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Abstract: The escalating crisis of antimicrobial resistance (AMR) poses a profound threat to global public health, necessitating the
development of alternative antibacterial strategies. Ferroptosis, an iron-dependent form of regulated cell death driven by lipid
peroxidation, has recently emerged as a promising strategy for combating drug-resistant bacteria. In this review, we systematically
summarize how nanomaterials precisely regulate bacterial iron metabolism through chemical kinetics, photodynamics, sonodynamics,
and nanoenzyme catalytic pathways, which promote iron storage and reactive oxygen species (ROS) generation, destroy the
antioxidant defense system, and eventually lead to ferroptosis-like lipid peroxidation and membrane damage. In addition, this study
focused on the synergistic activation of the host immune response by nanomaterials through the regulation of macrophage polarization
and the cytokine network, thereby enhancing bacterial clearance and tissue repair. As an emerging nonantibiotic antimicrobial method,
nanomaterial-mediated bacterial ferroptosis provides new insights and approaches to address the challenge of drug-resistant
infections.
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Introduction

Global antimicrobial use has increased by more than 46% since the beginning of the 21% century, and the overuse of
antibiotics in humans and animals and inadequate infection prevention and control measures have led to a significant
increase in antimicrobial resistance (AMR), which has become one of the most devastating crises in global public
health.' At present, the annual mortality rate of AMR is approximately 7.7 million worldwide each year; AMR has
become one of the leading causes of death worldwide, especially for vulnerable groups such as newborns, elderly
individuals and cancer patients.* ® With the increasing severity of global aging, a decline in immune function increases
the risk of infection with various chronic diseases. Therefore, an increase in drug-resistant pathogen infection also
significantly increases the risk of death and medical expenditure related to chronic diseases in elderly individuals.”
Nearly half of the pathogens causing surgical site infections in cancer patients are resistant to standard prophylactic
antibiotics, resulting in drug failure and increased mortality.'®"'? Traditional antibiotics kill bacteria by inhibiting specific
targets, such as those involved in cell wall synthesis, and interfering with protein synthesis. However, bacteria are facing
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the increasingly serious problem of bacterial resistance, and their effects on dense biofilms are generally poor.'*'* In

summary, traditional antibacterial strategies can no longer meet current antibacterial needs, and the development of new
antibacterial methods is particularly urgent.

Ferroptosis is a new type of programmed cell death that has been gradually discovered and clearly defined since the
beginning of the 21st century. Morphologically, ferroptosis is characterized by a reduction in mitochondrial volume, an
increase in membrane density, and a reduction in or disappearance of cristae, but the nucleus is normal in size, and there
is no chromatin condensation or apoptotic body formation.'>!” These features are quite different from traditional modes
of cell death, such as apoptosis, necrosis, and autophagy.'®'? The core mechanism of ferroptosis involves the production
of reactive oxygen species (ROS) that are dependent on iron ions to promote lipid peroxidation, especially the oxidation
of polyunsaturated fatty acids (PUFAs), leading to cell membrane damage and cell death.”"** Ferroptosis has been
confirmed to be widely involved in the occurrence and development of tumors, neurodegenerative diseases, ischemia—
reperfusion injury and other pathological processes.”>** In recent years, bacteria have been shown to have a similar
ferroptosis-like phenotype, which shares key features with mammalian cell ferroptosis in the core mechanism.?> All of
these processes include iron accumulation, lipid peroxidation, glutathione (GSH) depletion and antioxidant enzyme
activity reduction, leading to a burst of ROS in a variety of ways, leading to PUFA lipid peroxidation and eventually
causing cell membrane damage and DNA oxidation.”® This means that the ferroptosis-like death pathway can be
triggered specifically by regulating iron metabolism, inducing lipid peroxidation, and destroying the antioxidant system,
and it does not need to act on the targets of traditional antibiotics to effectively kill drug-resistant bacteria.*®

On the basis of the aforementioned mechanisms, ferroptosis-like death has considerable potential as a novel antibacterial
strategy.”’ However, achieving efficient and precise regulation of ferroptosis-like death remains a key challenge in current
research.”® Nanomaterials exhibit distinct advantages in mediating ferroptosis-like death for their potent antibacterial
effects: 1) Nanomaterials can act as “iron reservoirs” to release iron ions in the infected microenvironment. These iron
pools, in combination with increased membrane permeability, promote iron ion influx, leading to bacterial iron overload and
ferroptosis-like death.*® 2) Through chemodynamic therapy (CDT), photodynamic therapy (PDT) and sonodynamic therapy
(SDT), nanomaterials can catalyze the generation of large amounts of reactive oxygen species (ROS) and trigger lipid
peroxidation, further enhancing their antibacterial effects.?*° 3) With unique advantages such as small size effects and high
specific surface areas, nanomaterials enable efficient drug loading and easy penetration of biofilms and cell walls.>' 4)
Through surface modifications and intelligent design, nanomaterials can achieve specific bacterial targeting to promote high
accumulation of therapeutic agents at the infection site.*> Nanomaterials can penetrate the physical barrier of biofilms, reduce
the risk of infection recurrence, and achieve synergistic treatment through multitarget and intelligent design. Therefore,
ferroptosis induced by nanomaterials shows great potential in the fight against drug-resistant bacterial infections.*?

Although ferroptosis has immense potential in the antibacterial field, comprehensive reviews systematically elaborating on
the mechanisms by which nanomaterials overcome bacterial resistance through the induction of ferroptosis-like death are
lacking. This review aims to systematically outline the mechanisms and research progress regarding how nanomaterials trigger
ferroptosis-like death in bacteria via multiple mechanisms, such as by modulating bacterial iron metabolism, inducing ROS
bursts, disrupting antioxidant defenses, and activating host immune responses. By combining the three elements of “nano-
materials - bacterial ferroptosis-like death - host immune regulation”, this review systematically explains the dual functions of
nanomaterials in direct bactericidal and immune synergy. This review describes a variety of bactericidal mechanisms,
including chemodynamic, photodynamic, sonodynamic, and nanoenzyme-mediated therapies, with an emphasis on their
immunomodulatory potential, such as macrophage polarization, neutrophil function recovery, and immune memory formation.
We comprehensively discuss the current challenges and future directions, providing a theoretical basis for the development of
efficient and precise nanoantibacterial strategies to promote the clinical translation of bacterial ferroptosis-like death therapy.

Molecular Mechanisms of Ferroptosis

Definition and Mechanism of Ferroptosis
Ferroptosis is an iron-dependent regulatory form of cell death characterized by lipid peroxidation. The core of its
chemical reaction mechanism is the peroxidation of polyunsaturated fatty acids (PUFAs).'”** This process is initiated by
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the iron-mediated generation of reactive oxygen species (ROS) and is continuously enhanced in the absence of effective
cellular antioxidant defenses, eventually leading to cell membrane breakdown.>>~® As shown in Figure 1, ferroptosis
begins with the accumulation of intracellular free iron (Fe*"), which converts H,O, to highly reactive hydroxyl radical
("OH) via the Fenton reaction via the following formula: Fe**+H,0,—Fe**+ OH+OH .>’® "OH can quickly attack the
PUFA on the cell membrane and organelle membrane and extract hydrogen to form lipid free radicals.’” Lipid free
radicals rapidly react with oxygen to form lipid peroxyl radicals, which in turn capture the hydrogen atoms of adjacent
lipid molecules to form lipid hydroperoxides (PUFA-OOH) and generate new lipid free radicals’, thus forming a chain
propagation reaction.*” The rate of this propagation process depends on the dissociation energy of the C—H bond, with
hydrogen at the diallyl site being the most easily extracted; therefore, phospholipid molecules with high PUFA contents
(PUFA-PLs) are more susceptible to peroxidation.*' PUFA-OOH can be reduced to a harmless lipoalcohol (PUFA-OH)
by glutathione peroxidase 4 (GPX4), thus interrupting the chain reaction.*> Once the formation of PUFA-OOH is not
reduced in time, the accumulation of PUFA-OOH reaches a certain threshold, the integrity of the cell membrane is
destroyed, and it eventually leads to cell death.”” Compared with traditional methods of cell death, such as apoptosis and
necrosis, ferroptotic cells present unique morphological characteristics, such as reduced mitochondrial volume, increased
membrane density, decreased crista structure, and left the nucleus intact. These characteristics are directly related to the
chemical reaction mechanism driven by lipid peroxidation.?* In addition, lipoxygenases (LOXs), a class of iron-
containing enzymes, directly catalyze the peroxidation of PUFA-PLs independent of the Fenton reaction, which is
another important pathway for lipid peroxidation.** This enzymatic reaction acts in concert with the nonenzymatic
Fenton reaction to regulate the chemical process of ferroptosis.**** Although ferroptosis was initially characterized in
mammalian cells, recent evidence suggests that microorganisms can undergo ferroptosis-like death. The core biochemical
pathways of this process are highly similar to those of mammalian ferroptosis. A study by Kwun and Lee confirmed that
in Saccharomyces cerevisiae (S. cerevisiae) and Vibrio vulnificus (V. vulnificus), treatment with gold nanoparticles
(AuNPs) similarly resulted in intracellular iron accumulation and hydroxyl radical generation and induced a marked

increase in the levels of malondialdehyde (MDA), the terminal product of lipid peroxidation.*®
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Figure | Core chemical reaction mechanism of ferroptosis. Ferrous iron (Fe2+) generates highly reactive hydroxyl radicals (OH) via the Fenton reaction. These radicals
initiate a lipid peroxidation chain reaction in polyunsaturated fatty acids (PUFAs). Lipid hydroperoxides (PUFA-OOH) can be reduced to harmless lipid alcohols (PUFA-OH)
by the glutathione (GSH)/glutathione peroxidase 4 (GPX4) system, thereby suppressing ferroptosis. When lipid hydroperoxides (PUFA-OOH) are overproduced or the
antioxidant capacity is compromised, the accumulation of lipid hydroperoxides (PUFA-OOH) damages the membrane and ultimately culminates in ferroptosis. Created with
https:BioGDP.com.
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Regulation of Iron Metabolism

Iron is the core catalyst of ferroptosis, and cellular homeostasis precisely regulates sensitivity to ferroptosis through
a variety of mechanisms.** After binding to transferrin, extracellular Fe>" enters the cell through endocytosis mediated by
transferrin receptor 1 (TFR1), is reduced to Fe** by prostate transmembrane antigen 3 (STEAP3) in vivo, and is released
into the cytoplasm via divalent metal transporter 1 (DMT1) to form a labile iron pool (LIP).*>** Iron in LIP can directly
participate in the Fenton reaction and produce "OH to promote lipid peroxidation.*’” Excess iron in cells is usually stored
in ferritin, which is composed of FTH1 and FTL subunits and has the activity of iron oxidase. Ferritin can convert Fe*" to
Fe** and store it in its protein cavity to avoid oxidative damage caused by excessive Fe*".***? In iron deficiency, nuclear
receptor coactivator 4 (NCOA4) mediates ferritinophagy, promotes the degradation of ferritin, releases iron ions, and
increases the risk of ferroptosis.’*>" Ferroportin (FPN) is the only iron export protein, and its expression is regulated by
hepcidin.’*>* Downregulation or functional inhibition of FPN can lead to intracellular iron accumulation and promote
ferroptosis.54 Similarly, in microbial ferroptosis-like death, an increase in intracellular iron levels, which mediates ROS
generation via the Fenton reaction, ultimately leading to ferroptosis-like death, is often observed.>

Regulation of Lipid Metabolism

The key to the regulation of ferroptosis by lipid metabolism is the synthesis and peroxidation of PUFA-PLs.>® PUFAs
such as arachidonic acid (AA) and adrenal acid (AdA) are catalyzed by acyl-coenzyme A synthetase long-chain family
member 4 (ACSL4) to form acyl-coenzyme A esters (PUFA-CoAs), which are then esterified to phosphatidylethanola-
mine (PE) by lysophosphatidylcholine acyltransferase 3 (LPCAT3). Thus, peroxidable PUFA-PLs are formed.?'” These
PUFA-PLs are the main substrates of lipid peroxidation, and members of the lipoxygenase (LOX) family, such as 12-
LOX and 15-LOX, directly promote the ferroptosis process by catalyzing the peroxidation of PUFA-PLs.”® In contrast,
membrane-bound O-acyltransferase family members (MBOAT1/2) inhibit ferroptosis by introducing monounsaturated
fatty acids (MUFAs) into phospholipids and reducing the PUFA—PL ratio.’® Exogenous MUFAs, such as oleic acid, are
integrated into the membrane via ACSL3, dissubstituting PUFAs, and significantly reducing lipid ROS levels and
ferroptosis sensitivity.®® Phospholipases iPLA2B and PAFAH2, which can hydrolyze oxidized phospholipids and remove
lipid peroxides, are also considered important mechanisms for inhibiting ferroptosis.®’**> Thus, the remodeling of lipid
metabolism not only affects the initiation of ferroptosis but also affects its rate and cell fate.

Notably, bacterial membranes are generally less susceptible to oxidation due to differences in polyunsaturated fatty
acid (PUFA) integration capacity. Most bacterial and fungal membranes are composed of poorly oxidizable saturated or
monounsaturated lipids, although exceptions exist in species such as Vibrio and Saccharomyces cerevisiae, which can
incorporate exogenous PUFAs into membrane phospholipids, enabling lipid peroxidation and ferroptosis-like death.®*

Antioxidant Defense System

There are a variety of antioxidant systems in cells that resist ferroptosis, including the GPX4-GSH and FSP1-CoQ10
pathways, of which the GPX4-GSH pathway is the classic anti-ferroptosis central pathway.®*®*> GPX4 uses GSH as
a reducing agent to reduce toxic PUFA-OOH to nontoxic PUFA-OH.®*¢” The activity of GPX4 is critically dependent on
the level of GSH and its own selenocysteine (Sec) active center. Selenium deficiency or mutation can lead to the loss of
GPX4 function and aggravate ferroptosis.°® Any factor that causes GSH depletion or directly inhibits GPX4 activity
induces ferroptosis.®”’® Independent of GPX4, the FSP1-CoQ10 pathway was also identified as a GPX4-independent
ferroptosis inhibition pathway.”! Ferroptosis inhibitor protein 1 (FSP1) utilizes NADPH to reduce CoQ10 to CoQ10H, at
the cell membrane. As a lipid-soluble antioxidant, CoQ10H, can directly capture lipid peroxyl radicals and interrupt the
chain propagation of lipid peroxidation, thereby inhibiting ferroptosis.*'**> In addition to the core mechanisms mentioned
above, multiple signaling pathways and transcription factors are involved in the regulation of ferroptosis. NRF2 is a key
transcription factor that regulates the antioxidative stress response, and its activation can upregulate the expression of
multiple ferroptosis-related genes, such as SLC7A11, GPX4, and FTH1,*7® whereas p53 can inhibit and increase

sensitivity to ferroptosis by inhibiting the expression of SLC7A11.7*
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In contrast to mammalian cells, bacteria lack the canonical GPX4 enzyme and often rely on alternative antioxidant
defenses. For example, in Saccharomyces cerevisiae, a GPX4-like protein (GPx3) may partially fulfill a similar role,
although its function and regulation differ.”>’® GSH depletion remains a critical trigger for ferroptosis-like death in
bacteria.”’ Once the antioxidant capacity is overwhelmed, it leads to membrane damage and cell death.

Nanomaterials Induce Bacterial Ferroptosis-Like Death
Although bacteria and eukaryotic cells exhibit mechanistic differences, both systems exhibit remarkable similarities in
the core biochemical pathways of ferroptosis-like cell death. Under specific stimuli, they commonly exhibit intracellular
iron accumulation, depletion of the glutathione system, and a consequent burst of reactive oxygen species.”® ** These
events ultimately lead to lethal lipid peroxidation through iron-dependent Fenton reactions®'* Such mechanistic parallels,
and distinctions offer a novel perspective for addressing antibiotic resistance.®

As shown in Figure 2, The core design strategy for the use of nanomaterials to induce bacterial ferroptosis-like death
should involve the construction of multifunctional synergistic systems capable of disrupting iron metabolism, destroying
the antioxidant system, and increasing ROS generation. 1) Disrupting Iron Metabolism: The material composition should
incorporate iron-based active centers that enable the controlled release of Fe’+/Fe’+ ions in the bacterial microenviron-
ment, triggering the Fenton reaction to generate "OH.***** 2) Destroying the Antioxidant System: Introducing GSH-
depleting units can disrupt bacterial antioxidant defense.® 3) Increasing ROS generation: Integrating physical stimulation
or enzyme-mimicking components can increase the efficiency of cascaded ROS production.*®®” For example, sonody-
namic therapy utilizes ultrasound to activate piezoelectric materials or sonosensitizers, thereby increasing ROS
generation.*® Physical stimulation is a key strategy for enhancing the ferroptosis effect; it not only increases ROS
production but also employs other mechanisms to induce ferroptosis; for example, photodynamic therapy can use near-
infrared light to directly disrupt bacterial membrane structures and promote iron influx, whereas sonodynamics can
increase material permeability.*® The rational design of nanomaterials can achieve synergistic induction of bacterial

ferroptosis-like death through multiple mechanisms, thereby reversing bacterial drug resistance.

A < ENanomateriaIs B ©
Q @ /D
902 Y
6 N GSH | GSSG?T
9o
| Q@ ROS @
| ) e
Q8
i) Fe?*+H,0,—Fe%+0OH+OH-
Intracellular Explosion of ROS Disrupt the antioxidant
Fe accumulation within the bacteria defense system

L J

Ferroptosis-
like death

Figure 2 Construction of nanomaterials with a multifunctional synergistic system that interferes with (A) iron metabolism, (B) increases ROS production and (C) disrupts
antioxidant systems to induce bacterial ferroptosis-like death.
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Nanomaterials Disturb Iron Metabolism in Bacteria

Disorders of iron metabolism constitute the core mechanism of bacterial ferroptosis-like death induced by
nanomaterials.”® In recent years, a variety of nanomaterials have achieved multidimensional intervention in bacterial
iron metabolism pathways through ingenious molecular design and functionalization strategies, which provides an
important basis for the development of new antibacterial regimens.”>*' As shown in Table 1, we summarize the various
ways in which different materials interfere with the iron metabolic pathways of bacteria.

Nanomaterials that directly provide iron ions usually achieve iron loading and delivery via carriers. Zhou et al
developed iron-loaded lipid nanoparticles (Fe-LNPs), which take advantage of the good biocompatibility and membrane
fusion ability of liposomes to significantly improve the intracellular delivery efficiency and bioavailability of iron ions
and maintain the intracellular iron concentration with the help of a sustained release effect by encapsulating ferric
ammonium citrate (FAC) in the phospholipid bilayer. Moreover, the Fe-LNPs also significantly inhibited the proliferation
of S. aureus and promoted wound healing. Using lipids as drug delivery carriers to trigger ferroptosis-like death through
iron transport to achieve antibacterial effects may become a promising strategy.”’ In another study, sustained Fe*" release
was utilized to effectively kill methicillin-resistant Staphylococcus aureus (MRSA). In this research, the ferrous sulfate
(FeSO,)-embedded hyaluronic acid (HA) network and uniformly loaded Fe** hydrogel showed good sustained release
performance in a Staphylococcus aureus infection model, with a 78.3% iron ion release rate within 12 h, indicating its
potential for long-term and accurate iron delivery.> In addition, Zhao et al loaded ultrasmall Prussian blue nanoparticles
(UPBNPs) into the pores of mesoporous calcium silicate nanoparticles (MCSNs) to construct UPBNP-MCn composites.
The mesoporous structure of MCSNs effectively prevents the aggregation of UPBNPs and regulates the release kinetics
of iron ions, which not only results in simple iron loading but also creates a sustainable iron supply microenvironment.
The Fe*'/Fe’" released from UPBNP-MCSNs can invade the bacterial interior and catalyze the massive generation of
ROS through the Fenton reaction, thereby initiating a ferroptosis-like pathway based on oxidative damage.”” The
nanosystem, through the complete delivery pathway from “iron loading” to sustained and controllable “iron release”
and subsequently to bacterial “iron overload,” achieves efficient iron transport and activates its antibacterial function.

By converting adverse factors in the pathological microenvironment (such as the acidic environment) into a “switch” that
triggers ferrous ion release, the antibacterial precision is significantly enhanced. In the MOF-based antibacterial strategy, the
MIL-100(Fe) nanomaterials studied by Yu et al underwent gradual degradation in the simulated wound microenvironment
(pH 5.5). The MIL-100(Fe)@IR775 composite material formed after loading the photosensitizer IR775 not only enhanced
the photothermal conversion efficiency of the material but also enhanced the ability to release iron ions. The sustained release

Table | Effects of the Multidimensional Intervention of Nanomaterials on Bacterial Iron Metabolic Pathways

Methods of Intervention | Nanomaterials Mechanisms of Disordered Iron Metabolism in Bacteria Reference
Provide iron ions directly Fe-LNPs Enhances the intracellular delivery efficiency of iron ions significantly [91]
FeSO4-loaded The release rate of Fe?* reached 78.3% within 12 hours [55]
hydrogel
UPBNPs-MCn Creates a sustainable iron supply microenvironment [92]
Utilization and response to MIL-100(Fe) Enhances the photothermal conversion efficiency, photostability of the [93]
microenvironment @IR775 nanomaterials and iron ions release in an acidic environment
FeS Releases Fe’+ and H,S continuously in response to the weak acidic [94]
nanoparticles microenvironment of diabetic wound
Target cell membrane Pal-ACPs Promotes intracellular Fe?* accumulation significantly [95]
receptors
Regulates the genes involved | ZnO QOD-PTZ | Upregulates iron transport genes such as TonB, ExbD and SufE, driving massive [96]
in iron homeostasis iron influx.
CALNO loaded | Upregulates the expression of iron absorption genes (ygeO, yhfL), and inhibites [97]
with FeSO4 the biofilm formation related genes (e.g.,csgA, luxS).
Fe-doped titanite Upregulates the expression of ABC transporter genes related to metal ion [98]
transport (such as [UJ41_07030, adcA)
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of iron ions triggered by this acid and its reduction to Fe*" provides the basis for the subsequent Fenton reaction to efficiently
generate ‘OH and initiate lipid peroxidation.”® Additionally, in an acidic environment, Xu et al reported an intelligent
delivery system based on a glycyrrhizic acid (GA) hydrogel, in which FeS nanoparticles were generated by an in situ reaction
in response to the unique weakly acidic microenvironment (pH 5.0--6.0) of diabetic wounds. At this pH, the specific
dissolution of FeS results in the sustained and simultaneous release of Fe*" and H,S, which greatly promotes ferroptosis-like
death in bacteria.”* To increase the precision of nanomaterial targeting, Wang et al designed an antibacterial composite
material (Pal-ACPs) that targets the SSTR2 receptor on macrophage membranes, which utilizes the high affinity of the ZnO
component for SSTR2 to significantly promote intracellular Fe’+ accumulation, thereby inducing ferroptosis in
intracellular Staphylococcus aureus. These findings provide a new strategy for nanotherapeutic approaches against intracel-
lular pathogens.”> Receptor-targeting strategies promote the active uptake of iron by bacteria, thereby achieving precise
elimination of pathogens and providing a new perspective for nanotherapeutic strategies against intracellular pathogens.

Through transcriptome technology, several studies have revealed the regulatory effects of nanomaterials on iron
homeostasis-related genes. The ZnO QOD-PTZ constructed by Shao et al can respond intelligently to bacterial microacid
and amidase environments to trigger the controlled release of PTZ. This system significantly upregulated iron transport
genes such as TonB, ExbD, and SufE, driving a large amount of iron ion influx. The induction of the ferroptosis-like
pathway by iron enrichment synergistically enhances lipid peroxidation and GSH depletion, rapidly destroys membrane
integrity and DNA stability, and achieves efficient synergistic sterilization.’® Sun et al reported that the expression of iron
uptake genes (ygeO and yhfL) was significantly upregulated and that the expression of an iron storage gene (floX) was
downregulated in E. coli O157: H7 treated with FeSO,, suggesting an imbalance in intracellular iron homeostasis. The
study further revealed that the cinnamaldehyde nanoemulsion (CALNO) prepared by phaco emulsification had a small
particle size and uniform distribution characteristics, which could effectively damage the integrity of the bacterial
membrane and promote Fe ion influx, creating a synergistic effect with FeSO4. Combined treatment not only aggravated
the expression changes in ferroptosis-like death-related genes but also effectively inhibited the expression of genes
related to biofilm formation (such as csgA and luxS). This change in the expression profile disrupts intracellular iron
homeostasis and drives the accumulation of free Fe?*, which in turn catalyzes a burst of lipid peroxidation to coordinate
with ROS, ultimately inducing membrane breakdown and bacterial death.’’ In addition, Xue et al constructed an Fe-
doped titanite “nanosword” to destroy the bacterial membrane barrier in an alkaline microenvironment, resulting in
a 75% reduction in the cell membrane stiffness of S. aureus (Figure 3). This weakening of mechanical properties makes it
easier for the nanostructure to physically penetrate the bacterial membrane, and the Fe-doped titanite “nanosword”
actively regulates the bacterial iron uptake system by triggering oxidative stress. Transcriptome analysis revealed that the
expression of ABC transporter genes related to metal ion transport (such as IUJ41 07030, adcA) was significantly
upregulated, indicating that the bacteria actively accelerated the influx of Fe*" into the environment in response to
stress.”® The aforementioned studies demonstrated that nanomaterials can not only facilitate iron influx but also actively
regulate the expression of bacterial genes related to iron metabolism, enabling the precise activation of the bacterial
ferroptosis pathway and synergistically leading to iron metabolic dysregulation, ultimately resulting in ferroptosis.

In summary, nanomaterials have evolved from “passive” iron donors to “active” regulators of bacterial iron
metabolism. These strategies not only focus on simple ion release from nanoreservoirs but also emphasize intelligent
and microenvironment-responsive iron release. Transcriptomic evidence confirms that these interventions disrupt iron
homeostasis at the genetic level. This precise interference in iron metabolism not only supplies the essential catalyst for
the Fenton reaction but also lays the material foundation for amplifying the ferroptosis effect via subsequent ROS bursts
and antioxidant system collapse, constituting the first step of the synergistic antibacterial strategy.

Nanomaterials Induce a Burst of ROS in Bacteria

The generation of ROS is the key driving mechanism in the process of nanomaterial-induced bacterial ferroptosis-like
death.”® A variety of physicochemical pathways are involved in this process, including chemodynamic therapy, photo-
dynamic therapy, sonodynamic therapy, and nanoenzyme catalysis.'®® These mechanisms not only act independently but
also often have synergistic effects to promote oxidative stress and lipid peroxidation in bacteria, eventually leading to
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Figure 3 Induction of bacterial ferroptosis-like death via iron metabolism dysregulation. (A) lllustration of the antibacterial mechanism: membrane damage by the
nanostructure facilitates Fe?+ uptake, leading to oxidative stress and ferroptosis-like death. (B) Characterization of the nanostructure surface. The red dashed line depicts
the cross-sectional morphology of the MH. (C) Visualization of bacterial membrane damage and intracellular iron accumulation posttreatment. EDS analysis within the red
dashed boxes revealed 0.21% Fe inside the MH-group bacteria. (D) Transcriptomic profiling revealed the upregulation of ABC transporter-related genes. The white arrows
highlight the upregulated gene IUJ41_02080. Reprinted from Xue Y, Zhang L, Liu F et al. Alkaline “nanoswords” coordinate ferroptosis-like bacterial death for antibiosis and
osseointegration. ACS Nano. 2023;17(3):27 | 1-2724, Copyright 2023, with permission from the American Chemical Society.”®

Note: P < 0.01.

ferroptosis-like death of bacteria.'”® As described in Table 2, they jointly promote oxidative stress and lipid peroxidation
in bacteria and eventually lead to ferroptosis-like death of bacteria.

Chemodynamic Therapy (CDT)

As an emerging antibacterial strategy, chemodynamic therapy (CDT) has shown potential in combating drug-resistant
bacterial infections by catalytically generating highly reactive free radicals from endogenous hydrogen peroxide (H,0,),
which effectively triggers ferroptosis-like death in bacteria. Sun et al developed the bacteria-specific artificial biocatalyst
MoS,/Fe@MBA@HA (MFBH) for the treatment of bacterial endophthalmitis. This material promotes the reduction of
Fe** to Fe?" when the exposed Mo*" is used as an electron donor. Moreover, the sulfur vacancy enhances the affinity for
H,0, and continuously generates many hydroxyl radicals ('OH) with strong oxidation, thus achieving an efficient Fenton
catalytic reaction in the infected microenvironment, leading to lipid peroxidation, GSH depletion, and energy metabolism
disorders and finally inducing ferroptosis-like death in S. aureus.'®" To overcome the limitations of traditional CDT in
practical applications, such as insufficient H,O, and slow Fe**/Fe*" cycling, Zheng et al constructed an oxygen vacancy-
rich [(BiFe)q o(BaTi)g 103.x] (BFBT) nanoreactor through defect engineering, which significantly enhanced the efficiency
of chemical kinetics, demonstrating that the abundant oxygen vacancies in the material can act as electron donors to
effectively regulate the local electron density of adjacent Fe sites, greatly accelerating the valence cycle of the Fe**/Fe**
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Table 2 Different Pathways by Which Nanomaterials Induce Bursts of Reactive Oxygen Species (ROS) in Bacteria

Nanomaterials Therapeutic Antibacterial Mechanisms References
Modes
MoS,/Fe@MBA@HA CcDT Accelerates ROS burst through the Mo*" active sites on the surface significantly enhances [ror]
the efficiency of Fenton reaction
(BiFe)o.9(BaTi)o.1 O3.x CDT, SPT Overloads intracellular Fe to disrupt bacterial metabolism and achieve sustained "OH [102]
generation; Adjusts the electron density of metal active sites to achieve efficient ROS
generation
SPEEK/PDA-PS/PLGA@Fe CcDT Constructs a cascade catalytic system mediated by Fe*"to locally initiate an intense [103]
oxidation storm
CuSA-COF PDT, POD Enhances the activity of peroxidase like enzymes in an acidic microenvironment, [104]
significantly improving the clearance efficiency of MRSA and its biofilm
sp2c-COF-Ir-ppy2; sp2c-COF-Ru-bpy2 PDT, POD Generates "OH and O, causing depletion of intracellular GSH and disruption of the [105]
respiratory chain; Optimizes the efficiency of photocatalytic ROS generation
FCL-ECMH PTT, CDT Occurs photothermal conversion and releases iron ions in the acidic infection [106]
microenvironment to catalyze the Fenton reaction
TOMPE SDT Increases ROS generation and effectively disrupts bacterial cell membranes, thereby [107]
inducing ferroptosis-like death in MRSA

D-CoMn LDH-NO,@BP PDT, SDT, Enhances O, production, release 'O,, and synergize with ROS to enhance biofilm [108]
CAT penetration and bactericidal effect

FeS,@MoS, SOD, CAT, Converts O, to H,O,, and catalyze the generation of "OH through the Fenton reaction, [109]
POD forming a self-enhancing catalytic cycle that exhibits strong bactericidal and anti-biofilm

effects
FeS@Au POD Produces glucose oxidase-like activity and provides H,O, for subsequent reactions; [r1o]
converts H,O, to "OH efficiently to induce ferroptosis-like death

Fe304/MXene SOD, CAT, Exhibits a “bidirectional” function: degrades hydrogen peroxide and relieves oxidative [rei

POD stress; results in ROS burst and lipid peroxidation.

and enabling the Fenton reaction to continue and carry out efficiently. More importantly, the system provides sufficient
substrates for CDT to self-supply H,O, through an ultrasound-driven piezoelectric effect, forming a unique self-recycling
catalytic mechanism to induce ferroptosis-like death.'®” Similarly, Wang et al developed SPEEK/PDA-PS/PLGA@Fe
(SP-PFe), which is a unique chemodynamic treatment strategy that overcomes the dependence of the Fenton reaction on
H,0, and O, (Figure 4A). The key lies in the construction of an Fe*'-mediated catalytic cascade system independent of
external energy. In the acidic microenvironment of the infection site, ‘'SO4 was generated, while the Fe*" released from
the implants catalyzed the generation of ROS. "SO, not only attacked the bacterial membrane but also further reacted
with H,O to generate "OH, which triggered a strong oxidative storm locally and eventually led to ferroptosis-like death to
treat infected bone defects.'® In summary, the above studies effectively overcome the key limitations of traditional
chemical therapy through structural regulation and reaction pathway innovation and achieve efficient and specific
induction of ferroptosis-like death. These strategies not only increase the efficiency of the Fenton reaction but also
expand the application scenarios of CDT, fully demonstrate the unique advantages of nanomaterials in the anti-infection
treatment of “low dose, low toxicity, and resistance”, and provide important references for the development of
antibacterial nanomedicins in the future.

Photodynamic Therapy (PDT) and Photothermal Therapy (PTT)

In recent years, researchers have focused on constructing a variety of photoactive materials to achieve efficient and
specific anti-infective effects through photodynamic therapy and photothermal therapy, which provides new treatment
ideas for drug-resistant bacteria and related biofilm infections. The CuSA-COF monatomic material developed by Wu
et al not only generated large amounts of singlet oxygen ('O,), hydroxyl radicals (‘OH) and protons (H") under a 635 nm
laser but also formed an acidic microenvironment via the accumulation of protons in the pores, thereby self-enhancing
peroxidase-like activity through the “metal-protonation” strategy. Finally, it can effectively eliminate MRSA and its
biofilms through a lipid peroxidation-mediated ferroptosis-like mechanism and significantly promote wound healing
in vivo, resulting in excellent dual antibacterial and tissue repair functions.'® To further expand the application of COF
materials in PDT, Sun’s team constructed two single-atom catalysts, sp°c-COF-Ir-ppy2 and sp’c-COF-Ru-bpy2. These
nanomaterials not only have excellent visible light absorption and charge separation properties but also exhibit efficient
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Figure 4 Diverse physicochemical pathways that induce oxidative stress and lipid peroxidation in bacteria, ultimately leading to bacterial ferroptosis-like death. (A) SP-Pfe-mediated
chemodynamic therapy elicits a marked increase in intracellular ROS and lipid peroxidation, culminating in bacterial ferroptosis-like death. Reprinted from Wang Z, Huang Y, He S et al.
Oxygen-independent sulfate radical and Fe**-modified implants for fast sterilization and osseointegration of infectious bone defects. ACS Nano. 2025;19(19):18,804—18823, Copyright
2025, with permission from the American Chemical Society.'®® (B) In response to laser and ultrasound irradiation, D-CoMn LDH-NO,@BP facilitates PDT/SDT-driven ROS
accumulation and lipid peroxidation, causing bacterial ferroptosis-like death. Reprinted from An X, Chen B, Yuan Y et al. Laser-ultrasound responsive nanoreactor to remodel the
microenvironment of antibiotic-resistant bacterial infection for diabetic wound healing. Nano Lett. Published online August 28, 2025, Copyright 2025, with permission from the
American Chemical Society.'® (C) The catalytic activity of the FeS,@MoS, nanozymes generates a surge of ROS, inducing bacterial ferroptosis-like death and concomitant membrane
damage. The red upward arrow in the mechanism denotes an increase, whereas the blue downward arrow represents a decrease. The red arrows in the SEM image indicate the
damaged cell membranes of the bacteria after treatment. Reprinted from Sun M, Wang L, Zhuo Y et al. Multienzyme activity of MIL-101 (Fe)-derived cascade nanoenzymes for
antitumor and antimicrobial therapy. Small 2024;20(17): 2309593, Copyright 2023, with permission from John Wiley and Sons.'®

peroxidase-like activity. Under the stimulation of red light, the Ru site generates 'O, through the energy transfer pathway,
whereas the Ir site catalyzes 'OH production in the presence of H,O,. The two synergistically form an ROS storm, which
not only directly causes oxidative damage to bacteria but also consumes glutathione and inactivates antioxidant enzymes,
thereby disrupting the bacterial antioxidant defense system and triggering ferroptosis-like death.'® In addition to COF
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nanomaterials, multifunctional hydrogel systems also perform well in the synergistic induction of bacterial ferroptosis-
like death. The FCL-ECMH hydrogel developed by Lu et al is able to responsively release iron ions in the infected
microenvironment and undergo photothermal transformation under excitation with 808 nm near-infrared light. Local
heating not only directly destroys the bacterial structure but also enhances iron influx, which promotes the Fenton
reaction to catalyze the conversion of endogenous H,O, to "OH and induces ferroptosis-like death in bacteria. This
system achieves the synergistic effect of photothermal therapy and chemodynamic therapy and has significant advantages
in destroying biofilms and regulating bacterial iron metabolism, providing an innovative strategy for anti-infection
treatment.'%® These strategies not only effectively improve antibacterial efficiency but also promote tissue repair,
reflecting the broad prospects of light-controlled nanomaterials in anti-infection treatment.

Sonodynamic Therapy (SDT) and Sonodynamic Therapy (SPT)

Sonodynamic catalysis generates ROS via ultrasound-activated sonosensitizers because of their excellent tissue penetra-
tion ability and spatiotemporal controllability. To further enhance the sonodynamic effect, Li et al constructed an
organic—inorganic heterojunction structure, TOMPE, by introducing manganese ions into the TiO, lattice and modifying
it with emodin (ED). This design effectively inhibits the rapid recombination of electron—hole pairs in TiO, and reduces
the energy band gap of the material through an imbalance in the interfacial charge distribution, thereby promoting the
generation of more charge carriers and increasing ROS production under ultrasonication. The generated ROS not only
consume glutathione but also cause lipid peroxidation and DNA damage, eventually leading to ferroptosis-like death in
MRSA.'*” To induce bacterial ferroptosis-like death more efficiently, An et al developed a laser-ultrasound dual-response
nanoreactor, D-CoMn LDH-NO,@BP, to achieve synergistic treatment with PDT and SDT. Under 660 nm laser
excitation, significant electron polarization occurs at the interface between black phosphorus (BP) and defective layered
double hydroxide (LDH), which improves the generation efficiency of singlet oxygen ('O,) (Figure 4B). Ultrasound
stimulation not only enhances charge separation at the interface but also induces an acoustic current through the
piezoelectric effect, which jointly promotes the massive generation of ‘O, . In a diabetic wound model, this strategy
increased the healing rate 3.18-fold, demonstrating excellent synergistic antibacterial potential.'®® Unlike the above
strategy of relying on exogenous sensitizers, Zheng et al innovatively used Ba/Ti-doped BFBT nanocrystals as voltage
sonosensitizers for SPT. Under ultrasonication, the noncentral symmetric crystal structure is deformed, generating
a strong internal electric field, which effectively drives charge separation and inhibits electron—hole recombination.
BFBT plays an “engine” role in the ferroptosis-like death process by enabling efficient electron reduction of O, to "O,
self-supplying reaction substrates for chemical treatment and achieving sustained antibacterial effects.'®® In summary,
from constructing heterojunctions to enhancing the separation of electrons and holes, combining multimodal catalysis to
increase ROS production, and developing H,O,-supplied piezoelectric sonosensitizing agents, these strategies have
deepened the understanding of the mechanism of the sonodynamic induction of bacterial ferroptosis-like death.

Nanoenzyme Catalysis

Nanoenzyme catalysis, which enables continuous generation of ROS by mimicking native enzyme activity, has shown
important potential in antiinfective therapy induction strategies in recent years.''? The FeS,@MoS,(FMS) nanoenzyme
developed by Sun et al has three mimicking activities, namely, superoxide dismutase (SOD), peroxidase (POD) and
catalase (CAT), and thus involves a self-cycling ROS generation pathway (Figure 4C). This material first converts the
O, produced by bacterial metabolism to H,O, via SOD activity and then converts H,O, to highly toxic "OH via POD-
like activity to induce ferroptosis-like death in bacteria. Moreover, the CAT-like activity under neutral conditions can
decompress H,O, to produce O,, which is a continuous substrate for the SOD reaction, forming a self-enhancing
catalytic cycle. This process effectively disrupts the bacterial REDOX balance and has been shown experimentally to
inhibit MRSA biofilms and promote wound healing.'® To cope with the multiple challenges associated with diabetic
wounds, such as high glucose levels, susceptibility to infection, and angiogenesis disorders, researchers have designed
a cascade nanoenzyme system that is more pathogen-specific.''*''* Recently, a FeS@Au nanoenzyme was constructed to
achieve synergistic intervention of “blood glucose regulation-sterilization-angiogenesis”. Among them, gold nanoclusters
(aunCs) exhibit glucose oxidase-like activity and catalyze the production of gluconic acid and H,O, from local glucose in
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wounds, providing substrates for subsequent reactions while reducing glucose and acidifying the microenvironment. The
POD-like activity of FeS nanoparticles is enhanced under acidic conditions, which can efficiently convert H,O, to ‘'OH
and induce ferroptosis-like death in drug-resistant bacteria. Moreover, H,S released by FeS can upregulate hypoxia-
inducible factor-1 (HIF-1) and promote the expression of vascular endothelial growth factor (VEGF) and other related
genes, thereby enhancing tissue repair ability and alleviating the damage caused by ROS in normal cells.''® In terms of
intelligent ROS regulation, the Fe;04,/MXene (FM) heterojunction developed by You et al has a “bidirectional” function:
on the one hand, it has CAT-like and SOD-like activities to degrade hydrogen peroxide, alleviate oxidative stress, and
protect host cells from oxidative damage. On the other hand, it continuously releases Fe*'/Fe*" through unique interface
defects, triggering ferroptosis-like death within bacteria and leading to ROS bursts and lipid peroxidation. In a diabetic
rat model, FM-loaded gelatin methylacrylamide (GFM) combined with photothermal therapy effectively eliminates
S. aureus and promotes healing, demonstrating the intelligent potential of nanozymes in the dynamic regulation of
ROS and ferroptosis-like death induction.''’ ROS are the core effector molecules of bacterial ferroptosis-like death
induced by nanomaterials. Researchers need to rationally design the composition, structure and surface properties of
nanomaterials to achieve efficient and controllable generation of ROS through multiple mechanisms and then trigger
ferroptosis-like death in bacteria, which provides a new strategy for the treatment of drug-resistant bacterial infections.

The various physicochemical pathways reviewed (CDT, PDT/PTT, SDT, and nanozyme catalysis) do not operate in
isolation but rather form a synergistic “ROS-generating toolkit.” A common theme is overcoming the limitations of
single-modality therapies, such as using defect engineering or constructing cascade systems to address insufficient H,O,
and slow Fe’+/Fe’+ cycling in CDT. Potent synergies exist between these mechanisms: for example, localized heating
from PTT not only directly damages bacteria but also enhances membrane permeability, facilitating iron influx and
Fenton reaction efficiency; similarly, SDT-induced sonoporation can enhance tissue penetration and the cellular uptake of
materials. Crucially, these ROS-generating mechanisms are tightly coupled with iron dysregulation. The Fe*+ released by
nanomaterials or promoted for uptake is the core catalyst for CAT- and POD-like activity; ROS storms can further
damage bacterial membranes, accelerating iron influx and thereby establishing a self-reinforcing positive feedback loop
for ferroptosis. Therefore, integrating multiple ROS-generating modalities with iron delivery capabilities is key to
designing highly efficient and rapid-acting nanoantibacterial agents.

Nanomaterials Disrupt Bacterial Antioxidant Defense Systems
In the process of bacterial resistance to external threats and maintenance of cellular homeostasis, the antioxidant defense
system plays a crucial role in scavenging excessive ROS, repairing oxidative damage, and maintaining normal metabolic
function.''>"'® Shen et al first introduced a ferroptosis-like mechanism into the field of bacterial research in 2020 and
reported that synthetic aqueous ferrous polysulfide (Fe(II)Snaq) could efficiently induce ferroptosis-like death in bacteria.
The key to this process is that the polysulfide in Fe(Il)Snaq can oxidize with GSH in bacteria to form oxidized
glutathione (GSSG), which directly depletes GSH stores and impairs antioxidant defense. Moreover, Fe** in the system
promotes ROS accumulation and lipid peroxidation through the Fenton reaction, synergistically promoting the ferrop-
tosis-like death process. Notably, polysulfide not only effectively counteracts the inhibitory effects of GSH but also
enhances the stability of Fe*" and prevents its oxidative inactivation, thereby continuously catalyzing the ROS burst. This
dual synergistic effect enabled Fe(IT) Snaq to maintain a high antibacterial rate of more than 90% in complex media.''’
Following a similar GSH depletion strategy, Hu et al constructed biomimetic membrane-coated particles mFe-CA,
further expanding the possibility of ferroptotic applications in antimicrobial applications. Cinnamaldehyde (CA), an a-
and B-unsaturated aldehyde, reacts specifically with the sulfhydryl group of GSH, irreversibly consuming GSH in
bacteria and converting it to GSSG, thereby disrupting REDOX homeostasis in bacteria. The depletion of GSH
aggravates the Fenton reaction and the accumulation of hydroxyl free radicals ("OH), which further enhances lipid
peroxidation, inhibits the activity of the respiratory chain complex, and finally induces ferroptosis-like death in
MRSA.''®

In addition to depleting GSH directly, some nanomaterials produce ROS in large quantities by mediating the Fenton
reaction, thereby indirectly depleting GSH and destroying the antioxidant defense system of bacteria. For example,
FeSO,-loaded hyaluronic acid hydrogels can continuously release Fe*" in the infected microenvironment, catalyze the
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formation of "OH through the Fenton reaction, and trigger severe oxidative stress, leading to intracellular ROS
accumulation and lipid peroxidation. Transcriptome analysis revealed that genes related to GSH metabolism (such
as glnA and metE) were significantly upregulated by Fe®", indicating that the bacteria tried to activate antioxidant
defense to cope with oxidative damage. The downregulation of genes involved in the cell membrane synthesis, such as
yidC and secY, supported loss of membrane integrity. Notably, the addition of exogenous GSH or its precursor
N-acetylcysteine (NAC) significantly inhibited the Fe**-induced ROS burst and bacterial death, confirming the critical
role of GSH system exhaustion in this bactericidal mechanism.”” Similarly, the CuFeS, nanoenzyme developed by
Wang et al not only efficiently produces ROS under photoexcitation but also significantly consumes GSH within
bacteria, destroying their antioxidant capacity and leading to REDOX imbalance. This process was reversed by the
ferroptosis inhibitor ferrostatin-1, which further confirmed that ferroptosis-like death is induced by interference with
the GSH metabolic pathway.”’

Furthermore, by influencing the expression of antioxidant enzymes, nanomaterials provide a new direction for the
precise intervention in the bacterial antioxidant system. Wu et al reported that the combination of the photodynamic and
Fenton reactions of CuSA-COF results in the production of a large amount of ROS, which directly attack the bacterial
antioxidant system and lead to the rapid depletion of GSH, thereby inactivating antioxidant enzymes. The experiments
revealed significant downregulation of antioxidant protein expression by approximately 57%, accompanied by massive
accumulation of 4-HNE, a lipid peroxidation product, indicating aggravated oxidative damage, which eventually led to
ferroptosis-like death.'® The sp?c-COF-Ir-ppy2 and sp”c-COF-Ru-bpy2 constructed by Sun et al simulated POD and
glutathione oxidase activity under red light or H,O, activation, respectively, rapidly oxidized GSH and significantly
downregulated antioxidant enzyme expression in gram-negative bacteria. Thus, the bacterial antioxidant defense system
is systematically destroyed, and irreversible ferroptosis-like death is induced.'®

Disruption of the bacterial antioxidant defense system, particularly targeting glutathione (GSH), ultimately triggers
ferroptosis-like death. Iron dysregulation and ROS bursts are powerful drivers of GSH depletion; GSH depletion cripples
the function of antioxidant enzymes, rendering the cell more vulnerable to lipid peroxidation and amplifying the damage
signals initiated by iron and ROS. Thus, the collapse of the antioxidant system is not an isolated endpoint but a critical
amplifier that translates iron overload and ROS stress into irreversible cell death.

Integration of Synergistic Mechanisms: Toward a Unified Antibacterial Strategy

The efficacy of nanomaterials in inducing bacterial ferroptosis-like death does not rely on maximizing a single mechan-
ism but rather stems from the exquisite synergy and amplification between the three core events: iron metabolism
interference, ROS burst, and antioxidant defense collapse. Iron as the foundation and catalyst: Through intelligent
delivery and active regulation, nanomaterials induce iron overload within bacteria. This directly provides the reactant for
the Fenton reaction and forms the chemical basis for initiating lipid peroxidation. ROS as the effector executioner: ROS
generated via various pathways (CDT, PDT, SDT, and nanozyme catalysis) launch direct attacks on lipids, proteins, and
DNA. This process is catalyzed not only by iron but also through membrane damage, facilitating further iron influx and
establishing a positive feedback loop. The Antioxidant system collapses as the “Terminal Switch”. By depleting key
antioxidants such as GSH directly or indirectly, nanomaterials disarm the bacterial repair machinery for lipid peroxida-
tion damage. This prevents the reduction of accumulated lipid hydroperoxides, ultimately leading to the irreversible loss
of cell membrane integrity. Consequently, future research should focus not only on developing new nanomaterials but
also on the rational design of multifunctional synergistic systems. An ideal nanoplatform should be capable of triggering
these three core events simultaneously or sequentially, forming a self-propagating “lethal triangle” cycle.

Synergistic Therapy Involving Immune Responses and

Nanomaterial-Induced Bacterial Ferroptosis-Like Death
Nanomaterial-induced bacterial ferroptosis-like death not only directly kills pathogens but also modulates the host
immune system by regulating macrophage polarization, cytokine networks, neutrophil function, and lymphocyte immune
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memory, thereby constructing a multidimensional synergistic therapeutic system of “bactericidal-immune regulation-
promoted repair”.

Macrophage Polarization

Macrophages, as central players in host immune defense, play pivotal roles in regulating the balance between infection
and repair through their dynamic polarization states.''® In response to microenvironmental signals, macrophages can
polarize into the proinflammatory bactericidal M1 phenotype or the anti-inflammatory, tissue-reparative M2
phenotype.'* Regulating this polarization is crucial for maintaining the equilibrium between pathogen clearance and
anti-inflammatory repair.''® In this context, the TOMPE nanoplatform demonstrates excellent temporal immunomodu-
latory capabilities both in vitro and in vivo, guiding macrophage polarization to respond to different stages of infection.
Under ultrasound triggering, the TOMPE nanoplatform releases manganese ions (Mn*+), which activate the cAMP/
cGMP-PKG signaling pathway, significantly upregulate the expression of the M1 marker iNOS, enhance the phagocytic
capacity of macrophages against MRSA, and achieve rapid early bactericidal effects. As infection is controlled, the
loaded emodin promotes the transformation of macrophages to the M2 type, with an increase in CD206 and a decrease in
iNOS. Metabolomic analysis confirmed that this treatment downregulates inflammation-related pathways such as cAMP/
cGMP-PKG, thereby controlling the overall inflammatory response and promoting the osteogenic differentiation of bone
marrow mesenchymal stem cells, synergistically facilitating tissue repair.'®’ In another study (Figure 5A), the FCL-
ECMH hydrogel significantly promoted macrophage polarization toward the M2 phenotype by activating the JAK-STAT
and PI3K/Akt/mTOR signaling pathways, manifested as increased CD206 expression, decreased CCR7, increased
secretion of IL-10, and reduced TNF-a. Furthermore, in animal models of diabetic wounds and bone defects, FCL-
ECMH combined with near-infrared light irradiation effectively cleared bacteria, promoted wound healing, and enhanced
bone tissue regeneration.'’® A growing body of research now focuses on the role of nanomaterials in regulating the
immune microenvironment, particularly macrophage polarization.'”” In a comparable approach, plant extracellular
vesicles (C-evs) within CC-TFP hydrogels enriched with diverse bioactive molecules can be internalized by macrophages
to directly modulate their functional state. Experimental results demonstrated that CC-TFP treatment significantly
reduces M1 marker expression (iNOS and CD86) in RAW264.7 macrophages while upregulating the M2 marker
CD206, accompanied by improved neovascularization and collagen deposition, thereby accelerating wound healing
repair.'?! In summary, nanomaterials intelligently regulate macrophage polarization by precisely intervening in key
signaling pathways, such as the cAMP/cGMP-PKG, JAK-STAT, and PI3K/Akt/mTOR pathways, to achieve synergy
between infection clearance and tissue regeneration.

Networked Regulation of Cytokines

In research on nanomaterial regulation of immune responses, the MRMN microneedle system, by continuously releasing
riboflavin with the assistance of near-infrared light, significantly downregulates the phosphorylation levels of key NF-xB
pathway proteins p65 and IkBa, thereby inhibiting overactivation of this pathway. This blockade of upstream core signaling
events effectively reduces the gene expression and secretion of key proinflammatory cytokines such as TNF-a and IL-6 while
promoting the production of anti-inflammatory cytokines such as IL-4 and IL-10, successfully shifting macrophage

polarization toward the M2 type.'*

Moreover, the immunomodulatory function of these nanomaterials is also reflected in
their synergistic activation of repair pathways; the ETN@Fe,Sg composite material, while inducing bacterial ferroptosis, also
inhibits the NF-xB pathway, downregulates TNF-a and IL-6, and upregulates IL-10 and Arg-1, thereby alleviating
inflammation. The released polysulfides significantly promote the expression of VEGFA in human umbilical vein endothelial
cells and activate the PI3K/AKT pathway (as evidenced by increased phosphorylation of PI3K and AKT), thereby
significantly enhancing endothelial cell tubulation and migration capabilities and promoting wound angiogenesis.'** These
findings indicate that nanomaterials can synergistically promote anti-inflammatory effects and tissue regeneration by
simultaneously regulating the NF-kB inflammatory pathway and the PI3K/AKT repair pathway. The COT light-
responsive carbon monoxide nanocarrier demonstrated the ability to achieve dose-dependent immunomodulation through
external stimuli (Figure 5B). After clearing bacteria in the antibacterial mode (0.7 W/em?), switching to the immunomodu-
latory mode (0.3 W/em?) significantly improved the immune microenvironment around the implant. Immunofluorescence
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Figure 5 Nanomaterials induce bacterial ferroptosis-like death while modulating macrophage polarization and cytokine secretion to promote tissue repair. (A) FCL-ECMH
facilitates macrophage polarization toward the M2 phenotype. This process involves the activation of the JAK-STAT and PI3K/Akt signaling pathways, as evidenced by
increased phosphorylation levels of STAT6 and Akt, ultimately enhancing the repair of infected bone defects and new bone formation. Reprinted from Lu R, Luo Z, Zhang Y,
Chen J, Zhang Y, Zhang C. A multifunctional tissue-engineering hydrogel aimed at regulating bacterial ferroptosis-like death and overcoming infection toward bone
remodeling. Adv Sci 2024;11(30):e2309820, Open access.'® (B) COT-mediated programmable thermal CO bubble therapy effectively treats bacterial infections and
modulates inflammatory responses. Following NIR irradiation (0.3 W/cm?) of COT surfaces, macrophages exhibit significant downregulation of the proinflammatory
cytokine TNF-a and upregulation of the anti-inflammatory cytokine IL-10. Furthermore, the gene expression levels of key soft tissue repair-related factors (COL-1, CTGF,
VEGF, TGF-BI, and a-SMA) were significantly elevated at 4 and 7 days post-implantation. Reprinted from Ding T, Zhang L, Chen J, Ma D, Han J, Han Y. “thermal bubbles”:
photothermally triggered by a carbon monoxide nanocontainer for antibiosis and immune modulation therapy. Nano Today. 2025;63:102758, Copyright 2025, with
permission from Elsevier.'?

Notes: *P<0.05, **P<0.01, **P<0.001.

analysis revealed that this treatment significantly reduced the expression of proinflammatory factors (TNF-a, IL-6, and
iNOS) while increasing the gene expression of anti-inflammatory cytokines (IL-10 and TGF-f) and tissue repair factors
(COL-1, CTGF, VEGF, TGF-B1, and a-SMA).'** This spatiotemporal regulatory capability highlights the advantages of
intelligent nanoplatforms in dynamic immune intervention. The immunomodulatory effects of nanomaterials not only rely on
external stimuli but also exhibit intrinsic dose-dependent characteristics. The dose-dependent bidirectional regulatory effect
of the ZnO nanoparticles further reveals the complexity of immunomodulation. Low-dose ZnONPs exert anti-inflammatory
effects by increasing autophagy (increasing the LC3-II/I ratio and decreasing p62) and inhibiting proinflammatory factors
(COX-2, iNOS, IL-6, and TNF-a). Conversely, high-dose ZnONPs promote the secretion of proinflammatory cytokines (IL-
1B, IL-6, and TNF-a) by increasing ferroptosis-like death (increased ACSL4 and elevated intracellular iron). Notably, the
ferroptosis inhibitor Fer-1 not only reverses the proinflammatory response induced by high-dose ZnONPs but also alleviates
the resulting acute lung injury and enhances the antibacterial efficacy of ZnONPs in vitro and in vivo, suggesting an
association between the ferroptosis process and inflammatory responses.'>> Through precise intervention in key immune
signaling pathways and influencing the expression of inflammatory and repair-related factors, nanomaterials achieve
a multifaceted “antibacterial-anti-inflammatory—prorepair” regulatory mechanism, revealing a refined strategy for promoting
infectious wound healing by targeting the immunometabolic network.
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Neutrophil Functional Recovery

Neutrophils, as core innate immune effector cells, clear pathogens during early bacterial infection via chemotaxis,
phagocytosis, and neutrophil extracellular trap (NET) formation.'?” However, the biofilm microenvironment (BME)
often suppresses their function through mechanisms such as iron deprivation. FGO@MN, developed by Zhu et al,
exhibits peroxidase-like activity activated in the BME (acidic, high H,0,) (Figure 6A). FGO@MN catalyzes the
production of highly toxic "OH, which synergizes with the intracellular iron overload caused by FGO-released iron
ions to induce bacterial ferroptosis-like death, fundamentally disrupting the biofilm structure. Concurrently, iron ions
released from FGO@MN degradation in the BME effectively reversed the BME-induced “iron starvation” state in
neutrophils, directly promoting their comprehensive functional recovery. Experiments confirmed that iron replenishment
significantly upregulates the proinflammatory phenotype marker CD54 on neutrophils, facilitating their repolarization
from a suppressed state to an activated state. FGO@MN-treated neutrophils exhibit significantly enhanced chemotactic
capacity for macrophage recruitment, with upregulated chemokines CCL2 and CCL3, promoting immune cell recruit-
ment to the infection site, alongside a substantial increase in direct bacterial phagocytosis efficiency. Crucially, restored
intracellular iron levels inhibit NET formation (reduced Cit-H3, MPO), a critical shift, as excessive NETs exacerbate
tissue damage and impede repair; thus, NET inhibition creates a more favorable tissue repair microenvironment.
Ultimately, via this synergistic antibacterial-immune mechanism, FGO@MN eradicates biofilms while driving the
infectious microenvironment from proinflammatory destruction toward prorepair.'?® This dual strategy, which induces
bacterial ferroptosis-like death while simultaneously revitalizing neutrophil function, synergistically enhances antibacter-
ial efficacy and offers new insights into nanomaterial-mediated regulation of host immune responses.

Lymphocyte-Mediated Long-Term Immunity
In addition to direct pathogen killing, nanomaterial-induced bacterial ferroptosis-like death can activate the host adaptive
immune response, establishing long-lasting, pathogen-specific immune memory. Sun et al constructed single-atom
catalysts based on sp’-carbon-linked covalent organic frameworks (sp?c-COF-Ir-ppy, and sp’c-COF-Ru-bpy,)
(Figure 6B). In a mouse model of MRSA abscess, these bacteria not only cleared bacteria efficiently via ferroptosis-
like death but also significantly promoted the formation of specific immune memory in the host, reducing the risk of
reinfection. Compared with control mice, mice treated with Ir or Ru SACs presented a significantly greater proportion of
CD19+/CD21+/CD45+ B cells in their blood, indicating activated B-cell-mediated immunity and suggestive of induced
adaptive immunity. Upon rechallenge with homologous MRSA without further treatment, these mice effectively resist
infection, demonstrating a long-term immune memory effect. Transcriptomic and immunohistochemical analyses indi-
cated that Ir and Ru SACs treatment also significantly downregulated the expression of proinflammatory cytokines (TNF-
a, IL-1B, and IL-6), promoted M2 macrophage polarization (increased CD206+, decreased CD80+), and increased
vascular endothelial growth factor (VEGF) and CD31 expression, thereby accelerating angiogenesis and tissue repair,
ultimately achieving synergistic infection control and wound healing.'®® The establishment of this nanomaterial-mediated
immune memory is potentially linked to antigenic components released during bacterial ferroptosis-like death, such as
lipid peroxidation-modified membrane proteins and nucleic acid fragments. These components may act as “danger
signals” recognized and processed by antigen-presenting cells, subsequently activating T cells and assisting B-cell
differentiation into plasma cells and memory B cells. Nanomaterial-induced bacterial ferroptosis not only clears the
current infection but also provides the host with long-term protection against reinfection by initiating adaptive immunity.
In summary, while inducing bacterial ferroptosis, nanomaterials can achieve temporal and networked regulation of
innate and adaptive immunity. As presented in Figure 7, while nanomaterials induce bacterial ferroptosis-like death, they
simultaneously stimulate macrophages to activate pathways such as the cAMP/cGMP-PKG pathway, which promotes
early proinflammatory (M1) responses and enhances bactericidal activity. As infection is controlled, nanomaterials drive
macrophage polarization toward the M2 phenotype by activating repair pathways such as JAK-STAT and PI3K/Akt/
mTOR and secrete anti-inflammatory factors such as IL-10 and TGF-$ while downregulating NF-«B activity, collectively
shifting the immune microenvironment from proinflammatory to repair. By generating components such as iron ions,
nanomaterials can directly restore neutrophil function and enhance their chemotaxis and phagocytic capacity while
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Figure 6 Nanomaterial-induced bacterial ferroptosis-like death potentiates neutrophil-mediated bactericidal activity and elicits B-cell-dependent long-term immunological memory, enhancing antibacterial efficacy. (A) FGO@MN
treatment enhances neutrophil function (CD54 upregulation) by promoting chemotaxis toward macrophages, improving bacterial phagocytosis, and suppressing NETosis (reduced Cit-H3). Scale bars: 20 ym. Reprinted from Zhu W, Mei ,
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Notes: *P < 0.01; ***P < 0.001; ****P < 0.0001.
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suppressing excessive NET formation to prevent tissue damage. Furthermore, by triggering bacterial ferroptosis-like
death, nanomaterials initiate a cascade that activates antigen-specific B cells, driving the production of memory B cells to
establish long-term immune memory. This integrated “bactericidal-immune regulation—promoted repair-immune mem-

ory” approach therefore constitutes a transformative strategy in combating infections.

Summary and Prospects
In recent years, several treatment strategies have been developed to address the issue of antimicrobial resistance.'*® The
use of nanomaterials to induce bacterial ferroptosis-like death has emerged as an attractive emerging nonantibiotic
antimicrobial strategy to combat AMR.?> This review systematically summarizes the latest progress in this field and
reveals the precise interventions for bacterial iron metabolism, ROS homeostasis and the antioxidant defense system,
with the advantages of designability, multimechanism cooperation and strong targeting of nanomaterials. Thus, it triggers
iron dependent, lipid peroxidation-driven programmed cell death, which is especially suitable for fighting multidrug-
resistant bacterial infections. In the regulation of iron metabolism, nanomaterials can not only serve as efficient delivery
carriers of iron ions but also promote the active uptake of iron by bacteria through surface functionalization to achieve
iron hyperaccumulation. In terms of ROS generation, the synergistic action of chemical dynamics, photodynamics,
sonodynamics and nanoenzyme catalysis significantly enhances the intensity of oxidative stress, overcoming the
limitations of a single mechanism. In addition, by directly or indirectly depleting GSH and inhibiting the activities of
antioxidant enzymes, nanomaterials effectively collapse the antioxidant defense system of bacteria, further promoting
lipid peroxidation and cell membrane damage. Notably, nanomaterials can also regulate the host immune response to
achieve the dual goals of synergistic immune sterilization and tissue repair.

Unlike the mechanism of action of traditional antibiotics, the current research progress is reflected mainly in Figure 8,
reflecting the transition from “single sterilization” to “comprehensive regulation”. On the one hand, researchers have
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constructed a variety of composite nanoplatforms to implement kinetic therapy through various physical means. These
nanomaterials can not only be specifically activated in the infection microenvironment to efficiently produce ROS but
also enhance the synergy of physical mechanisms to achieve multiple antibacterial effects. On the other hand, the
research horizon has expanded from direct sterilization to active remodeling of the host immune microenvironment. Both
the recovery of neutrophil function and the polarization of the macrophage phenotype reflect the integration of
“antibacterial, anti-inflammatory, and repair” agents in the process of inducing bacterial ferroptosis-like death by
nanomaterials, the establishment of immunological memory opens new avenues for tackling chronic infections. Future
research should prioritize the rational design of intelligent, microenvironment-responsive nanomaterials capable of
greater spatiotemporal control. The integration of artificial intelligence design tools as well as interdisciplinary colla-
borations offers great potential for developing advanced multifunctional nanodrug delivery systems, facilitating ther-
apeutic diagnostics and combination therapies.'**'*° The integration of artificial intelligence in nanomaterial design and
interdisciplinary collaboration will be crucial in accelerating the development of these sophisticated next-generation
antimicrobial agents.

Despite promising prospects, this field still faces some challenges. The regulation of the complex in vivo environment
is a key bottleneck. Current studies mostly verify the mechanism in vitro or in simplified animal models. Therefore,
ensuring that nanomaterials can induce bacterial ferroptosis-like death without damaging surrounding normal tissues and
cells is the premise of clinical transformation, which requires more detailed studies on the degradation metabolism,
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Figure 8 Evolution of treatment strategies for antibiotic resistance. (A) Compared with traditional antibacterial methods, which have been based mainly on antibiotics in the
past, (B) with the current use of nanomaterials to induce bacterial ferroptosis-like death, nanomaterials face many challenges from basic research to clinical application. (C)
Future advances will be achieved through Al-assisted interdisciplinary collaboration to build smart nanoplatforms to achieve the precise arrival and targeted aggregation of
materials in the infectious microenvironment and synergize with immune functions. This cutting-edge antimicrobial strategy is expected to provide a breakthrough solution
for overcoming drug resistance.
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in vivo distribution and potential off-target effects of nanomaterials. Furthermore, the immunological mechanisms
triggered by bacterial ferroptosis-like death have not been fully elucidated. A deeper investigation into their underlying
molecular mechanisms is needed. Addressing these knowledge gaps will provide a theoretical foundation for the rational
design of next-generation nanomaterials.

In summary, this novel antibacterial strategy, which is based on nanomaterial-induced bacterial ferroptosis-like death,
fundamentally overcomes the limitations of traditional antibiotics, which rely on single targets. The key translational
advantage lies in its ability to operate through multiple mechanisms and leverage the unique infection microenvironment
for spatially controlled activation and targeted delivery, thereby minimizing off-target effects. This approach not only
circumvents existing bacterial resistance mechanisms but also integrates potent bactericidal activity, immunomodulation,
and tissue repair into a unified therapeutic framework. It holds particular promise for treating chronic infections, biofilm-
associated infections, and patients with compromised immunity. With the ongoing optimization of intelligent nanoplat-
forms and advancements in preclinical studies, this strategy is poised to shift the anti-infective paradigm from mere
“pathogen killing” to holistic “systemic regulation,” offering a transformative solution to the global crisis of antimicro-
bial resistance.
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