cells and
interstitial edema in myocardial tissue, restore acute
heart failure.

Regulate immune balance, alleviate acute liver injury,
and improves the survival rate from 0% to 50%.
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administered nanozymes in immunomodulation and organ protection, analyzes their in vivo metabolic distribution and
biosafety, and outlines the potential applications of nanozymes in sepsis treatment.

Literature Search and Selection Strategy
This review searched the PubMed and Web of Science databases for studies published before August 2025, with the

LEINT3

language restricted to English. The search strategy employed the following keywords: “nanozymes”, “nanoparticles”,
“antioxidant”, “sepsis”, “septic shock”, “inflammation”, “oxidative stress” and “organ injury”. We reviewed and selected
each publication according to the following eligibility criteria: (1) disease models of sepsis or lipopolysaccharide (LPS)-
induced organ injury; (2) investigations focusing on the pathogenesis of sepsis or LPS-induced organ injury; and (3)

treatment of sepsis or LPS-induced organ injury with nanozymes.

Mechanisms of Oxidative Stress-Mediated Injury in Sepsis

Excessive RONS Production During Sepsis Progression

Endogenous RONS mainly include superoxide anion (- O, ), hydrogen peroxide (H,0O,), hydroxyl radical (- OH), nitric
oxide (- NO), and peroxynitrite anion (ONOO), which can interconvert under certain conditions® (Figure 1). Under
physiological conditions, approximately 2% of O, in mammals is reduced to - O, and released due to “leakage” in the
mitochondrial electron transport chain. Furthermore, enzymatic systems such as intracellular nicotinamide adenine
dinucleotide phosphate oxidase (NOX), xanthine oxidase (XO), cyclooxygenase (COX), and inducible nitric oxide
synthase (iNOS) regulate the production of - O, and - NO, contributing to physiological functions including pathogen
elimination, liver detoxification, and microvascular dilation regulation.>® Endogenous antioxidant systems including SOD,
catalase (CAT), and glutathione peroxidase (GPx) counteract RONS to maintain redox homeostasis.>’ However, under
pathological conditions such as sepsis, respiratory bursts in neutrophils, macrophages, and endothelial cells, overactivation
of enzymatic systems like NOX, XO, and iNOS, and impaired mitochondrial function collectively lead to massive
production of -+ O, and - NO, and their secondary derivatives, such as H,O,, - OH, and ONOO . The radical - OH and
ONOO  further induce lipid peroxidation, generating toxic lipid peroxidation products (LPPs), such as lipid radicals (L -),
lipid peroxyl radicals (LOO -), and malondialdehyde (MDA)>%>%** (Figure 1). Excessive RONS trigger and amplify
inflammatory cascades by oxidatively damaging biomolecules (proteins, lipids, DNA) and impairing organelle functions
(eg, mitochondrial), resulting in cell death, tissue damage, and multiple organ dysfunction®®>' (Figure 2). Studies

demonstrate a strong correlation between elevated RONS levels and sepsis severity and prognosis.®**

Vicious Cycle Between Cytokine Storm and RONS

Oxidative stress and inflammatory responses exhibit a mutually amplifying relationship during sepsis, driving immuno-
suppression, energy metabolism disorders, and multiple organ failure—key determinants of sepsis progression and
mortality.®**>” During sepsis, Pathogen- and damage-associated molecular pattern (PAMP and DAMP) activate innate

SOD
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Fe2*
0,50 EORENTNG OH (ROS)

CAT
iNOS -0, He
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Figure | Biosynthetic and metabolic pathways of Oxidative stress related reactive molecules.
Abbreviations: ETC, electron transport chain; L-arg, L-arginine; PUFA, polyunsaturated fatty acid; LPP, lipid peroxidation product; L, lipid radical; LOO, lipid peroxyl radical;
LOOH, lipid hydroperoxide; LOH, hydroxylated lipid; MDA, malondialdehyde; 4-HNE, 4-hydroxynonenal.
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Figure 2 Mechanism of Oxidative stress-mediated injury in sepsis. Pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs)
activate Toll-like receptors (TLRs) and NOD-like receptors (NLRs), inducing the production of reactive oxygen and nitrogen species (RONS). Excessive RONS deplete
endogenous antioxidant defenses, such as superoxide dismutase (SOD) and glutathione (GSH). On the other hand, RONS cause diverse cellular damage, including
exacerbated inflammatory responses, vascular leakage and microcirculatory disorders, mitochondrial injury, endoplasmic reticulum stress, ferroptosis, and damage to DNA,
proteins, and lipids. These injuries further amplify RONS release, and resulting in systemic cytokine storms, immunosuppression, multiple organ dysfunction syndrome
(MODS), and even death in severe cases.

immunity via pattern recognition receptor (PRR), provoking excessive release of proinflammatory mediators and RONS.
These mediators damage DNA, proteins, and lipids, disrupt mitochondrial function, and promote further DAMP release,
thus exacerbating inflammation. Concurrently, heightened NOX and iNOS activities amplify RONS production that

303336 (Figure 2). All known NLR family pyrin domain-containing 3 (NLRP3) activators can

drives irreversible sepsis
trigger intracellular ROS release, while ROS scavenging inhibits NLRP3 activation and attenuates inflammation-induced
pyroptosis.’’® Mimicking cytokine storms with tumor necrosis factor-alpha (TNF-a) and interferon-gamma (IFN-y)
induces high expression of iNOS and - NO, whereas reducing - NO release markedly decreases mortality in models of
cytokine storm-related diseases, including COVID-19, sepsis, and hemophagocytic syndrome.® Thus, sepsis can be
viewed as an uncontrolled oxidative stress and inflammation triggered by pathogens, whereby the RONS system rapidly

amplifies and induces the body to fall into a self-destructive vicious cycle.>>**

RONS Promote Inflammation and Immunosuppression
Excessive RONS during sepsis enhance innate immune cell responses to proinflammatory stimuli and induce inflamma-
tory apoptosis, which rapidly triggers compensatory anti-inflammatory and immunosuppressive brake mechanisms,

thereby contributing to sepsis-induced immunosuppression®”**

(Figure 2). H,O, activates macrophages and endothelial
cells, enhances responses to lipopolysaccharides (LPS), promotes M1 macrophage polarization, and induces high
mobility group box 1 (HMGB-1) release alongside increased Toll-like receptor 4 (TLR4) expression. HMGBI1 activates
downstream NF-kB and p38 MAPK pathways via the TLR4 signaling, triggering proinflammatory cascades.**!**
RONS activate the NLRP3 inflammasome through multiple pathways, promoting the upregulation of IL-1p.***** For
example, LPS-stimulated macrophages generate mitochondrial ROS via reverse electron transport (RET) at complex I,

which is crucial for NLRP3 inflammasome activation. Inhibition of mtROS can suppress NLRP3 inflammasome

International Journal of Nanomedicine 2025:20 hetps: 15171
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activation, attenuate pyroptosis, and reduce neutrophil infiltration in peritonitis models.’” The cytokine storm and
oxidative stress in sepsis rapidly induce immunosuppressive responses, including elevated levels of anti-inflammatory
cytokines (IL-10 and TGF-B), expansion of immunosuppressive cells populations (immature neutrophils, M2 macro-
phages, Treg cells, and myeloid-derived suppressor cells), and increased apoptosis of CD4 cells. Moreover, RONS

directly damage immune cells, collectively exacerbating sepsis-induced immunosuppression.*4>4¢

RONS Disrupt Mitochondrial Function

Mitochondria act as both sources and targets of ROS. During sepsis, excessive ROS damage mitochondrial ultrastructure
and disrupt the electron transport chain (ETC), causing electron leakage, opening of permeability transition pores, ROS-
induced ROS release, and membrane potential collapse. These events are closely associated with energy metabolism
disorders and cell apoptosis.*”** Mitochondrial damage also releases mitochondrial DAMPs (eg, mitochondrial DNA,
ATP, cytochrome c), exacerbating systemic inflammatory injury. Effective ROS scavenging can mitigate mitochondrial

structural and functional damage.’~°

RONS Induce Ferroptosis and Aggravate Endoplasmic Reticulum Stress

Ferroptosis is one of the key mechanisms underlying multiple organ damage in sepsis. ROS interact with iron to deplete
GPx4, leading to ferroptosis characterized by intense lipid peroxidation and necrotic features.’'~* Inhibiting ferroptosis
by activating the nuclear factor erythroid 2-related factor 2 (Nrf2)/GPx4 antioxidant pathway exerts therapeutic effects in
sepsis.>> Endoplasmic reticulum (ER) stress is also associated with sepsis progression.>* Excessive RONS significantly
promote ER stress, leading to the accumulation of unfolded/misfolded proteins, activation of downstream inflammation

pathways, and further ROS generation via ER-dependent pathways, thereby exacerbating oxidative damage.”>°

Physicochemical and Biological Characteristics of Nanozymes
Classification of Nanozymes by Catalytic Activity and Material Type

Nanozymes exhibit catalytic functions analogous to one or more natural enzymes, including catalase (CAT), superoxide
dismutase (SOD), glutathione peroxidase (GPx), peroxidase (POD), and oxidase (OXD).'* Based on material composition,
nanozymes are primarily classified as metallic nanozymes (eg, Au, Pt, Cu, Mn),16 metal oxide nanozymes (eg, CeO,, MnO,,

19,59

Fe;04),”"® metal sulfide nanozymes (eg, WS,, FeS,), carbon-based nanozymes (eg, carbon dots),”" and composite

nanozymes (including inorganic-inorganic composite nanozymes such as Au/CeO, nanozymes, and inorganic-organic
composite nanozymes such as CeCH nanozymes synthesized by coordinating CeO, nanozymes with curcumin).?**%¢°
Recent advances in nanozyme fabrication and material optimization, the catalytic activity of some nanozymes has surpassed
those of natural enzymes. Notably, single-atom nanozymes (SAzymes) exhibit advantages including nearly 100% atom
utilization, uniformly distributed catalytic sites, and tunable electronic structures and coordination environments, showing

great potential for further development and application.®!

Mechanisms of High-Efficiency Catalysis in Nanozymes
The catalytic reactions of nanozymes generally follow classical Michaelis-Menten kinetics, characterized by parameters
Vmax (maximum reaction rate) and Km (Michaelis constant).'**® The quantum size effect inherent to nanozymes
increases the number of exposed catalytic active sites and enhances surface energy for substrate adsorption. Meanwhile,
the energy band structure changes (upward shift of the conduction band and downward shift of the valence band), which
optimizes electron transfer efficiency and enhances redox catalytic activity.®'-®2

The catalytic activity and stability of nanozymes can be effectively enhanced by modifying size, morphology, element
doping, functional groups, and coating with polymers or biomolecules.®*** For example, compared with cubic CeO, nanozymes
(6.4 nm), ultrathin CeO, nanozymes (approximately 1.2 nm in thickness) demonstrate significantly increased antioxidant
activities, with SOD-like and CAT-like activities increased approximately 2.6-fold (comparable to natural SOD) and 7.5-fold,
respectively.”> Au-doped CeO, (Au/CeO,) nanozymes exhibit POD-like activity double that of undoped CeO, nanozymes
(95.36 Ulg vs 48.34 U/g) and nearly 3-fold higher oxidase-like activity (28.9 U/g vs 9.74 U/g).** Hydrothermally synthesized
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carbon dots (Hy-CDs) retain abundant amino, hydroxyl, and other functional groups inherited from the honeysuckle precursor.
These surface functionalities reduce catalytic activation energy and optimize electron transfer, thereby yielding superior SOD-
like activity compared to those synthesized by the carbonization method (3519.14 U mg™' VS 426.52 U mg ").*!

Mimicking the metal coordination structure of natural enzymes and the enzymatic cascade reactions in organisms
represents an effective approach to designing highly active nanozymes. For example, by mimicking the electronic and
structural features of natural copper-only superoxide dismutase (SODS), a copper single-atom nanozyme (Cu-SAzyme)
featuring Cu-N, active sites was synthesized. Increasing its copper loading from 0.5% to 2% enhanced SOD-like activity
from 58.89 U/mg to 448.72 U/mg. Analogous nanozymes substituting Cu with other metals (Co > Mn > Zn > Ni)
displayed lower catalytic activity than Cu-SAzyme.'® Pt@CNDs nanozymes, synthesized by combining Pt nanozymes
with carbon dots, enhance the SOD-like activity of carbon dots and integrate the CAT-like activity of Pt, solving the
toxicity problem of H,O, (a product of SOD nanozyme catalysis) and achieving safe and effective cascade amplification
of catalysis.®® Integrating natural enzymes or antioxidants with nanozymes to construct cascade systems allows interac-
tion with multiple substrates, significantly improving therapeutic catalytic effects.®® Additionally, surface modification
with biological membranes and polyethylene glycol (PEG) can further enhance biocompatibility and stability, and

improve cell uptake efficiency.'®®’

In vivo Distribution and Pharmacokinetics of Nanozymes

The distribution, metabolic pathways, and half-life of nanozymes in vivo are highly related to their engineering design
and the disease microenvironment.'®?'> At the cellular level, a high ROS microenvironment increases membrane
permeability, promoting the enrichment of nanozymes in oxidatively damaged cells.'”*' For example, Hy-CDs pre-
dominantly localize in macrophages and bronchial epithelial cells that generate high ROS levels, and efficiently target
mitochondria, enabling ROS clearance at the source®’ (Figure 3). In animal models, after intravenous injection,
nanozymes are distributed in major organs such as the heart, liver, spleen, lungs, and kidneys.!” However, nanozymes
preferentially accumulate in inflammatory foci, metabolic organ (liver), or the excretory organ (kidney).'®'®' For
instance, the blood half-life of PEG-modified Cu-SAzyme (PEG-Cu-SAzyme) is approximately 1 hour after intravenous
injection and selectively distributes in the abdominal lesions near the cecum in cecal ligation and puncture (CLP) sepsis
animal models during the early phase, whereas control animals show minimal abdominal distribution'® (Figure 3). After
intravenous injection, Pt@CNDs nanozymes, with a plasma half-life of 48 minutes, mainly distributed in the liver at
3 hours, and redistribute to the kidneys by 6 hours, where they undergo renal excretion.®® Surface modification with PEG
and targeting peptides can prolong nanozyme plasma half-life.'® Moreover, nanozymes with size smaller than the renal
filtration threshold (5.5 nm), such as Cel2V6 clusters, can be directly filtered by the kidneys and excreted in urine,

thereby minimizing in vivo accumulation and associated toxicity risks.?’

Mechanisms of Nanozyme Therapy for Sepsis
Scavenging RONS and Restoring Endogenous Antioxidant Systems

With the innovative enhancement of nanozymes’ catalytic activity and stability, coupled with the cascade of multi-
enzyme functions, nanozymes are not only significantly more effective than natural antioxidants in scavenging intracel-
lular and extracellular RONS generated during sepsis but also reverse the depletion of endogenous antioxidant
systems'®2%%% (Figure 4). The SOD-like activity of Hy-CDs reaches 3519.14 U mg ', comparable to that of natural
SOD, and the efficiency of scavenging - O, reaches 83.8%.%' Aul0 clusters can scavenge 85% of ABTS'« (a cationic
free radical) at 150 ng/puL concentration, and their antioxidant capacity is 5.7 times higher than that of Trolox (a vitamin
E analog). Moreover, their CAT-like activity has a Vmax of 5.24 mM/h, and Km of 1.32 mM, much lower than natural
CAT’s Km of 28.8 mM, showing stronger substrate and higher catalytic efficiency.'” In vital organs of sepsis animal
models, H,O, and MDA accumulate significantly, while activities of endogenous SOD and glutathione/oxidized
glutathione (GSH/GSSG) ratio are markedly diminished. Treatment with Ce;,V¢ clusters nanozymes can restore H,O,,
MDA, SOD, and GSH/GSSG ratio in vital organs to nearly normal levels.”® Furthermore, WS, nanozymes can be reused
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Figure 3 Distribution and Pharmacokinetics of Nanozymes In Vivo. (A and B) illustrate the Pearson’s correlation coefficient (PCC), Manders’ colocalization coefficients, and
plot profiles of fluorescence-labeled Hy - CDs and mitochondria. Reprinted with permission from ref.2' Copyright 2025, Wiley. (C) Blood circulation curve of intravenously
administered PEG-Cu-SAzyme. (D) displays in vivo near-infrared fluorescence images of cecal ligation and puncture (CLP) and sham-operated mice at |, 4 and 8 hours post-
injection of fluorescent PEG-Cu-SAzyme. Insets: cecal fluorescence. Reprinted with permission from ref.'® Copyright 2022, Wiley.

to continuously scavenge - O, , HyO,, - OH, and - NO, demonstrating the advantage of multi-enzyme activity for
synergistical RONS elimination. '

Controlling Cytokine Storm

By scavenging excessive RONS in sepsis, nanozymes modulate macrophage metabolism and polarization, inhibit neutrophil
tissue infiltration, reduce the release of proinflammatory mediators, thereby intercepting the cascade amplification between
oxidative stress and inflammatory pathways, and restoring immune homeostasis.'** For example, application of Ce;,V
cluster nanozymes in sepsis animal models rapidly reduces IFN-y in the blood from 1000 pg/mg to 500 pg/mg, and decreases
TNF-a, interleukin-6 (IL-6), and interleukin-1 beta (IL-1p), thereby comprehensively alleviating cytokine storms and
preventing multiple organ failure.”> Hy-CDs nanozymes reduce proinflammatory cytokines and alleviate lung pathology by
downregulating the GBP protein family and inhibiting Caspase11/GSDMD-dependent atypical pyroptosis. Concurrently, they
upregulate antibacterial Defa protein expression to promote lung infection recovery.”' The anti-inflammatory efficacy of
carbon dots derived from Armeniacae Semen Amarum Carbonisata (ASAC-CDs) is comparable to that of dexamethasone,
a commonly used clinical glucocorticoid.®” Moreover, nanozymes combined with natural active substances through cascade
design can achieve multitarget regulation of RONS and cytokines. For instance, multifunctional polyphenol-copper (Cu-CA)
nanozymes demonstrate broad-spectrum antibacterial activity and strong SOD and CAT like activities. They downregulate
proinflammatory signaling pathways, including TLRs, COX-2, and NF-«kB, and inhibit M1 macrophage polarization and
neutrophil infiltration.? Tannic acid-Zn-coated selenium (TZn@CSe) nanozymes significantly inhibit oxidative stress-related
gene expression such as hypoxia-inducible factor 1o (Hifla), janus kinase 2 (Jak2), and matrix metalloproteinase 3 (Mmp3) in
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Figure 4 Mechanism of nanozymes therapy for sepsis. Nanozymes mimic oxidase (OXD) to directly kill pathogens; mimic superoxide dismutase (SOD), catalase (CAT),
glutathione peroxidase (GPx), peroxidase (POD), etc. to scavenge reactive oxygen/nitrogen species (RONS) and restore the activity of endogenous SOD, CAT, GSH, etc. in
the body; regulate the elF2a/ATF4/CHOP pathway to inhibit endoplasmic reticulum (ER) stress; upregulate mitochondrial respiratory chain oxidoreductases (such as NADH
dehydrogenase), maintain mitochondrial structures and functions such as electron transport chain (ETC), mitochondrial permeability transition pore (mPTP), and
mitochondrial membrane potential (A¥,,), promote ATP production, and reduce the release of mitochondria-derived DAMPs and ROS; inhibit lipid peroxidation-related
damage, and restore GPx4 activity to prevent ferroptosis. These effects collectively inhibit oxidative stress pathways, including Hifla, COX2, and MMP3, and proin-
flammatory pathways such as TLR, NF-«xB, and NLRP3; reduce M| macrophage polarization and the release of proinflammatory cytokines, including IL-1B, TNFa, and IL-6;
increase the counts of CD8" and CD4" T cells and protect the spleen.

sepsis animal models.”® Therefore, nanozymes can synergistically block oxidative stress and cytokine storms, effectively
curbing sepsis progression (Figure 4).

Protecting Mitochondrial Function

Nanozymes can selectively accumulate in mitochondria, thereby effectively preserving both the structural and functional
integrity of mitochondria in sepsis animal models. This preservation includes maintaining mitochondrial membrane potential
and ETC function, preventing abnormal opening of permeability transition pores, mitigating mitochondrial cristac damage,
restoring mitochondrial quality control, and preventing oxidative damage to mitochondrial DNA. These effects collectively
alleviate energy metabolism crises, reduces the release of mitochondria-derived DAMPs, and inhibit ROS-induced ROS
release®'***%%® (Figure 4). Hy-CDs accumulate in mitochondria and efficiently scavenge mitochondria-derived: O, thereby
alleviating ROS mediated inhibition of respiratory chain complexes, and upregulating the expression of respiratory chain-
related oxidoreductase genes. This process restores respiratory chain function and energy metabolism, reduces electron
leakage to form ROS, and establishes a positive feedback loop.>' Additionally, CeCH nanozymes effectively prevent
ferroptosis-related mitochondrial damage, upregulate GPx4 expression, and decrease levels of 4-hydroxynonenal (4-HNE)

and MDA.*® Other studies have also confirmed the strong mitochondrial protective effect of nanozymes.?”!

Alleviating Endoplasmic Reticulum Stress
Nanozymes effectively inhibit ER stress signaling pathways, including the elF2a/ATF4/CHOP axis, disrupt deleterious
oxidative stress feedback loop between ER and mitochondria, and suppress ER-dependent ROS generation. These
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combined effects reduce apoptotic proteins expression, ameliorate ER structural abnormalities, and mitigate systemic
inflammatory responses®>®® (Figure 4). Cu-CA nanozymes downregulate the gene expression of ER stress markers such
as Atf4, Ddit3, and Hspa5, as well as proapoptotic protein Bax. They also reduce the levels of p-eIF2a, ATF4, and CHOP
in liver tissues, alleviate ER dilation, vesiculation, structural swelling, and reduce hepatocyte apoptosis. Notably, the ER
stress agonist tunicamycin abolishes the protective effect of nanozymes.?’ Additionally, RosA-Mn nanozymes reverse
oxidative stress-induced upregulation of ER stress markers (BIP/GRP78, p-elF2a, and ATF4), and simultaneously inhibit

the p38 MAPK pathway to alleviate inflammatory signal cascades.®®

Improving Immunosuppression and Reducing Secondary Infections
Repeated stimulation of the immune system by cytokine storms and oxidative stress can rapidly induce
immunosuppression,’* which is strongly correlated with hospital-acquired secondary infections and increased mortality
risk.”® Nanozymes demonstrate significant potential in preventing and treating sepsis-induced immunosuppression and
secondary infections (Figure 4). Both CeO, nanozymes and Au/CeO, nanozymes can effectively increase blood CD4"
and CD8" T cell counts and prevent the reduction of the white pulp structure of the spleen. Notably, Au/CeO, nanozymes
exhibit significantly superior therapeutic efficacy compared to CeO, nanozymes.* Similarly, treatment of sepsis with
AuO cluster nanozymes alleviates T cell exhaustion in septic blood and reverse CD4" T cell counts in the spleen.”
Treatment with single-atom cobalt nanozymes (Co/PMCS) in animal models of bacteremia, induced by intraperitoneal
injection of a lethal dose of Escherichia coli, efficiently reduces RONS levels, alleviates oxidative stress and immune
dysregulation, thereby reducing bacterial load in the blood and mitigates secondary infections in vital organs such as the
liver, lungs, kidneys, and intestines.?®

In addition, some nanozymes directly exert antibacterial effects by generating ROS via OXD activity, but excessive
ROS production in vivo may exacerbate sepsis (Figure 4). To address this issue, researchers have developed BiO,-X
nanozymes with OXD, CAT, and SOD cascade activities.”” In S. aureus-induced septic models, treatment with BiO,-X
nanozymes increased survival rate from 0% to 77%. Further analyses revealed significant reduced bacterial loads in
multiple organs (liver, kidneys, spleen, and lungs), alongside effective scavenging of excessive ROS without exacerbat-
ing oxidative damage.

Protective Effects of Nanozymes on Vital Organ Functions

By mimicking the activity of natural antioxidant enzymes, nanozymes effectively scavenge excessive RONS during
sepsis, restore endogenous antioxidant enzyme activity, control cytokine storms, and alleviate immunosuppression.
Through these mechanisms, nanozymes provide robust protection to vital organs'>**"° (Figure 5).

Cardioprotection

Heart failure is a severe complication of sepsis, which increases mortality by approximately 80%. Direct myocardial
injury and functional inhibition caused by cytokine storms and oxidative stress are important contributors. Clinical
manifestations include ventricular dilation, diffuse weakening of ventricular wall motion, and decreased left ventricular
ejection fraction (LVEF).** Nanozymes mitigate oxidative damage to septic cardiomyocytes, reduce myocardial inflam-
matory infiltration and necrosis, lower levels of myocardial injury markers such as troponin and creatine kinase (CK),
and restore LVEF.**"* Treatment with CeCH nanozymes restores LVEF from an acute heart failure state (~50%
reduction) to animal levels in sepsis.”® Zero-valent iron nanozymes reduce myocardial ROS and NOX2 levels and
reverse the downregulation of antioxidant stress system (Nrf2, NQO1, HO-1) in sepsis animal models. Furthermore, they
alleviate pathological myocardial changes including inflammation, fibrosis, interstitial edema, and cell necrosis, reverse
increased myocardial injury markers (lactate dehydrogenase, CK), and successfully improve ultrasonic parameters such
as cardiac output. Further studies demonstrate that zero-valent iron nanozymes alleviate septic myocardial injury via
modulation of ER stress and apoptotic pathways (upregulating GRP78, CHOP, ATF6, and Bcl2 expression and down-
regulating p-PERK, PERK/p-PERK, and Bax levels).”* Recently, sulfide-modified zero-valent iron nanozymes also exert
significant protective effects on septic myocardial injury by activating the AMPK/PPARYy pathway to inhibit myocardial
inflammation and oxidative stress. Importantly, these effects were reversed by AMPK inhibitors.”* Additionally, in
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Figure 5 Protective effects of nanozymes on vital organs in sepsis. Nanozymes confer protective effects on vital organs under sepsis conditions. Brain: Increase NeuN
expression, reduce neuronal apoptosis, and enhance tolerance to cerebral hypoxia. Lungs: Decrease lung injury scores, alleviate pathological changes, and improve
respiratory function. Heart: Reduce creatine kinase (CK) and lactate dehydrogenase (LDH) levels, alleviate pathological changes, restore cardiac function (LVEF, CO), and
enhance myocardial hypoxia tolerance. Kidneys: Reduce proteinuria and blood levels of urea nitrogen (BUN) and creatinine (CRE). Liver: Decrease levels of alanine
aminotransferase (ALT), aspartate aminotransferase (AST), and total bilirubin (TBIL) and alleviate pathological changes.

animal models of myocardial infarction and myocardial ischemia-reperfusion injury, nanozymes also display positive
cardioprotective effects. For example, bimetallic nanozymes (Cu-TCPP-Mn) reduce the infarct size from 30.7% to 6.74%
in myocardial infarction animal models and promote angiogenesis, ventricular remodeling, and recovery of cardiac
ejection.®*

Neuroprotection
Systemic oxidative stress and inflammatory responses induced by sepsis damage the blood-brain barrier, activate brain
microglia and astrocytes, exacerbate neuroinflammation. These effects, combined with hypoxia and metabolic disorders,
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lead to sepsis-associated encephalopathy, clinically manifested by delirium, coma, and convulsions. Nanozymes sig-
nificantly mitigate sepsis-associated encephalopathy by inhibiting oxidative damage and inflammatory responses.'’*>*
Aul0 cluster and AuO clusters nanozymes effectively reduce H,O, and MDA levels in brain tissues of sepsis animal
models, restore intrinsic antioxidant defenses including SOD and GSH/GSSG ratio, decrease astrocyte activation, and

17,23 Ce, Vg cluster nanozymes also exert efficient anti-neuroinflammatory effects,

exert effective neuroprotection.
reverse the reduction of neuron-specific nuclear protein (NeuN), and attenuate neuronal damage in septic models.”
Furthermore, nanozymes also demonstrate neuroprotective effects in other brain injury models. For example, treatment
with ultrathin CeO, nanozymes reduces cerebral infarct size from 30.1% to 8.5%, outperforming edaravone, a commonly

used clinical drug.®®

Pulmonary Protection

Sepsis complicated with acute lung injury (ALI) is common, with 25-50% of sepsis patients developing ALI or acute
respiratory distress syndrome (ARDS), which further increases mortality.”> With superior antioxidative capacity and the
ability to inhibit cytokine storm, nanozymes are promising therapeutic drugs for septic pulmonary protection.'”**"!
Prussian blue nanozyme (PBzyme) significantly reduces lung injury scores in sepsis animal models, ameliorates
pathological changes (alveolar wall thickening, alveolar interstitial hemorrhage, inflammatory cell infiltration, etc), and
decreases apoptosis rates of lung tissue cells. Mechanistic studies indicate that PBzyme increases the expression of HO-1
(heme oxygenase-1, an antioxidant enzyme) and reverses the elevation of proinflammatory cytokines in lung tissues and
bronchoalveolar lavage fluid. Blocking HO-1 activity with zinc protoporphyrin (ZnPP) eliminates the septic pulmonary
protective effect of PBzyme.”” In LPS-induced ALI animal models, Hy-CDs nanozymes significantly alleviate lung
tissue pathology and restore levels of lung barrier markers (ZO-1 and Occludin).?' The septic pulmonary protective
efficacy of ASAC-CDs nanozymes is comparable to that of dexamethasone.®® In addition, Hy-CDs also demonstrate
protective effects in animal models of lung ischemia-reperfusion injury.”' Our team was the first to confirm that CeO,
nanozymes have a positive therapeutic effect on hyperoxic acute lung injury animal models.”®

Renal Protection

Almost half of sepsis patients develop acute kidney injury (AKI), with sepsis being the leading cause of AKI in ICU
patients. Clinical manifestations include water and sodium retention, accumulation of nitrogenous toxins, electrolyte
imbalances, and fluid overload, which further impair other organ functions and increase hospitalization costs and
mortality risk.”® Sepsis-associated AKI is closely linked to oxidative stress, cytokine storms, and insufficient organ
perfusion. Therefore, scavenging RONS is crucial for AKI treatment.”””’® In sepsis animal models, AuO cluster
nanozymes effectively alleviate oxidative stress and inflammatory responses in renal tissues, reduce renal tubular
damage, and decrease urinary protein leakage. In addition, AuO cluster nanozymes demonstrate urease-like activity,
facilitating scavenging nitrogenous toxins. These mechanisms reverse elevated blood urea nitrogen (BUN) and creatinine
(Cr) levels.” Ziziphi Spinosae Semen, a kidney-protective traditional Chinese medicine, was used to synthesize carbon
dots (Z-CDs) via hydrothermal methods. In LPS-induced sepsis models, Z-CDs effectively reduce serum Cr and BUN
levels, alleviate inflammatory infiltration and tubular epithelial cell damage, with a therapeutic effect comparable to
dexamethasone.”® Other nanozymes such as Ce;, Vg cluster, Aul0 clusters, Au/CeQO,, and RosA-Mn have also demon-
strated remarkable efficacy in rescuing septic AKI.'”?*?36%7! The renal protective effects of nanozymes have been
further validated in ischemia-reperfusion models and AKI models induced by glycerol and cisplatin.”"”*** For example,
all animals in the glycerol-induced rhabdomyolysis AKI model died within 5 days, but all AKI mice treated with
CeLutNCs nanozymes survived.”"

Hepatic Protection

Acute liver injury occurs in 34-46% of sepsis patients and is closely associated with oxidative stress and inflammatory
storms. These patients typically exhibit increased serum alanine transaminase (ALT), aspartate transaminase (AST), and
total bilirubin (TBIL) levels.®' As a metabolic organ, the liver tends to accumulate nanozymes, even reaching the highest
concentration, which facilitates resistance against sepsis-induced hepatic injury.***%> Au,, cluster nanozymes reduce
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H,0,, MDA, and proinflammatory cytokine levels in liver tissues, restore liver antioxidant capacity (SOD and GSH/
GSSG ratio), and alleviate liver pathological changes and cell apoptosis. Consequently, serum levels of liver injury
markers (ALT, AST, TBIL) are markedly reduced.'” In sepsis animal models, Cu-CA nanozymes demonstrate significant
immunomodulatory effects by reducing hepatic neutrophil infiltration, inhibiting M1 macrophage activation, and
promoting protective M2 phenotype polarization, ultimately attenuating liver tissue injury.”’ Pt@CNDs nanozymes
predominantly accumulate in the liver at 3 hours post intravenous administration. Treatment with Pt@CNDs nanozymes
in acute liver injury models induced by intraperitoneal injection of CCly significantly downregulates hepatic pro-
oxidative stress genes Nox2 and CypZel, restores the activity of antioxidant enzymes SOD, CAT, and GPx to normal
levels, and reduces the extent of liver necrosis.®”

Improving Survival Prognosis

Nanozymes significantly enhance the survival rate of sepsis model animals through their excellent and stable antioxidant
activities combined with anti-inflammation, immunomodulation, and organ protection.”**>’" (Table 1) Liu et al demon-
strated that mortality of untreated LPS-induced sepsis model within 36 hours was 100%, while treatment with TZn@CSe
nanozymes reduced the mortality to 50%.° Li et al reported that PBzyme decreased mortality of LPS-induced acute lung
injury mice from 100% to 40%.%° In untreated CLP sepsis models, animals exhibited rapid hypothermia, circulatory
collapse, and 100% mortality within 24 hours. Treatment with PEG-Cu-SAzyme maintained the body temperature,
mitigated symptoms, achieved an 80% survival rate within 24 hours, and sustained a 40% survival rate 3 days after
treatment.'®

Safety and Limitations of Nanozymes in Sepsis Treatment

Most nanozymes have demonstrated favorable biosafety profiles in animal models across various experimental doses.
Safety assessments included cytotoxicity assays, blood compatibility evaluations, hematological and biochemical ana-
lyses, as well as monitoring of animal body weight and histopathological examination of vital organs.***="** CeO, and
Au/CeO, nanozymes showed no hemolytic effects on red blood cells across multiple concentrations. Following
intravenous administration, these nanozymes distributed throughout major organs, with no observed organ function
damage, pathological changes, or any abnormalities in biochemistry and routine blood tests.* Similarly, no significant
hematological or pathological abnormalities were observed on days 10 and 30 following Pt@CNDs administration.®

However, nanozymes may cause adverse reactions related to dosage, particle size, or element composition. For
example, high concentrations of ASAC-CDs nanozymes (31.25-1000 pg/mL) inhibit cell proliferation.®” Nanoparticles
exceeding the renal filtration threshold (>5.5 nm) may not be excreted rapidly, potentially leading to in vivo
accumulation.”® Some metal-based nanozymes may release free metal ions in vivo, which could accumulate and cause
bodily damage. Silver nanoparticles (AgNPs) exhibit 70-98% of their toxicity due to released Ag" ions; however,
controlling particle size, surface modification, or exposure conditions can regulate Ag’ release, thereby reducing
toxicity.*?

Nevertheless, concerns about nanozyme toxicity may be exaggerated. Catalytically active nanominerals have existed
on Earth since its formation. For example, a large number of iron sulfide nanominerals (FS;) have long existed in
hydrothermal areas at the bottom of the ocean.®® Notably, some scholars propose that nanozymes may have played a key
role in the origin of life, while substances exhibiting nanozyme-like activity have been identified within living
organisms.**® Furthermore, by mimicking the electronic and structural features of natural antioxidant enzymes,
nanozymes with higher catalytic activity can be obtained. Interestingly, iron oxide nanoparticles (Feraheme®) clinically
used for treating iron deficiency anemia have recently been found to exhibit nanozyme activity, which provides an
excellent opportunity for nanozymes to enter in vivo clinical research in humans.®

Future Perspectives of Nanozymes Therapy for Sepsis

Despite the remarkable potential of nanozymes in sepsis treatment, numerous challenges remain. In addition to safety
concerns, critical issues such as insufficient targeting, low catalytic activity and specificity, and a mismatch with clinical
demands must be addressed.®****” Moreover, nanozymes currently lack standardized quality control systems as well as
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clinical evaluation criteria tailored for sepsis therapy. Looking forward, future research should focus on several key
directions to overcome these bottlenecks. First, the design of nanozymes with high catalytic activity and multifunctional
enzyme-mimicking properties should be prioritized to synergistically eliminate diverse RONS and thereby enhance
therapeutic efficacy. Second, it is essential to further elucidate the core mechanisms by which nanozymes intervene in the
pathological progression of sepsis, particularly their roles in modulating the cytokine storm and reversing immune
suppression, in order to provide a solid theoretical basis for precision therapy. Third, the development of smart targeting
strategies is needed to enable nanozymes to accumulate specifically in diseased organs or to be activated within particular
pathological microenvironments (eg, low pH, high ROS), thereby improving efficacy while minimizing off-target side
effects. Fourth, given that human biosafety is the most prominent concern in nanozyme clinical translation, we need to
systematically develop adverse reaction early warning systems and long-term safety monitoring strategies in human
clinical trials, thereby fortifying the safety barrier for their clinical application via multi-dimensional comprehensive
assessment. Fifth, further exploration of the combination of nanozymes, which have been strictly verified for human
safety, and existing standard therapies for sepsis is required, focusing on evaluating the clinical benefits of such
combinations. Most importantly, breaking disciplinary barriers and fostering deep collaboration between materials
scientists and clinicians are imperative. Establishing a research and development paradigm driven by clinical needs
will be crucial to accelerate the translation of promising nanozyme candidates from fundamental research into clinical
application.

Conclusion

The vicious cycle triggered by uncontrolled RONS outburst and cytokine storms in sepsis leads to immunosuppression
and multiple organ failure. Current treatment strategies are difficult to effectively interrupt this pathological process,
resulting in persistently high mortality. The emergence of nanozymes offers a revolutionary approach to overcoming the
limitations of sepsis therapy. Nanozymes, characterized by high antioxidant activity, good stability, and capacity to target
and accumulate at inflammatory sites, efficiently scavenge excessive RONS in sepsis, disrupt RONS—inflammation
cascade, thereby alleviating immunosuppression, reducing secondary infection risks, and reversing organ dysfunction.
These effects collectively improve the prognosis in sepsis animal models. In the future, clinical studies on nanozymes
with clinical safety for sepsis treatment should be gradually conducted. Meanwhile, further optimization of their targeted
delivery, catalytic activity, and long-term safety is needed to promote the translation from preclinical research to clinical
application, bringing new therapeutic hope to sepsis patients.
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