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Conventional cancer therapies, such as chemotherapy and radiotherapy, often face limitations due to

drug resistance, systemic toxicity, and tumor heterogeneity, which significantly limit the therapeutic

effect. Ferroptosis, an iron-dependent form of regulated cell death driven by lipid peroxidation and anti-

oxidant defense collapse, has emerged as a promising approach, particularly for aggressive and therapy-

resistant malignancies. However, the clinical application of molecular ferroptosis inducers is hindered by

poor pharmacokinetics and off-target effects. Nanotechnology offers a promising solution by enabling

targeted delivery and controlled ferroptosis induction. This review provides a critical summary of nano-

material-mediated ferroptosis, with a focus on lysosome-targeted strategies as the pathological epicenter.

First, a critical analysis of the current molecular mechanisms and regulatory networks of nanomaterial-

mediated ferroptosis was conducted, which can promote targeted delivery and develop cancer treatment

methods. Then, we classify and evaluate nanomaterials based on their primary mechanism of action,

detailing the design principles, structure–activity relationships, and characteristics of both iron-based

nanomaterials and non-iron-based nanomaterials. Finally, we summarize the applications of the multi-

functional nanoplatform, which can combine ferroptosis induction with existing treatments to improve

the therapeutic effect. This review highlights the potential of nanomaterial-mediated ferroptosis as a tar-

geted, effective, and resistance-overcoming paradigm for next-generation cancer therapy.

1. Introduction

Cancer remains a leading cause of death worldwide, placing a
heavy burden on healthcare systems worldwide.1,2 Traditional
therapies such as surgery, chemotherapy, and radiotherapy,
while improving the outcome of patients, also face serious
limitations, including severe systemic toxicity, the develop-
ment of intrinsic or acquired multidrug resistance, and poor
efficacy against metastatic or deep tumors.3–6 Therefore, the
development of novel therapeutic strategies that selectively
target malignant cells while protecting healthy tissues and

overcoming resistance mechanisms has become a focus of
oncology research.7,8 In recent years, ferroptosis has emerged
as a distinct, iron-dependent form of regulated cell death
(RCD), fundamentally different from apoptosis, necrosis, and
autophagy.9–12 It is characterized by the lethal accumulation of
iron-catalyzed lipid peroxides, driven by the inactivation of
the antioxidant glutathione peroxidase 4 (GPX4) system and
depletion of glutathione (GSH).13 Many cancer cells exhibit
inherent vulnerabilities to ferroptosis due to their altered iron
metabolism, high reactive oxygen species (ROS) levels, and
dependence on specific antioxidant pathways.14,15 This intrin-
sic susceptibility positions ferroptosis induction as a highly
promising therapeutic avenue, particularly for eradicating
aggressive, therapy-resistant, and metastatic cancers that evade
conventional apoptosis-based treatments.16–18

However, the clinical translation of molecular ferroptosis
inducers (e.g., erastin, RSL3, and sorafenib) faces substantial
pharmacological hurdles.19–22 Their inherently poor aqueous
solubility often necessitates the use of solubilizing agents,
which can introduce additional toxicity and complicate formu-
lation. This leads to limited oral bioavailability and rapid sys-
temic clearance, resulting in sub-therapeutic drug concen-
trations at the tumor site and demanding frequent, high-dose
administrations that exacerbate systemic toxicity. Furthermore,†These authors contributed equally to this work.
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their non-specific biodistribution causes unintended accumu-
lation in healthy tissues, leading to dose-limiting off-target
effects. For instance, systemically administered erastin can
induce hepatotoxicity, while the multi-kinase inhibitor sorafe-
nib, though clinically approved, exhibits a broad range of side
effects due to its lack of tumor selectivity. Finally, these small
molecules often demonstrate insufficient penetration and
retention within the complex tumor microenvironment (TME),
failing to reach therapeutic thresholds, particularly in poorly
vascularized or metastatic lesions.23,24 These collective chal-
lenges significantly limit the efficacy and safety of molecular
ferroptosis inducers in clinical oncology.

Nanomaterials offer a revolutionary platform to overcome
these barriers. Their unique physicochemical properties
enable precise tumor targeting through enhanced permeability
and retention (EPR) effects and active targeting ligands.25–28

More importantly, nanomaterials themselves can be inge-
niously designed not merely as passive carriers, but as active
inducers of ferroptosis.24,29,30 This can be achieved through
diverse mechanisms, including intrinsic catalytic activity, GSH
depletion, GPX4 inhibition, iron ion delivery, and disruption
of intracellular redox homeostasis.31,32 Therefore, the conver-
gence of nanotechnology and ferroptosis represents a transfor-
mative strategy for cancer therapy.33 However, existing sum-
maries often provide broad overviews of materials or molecules
but lack a systematic dissection of the precise structure–

activity relationships (SARs) governing how nanomaterial com-
position, size, surface chemistry, and morphology dictate their
ferroptosis-inducing efficacy. Furthermore, while the potential
of combining ferroptosis induction with other therapies is fre-
quently mentioned, comprehensive analyses of the synergistic
mechanisms, optimal sequencing, and the specific design
principles for nanomaterials in these multimodal regimens
are still lacking. Therefore, a comprehensive and in-depth
understanding of the role of nanomaterial-induced ferroptosis
in cancer, addressing these specific gaps, is essential to effec-
tively guide its application in cancer treatment.

In this review, we systematically examine recent advances in
nanomaterial-augmented ferroptosis therapy for cancer. We
illustrate how nanomaterials co-localize inducers at lysosomal
checkpoints governing iron overload, PUFA peroxidation, and
antioxidant defense collapse (Fig. 1). Next, we classify nano-
materials by material composition, highlighting iron-based
and non-iron nanomaterials and their structure–activity
relationships. We explore combination strategies that amplify
ferroptosis, including chemo-/radio-therapy, photothermal/
dynamic therapy (PTT/PDT), immunotherapy, and multimodal
approaches. Finally, we discuss translational challenges and
future directions, emphasizing clinical scalability and biocom-
patibility. By bridging mechanistic insights with nanomaterial
innovations, this review aims to inspire next-generation ferrop-
tosis therapies for intractable cancers.

Fig. 1 Lysosome-targeted nanomaterials for ferroptosis induction via triple-pathway modulation.
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2. Molecular mechanisms of
ferroptosis

The therapeutic potency of ferroptosis fundamentally arises
from the synergistic dysregulation of three core pathways: iron
metabolism, polyunsaturated fatty acid (PUFA) peroxidation,
and the glutathione (GSH)/GPX4 antioxidant axis. Critically,
emerging evidence positions the lysosome as the master regu-
lator and primary execution site for these processes, where
spatial colocalization amplifies lethal lipid peroxidation (LPO).
Nanomaterials designed to target and permeabilize lysosomal
membranes offer a potent strategy to co-localize inducers at
this pathological epicenter, driving irreversible ferroptotic
death (Fig. 2).34–39

2.1 Lysosomal iron metabolism

Ferroptosis critically depends on iron overload within the lyso-
somal labile iron pool (LIP), where dysregulated iron handling
pathways converge. Nanomaterials can leverage natural lysoso-
mal trafficking to deliver iron or disrupt iron regulatory mecha-
nisms specifically within this compartment. Enhanced iron
uptake occurs through lysosomal reduction of endocytosed
Fe3+, often facilitated by enzymes like STEAP3, followed
by DMT1-mediated import, concentrating Fe2+ within
lysosomes.10,40,41 Impaired iron storage further contributes, as

NCOA4-mediated ferritinophagy degrades ferritin directly
within lysosomes, releasing substantial Fe2+ into the lysosomal
lumen.42,43 Additionally, dysregulation of lysosomal Fe2+

export mechanisms, such as ferroportin, further elevates intra-
lysosomal Fe2+ levels. This surge of Fe2+ confined within the
lysosome fuels the Fenton reaction (Fe2+ + H2O2 → Fe3+ + •OH
+ OH−), generating highly reactive hydroxyl radicals (•OH)
that initiate membrane lipid peroxidation at the site.44–47

Lysosome-targeted nanomaterials amplify this cascade by deli-
vering iron donors or inducers of ferritinophagy directly to
lysosomes, thereby ensuring high local concentrations of cata-
lytic Fe2+ adjacent to vulnerable membranes.

2.2 Lysosomal vulnerability in PUFA peroxidation

PUFAs, esterified into phospholipids (e.g., PE-PUFAs), are per-
oxidized on membranes, with the lysosomal membrane
being critically vulnerable.42,48,49 While ACSL4/LPCAT3 activity
occurs cytosolically, the incorporation of PUFA-PLs into endo-
lysosomal membranes during vesicle trafficking primes these
compartments for oxidation. Nanomaterials induce ferroptosis
by: (1) delivering exogenous PUFAs (e.g., arachidonic acid) via
endocytosis, concentrating them within endolysosomal mem-
branes after degradation of the carrier; (2) modulating ACSL4/
LPCAT3 to increase PUFA-PL incorporation generally, includ-
ing into lysosomal membranes; and (3) generating ROS

Fig. 2 Schematic diagram illustrating the core molecular mechanisms underlying ferroptosis.
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(•OH via the Fenton reaction) directly within lysosomes using
catalytic nanomaterials or ROS-generating agents localized
there. The proximity of high lysosomal Fe2+ and PUFA-rich
membranes creates a spatially optimized environment for
non-enzymatic peroxidation. Accumulating peroxidized lipids
(PE-PUFAs-OOH) directly compromise lysosomal membrane
integrity, leading to permeabilization (LMP), a key terminal
event in ferroptosis.50–57 Nanomaterials engineered for lysoso-
mal delivery ensure PUFA substrates or ROS generators act pre-
cisely where Fe2+ catalysis occurs.

2.3 GSH and glutamate transport pathway

The GSH/GPX4 axis plays a crucial role in suppressing ferrop-
tosis, with lysosomal compartmentalization being vital for
defense mechanisms. System Xc− facilitates the import of
cystine into endosomes/lysosomes through endocytosis.58–60

Once inside the lysosome, cystine is reduced to cysteine.
However, cysteine needs specific lysosomal exporters such as
MFSD12 to exit the lysosome and enter the cytosol for GSH
synthesis. Importantly, lysosomes store cysteine and poten-
tially GSH, acting as a local antioxidant reservoir to neutralize
intra-lysosomal ROS and protect lysosomal membranes.
Disruption of this pathway at the lysosomal level can have sig-
nificant effects. Inhibiting system Xc− leads to depletion of
lysosomal cystine. Blocking lysosomal cysteine export traps
cysteine within the lysosome, making it unavailable for cytoso-
lic GSH synthesis and potentially saturating lysosomal storage
capacity. Direct GPX4 inhibition or GSH depletion prevents the
reduction of lipid hydroperoxides (L-OOH) on membranes,
including lysosomal membranes. The loss of this lysosomal
antioxidant capacity allows locally generated •OH from lysoso-
mal Fe2+ to peroxidize PUFA-PLs in the lysosomal membrane
unchecked.61,62 Lysosome-targeted nanomaterials can deplete
lysosomal cysteine/GSH by delivering cystine mimetics or
exporter blockers to lysosomes, or directly deliver GPX4 inhibi-
tors, thereby maximizing local antioxidant collapse and mem-
brane damage within this organelle.

2.4 Rationale for lysosome-targeted nanomaterial design

The design and advancement of lysosome-targeted nano-
materials center on exact subcellular localization and micro-
environment responsiveness to enhance therapeutic effective-
ness and specificity. For instance, the NLTC nanoplatform
developed by Liu’s team, surfaced modified with protein tar-
geting ligands and lysozyme targeting ligands, not only facili-
tates the degradation of specific extracellular/membrane pro-
teins but also incorporates immune regulatory functions.63 It
can carry catalase to alleviate the tumor immune suppressive
microenvironment and has pH-responsive modifications to
boost tumor selectivity. The TAEN system, with modular
design, enables nanocarriers to release drugs in the lysosome’s
acidic environment.64 The drugs then passively diffuse to the
mitochondria, inducing spatiotemporal-controlled tumor pyr-
optosis and increasing the killing efficiency 30–50 times.
AcNPs restore the acidic pH of lysosomes in Parkinson’s
models, promoting α-synuclein autophagic clearance and

mitochondrial function repair, underlining the therapeutic
value of lysosome microenvironment regulation for neurode-
generative diseases.

In targeting design, passive targeting relies on the natural
endocytic pathway of nanomaterials to enrich in lysosomes,
while active targeting enhances specificity via ligand modifi-
cation. Stimuli-responsive mechanisms ensure precise drug
release within lysosomes. Notably, LAN innovatively uses
tumor-overexpressed H2O2 to generate OH− via cascade cataly-
sis, alkalizing lysosomes and selectively suppressing tumor
autophagy. Future design should integrate multi-target co-
delivery and cross-organelle synergy to regulate ferroptosis and
pyroptosis. The co-assembly platform developed by Wang et al.
noncovalently connects scavenger receptor SR-A with target
proteins, simplifying degrader design and expanding receptor
adaptability, highlighting the potential of modular strategies.65

The core of lysosome-targeted nanomaterials lies in integrating
localization precision, environmental responsiveness, and bio-
logical mechanism synergy to overcome subcellular barriers in
disease treatment.

Compared to other organelles such as mitochondria or the
endoplasmic reticulum (ER), lysosomes serve as a uniquely
vulnerable hub for ferroptosis execution due to their central
role in iron storage, redox-active metal ion compartmentaliza-
tion, and antioxidant precursor trafficking.66 While mitochon-
dria contribute to ROS generation and lipid peroxidation, and
the ER is involved in lipid synthesis and stress signaling, the
lysosome concentrates multiple ferroptotic triggers, which
houses the LIP, facilitates ferritinophagy-mediated iron
release, and serves as a site for cystine reduction and cysteine
storage.67 This spatial convergence of iron, polyunsaturated
fatty acids (PUFAs), and antioxidant defenses within lysosomes
creates a localized environment where nanomaterial-induced
perturbations can efficiently initiate and amplify lipid peroxi-
dation cascades. Moreover, lysosomal membrane permeabili-
zation acts as a terminal event in ferroptosis, directly leading
to the release of hydrolytic enzymes and cathepsins that
exacerbate cellular damage.61 Thus, targeting lysosomes
enables a more integrated and potent disruption of the core
ferroptotic pathways compared to organelle-specific strategies
focused solely on mitochondrial ROS or ER stress.

3. Classification and characterization
of nanomaterials

The effective therapeutic induction of ferroptosis using nano-
materials requires precise delivery to the lysosomal compart-
ment, which serves as a pathological epicenter for this
process. Furthermore, it necessitates targeted dysregulation of
the core ferroptotic pathways, including iron metabolism,
PUFA peroxidation, and the GSH/GPX4 axis. Consequently,
effective nanomaterial design must achieve dual targeting
objectives: (1) spatial targeting to ensure efficient accumu-
lation within lysosomes and (2) pathway targeting to specifi-
cally disrupt one or more of the key ferroptotic mechanisms.
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The following sections outline the critical design rules for
achieving this and classify nanomaterials based on their
primary mode of action in inducing ferroptosis.

3.1 Iron-based nanomaterials: amplifying catalytic Fe2+

within lysosomes

Iron-based nano-sensitizers can be broadly categorized into
several types based on their chemical composition and iron
release mechanisms, including iron oxides (e.g., Fe3O4 and
Fe2O3), iron-based metal–organic frameworks (Fe-MOFs), iron-
doped carbon nanomaterials, ferrocene-containing polymers,
and iron–sulfur composites (e.g., FeS2). Each type exhibits dis-
tinct ferroptosis-inducing properties through Fe2+ release,
Fenton reactivity, or lysosomal targeting.

Iron-based nanomaterials have shown great potential in
directly supplying or regulating redox-active iron (mainly Fe2+)
to boost the Fenton reaction within lysosomes, which is critical
for triggering fatal lipid peroxidation (LPO).68–70 The design of
these nanomaterials centers on elevating the local concen-
tration of catalytic Fe2+ specifically within lysosomes. As shown
in Table 1, representative iron-based nanomaterials specifically
enhance the catalytic Fe2+ concentration within lysosomes
through various strategies, thereby efficiently driving the
Fenton reaction and ferroptosis. Direct Fe2+ delivery is
achieved using nanomaterials encapsulating or composed of
Fe2+ sources, such as FeO, ferrocene (Fc), and Fe3O4, which
release Fe2+ under lysosomal acidic conditions.71

Another approach is Fe3+ delivery and reduction, which
leverages the high intratumoral GSH levels to reduce Fe3+ to
active Fe2+, creating a self-amplifying loop. Ferrocene (Fc)
redox cycling utilizes Fc’s stable Fe2+ state, which undergoes
reversible oxidation, enabling sustained ROS generation by
cycling with cellular oxidants or reductants.71,72 Multimodal
activation strategies, such as ultrasound, magnetic fields, and
light/thermal integration, are also employed to enhance Fe2+

release or ROS generation. Iron-based nanomaterials offer
advantages in biocompatibility and clearance due to iron
being endogenous, and they are highly responsive to the acidic
pH and high GSH levels of the tumor microenvironment,
enabling targeted activation.73 As shown in Table 1, iron-based
nanomaterials are powerful tools for directly increasing lysoso-
mal labile Fe2+ to drive the Fenton reaction, integrating lysoso-
mal targeting with controlled Fe2+ release or generation within
this compartment to maximize catalytic LPO initiation.74

The size of iron-based nanoparticles critically determines
their biodistribution, cellular uptake, and therapeutic
efficiency. For instance, Tian et al. synthesized Fe3O4 nano-
particles (Fe3O4-NPs) with sizes ranging from 2 to 100 nm and
assessed their antitumor effects, as shown in Fig. 3.90 Ultra-
small NPs (<5 nm) demonstrated rapid Fe2+ release and
superior ROS generation due to their high surface-to-volume
ratio, enabling nuclear accumulation and enhanced cyto-
toxicity in vitro.91 However, in vivo studies revealed that 10 nm
Fe3O4-NPs achieve optimal tumor accumulation and pene-
tration, maximizing therapeutic outcomes. This discrepancy
arises from the balance between tumor penetration and reten-
tion—ultra-small nanoparticles are rapidly metabolized, while
larger nanoparticles exhibit poor intratumoral diffusion.
Smaller nanoparticles dissolve faster under the acidic TME,
releasing Fe2+ to catalyze Fenton reactions.92 Ultra-small
Fe3O4-NPs generated 11.99-fold more hydroxyl radicals than
100 nm nanoparticles in vitro, though excessive ROS may
cause off-target toxicity, necessitating precise control over dis-
solution rates.

3.2 Non-iron-based nanomaterials: promoting PUFA
peroxidation

Non-iron-based nano-sensitizers encompass a diverse range of
materials that induce ferroptosis without relying on exogenous
iron supplementation. These materials can be broadly classi-

Table 1 Representative iron-based nanomaterials for ferroptosis induction via Fe2+ amplification

Ferroptosis inducer Iron existence form Key action for Fe2+ increase Cancer type Ref.

pH@FeP Fe2+ Acid-triggered explosive release 4T1 tumor-bearing mice 73
FeCO-DOX@MCN Fe0 Acid-triggered decomposition MCF-7 cell line 75
Lipo-PplX@ferumoxytol Fe2+ Release Fe2+ 4T1 tumor-bearing mice 71
GION@RGD Fe3O4 Release Fe2+ TNBC mouse model 76
Fe-CDs@Ce6 Fe2+ Release Fe2+ Mouse orthotopic melanoma model 77
DAR Fe2+ Release Fe2+ 4T1 cells 78
IR783-Fe@MnO2-HA Fe3+ GSH reduces Fe3+ Human normal lung epithelial cells 79
HCF@B-lap Fe3+ GSH reduces Fe3+ Breast cancer cells 80
Pt-FMO Fe2+/Fe3+ GSH reduces Fe3+ Tumor-bearing BALB/c-nude mice 81
FelIPDA@LAP-PEG-cRGD Fe3+ GSH reduces Fe3+ B16F10 tumor-bearing nude mice 82
Fe3O4-SAS@PLT Fe3+ GSH reduces Fe3+ 4T1 metastatic tumors 83
USPFLR NPs K2FeO4 GSH reduces Fe3+ Mice bearing 4T1 tumors 84
NLC/H (D + F + S) NPs Fc Sustained ROS via NADPH-driven Fc cycling Breast cancer cell 85
HA/DOX@Fc-SS-ATRA NPs Fc Redox cycling TNBC mouse model/4T1 cells 86
RSL3@CPT-SS-Fc-RGD Fc GSH reduces Fe3+ TNBC mouse models 87
MP-FA@R-F NPs Fe3O4 US reduction → Fe2+ release 4T1 tumor-bearing mice 88
SPCFe/siP Fe3O4 Ultrasonic reduction of Fe3O4 → ROS → ferroptosis Orthotopic glioma mouse model 89
SPNFep Fe3O4, Fe

2+, and Fe3+ Ultrasonic reduction of Fe3O4 CT26 mouse tumor model 72
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fied into several categories based on their composition and
primary mechanism of action: metal-based nanomaterials
(e.g., MnO2, Cu2WS4, and Bi2O3) that generate ROS or GSH via
catalytic or redox reactions; selenium or tellurium-containing
nanoparticles (e.g., SeNPs and TeNPs) that inhibit GPX4
activity or mimic glutathione peroxidase function, thereby dis-
rupting the cellular antioxidant system; polymer-based or
lipid-based nanocarriers that deliver polyunsaturated fatty
acids (PUFAs) or small-molecule ferroptosis inducers (e.g.,
RSL3 and erastin) to enhance lipid peroxidation; and other in-
organic or hybrid systems (e.g., ZnO and mesoporous silica)
that induce lysosomal membrane permeabilization or oxi-
dative stress. These nanomaterials decouple ferroptosis induc-
tion from direct iron delivery, reducing the risk of systemic
iron overload, and offer versatile mechanisms for spatiotem-
porally controlled therapy, particularly when designed for lyso-
somal targeting.

Non-iron-based nanomaterials primarily induce ferroptosis
by increasing the peroxidation of PUFAs, especially those in
phospholipids on vulnerable membranes like the lysosomal
membrane.93 As shown in Table 2, a variety of representative
non-iron-based nanomaterials have been developed to induce
ferroptosis by promoting the peroxidation of PUFAs. For
example, some nanocarriers encapsulate and deliver PUFAs

such as arachidonic acid and DHA. After endocytosis and lyso-
somal degradation of the carrier, PUFAs concentrate within
endolysosomal membranes, providing abundant substrates for
peroxidation. Other nanomaterials influence the activity of
enzymes like ACSL4 and LPCAT3 to increase the incorporation
of PUFAs into phospholipids, enriching cellular membranes
with peroxidation-susceptible PUFA-PLs.94,95

Direct ROS generation for LPO initiation can be achieved
through various methods. Photodynamic therapy (PDT) uses
nanoparticles like Bi2O3 : S to generate massive ROS under
light excitation, causing lipid peroxidation and membrane
damage in tumor models.96 Some non-iron materials also
incorporate components that liberate endogenous iron in situ
to synergize with their ROS-generating capability.97,98 These
nanomaterials offer advantages by decoupling ferroptosis
induction from direct iron supplementation, reducing the risk
of systemic iron overload. They provide versatile mechanisms,
especially light control, for precise spatiotemporal activation
and can be designed to be highly responsive to the tumor
microenvironment.99 The efficacy of these materials depends
critically on lysosomal targeting to ensure the delivered PUFAs
or generated ROS act in close proximity to the lysosomal LIP
and the vulnerable lysosomal membrane, maximizing peroxi-
dation efficiency and membrane damage.

Fig. 3 Effect of particle size parameters of Fe3O4-NPs on cell ferroptosis.

Table 2 Representative non-iron-based nanomaterials for ferroptosis induction via PUFA peroxidation promotion

Ferroptosis inducer Functional mechanism Cancer type Ref.

UCNP@LP(Aro-CA4) Near-infrared photocatalysis → inhibition of microtubule kinetics + Fenton
reaction → ferroptosis

MDA-MB-231 tumor-laden xenograft
nude mouse model

100

Zr(Cu)-
MOF@Au@DHA

Photocatalysis of H2O2 → free radical generation + DHA degradation of ferri-
tin to release iron → synergistic ROS → ferroptosis

Cell-derived xenograft tumor model 97

Ca/DHA@Afn Targeted degradation of ferritin releases iron + calcium signals and
amplifies oxidative stress → inhibits GPX4 → ferroptosis

4T1 subcutaneous xenograft tumor
models

98

Bi2O3 : S Photoexcitation → massive ROS → lipid peroxidation → membrane damage
→ ferroptosis

4T1 tumor model 96

Nanoscale Review

This journal is © The Royal Society of Chemistry 2025 Nanoscale, 2025, 17, 27066–27084 | 27071

Pu
bl

is
he

d 
on

 3
1 

O
ct

ob
er

 2
02

5.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
M

ac
au

 o
n 

2/
10

/2
02

6 
5:

13
:0

4 
A

M
. 

View Article Online

https://doi.org/10.1039/d5nr03627e


Similar to iron-based systems, the size of non-iron-based
nanomaterials significantly influences their tumor accumu-
lation, cellular internalization, and lysosomal delivery
efficiency. Optimal sizing (typically 10–100 nm) ensures
effective EPR-mediated tumor targeting while facilitating endo-
lysosomal trafficking, where these materials can exert their
effects on PUFA peroxidation and membrane integrity.

3.3 Non-iron-based nanomaterials: disrupting the GSH/GPX4
antioxidant shield

Non-iron-based nanomaterials can induce ferroptosis by inhi-
biting the synthesis or function of glutathione GSH/GPX4.
This undermines the cellular defense against lipid peroxi-
dation, causing ROS and LPO to accumulate and drive cells to
ferroptotic death.101 This strategy often indirectly uses
endogenous iron. These nanomaterials work in several ways.
Some block the cystine/glutamate antiporter (system Xc−),
depleting intracellular cystine and cysteine, a key precursor for
GSH synthesis.102 Others disrupt lysosomal cysteine export,
preventing cytosolic GSH synthesis. While specific examples
for this are less common, it is a potential design strategy.
Some directly consume or sequester GSH.99,103 Others
inhibit GPX4 activity, preventing the reduction of lipid
hydroperoxides.87,102,104 Many materials combine GSH
depletion with other mechanisms like ROS generation or iron
modulation. For instance, FP@SFN enhances oxidative stress
and impacts redox balance in lung cancer.105 This approach
targets a critical vulnerability in ferroptosis defense and can
be effective even in cells with lower iron availability. To maxi-
mize the disruption of the lysosomal antioxidant reservoir and
protect the lysosomal membrane, nanomaterials must effec-
tively deliver their inhibitory payload into or near lysosomes.
This ensures the disruption occurs where defense against lyso-
somal Fe2+-driven •OH is most critical.99,101,104,106

As shown in Table 3, a variety of representative non-iron-
based nanomaterials have been developed to induce ferropto-
sis through targeting the GSH/GPX4 pathway. These materials
cover different mechanisms of action and have demonstrated
the ability to induce ferroptosis in multiple cancer models.
These examples specifically illustrate the diversity and effec-
tiveness of using nanomaterials to interfere with the GSH/
GPX4 antioxidant defense to trigger ferroptosis.

4. Nanomaterial-based combination
therapies for cancer treatment

Although nanomaterial-induced ferroptosis alone exhibits sig-
nificant antitumor potential, its efficacy may be limited by
complex adaptive mechanisms of tumors, such as antioxidant
compensation, metabolic plasticity, and immunosuppressive
microenvironment remodeling. To overcome these barriers
and expand treatment outcomes, the strategic integration of
ferroptosis with conventional or emerging modalities (e.g.
chemotherapy, radiotherapy, and immunotherapy) has
emerged as a transformative paradigm. This synergistic effect
utilizes nanomaterials as “multifunctional sensitizers”, which
not only directly triggers ferroptosis but also effectively
enhances the sensitivity of cancer cells to co-delivery therapies.
In this section, we systematically dissect six major combinator-
ial approaches (Fig. 4) in which nanoplatforms orchestrate
spatiotemporally controlled interactions between ferroptosis
inducers and adjuvant therapies, thereby: (1) overcoming drug
resistance through parallel pathway inhibition, (2) targeting
tumor types through physicochemical–biological dual acti-
vation expansion, and (3) minimizing off-target toxicity by lim-
iting cytotoxic effects to the tumor site. The following subsec-
tions describe the design rationale, mechanical crosstalk, and
preclinical validation of these combination strategies, provid-
ing a roadmap for the next generation of synergistic cancer
therapies.

4.1 Chemo-ferroptosis combination therapy

Recent advances in nanomedicine have demonstrated the
remarkable potential of combining ferroptosis induction with
other therapeutic modalities to overcome drug resistance and
enhance cancer treatment efficacy.108–110 A key strategy
involves exploiting the TME characteristics, such as GSH levels
and acidic pH, to achieve targeted drug release and synergistic
effects.111 Several innovative nanosystems have been developed
to co-deliver ferroptosis inducers with chemotherapeutic
agents or differentiation therapy compounds, creating multi-
pronged attacks on tumors.112 The rationale behind these
combination approaches stems from the need to address mul-
tiple resistance mechanisms simultaneously.113 Wu et al.
addressed the challenge of chemoresistance, particularly from

Table 3 Representative non-iron-based nanomaterials for ferroptosis induction via GSH/GPX4 disruption

Ferroptosis inducer Functional mechanism Cancer type Ref.

Pt/Co-BNN@SAS Blocking the system Xc− → exhaustion of GSH → accumulation of lipid
peroxidation (LPO) → ferroptosis

Bladder cancer cells 107

Nano-Dox Down-regulation of GPX4/SLC7A11 expression → ferroptosis Drug-resistant osteosarcoma cells 102
M(BAI/Pt) Down-regulation of GPX4/SLC7A11 expression → ferroptosis 4T1 cells 104
RSL3@CPT-SS-Fc-RGD Deliver GPX4 inhibitor (RSL3) TNBC mouse models 87
Ca/DHA@AFn Targeted degradation of ferritin releases iron + calcium signals

and amplifies oxidative stress → inhibits GPX4 → ferroptosis
4T1 subcutaneous xenograft tumor
models

98

PNPs@cGAMP Inhibit GSH synthesis → weaken antioxidant capacity → oxidative stress →
ferroptosis

Subcutaneous xenograft and
distal B16F10 tumor models

103

CWP Promote the participation of iron ions in the Fenton reaction → ferroptosis BALB/c mouse bilateral tumor model 99
FP@SFN Enhancing oxidative stress + activating autophagy pathways → ferroptosis Subcutaneous lung cancer tumors 105
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cancer stem cells (CSCs), by developing a self-assembled nano-
prodrug, HA/DOX@Fc-SS-ATRA NPs.86 This multifunctional
system leverages hyaluronic acid (HA) for targeted tumor deliv-
ery, achieving strong and sustained accumulation specifically
within tumor tissues.

Extending the strategy of redox homeostasis disruption,
Zhao et al. developed the HCF@β-lap nanosystem to integrate
ferroptosis induction with apoptosis.80 The self-assembled
HA/DOX@Fc-SS-ATRA nano-prodrug co-delivers the ferroptosis
inducer Fc, differentiation agent ATRA, and chemotherapeutic
DOX to TNBC for integrated ferroptosis–differentiation–
chemotherapy (Fig. 5).

ALDH1 immunostaining (Fig. 6A) reveals a marked
reduction of cancer stem cells in tumors treated with the com-
plete nano-prodrug (G6) compared with all other groups.
Robust intracellular •OH generation in 4T1 cells is evidenced
by green fluorescence (Fig. 6B). Time-course in vivo NIR
imaging of ICG-loaded HA/DOX@Fc-SS-ATRA NPs (Fig. 6C)
shows prolonged and enriched tumor accumulation, and
quantified fluorescence intensities (Fig. 6E) demonstrate sig-
nificantly higher and sustained retention for the HA-decorated
formulation versus controls. Confocal images (Fig. 6D) display
elevated green lipid-ROS and red oxidized C11-BODIPY signals
that confirm ferroptotic cell death.

The combined treatment of nanomedicines and chemo-
therapy provides a powerful strategy to overcome traditional
chemotherapy limitations through multimodal synergistic
mechanisms.114 These nanosystems enable precise co-delivery,
target CSCs, activate ferroptosis and other death pathways,
and overcome key resistance mechanisms, leading to signifi-
cantly enhanced efficacy and reduced toxicity.115 Future
research should focus on optimizing nanocarrier targeting
efficiency and stability, exploring their potential in regulating
metastatic tumors and the immune microenvironment, and

accelerating clinical translation to realize the full potential of
these innovative therapies.

4.2 Radio-ferroptosis combination therapy

Radiotherapy (RT) remains a cornerstone cancer treatment but
is frequently limited by tumor radioresistance.116

Nanotechnology offers promising strategies to overcome this
resistance by developing nanomaterials that enhance tumor
cell sensitivity to radiation.117 Recent advances focus on com-
bining RT with nanoparticles designed to induce ferroptosis, a
form of iron-dependent cell death driven by lipid peroxidation,
creating synergistic anti-tumor effects through amplified oxi-
dative damage and metabolic disruption.118 Another critical
approach involves targeting radioresistance genes to enhance
ferroptosis sensitivity. Wang et al. developed Au/FeNDs to
enhance cervical cancer radiotherapy.119 This platform func-
tions through generating ROS via the Fenton reaction for che-
modynamic therapy (CDT), depositing more X-ray energy to
increase DNA damage, and inducing G2/M phase cell cycle
arrest to radiosensitize cells. Additionally, Au/FeNDs provide
excellent CT imaging for precise tumor targeting. In vivo, Au/
FeNDs combined with RT significantly suppressed tumor
growth without obvious toxicity, demonstrating good biocom-
patibility and efficacy.120

The combination of ferroptosis induction and RT provides
a powerful strategy to overcome radiation resistance by syner-
gistically amplifying tumor cell oxidative damage and meta-
bolic imbalance.121,122 Preclinical evidence, as demonstrated by
the nanoparticle studies above, indicates that this combined
strategy can simultaneously inhibit primary tumor progression
and metastasis. By integrating mechanisms like gene regulation,
metabolic intervention, and oxidative stress amplification, this
approach lays the foundation for developing a new generation
of highly effective radiotherapy sensitization regimens.123

Fig. 4 Lysosome-targeted nanoplatform for ferroptosis amplification via triple mechanisms.
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4.3 Photothermal/photodynamic-ferroptosis combination
therapy

Photothermal therapy (PTT) and photodynamic therapy (PDT)
exert anti-tumor effects through localized heat generation and
reactive oxygen species (ROS) production.124,125 Recent
advances integrate these modalities with ferroptosis—an iron-
dependent cell death pathway driven by lipid peroxidation and
glutathione peroxidase 4 (GPX4) failure.126 Nanoplatforms
enabling this synergy demonstrate enhanced efficacy
through multiple mechanisms. A critical advantage is
precise tumor targeting, minimizing off-target effects. This
is exemplified by Cai et al.’s IR783-Fe@MnO2-HA nanoplat-
form, where Fe3+ coordination enables tumor-specific fer-
roptosis induction.79 The IR783-Fe@MnO2-HA nanosystem
integrates photothermal therapy (PTT) and ferroptosis to
enhance anti-tumor efficacy. The schematic (Fig. 7A) illus-
trates how the nanosystem enhances photodynamic therapy
(PDT) and ferroptosis through the generation of ROS and
depletion of GSH. Confocal microscopy images (Fig. 7B)
show ROS production in 4T1 cells treated with IR783-
Fe@MnO2-HA NPs, indicated by green fluorescence.
Western blot analysis (Fig. 7C) reveals decreased GPX4
protein expression following treatment, indicating ferropto-
sis induction. Immunohistochemical staining of Ki-67,
TUNEL, and GPX4 in 4T1 tumors shows significant changes

across different treatment groups, with notable cell death
and GPX4 downregulation in the IR783-Fe@MnO2-HA group
(Fig. 7D–F). Further integration of diagnostic capabilities is
demonstrated in Wei et al.’s Janus Au-Fe3O4 nanoparticles
(GION@RGD), which amplify tumor-specific Fenton reac-
tions under NIR laser exposure.76 To address limited tumor
penetration, Ma et al. developed deep-penetrating MAR
nano-photosensitizers that generate synergistic PTT/PDT
effects under irradiation, inducing ROS production, arachi-
donic acid peroxidation, and ferroptosis.

Importantly, photosensitizer-induced massive ferroptotic
death leverages a fundamental propagation mechanism,
revealed in recent studies, whereby ferroptosis propagates via
trigger waves.127 While wave-like spread was previously
observed, definitive confirmation required spatiotemporal
quantification. Using retinal pigment epithelial (RPE) cells—
known for light sensitivity and ferroptosis involvement in
retinal degeneration—researchers established that ferroptotic
waves maintain constant speed across millimeter distances,
characteristic of trigger waves rather than diffusion-limited
spread. Crucially, blue-light irradiation (432 nm) enabled
precise spatiotemporal control of ferroptosis initiation in
erastin-treated RPE cells by generating exogenous ROS, analo-
gous to adding H2O2. This light-induced death was confirmed
as ferroptosis-specific through inhibitor studies. This photo-
sensitization strategy provides controlled, large-scale ferropto-

Fig. 5 Mechanism of HA/DOX@Fc-SS-ATRA NP-mediated ferroptosis–chemotherapy co-therapy in triple-negative breast cancer models (repro-
duced from ref. 86 with permission from Wiley, copyright (2023)).
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sis induction essential for therapeutic efficacy. These findings
demonstrate that phototherapy not only initiates ferroptosis
locally but also harnesses its self-propagating trigger wave
nature, enabling amplified tumor eradication through pre-
cisely controlled photosensitizer activation.128–130

Photothermal (PTT) and photodynamic therapy (PDT) exert
anti-tumor effects through localized heat generation and ROS
production.124,125 Recent advances integrate these modalities
with ferroptosis, which is an iron-dependent cell death
pathway driven by lipid peroxidation and antioxidant system

Fig. 6 Evaluation of the antitumor efficacy and mechanisms of HA/DOX@Fc-SS-ATRA NPs in vitro and in vivo. (A) Quantification of the average flu-
orescence intensity in tumors over time after intravenous injection of ICG-loaded formulations (n = 3). (B) ALDH1 staining of the tumor tissues from
G1-6 groups after different treatments. Scale bar: 100 μm. (C) The •OH production of nano-prodrug with different formulations in 4T1 cells was
measured by ROS Assay Kit (Green fluorescence: DCFH-DA, ROS indicator; Blue fluorescence: DAPI, nuclei). Scale bar: 200 μm. (D) CLSM images of
4T1 cells after treating with different formulations were co-stained with C11-BODIPY (Green: oxidized BOD-IPY C11; Red: lipid ROS) and DAPI (Blue:
nuclei). Scale bar: 50 µm.
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failure.126 Nanoplatforms enabling this synergy demonstrate
enhanced therapeutic efficacy through several mechanisms.

4.4 Immuno-ferroptosis combination therapy

Recent advancements focus on multifunctional nanoplatforms
that combine ferroptosis induction with other therapies and
immune activation.131–133 Chen et al. introduced a novel nano-
platform demonstrating synergy between ferroptosis induction
and various treatment modalities, including chemotherapy,
gas therapy, sonodynamic therapy (SDT), photodynamic
therapy (PDT), and photothermal therapy (PTT).134 These plat-
forms not only improve therapeutic efficacy but also amplify
the anti-tumor immune response through immunogenic cell
death (ICD).

A particularly promising application is in treating aggres-
sive triple-negative breast cancer (TNBC), where conventional
therapies often fail.135 Shetake et al. developed a specific nano
cell TNBC attack of T-LMD for three-negative breast cancer
(TNBC).108 Li et al.’s mechanistic study using PGNPs@Fe
nanoparticles significantly advanced the understanding of fer-
roptosis–immune crosstalk,103 revealing a self-reinforcing feed-
back loop between ferroptosis induction and immune acti-
vation. This reciprocal relationship initiates when PGNPs@Fe

elevates intracellular ROS levels as the upstream trigger,
driving massive lipid peroxidation (LPO) accumulation—core
biochemical hallmarks of ferroptosis.

These studies indicate that multifunctional nano-delivery
systems are transforming cancer immunotherapy.136,137 At
their heart is the accurate induction of ferroptosis. This
process is marked by ROS accumulation, a surge in LPO, and
damage to mitochondria.138 Meanwhile, the activated immune
pathways boost the ferroptosis effect. This self-reinforcing
cycle greatly strengthens the cytotoxicity of tumor cells in
multimodal therapy.139 It curbs their proliferation, encourages
apoptosis and necrosis, and cuts down on systemic toxicity.
This offers a powerful way to get over resistance and achieve
effective, low-toxicity anti-tumor treatment.140

4.5 Sonodynamic-ferroptosis combination therapy

The strategy of combining nanomaterials with sonodynamic
therapy (SDT) to induce ferroptosis has demonstrated signifi-
cant potential in cancer treatment, offering a novel approach
for deep-seated tumors.71,141,142 The molecular synergy
between SDT and ferroptosis stems from their shared depen-
dence on ROS generation and ability to disrupt cellular anti-
oxidant systems. SDT provides the spatial control and tissue

Fig. 7 IR783-Fe@MnO2-HA nanosystems induce ferroptosis in combination with photothermal therapy to fight tumor. (A) Schematic illustration of
the process of enhancing photodynamic therapy (PDT) and ferroptosis. (B) Ability of IR783-Fe@MnO2-HA NPs to produce reactive oxygen species
(ROS) in 4T1 cells. Scale bar: 20 µm. (C) Protein expression results of GPX4 after different treatments. (D–F) Positive area percentages of Ki-67,
TUNEL, and GPX4 immunohistochemistry in 4T1 tumors across different treatment groups (n = 3, ****p < 0.0001, ***p < 0.001, **p < 0.01, and *p <
0.05) (reproduced from ref. 79 with permission from Wiley, copyright (2024)).
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penetration, while ferroptosis induction ensures sustained
cytotoxic effects through iron-mediated lipid peroxidation
cascades. This combination is particularly effective because
ultrasound can simultaneously activate sonosensitizers and
enhance iron-mediated Fenton reactions in the TME.72 Zhou
et al. developed a liposomal nano-DDS based on the sono-
sensitizer PpIX, co-encapsulating the clinically approved
iron supplement ferumoxytol.143 This system induced both
ferroptosis and apoptosis via SDT-mediated oxidative fer-
rotherapy, achieving substantial tumor suppression.
Furthermore, SDT modulates key ferroptosis checkpoints,
enhancing tumor cell sensitivity and promoting synergistic
anti-tumor effects.144,145

Wang et al. developed the dual-programmable semi-
conductor polymer nano-ProTAC (SPNFeP) using nano-precipi-
tation.72 This platform integrates semiconductor polymers, fer-
roptosis inducers, and novel PROTAC molecules to enable
spatiotemporally controlled therapy. Under ultrasound acti-

vation, semiconductor polymers generate ROS while ferropto-
sis inducers simultaneously produce hydroxyl radicals via
Fenton reactions. Their synergistic interaction amplifies ROS
production, facilitating precise deep-tissue tumor targeting.
Experimental evidence confirmed significantly enhanced ROS
fluorescence in SPNFeP + US-treated cells, demonstrating
cooperative ferroptosis–sonodynamic therapy (SDT) tumor
killing. As GPX4 critically suppresses ferroptosis, its significant
downregulation in the SPNFeP + US group (Fig. 8A) definitively
established ferroptosis induction. This mechanistic synergy
translated to potent in vivo efficacy, with SPNFeP + US treat-
ment substantially reducing or eliminating both primary and
distal tumors (Fig. 8B and C). Fluorescence imaging corrobo-
rated efficient ultrasound-triggered ROS generation (Fig. 8D),
driving the ferroptosis–SDT synergy. Beyond direct cytotoxicity,
enhanced calreticulin (CRT) exposure (Fig. 8E) and co-
ordinated CRT/HMGB1 release (Fig. 8F and G) demonstrated
immunogenic cell death (ICD) induction. These damage-

Fig. 8 Sonodynamic-ferroptosis combined with immunotherapy for deep tumors of SPNFeP. (A) The expression of GPX-4 in various treated CT26
cells. (B) Tumor volumes of primary tumors in mice (n = 5). (C) Tumor volumes of distant tumors in mice (n = 5). (D) ROS fluorescence images of
SPN0-, SPNFe-, SPNP- and SPNFeP-treated cells in the presence of H2O2 (100 µM) without or with US irradiation. (E) CRT immunofluorescence
staining images of various treated CT26 cells. (F) CRT fluorescence staining images for primary tumors. (G) HMGB1 fluorescence staining images for
primary tumor (reproduced from ref. 72 with permission from Wiley, copyright (2024)).
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associated molecular patterns collectively signify anti-tumor
immune activation. SPNFeP therefore exemplifies a sonody-
namic-ferroptosis strategy that achieves deep-tissue immu-
notherapy through dual-pathway eradication—direct tumor
cytotoxicity converging with systemic immune engagement.

Collectively, the integration of ferroptosis induction with
diverse therapeutic modalities within multifunctional nano-
platforms significantly amplifies anti-tumor efficacy.146–148

Nanoparticles serve as ideal carriers that enable spatiotem-
poral control over ferroptosis inducers, enhance ROS gene-
ration through catalytic reactions, and precisely disrupt key fer-
roptosis defenses.149 Critically, this combination approach
transforms ferroptosis from a localized cell death mechanism
into a potent immunomodulatory event.76,150,151 By promoting
immunogenic cell death (ICD) and releasing DAMPs, nano-
material-mediated combination therapies reprogram the TME,
enhancing antigen presentation and establishing a self-rein-
forcing cycle of ferroptotic cell death and systemic anti-tumor
immunity.87 This synergy not only overcomes the limitations
of monotherapies but also provides a robust strategy for target-
ing resistant tumors and inhibiting metastasis.152

5. Conclusion and prospects

Nanomaterial-mediated ferroptosis has emerged as a highly
promising strategy in cancer therapy. This review elucidates
the molecular mechanisms of ferroptosis, including iron metab-
olism disorders, PUFA peroxidation, and the failure of the
GPX4/GSH antioxidant system. It also categorizes and evaluates
the design principles of iron-based and non-iron-based nano-
materials. Moreover, multifunctional nanoplatforms combining
traditional therapies with ferroptosis show synergy.

Despite the promising advances, it is crucial to critically
acknowledge the inherent limitations of current nanomaterial-
based ferroptosis strategies before their successful clinical
translation. Off-target effects remain a significant concern, as
non-specific accumulation of nanomaterials in healthy tissues
can induce ferroptosis in normal cells, leading to systemic tox-
icity. While targeting ligands and the EPR effect improve
tumor selectivity, their efficiency varies greatly between indi-
viduals and tumor types. The immune responses triggered by
nanomaterials also warrant careful consideration; while some
nanomaterials can beneficially stimulate anti-tumor immunity,
others may elicit unintended inflammatory reactions or comp-
lement activation, potentially leading to adverse effects and
altered biodistribution. Furthermore, scalability and manufac-
turing present substantial hurdles, as the reproducible and
cost-effective synthesis of complex, multi-functional nanoplat-
forms with stringent quality control for clinical use is notor-
iously challenging. Finally, the long-term toxicity and fate of
these materials in the body are not yet fully understood. The
potential for organ accumulation, particularly of non-bio-
degradable or slowly cleared components, raises concerns about
chronic inflammation and fibrosis. A comprehensive evaluation
of the pharmacokinetics, biodegradation pathways, and chronic

safety profiles is therefore indispensable for the future develop-
ment of clinically viable ferroptosis nanotherapeutics.

While significant progress has been made in the field of
nanomaterial-mediated ferroptosis, several challenges remain
to be addressed. Future research should focus on in-depth
mechanistic studies, such as elucidating how the TME (e.g.,
hypoxia and acidic pH) affects the efficiency of ferroptosis
induction by nanomaterials, and investigating the crosstalk
mechanisms between ferroptosis and other forms of cell
death, including apoptosis and pyroptosis. In terms of
material design, it is necessary to develop intelligent and
responsive nanocarriers that can accurately control the release
of inducers. Optimizing the metabolic pathways of these
materials is crucial to balance effective ferroptosis with long-
term biological safety and prevent systemic iron overload. To
advance clinical translation, establishing standardized bio-
marker detection systems for ferroptosis and exploring patient
stratification strategies to identify tumor subtypes with high
sensitivity to ferroptosis are essential steps. Furthermore, con-
ducting clinical trials to validate the efficacy of nanomaterial-
induced ferroptosis against metastatic and drug-resistant
tumors is necessary. In the context of combination therapies,
efforts should be directed toward integrating ferroptosis with
emerging immunotherapies like CAR-T and oncolytic viruses
to establish a “ferroptosis-immunity positive feedback loop”.

In conclusion, ferroptosis induced by nanomaterials rep-
resents a transformation to overcome the bottleneck of tra-
ditional treatment. Through cross-disciplinary innovation, this
strategy has the potential to drive the development of the next
generation of precise, effective and low-toxicity cancer treat-
ment regimens into clinical practice.
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