International Journal of Nanomedicine Dovepress
Taylor & Francis Group

REVIEW

A Systematic Review of Nanoparticle-Mediated
Ferroptosis in Glioma Therapy

Lin Jing @, Wenguang Xiao, Zhouxing Hu, Xu Liu ), Mingqging Yuan
Guangxi Key Laboratory of Special Biomedicine; School of Medicine, Guangxi University, Nanning, 530004, People’s Republic of China

Correspondence: Mingqging Yuan; Xu Liu, School of Medicine, Guangxi University, Nanning, 530004, People’s Republic of China,
Email yuanmingqing! 985@163.com; wendaoliuxu@|63.com

Abstract: Glioma, a highly malignant central nervous system tumor, exhibits aggressive invasiveness, extensive infiltration, and poor
prognosis. Conventional treatments such as surgery, radiotherapy, and chemotherapy are hindered by limitations including the inability
to overcome the blood-brain barrier (BBB), drug resistance, and high recurrence rates. Ferroptosis induced by nanoparticle-based
systems offers an innovative strategy for glioma therapy by efficiently traversing the BBB, precisely delivering ferroptosis inducers,
enhancing tumor accumulation, and enabling stimuli-responsive drug release. These features collectively improve the induction
efficiency of ferroptosis in glioma cells. Various nanoplatforms, including inorganic nanoparticles, biomimetic carriers, and polymer-
based systems, have demonstrated potential in crossing the BBB, inducing ferroptosis, and suppressing glioma progression. These
systems enhance reactive oxygen species generation, deplete glutathione, and disrupt tumor microenvironment defense mechanisms,
achieving synergistic therapeutic effects. The integration of ferroptosis with nanotechnology is emerging as a promising, non-invasive
strategy for the treatment of gliomas, offering substantial therapeutic potential.
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Introduction
Glioma is a malignant neoplasm of the central nervous system, characterized by its aggressive invasiveness, extensive
infiltration, and high postoperative recurrence rates.' Standard therapeutic approaches, including surgery, radiotherapy,
and chemotherapy, yield a median survival time of approximately 20 months, with 2-year and 5-year survival rates of
27% and 10%, respectively.*> Despite these interventions, the high rate of postoperative recurrence and the inability of
conventional chemotherapy agents to effectively cross the blood-brain barrier (BBB) and blood-brain tumor barrier
(BBTB) significantly limit their therapeutic efficacy.’ Additionally, the development of drug resistance further compli-
cates the complete eradication of glioma.®

In 2012, the concept of ferroptosis was introduced, defining it as a unique form of cell death that differs from
traditional modes, characterized by iron accumulation and lipid peroxidation.’'® Unlike apoptosis, ferroptosis is not
associated with chromatin condensation, the membrane rupture typical of necrosis, or the formation of double-membrane
autophagosomes.'' Morphologically, ferroptosis is characterized by mitochondrial shrinkage, increased membrane
density, and the loss or reduction of mitochondrial cristae;'* Biochemically, ferroptosis involves the oxidation of lipids
by Fe*" through the Fenton reaction, leading to the accumulation of reactive oxygen species (ROS), depletion of
glutathione, and inhibition of glutathione peroxidase 4 (GPX4), preventing the reduction of lipid peroxides and ultimately
triggering ferroptosis.'®> Given that cancer cells, including those in brain tumors, require elevated levels of iron, many
tumors exhibit heightened sensitivity to ferroptosis.'*'> As such, ferroptosis represents a promising novel strategy to
improve the treatment and prognosis of glioma and related malignancies.'®

Revisions:Nanomaterials have garnered considerable attention for their ability to address the limitations of conven-
tional ferroptosis-inducing approaches, such as targeted delivery, stable drug loading, and intelligent controlled release.'’
Due to their exceptional physical and chemical properties, nanomaterials can be precisely engineered to control various
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Figure | Common Nanocarriers Employed in Ferroptosis-Based Glioma Therapy.

characteristics and functionalized to achieve optimal therapeutic effects.'® Nanomaterials are typically defined as
substances with at least one dimension less than 100 nm.'® A variety of nanomaterials are currently being investigated
for their potential in glioma therapy.”® Through ligand modification, nanomaterials can effectively cross the BBB and
BBTB, allowing for targeted delivery to glioma cells.”'** The advantages of nanomaterials in glioma treatment include:
(1) enhanced drug stability, (2) favorable biocompatibility, (3) the ability to deliver multiple therapeutic agents for
synergistic effects, and (4) their small size and modifiability, which facilitate easier passage across the BBB and
BBTB.**** Consequently, nanoparticle-based therapies show significant promise in advancing glioma treatment.>> Self-
assembly platforms spontaneously form ordered structures through a variety of intermolecular non-covalent interactions,
including hydrogen bonding, van der Waals forces, electrostatic interactions, and hydrophobic effects.*®*’ Revisions:
Polymeric nanocarriers—such as micelles, nanogels, vesicles, and dendrimers—are considered promising candidates for
chemotherapy drug delivery systems (DDS) due to their excellent biocompatibility and biodegradability.?® Organic
nanocarriers are composed of organic materials or compounds, forming stable nanoparticle systems, while hybrid
nanoplatforms integrate inorganic nanoparticles within organic matrices to achieve multifunctional synergistic
effects.”” Moreover, the incorporation of cell membrane technologies endows these nanocarriers with biological activity,
further enhancing their therapeutic potential*® Figure 1 illustrates the types of nanocarriers employed in ferritin-based

glioma therapy.

Overview of Ferroptosis

Basic Concepts and Characteristics

Ferroptosis is an iron-dependent, programmed form of cell death that occurs when the cellular balance between lipid
peroxidation and repair is disrupted, resulting in the excessive accumulation of lipid-derived reactive oxygen species
(ROS) and, ultimately, cell death.>' Ferroptosis is fundamentally distinct from traditional forms of cell death, such as
apoptosis, autophagy, and necrosis, in terms of its biochemical, morphological, and genetic mechanisms.>?
Morphologically, ferroptosis is characterized by notable alterations in the mitochondria, including mitochondrial
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shrinkage, loss of mitochondrial cristae, and an increase in mitochondrial membrane density. Biochemically, lipid
peroxidation represents the central hallmark of ferroptosis, where ROS oxidize polyunsaturated fatty acids (PUFAs),
generating lipid hydroperoxides. This process is catalyzed by iron accumulation, which facilitates the Fenton reaction,
leading to the generation of additional ROS. Genetically, ferroptosis is primarily regulated by genes involved in iron

homeostasis and lipid peroxidation metabolism.>* >

Mechanisms of Ferroptosis

Revisions:Ferroptosis is a form of programmed cell death that is iron-dependent and driven by lipid peroxidation. Its
occurrence involves multiple processes, including dysregulated iron metabolism, accumulation of reactive oxygen
species (ROS), and impaired antioxidant defense systems. Iron plays a pivotal role in initiating this process. Under
physiological conditions, iron homeostasis is tightly regulated through mechanisms such as storage (ferritin), uptake
(cystine/glutamate antiporter system Xc~ and transferrin [TF]), utilization (hemoglobin and Fe—S clusters), and export
(ferroportin, SLC40A1).>”*® When iron metabolism becomes unbalanced, excess free Fe?* can catalyze the Fenton
reaction, generating large amounts of ROS. This triggers lipid peroxidation and disrupts cell membrane integrity,
ultimately leading to cell death.*

Another hallmark of ferroptosis is the inactivation of the cellular antioxidant defense system, particularly the Xc™—glutathione
(GSH)—glutathione peroxidase 4 (GPX4) axis. Mechanistically, this axis serves as a central regulatory pathway of ferroptosis.
The Xc~ system contributes to GSH synthesis, sustaining the cell’s antioxidant capacity. GSH, in conjunction with GPX4,
scavenges lipid peroxides and suppresses the onset of ferroptosis.*” The tumor suppressor p53 can inhibit cystine uptake by
repressing the Xc~ system and downregulating SLC7A11 expression, thereby reducing GPX4 activity. This leads to diminished
antioxidant capacity, elevated ROS levels, and induction of ferroptosis.*' Inhibition or inactivation of GPX4 is a critical event in
the regulation of ferroptosis.*> GPX4 catalyzes the conversion of GSH to oxidized glutathione (GSSG) and detoxifies lipid
hydroperoxides (L-OOH) into less toxic lipid alcohols (L-OH), thereby mitigating peroxidative stress.*’

Chen et al**

mevalonate (MVA) pathway*® further contributes to ferroptosis by influencing GPX4 biosynthesis through the regulation

reported that Mauritania disrupts this pathway by downregulating GPX4 and SLC7A11 expression. The

of selenocysteine tRNA maturation, thereby enhancing lipid peroxidation. Accumulation of phospholipid hydroperoxides
(PLOOHS) that are not neutralized by GPX4 triggers radical chain reactions, leading to membrane damage.*®*’
Moreover, the ALOX enzyme family*® directly catalyzes the oxidation of polyunsaturated fatty acids (PUFAs), accel-
erating the process. In addition, ferroptosis suppressor protein 1 (FSP1) functions via the NADPH/CoQI10 axis to
regenerate antioxidants; decreased FSP1 activity further compromises the cell’s resistance to lipid peroxidation.*® The
interplay among these pathways (Figure 2) leads to a surge in ROS, collapse of the antioxidant defense system, and loss

of membrane integrity, ultimately resulting in ferroptotic cell death.

Blood-Brain Barrier and Blood-Brain Tumor Barrier

The physiological barriers of the brain constitute the primary impediments to drug penetration into the central nervous
system. A comprehensive understanding of these various barriers (Figure 3) is essential for the development of effective
strategies aimed at targeting the brain.

Blood-Brain Barrier

Revisions: The blood—brain barrier (BBB) is primarily composed of brain capillary endothelial cells (BCECs), pericytes,
and astrocytes. Astrocytes, the most abundant type of glial cell in the central nervous system (CNS), exhibit complex
morphologies and heterogeneous distributions. Their terminal end-feet are capable of contacting the vascular basement
membrane and are extensively involved in various physiological functions, including modulation of neural signaling,
clearance of metabolic waste, and regulation of cerebral blood flow.>*>? Pericytes are closely apposed to the endothelial
cells of capillaries, and their intimate interactions are essential for maintaining the structural and functional stability of
the BBB. While the BBB plays a crucial role in protecting the brain from toxins and pathogens, it also poses a significant
barrier to drug delivery, thereby limiting therapeutic efficacy for brain disorders such as neurodegenerative diseases and

brain tumors.>?
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Figure 2 Molecular Mechanisms Underlying Ferroptosis.
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Figure 3 Schematic Representation of the Blood—Brain Barrier and Blood—Brain Tumor Barrier.

BCECs form the core structural component of the BBB, lining the inner wall of brain microvessels. Through highly
coordinated interactions with other CNS-resident cells, BCECs maintain the barrier’s selective permeability. Compared
with peripheral endothelial cells, BCECs possess tighter tight junctions and adherens junctions, which effectively prevent
paracellular diffusion of molecules, significantly restricting the entry of most anticancer agents into brain tissue. The
transendothelial electrical resistance (TEER) of BCECs can reach as high as 1500-2000 Q-cm?, reducing paracellular
permeability to macromolecules and hydrophilic compounds by approximately 50-100 fold.>**> In addition, these
endothelial cells exhibit a high mitochondrial density and express a wide array of metabolic enzymes, including
peptidases, nucleotidases, esterases, phosphatases, and cytochrome P450 enzymes, endowing them with substantial

metabolic degradation capacity to efficiently clear exogenous compounds.*®>’
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Within the biochemical barrier of the BBB, transport proteins—particularly ATP-binding cassette (ABC) transporters
—are highly expressed in BCECs and function as active drug efflux pumps. These transporters can expel a broad range
of chemotherapeutic agents from brain tissue, severely limiting the accumulation of small-molecule targeted drugs in the
CNS.*® Despite significant progress in targeted therapies for non-CNS solid tumors over the past decade, the restrictive
nature of the BBB remains a major obstacle to the successful development and application of novel therapeutic strategies
for glioblastoma (GBM).

Blood-Brain Tumor Barrier

Revisions: The blood—-brain tumor barrier (BBTB), formed by capillaries within brain tumors, exhibits distinct character-
istics compared to the blood-BBB. A series of pathological alterations induced by malignant tumor cells disrupts the
structure and function of the BBB, resulting in unique drug delivery pathways across this barrier and significantly
influencing drug distribution and delivery patterns within the central nervous system (CNS). In glioblastoma (GBM),
abnormal angiogenesis and increased vascular permeability are common, giving rise to a functionally discontinuous
BBTB between tumor-associated capillaries and surrounding brain tissue.>’

However, despite the relatively enhanced permeability of the BBTB, it remains a substantial obstacle for drug
delivery. On one hand, tight junction proteins—such as zonula occludens (ZO) proteins—are partially retained between
tumor-associated endothelial cells. This retention restricts the paracellular transport of polar drugs into tumor tissue,
especially at the interface between the tumor margin and the intact BBB, where drug penetration is further limited.®® This
barrier effect significantly hampers the ability of anticancer agents to enter the CNS and effectively target GBM tissues.
Therefore, achieving efficient penetration of the BBTB and optimizing drug delivery strategies remain critical challenges
in GBM therapy. In addition, the BBTB exhibits high expression levels of multiple efflux transporters, including
P-glycoprotein (P-gp), multidrug resistance-associated proteins (MRP1, MRP3), and breast cancer resistance protein
(BCRP). These active efflux systems further limit the accumulation of various chemotherapeutic agents within tumor
regions and represent a major mechanism underlying therapeutic resistance in GBM.®':%?

The presence of the BBTB significantly impedes the efficient delivery of therapeutic agents to the tumor. The
combined effect of the BBB and the BBTB constitutes the principal barrier to drug delivery in the context of brain
tumors. Despite the disruption of the BBTB, regions of the BBB persist throughout the entire GBM barrier system,
preventing substantial drug accumulation at all tumor sites. This phenomenon is a major reason for the limited efficacy of
most chemotherapeutic agents in GBM treatment, as well as for the inevitable recurrence of the tumor, even following
complete resection of the contrast-enhancing regions.”” The dual presence of the BBB and BBTB obstructs the effective
delivery of various chemotherapy agents to the tumor, particularly in the tumor-infiltrating areas, thereby posing
a significant challenge to the successful treatment of GBM. Consequently, the development of advanced drug delivery
systems capable of dual-targeting both the BBB and BBTB is of paramount importance for improving therapeutic
outcomes.

Nanoparticle-Mediated Ferroptosis in Glioma Therapy
Ferroptosis, a regulated form of cell death, and its association with gliomas have garnered increasing attention in recent
years. Ferroptosis plays a pivotal role in the regulation of glioma cell proliferation. Notably, the expression of ASCLA4,
a key marker associated with ferroptosis, is significantly reduced in glioma tissues compared to normal human brain
tissue.> Furthermore, various ferroptosis-inducing agents, including dihydroartemisinin and amentoflavone, have
demonstrated effectiveness in inhibiting glioma cell proliferation.®*¢

Revisions: To improve the therapeutic outcomes of glioma treatment, a range of strategies have been employed to
enhance the permeability of the Blood-Brain Barrier (BBB). These approaches include biochemical interventions such as
drug administration, physical methods such as electromagnetic pulse therapy, and leveraging the pathological alterations
induced by gliomas themselves to disrupt the BBB.®" In the context of ferroptosis, nanotherapy has emerged as
a promising, non-invasive treatment modality.”® Nanodrugs designed to exploit the ferroptosis mechanism offer sig-
nificant advantages, including cost-effectiveness and exceptional biocompatibility. This section provides an in-depth
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discussion on nanodrugs developed based on the principles of ferroptosis, with further details presented in Table 1. We

have summarized the small molecule drugs targeting ferroptosis signaling and their clinical status in Table 2.
Revisions: This section provides an in-depth discussion of nanoformulations developed based on ferroptosis princi-

ples, systematically comparing five nano-delivery platforms: inorganic nanoplatforms, biomimetic nanoparticles, poly-

meric carriers, hybrid nanosystems, and self-assembled systems. Each platform demonstrates unique delivery advantages

Table | Nanocarriers for Treating Glioma Therapy

Category Nanoformulations Model Drug Advantages Ref
Inorganic FeGd-HN@Pt@LF/RGD2 CDDP BBB penetration (small size + LF receptor-mediated [71]
Nanoplatform transcytosis); integrin avp3-mediated endocytosis; Fe?'/Fe*” +

CDDP release (accelerates Fenton reaction — ROS

generation); intrinsic MRI for ferroptosis therapy monitoring.

IONP@PTX PTX Ultrafine structure + high dispersion + negative zeta potential | [72]
(low aggregation); high drug loading/sustained release;

validated for in vitro/in vivo use.

MGA-CDs - High BBB permeability; mitochondria targeting in tumors; [73]
PLPP4 suppression — glycerophospholipid metabolism

disruption (ferroptosis induction)

Biomimetic Fe304-siPD-LI @M-BV2 - Orthotopic drug-resistant GBM targeting; enhanced [74]
Nanoparticles ferroptosis + immunotherapy synergy; prolonged murine
survival.
DOX-FN/C6M-NVs DOX CéM-mediated homologous targeting (1DOX accumulation in | [75]

Cé glioma); ferroptosis/apoptosis induction; BBB-penetrating
delivery + reduced cardiotoxicity

Polymer L-STNPs TMZ / SRF LATI targeting (fcellular uptake/cytotoxicity/tumor [76]
Nanoparticles accumulation/BBB penetration); enhanced glioma therapy
S-biAb/dEGCG@NPs - Improved GBM targeting/penetration; immune cell infiltration | [77]
activation; ferroptosis + immune checkpoint blockade
synergy.
Hybrid Nanoparticles | T+E@LPs-cRGD+GelMA TEM/ERA avPB3 integrin targeting (cCRGD-modified); sustained TMZ/ [78]

Erastin release; 1TMZ sensitivity + ferroptosis induction;
tumor immune microenvironment modulation (suppresses
GBM relapse).

hNRVs RSL3 NK exosome tumor-homing + liposomal drug loading; [79]
selective glioma delivery (ferroptosis inducers/immune
activators); no off-target organ toxicity

Self-Assembled Ceb6@Cu NPs Ceb Enhanced BBB penetration and tumor targeting observed. [80]
Nanoparticles Enhanced sonodynamic effects; GSH depletion —
cuproptosis/ferroptosis; improved BBB penetration + tumor

targeting
FIN56-loaded graphdiyne FIN56 Photothermal-ferroptosis combo therapy; GPX4-mediated [81]
nanoplatforms ferroptosis induction; enhanced BBB penetration + tumor

targeting

Abbreviations: CDDP, Cisplatin; PTX, Paclitaxel; DOX, doxorubicin hydrochloride; SRF, Sorafenib; Ce6, chlorin e6; TMZ, temozolomide; ERA, Erastin; RSL3, Rehabilitation
Support League 3.
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Table 2 Small-Molecule Drugs Targeting Ferroptosis Pathways and Their Clinical Status

Drug Name Target Mechanism of Action Clinical Status Ref

Dihydroartemisinin | GPX4 Inhibits GPX4 activity, leading to lipid peroxide Preclinical studies [82,83]

(DHA) accumulation

Erastin System Blocks cystine/glutamate antiporter, reduces glutathione | Preclinical studies [78]
Xc~ (GSH) synthesis, induces oxidative stress

Sorafenib (SRF) System Inhibits System Xc~ activity, increases ROS generation, | FDA-approved (other cancers), under [76,84]
Xc~ synergizes with anti-angiogenic effects investigation for glioma therapy

RSL3 GPX4 Directly binds and inactivates GPX4, blocking lipid Preclinical studies [79]

peroxide detoxification

Amentoflavone Autophagy | Activates autophagy-dependent ferroptosis pathways to | Preclinical studies [85]

pathway induce glioma cell death

Abbreviations: GPX4, Glutathione Peroxidase 4; System Xc~, Cystine/Glutamate Antiporter; ROS, Reactive Oxygen Species; DHA, Dihydroartemisinin; SRF, Sorafenib;

CDDRP, Cisplatin.

and mechanistic innovations in glioma therapy, with a detailed comparative analysis of their functional characteristics

and therapeutic outcomes presented in Table 1.

Revisions:Next, we will introduce the nanoplatforms individually and summarize their advantages and disadvantages

in Table 3.

Table 3 Comparison of Different Nanoparticle Platforms

Category Advantages Limitations Potential Applications Ref
Inorganic |. Excellent biocompatibility and stability |. Long-term toxicity risks | |. Blood-brain barrier penetration [71,73,86]
Nanoparticles | 2. High drug-loading capacity and with some metal (eg, FeGd-HN@Pt@LF/RGD?2)
controllable release nanoparticles 2. Ferroptosis induction
3. Easy surface functionalization (eg, ligand | 2. Degradation byproducts | (eg, IONP@PTX)
modification) may affect the 3. Multimodal therapy (photothermal/
4. Combined diagnostic and therapeutic microenvironment chemodynamic synergy)
functions (eg, MRI imaging) 3. Challenges in large-scale
production
Biomimetic I. Natural membrane structure enables I. Complex membrane |. Drug-resistant glioma therapy [87,88]
Nanoparticles | immune evasion capabilities extraction and coating (eg, Fe3O,4-siPD-LI@M-BV2)
2. High tumor targeting and penetration processes 2. Immune microenvironment
3. Low immunogenicity and toxicity 2. Low drug-loading modulation
4. Compatibility with immunotherapy (eg, efficiency 3. Multi-mechanism synergy
PD-LI inhibition) 3. Batch-to-batch (ferroptosis + immune activation)
variability
Polymeric I. Material diversity (natural/synthetic |. Potential inflammatory |. Targeted delivery (eg, LAT | -targeted | [76,77,89]
Nanoparticles | polymers) responses with some systems)
2. High drug-loading capacity and sustained | polymers 2. Combination immunotherapy (eg,
release 2. Requires additional S-biAb/dEGCG@NPs)
3. Easy surface modification (eg, PEGylation | modifications for targeting | 3. Co-delivery of multiple drugs (eg,
for prolonged circulation) 4. Good 3. Limited stability in TMZ + SRF)
biodegradability complex
microenvironments
(Continued)
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Table 3 (Continued).

Category Advantages Limitations Potential Applications Ref
Hybrid |. Multi-material synergy enhances |. Complex fabrication |. Post-surgical recurrence prevention | [78,79,90]
Nanoparticles | functionality (eg, lipid-polymer hybrids) processes and high costs (eg, THE@LPs-cRGD+GelMA)
2. Stimuli-responsive drug release (pH/ 2. Potential interactions 2. Immune-ferroptosis synergy (eg,
enzyme-triggered) between components hNRVs)
3. Theranostic capabilities (eg, 3D-printed 3. Limited long-term safety | 3. Precision drug release systems
hydrogel-liposomes) data
Self- I. Simple preparation (non-covalent self- I. Poor structural stability | I. Multi-mode cell death induction (eg, | [81,91,92]
Assembled assembly) 2. Requires modifications Cu@Ce6b-triggered cuproptosis +
Nanoparticles | 2. High drug-loading efficiency for targeting ferroptosis)
3. Environment-responsive release (eg, 3. Unclear in vivo 2. Photothermal-ferroptosis synergy
ultrasound/light activation) metabolic mechanisms (eg, FIN56@GDY)
4. Low toxicity with natural components 3. Non-traditional drug delivery (eg,
DHA/ICG)

Abbreviations: MRI, Magnetic Resonance Imaging; PEG, Polyethylene Glycol; TMZ, TemozolomideSRF: Sorafenib; DHA, Dihydroartemisinin; GPX4, Glutathione
Peroxidase 4; LATI, L-Type Amino Acid Transporter |.

Inorganic Nanoplatform

Inorganic nanoplatforms primarily consist of metal and non-carbon-based materials, such as gold nanoparticles, meso-
porous silica nanoparticles (MSNs), quantum dots, upconversion nanoparticles, two-dimensional nanomaterials, and
superparamagnetic iron oxide nanoparticles (SPIONs). These nanostructures are highly favored by researchers due to
their exceptional biocompatibility, ability to enhance drug stability, and ease of surface modification. Moreover, their
versatile tunability and potential for diagnostic applications further enhance their appeal in various biomedical fields,
including glioma treatment.?'%~%3

In the context of ferroptosis-based therapy for in situ brain tumors, Shen et al proposed a novel ferroptosis treatment
strategy that is accelerated by an iron reaction, utilizing magnetic nanoparticles (FeGd-HN@Pt@LF/RGD2). This
approach incorporates Fe304/Gd,03 mixed nanoparticles loaded with cisplatin (CDDP) and is augmented by the addition
of lactoferrin (LF) and an RGD peptide dimer (RGD;). These nanoparticles, with a small size of 6.6 nm and the ability to
cross the blood-brain barrier (BBB) via LF receptor-mediated endocytosis, are efficiently internalized by tumor cells
through integrin avf3-mediated endocytosis. Upon endosomal uptake and subsequent degradation, Fe?*, Fe**, and CDDP
are released. Fe*" and Fe** actively participate in the iron-driven reaction, while CDDP generates H,O,, which further
accelerates the iron reaction. This enhanced iron reaction induces the generation of reactive oxygen species (ROS),
thereby triggering cancer cell death. The FeGd-HN@Pt@LF/RGD2 nanoparticles effectively deliver the requisite
reactants for the iron reaction to the tumor site, resulting in a significant inhibition of tumor growth. Furthermore, the
inherent MRI capability of these nanoparticles allows for the non-invasive monitoring and assessment of the therapeutic
efficacy of ferroptosis-based treatment.”’

Similarly, Nie et al developed iron oxide nanoparticles encapsulating paclitaxel (IONP@PTX) for glioma therapy.
Their studies demonstrated that IONP@PTX significantly inhibits the proliferation of U251 glioma cells by elevating
iron ion concentrations, increasing ROS levels, and promoting lipid peroxidation. Additionally, it enhances the expres-
sion of autophagy-related proteins, such as Beclinl and LC3II, while suppressing the expression of p62 and the
ferroptosis-associated protein GPX4. These events ultimately lead to the inhibition of glioma cell growth via an
autophagy-dependent ferroptosis pathway. In vivo studies using a glioma xenograft mouse model revealed that
IONP@PTX exhibited substantial anti-tumor effects with no significant systemic toxicity, suggesting its potential as
a ferroptosis inducer in tumor therapy.”?

Zhang et al further advanced the development of an iron oxide nanoparticle-based system (IONPs) for gene therapy in
glioblastoma (GBM). This system combines IONPs with cisplatin (Pt) and siRNA targeting glutathione peroxidase 4 (si-GPX4),
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resulting in the formulation of FA/Pt-si-GPX4@IONPs. These nanoparticles demonstrated remarkable anti-tumor effects in
U87MG and P3#GBM cell lines. Within the cells, IONPs increase iron ion concentrations, while Pt exerts its cytotoxic effects by
disrupting DNA, thereby inducing apoptosis. Simultaneously, IONPs generate ROS through the Fenton reaction to promote
ferroptosis and enhance therapeutic efficacy by inhibiting GPX4 expression. This nanoparticle-based formulation exhibited
superior therapeutic effects and minimal systemic toxicity both in vitro and in vivo, highlighting its potential as a safe and
effective therapeutic agent for GBM.”

Wen et al also developed IONPs loaded with paclitaxel (IONPs@PTX) to target glioblastoma (GBM) via an
autophagy-dependent ferroptosis mechanism. [ONPs@PTX demonstrated excellent water solubility and targeted delivery
through surface modification, facilitating effective penetration of the blood-brain barrier and accumulation in tumor
tissues. Furthermore, IONPs@PTX induced ferroptosis in GBM cells by upregulating ferroptosis markers and down-
regulating anti-ferroptosis genes. Studies indicated that autophagy inhibition via the use of 3-methyladenine (3-MA) or
shRNA-mediated silencing of autophagy-related genes such as Beclinl/ATGS significantly reversed IONPs@PTX-
induced ferroptosis, while overexpression of Beclinl/ATGS5 further promoted this process. Therefore, IONPs@PTX
regulates ferroptosis through a Beclinl/ATG5-dependent autophagy pathway, illustrating its potential in the treatment of
GBM.”

Zhang et al developed a cRGD/Pt+DOX@GFNPs (RPDGs) nanoformulation designed for multi-target combination
therapy and magnetic resonance imaging (MRI) tracking in the treatment of glioblastoma (GBM). The RPDGs
effectively disrupt redox homeostasis in GBM cells, promoting both apoptosis and ferroptosis. By utilizing the stable
Fenton reaction catalytic activity of GA/Fe*" nanoparticles under physiological conditions, this formulation induces
a significant increase in reactive oxygen species (ROS) levels. Additionally, Pt(IV)-mediated glutathione (GSH) deple-
tion and enhanced ROS generation, combined with the high photothermal conversion efficiency of GA/Fe*" nanoparti-
cles, facilitate the induction of ferroptosis. Moreover, RPDGs exhibit excellent photothermal responsiveness and MRI
capability, thus allowing for precise monitoring of therapeutic progress. These results suggest that RPDGs not only
directly inhibit tumor growth but also enhance the delivery efficiency of conventional chemotherapy agents across the
blood-brain barrier (BBB), offering a novel approach for comprehensive GBM treatment.”®

Cao et al developed an intelligent nanoplatform, PCN-224@Au/CeO,-Lf, for iron-independent ferroptosis therapy
in situ for glioblastoma (GBM). This platform effectively penetrates the blood-brain barrier and exerts therapeutic effects
through a multi-pathway mechanism. PCN-224 nanoparticles (NPs), which serve as sonosensitizers for sonodynamic
therapy (SDT), are surface-functionalized with small gold nanoparticles (Au NPs) and cerium oxide (CeO,) nanoparticles.
These nanoparticles mimic the enzymatic activities of glucose oxidase (GOx), peroxidase (POD), and catalase (CAT),
enabling self-supplied H,0,, the generation of a more acidic tumor microenvironment, and the production of cytotoxic
hydroxyl radicals (-OH) and oxygen (O,), which significantly enhance SDT efficacy. Additionally, Ce**-mediated GSH
depletion further exacerbates ferroptosis and apoptosis. The combined effects of ROS generation and GSH depletion lead to
the accumulation of lipid peroxides (LPO), thereby triggering iron-independent ferroptosis and effectively shrinking in situ
GBM. This study is the first to demonstrate the potential of an iron-independent ferroptosis strategy in the treatment of
GBM.”

Deng et al synthesized novel functional carbon dots (MGA-CDs) for the inhibition of glioma growth. MGA-CDs,
prepared via a hydrothermal method using metformin and gallic acid precursors, exhibit excellent BBB permeability and
potent anti-tumor activity. MGA-CDs specifically target the mitochondria of tumor cells, causing mitochondrial shrink-
age and a reduction in cristae density. Transcriptomic analysis revealed that MGA-CDs interfere with glyceropho-
spholipid metabolic pathways by inhibiting the expression of PLPP4, thereby inducing ferroptosis. Further in vivo studies
using human-derived glioma xenograft mouse models confirmed the effective therapeutic potential of MGA-CDs,
significantly inhibiting intracranial tumor growth and prolonging survival in tumor-bearing mice. This study provides
a promising strategy for the development of carbon dot-based therapeutics for glioma treatment.”*

Li et al introduced an innovative engineered exosome-magnetic nanoparticle platform (EMNPs) for the treatment of
glioblastoma (GBM). This platform achieves efficient BBB penetration and targeted delivery to GBM cells through
Angiopep-2-modified exosomes, while Fe;O, nanoparticles enable magnetic targeting and controlled drug delivery.
EMNPs enhance ferroptosis by modulating multiple pathways, including the inhibition of glutathione peroxidase 4
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(GPX4) and dihydrolipoamide dehydrogenase (DHODH), thereby increasing lipid peroxidation and inducing cell death.
Moreover, Fe;O, nanoparticles release Fe** intracellularly, further amplifying ferroptosis. In vitro and in vivo studies
demonstrated that EMNPs significantly improve therapeutic efficacy in GBM without causing appreciable organ toxicity
or inflammation, suggesting their potential as a safe and effective therapeutic agent for GBM treatment.'®

Li et al also developed a novel engineered exosome-ultrathin iron oxide framework (Exosome-UIOFs) for glioblas-
toma (GBM) therapy. Exosome-UIOFs, which incorporate Angiopep-2-modified exosomes, exhibit high BBB perme-
ability and potent anti-tumor activity. These nanoparticles specifically target tumor cell mitochondria, leading to
mitochondrial dysfunction and damage. Transcriptomic analysis revealed that Exosome-UIOFs inhibit the ferroptosis
defense axis by downregulating GPX4 and SLC7AI11 expression, thus inducing ferroptosis. Further investigations
confirmed the therapeutic efficacy of Exosome-UIOFs in human-derived glioma xenograft mouse models, resulting in
substantial inhibition of intracranial tumor growth and prolonged survival in tumor-bearing mice. This study presents an
innovative strategy for the development of exosome and ultrathin iron oxide framework-based therapeutics for glioma
treatment.'?!

Liu et al developed a magnetite nanoparticle (MNP)-based catalytic nanoreactor, CMNP-Cis-Arg, designed to promote
ferroptosis in glioblastoma (GBM) cells. CMNP-Cis-Arg facilitates targeted GBM delivery via GLUT1-mediated blood-
brain barrier (BBB) penetration and arginine-driven chemotaxis towards tumor sites. This nanoreactor not only enhances
lipid oxidation in GBM cells but also induces ferroptosis through the generation of reactive oxygen species (ROS) and the
depletion of intracellular glutathione (GSH). The MNPs within the nanoreactor amplify the Fe?*-mediated Fenton reaction,
while cisplatin, as a chemotherapeutic agent, induces DNA strand breaks, further depleting GSH and increasing ROS levels.
Moreover, CMNP-Cis-Arg promotes lipid oxidation by generating highly reactive peroxynitrite (ONOO ™), which accel-
erates ferroptosis. This study demonstrates the significant induction of GBM cell apoptosis both in vitro and in vivo, and
notably reduces tumor burden in mouse xenograft models. The results highlight the potential of this catalytic ferroptosis
nanoreactor as an innovative therapeutic strategy for GBM, warranting further preclinical investigation.'®?

Kangli Xue et al developed a novel near-infrared (NIR) light-responsive nanoplatform, ApoE-UMSNs-GOx/SRF, to
enhance ferroptosis therapy for glioblastoma (GBM). This platform is constructed using upconversion nanoparticles
(UCNPs), sequentially coated with a mesoporous silica layer and a lipid bilayer, which is loaded with glucose oxidase
(GOx) and sorafenib (SRF), and further functionalized with ApoE peptides for efficient BBB penetration and GBM
targeting. The findings indicate that ApoE-UMSNs-GOx/SRF accumulates effectively at the GBM site and induces
enhanced ferroptosis upon NIR irradiation. The UCNPs facilitate the conversion of NIR light into ultraviolet light,
thereby reducing Fe** to Fe?, while GOx catalyzes the generation of excess H,O, through glucose oxidation. This
combination of processes significantly elevates ROS production. In parallel, SRF inhibits the Xc~ system, leading to the
accumulation of lipid peroxides and reinforcing anti-glioma effects. This strategy holds promise for improving the
therapeutic efficacy of ferroptosis as a treatment for GBM.*

Shao et al developed a novel nanocomposite, ApoE-UPGs-DHA, designed to enhance ferroptosis in glioblastoma
cells. ApoE-UPGs-DHA was synthesized by co-loading upconversion nanoparticles (UCNPs) and dihydroartemisinin
(DHA) into micelles, followed by functionalization with ApoE peptides to facilitate BBB penetration and targeted
glioblastoma therapy. Under near-infrared (NIR) irradiation, ApoE-UPGs-DHA promotes the regeneration of Fe*',
thereby enhancing ferroptosis in G422 glioma cells. This nanocomposite demonstrated excellent glioblastoma-
targeting capabilities and exhibited substantial anti-tumor activity both in vitro and in vivo. Mechanistic studies revealed
that ApoE-UPGs-DHA significantly promotes lipid peroxidation (LPO) via Fenton-like reactions, facilitated by NIR-
induced reduction of endogenous Fe** to Fe*", which further enhances ferroptosis. This work presents a promising

approach for the development of glioblastoma therapies based on iron regeneration mechanisms.®?

Biomimetic Nanoparticles

Biomimetic nanoparticles (BNPs), which replicate the structure and properties of natural entities, have found extensive
applications in drug delivery, theranostics, and tissue engineering. These materials offer several advantages, including
prolonged blood circulation time, specific binding capabilities, and reduced side effects.'®® BNPs retain the complex
biological functionalities of cell membranes while also benefiting from the excellent physicochemical properties of
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nanoparticles. These attributes enable BNPs to evade protein adsorption and phagocytosis by the reticuloendothelial
system (RES), thereby facilitating prolonged circulation and targeted drug delivery.'® Compared to conventional
nanoparticles, biomimetic systems demonstrate superior stability, higher drug-loading capacity, and enhanced safety.
Notably, BNPs exhibit improved targeting efficiency and reduced immune rejection, particularly in the treatment of
glioblastoma (GBM).'%

Liu et al designed a biomimetic, brain-targeted drug delivery system (Fe3O4-siPD-L1@M-BV2) aimed at enhancing the
efficacy of immunotherapy for drug-resistant gliomas through the promotion of ferroptosis. This system employs disulfide
bonds to conjugate thiolated siPD-L1 with thiolated Fe;O4 nanoparticles, which are subsequently coated with microglial
cell membranes (M-BV2) to form biomimetic nanoparticles. In vivo experiments using a drug-resistant glioma mouse
model demonstrated that this system significantly increased the accumulation of siPD-L1 and Fe**, reduced PD-L1 protein
levels, and enhanced the effector T cell-to-regulatory T cell ratio. Furthermore, it induced ferroptosis in tumor cells,
promoted dendritic cell maturation, and shifted the M1-to-M2 microglial ratio. As a result, Fe304-siPD-L1@M-BV2
effectively inhibited the growth of drug-resistant gliomas and prolonged survival in experimental animals. This study
highlights the synergistic effects of ferroptosis and immune response activation, offering a promising therapeutic strategy
for the treatment of drug-resistant gliomas.”*

Cao et al developed a novel macrophage membrane-camouflaged nanocarrier (MMsaNPs) to induce ferroptosis in
glioblastoma (GBM) cells by exacerbating mitochondrial damage. Through genome-wide CRISPR-Cas9 screening, the
researchers identified ALOX15 as a key regulator of ferroptosis. Small activating RNA (saRNA) was subsequently
employed to upregulate ALOX15 expression, promoting ferroptosis in GBM cells. Mesoporous polydopamine (MPDA),
loaded with saALOX15, was then coated with Angiopep-2-modified macrophage membranes to mitigate clearance by the
mononuclear phagocyte system and enhance blood-brain barrier (BBB) penetration. The resulting composite nanopar-
ticles triggered ferroptosis by inducing mitochondrial dysfunction and morphological abnormalities. In vivo studies
demonstrated that the engineered macrophage membrane enabled precise targeting of GBM cells, significantly slowing
tumor progression and enhancing radiotherapy sensitivity. These findings underscore the therapeutic potential of
ALOX15 in GBM treatment and present a biomimetic macrophage membrane-based approach to improve nanomaterial
performance in GBM therapy.*®

Wang et al developed an innovative nanoplatform, DOX-FN/C6M-NVs, for glioma treatment. This platform
integrates nano-vesicles (NVs) derived from C6 glioma cell membranes (C6M), ultrasmall iron nanoparticles (FN),
and the chemotherapeutic agent doxorubicin (DOX). Utilizing nanozyme-mimicked peroxidase activity, the platform
suppresses tumor growth by enhancing the ferroptosis pathway. These nanozymes effectively penetrate the BBB and
specifically target tumor sites, demonstrating excellent anti-tumor efficacy in vivo models. By inducing mitochondrial
damage in tumor cells and increasing reactive oxygen species (ROS) levels, nanozymes promote ferroptosis. Further
in vivo validation in xenograft glioma mouse models showed that this nanozyme-controlled system significantly reduced
intracranial tumor volume and prolonged survival. This work paves the way for the development of novel glioma
therapies based on nanozyme technology.”

Zhu et al introduced a novel biomimetic nanosonosensitizer, PIOC@CM NPs, specifically designed for in situ glioma
treatment. Composed of Fe;O, and Ce6, PIOC@CM NPs can safely and transiently open the BBB when exposed to
ultrasound (US) in combination with circulating microbubbles (MBs), exhibiting high tumor selectivity and potent anti-
tumor effects. Upon ultrasound exposure, this nanosonosensitizer significantly enhances ROS production while depleting
glutathione (GSH), leading to the inactivation of glutathione peroxidase 4 (GPX4) and promoting a synergistic effect of
sonodynamic therapy (SDT) and ferroptosis in tumor cells. In vivo studies on glioma mouse models demonstrated that
this strategy significantly inhibited tumor growth and improved survival rates. This research proposes an innovative
approach combining non-invasive BBB opening, SDT, and ferroptosis induction, offering a promising new strategy for

glioma treatment.'®

Polymeric Nanoparticles
Polymeric nanoparticles are nanocarriers with sizes ranging from 1 to 1000 nanometers, which can take the form of
nanocapsules or nanospheres. Renowned for their excellent biocompatibility and tunable surface properties, these
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materials are considered highly promising for applications in drug delivery, diagnostic imaging, and therapeutic
interventions.'®”'% These nanoparticles consist of polymers formed by the covalent bonding of one or more monomer
units, resulting in linear or branched macromolecular structures. Natural polymers include polysaccharides (eg, hyaluro-
nic acid), proteins (eg, albumin), peptides, and nucleic acids, whereas synthetic polymers are chemically engineered
materials, such as poly(lactic-co-glycolic acid) (PLGA), polyethylene glycol (PEG), polylactic acid (PLA), polyglycolic
acid (PGA), and poly(e-caprolactone) (PCL).'” By leveraging the unique advantages of nanotechnology, polymeric
nanoparticles can enhance drug penetration across the blood-brain barrier (BBB), increase drug concentrations at tumor
sites, and extend circulation times through surface modifications, such as PEGylation. These capabilities highlight the
considerable potential of polymeric nanoparticles for the treatment of malignant gliomas.®

Li et al designed an innovative targeted drug delivery system that utilizes the L-type amino acid transporter 1 (LAT1)
as a target for glioma therapy. Through hydrothermal synthesis, they developed nanoparticles co-loaded with temozo-
lomide (TMZ) and sorafenib, which demonstrated not only excellent penetration of the BBB but also significant
anticancer efficacy. The experimental data revealed that this nanoparticle-based system facilitated LAT1-specific drug
uptake in tumor cells, thereby enhancing cytotoxicity and accumulation in tumor regions, ultimately improving overall
anticancer effectiveness. Furthermore, the study indicated that the ferroptosis mechanism induced by sorafenib could
further potentiate the anti-glioma activity of TMZ. Both in vitro and in vivo experiments confirmed that these LAT1-
targeted nanoparticles effectively inhibited tumor growth and prolonged survival in experimental animals, offering
a novel approach for LAT1-mediated glioma treatment.’®

Fan et al developed a novel matrix metalloproteinase-2 (MMP-2)-sensitive nanomaterial (S-biAb/dEGCG@NPs)
designed to enhance ferroptosis and support glioblastoma (GBM) immunotherapy. This nanostructure incorporates
bispecific antibodies (biAbs) targeting the B7-H3 molecule and is synthesized via hydrothermal methods, exhibiting
exceptional tumor localization and responsiveness to tumor microenvironmental changes. In an MMP-2 enzyme-rich
tumor environment, S-biAb/dEGCG@NPs enable the sustained release of biAbs, promote T-cell infiltration, and activate
ferroptosis while simultaneously blocking immune checkpoints. In vitro and in vivo experiments demonstrated that
S-biAb/dEGCG@NPs significantly enhanced the therapeutic efficacy against GBM, with half of the treated mice
surviving for over 56 days. These results position S-biAb/dEGCG@NPs as an efficient antibody delivery platform
with substantial potential to augment comprehensive cancer therapies.’’

Ding et al engineered a neutrophil-based “Trojan Horse” nanotherapy system (SPCFe/siP) for ultrasound-activated
ferroptosis-immunotherapy combination treatment against primary gliomas. This system utilizes neutrophils to cross
the BBB and deliver drugs precisely to the target lesion. SPCFe/siP comprises a semiconductor polymer, PD-L1
siRNA, and Fe3z0, nanocrystals encapsulated within a nanocarrier that is cleavable by singlet oxygen (‘O,) and
decorated with sialic acid ligands for specific recognition by neutrophils. Upon ultrasound stimulation, the semicon-
ductor polymer generates 'O,, triggering the decomposition of the nanocarrier and the release of Fe3O, nanocrystals
and PD-L1 siRNA. The Fe30, nanocrystals induce ferroptosis and subsequent immunogenic cell death (ICD), while
PD-L1 siRNA downregulates PD-L1 expression on tumor cells, thereby synergistically enhancing the therapeutic
efficacy of ultrasound-activated ferroptosis and immune modulation. In vivo experiments demonstrated that this
strategy effectively controlled glioma growth in a mouse model and improved survival outcomes. This study
introduces an innovative and efficient neutrophil-guided nanodelivery system, with broad potential applications in

brain disease therapy.''°

Hybrid Nanoparticles

Hybrid nanoparticles are nanostructures formed by combining polymers with inorganic or organic matrices, encompass-
ing components such as metal oxide nanoparticles, graphene, carbon nanotubes, silica, and various polymers as inorganic
materials, as well as phospholipids, proteins, and lipids as organic constituents."'' In comparison to non-hybrid systems,
these composite nanoparticles offer a range of advantages, including prolonged blood circulation, reduced premature
drug leakage, enhanced encapsulation efficiency, and optimized non-specific release mechanisms.’® In the context of
biomedical applications, hybrid nanoparticles play a crucial role, particularly in drug delivery, gene therapy, bioimaging,
disease diagnostics, and therapeutic interventions. They enable controlled and sustained drug release at targeted regions,
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effectively shield active compounds from external environmental degradation, and minimize the risk of adverse
reactions.''> Numerous studies have reported on hybrid nanoparticles specifically engineered for the treatment of
glioma, 137115

Zhang et al introduced an innovative 3D-printed hydrogel-liposome nanoparticle platform (T+E@LPs-cRGD
+GelMA) designed to prevent glioma recurrence. This platform integrates cross-linked gelatin hydrogel with cRGD-
modified liposomes, demonstrating excellent biocompatibility and sustained drug release properties. The study showed
that T+E@LPs-cRGD+GelMA can precisely target tumor cells, significantly reducing O-6-methylguanine-DNA methyl-
transferase (MGMT) levels and increasing the expression of the tumor-suppressor protein p53. Transcriptomic analysis
revealed that this nanoparticle system promotes ferroptosis by inducing the accumulation of intracellular reactive oxygen
species (ROS) and lipid peroxidation, thereby overcoming drug resistance. In vivo experiments further validated the
efficacy of T*E@LPs-cRGD+GelMA in inhibiting intracranial tumor growth and extending survival in murine models.
This research paves the way for the development of novel hydrogel-liposome composite systems for glioma therapy.’®
Hao et al designed a novel hybrid nanocarrier (1(NRVs) to enhance the synergistic effects of ferroptosis and immunother-
apy in glioma treatment. These nanoparticles consist of exosomes derived from natural killer (NK) cells, which are
combined with liposomes loaded with the ferroptosis inducer RSL3. Exploiting the tumor-targeting capability and
enhanced permeation and retention (EPR) effects of NK cell-derived exosomes, hNRVs achieve efficient accumulation
and cellular uptake at tumor sites. Upon entry into the tumor microenvironment, hNRVs release FAS ligand (FASL),
interferon-gamma (IFN-y), and RSL3. FASL induces tumor cell lysis, while RSL3, a GPX4 inhibitor, induces ferroptosis
in tumor cells. Concurrently, the increased levels of IFN-y and tumor necrosis factor-alpha (TNF-a) activate dendritic
cells, leading to GPX4 inactivation and promoting lipid peroxidation, thereby sensitizing the tumor to ferroptosis. The
study demonstrated that this customized hNRV platform enhances overall therapeutic efficacy by selectively delivering
ferroptosis inducers and immune activators without imposing additional burdens on healthy organs, offering a novel

approach for clinical applications and future research in glioma treatment.''®

Self-Assembled Nanoparticles

Self-assembled nanoparticles are stable structures that spontaneously form through non-covalent interactions between
individual components, exhibiting properties and functionalities that are distinct from those of the constituent
materials.''” In drug delivery systems, these nanoparticles offer remarkable advantages, particularly in cancer therapy.
They can be surface-modified to enable precise targeting of specific regions, effectively protect encapsulated drugs
from degradation, and release them in response to specific environmental stimuli, such as those found in the tumor
microenvironment. These features not only enhance therapeutic efficacy but also minimize adverse side effects.
Furthermore, due to their straightforward preparation, multifunctionality, and exceptional biocompatibility, self-
assembled nanoparticles are considered powerful tools for improving the effectiveness of anticancer therapies.''®'"”
Notably, in the context of glioma treatment, these nanomaterials demonstrate significant clinical application potential.
Constructed from naturally occurring bioactive substances and held together by non-covalent bonds, they not only
improve the solubility of poorly soluble drugs but also facilitate the crossing of the blood-brain barrier (BBB) and
enhance drug concentration within tumor cells through targeted delivery mechanisms, thereby boosting overall
therapeutic efficacy.'?%'?!

Zhu et al developed a novel carrier-free self-assembled nanosonosensitizer (Ce6@Cu NPs) designed to enhance both
cuproptosis and ferroptosis in the treatment of glioma. This nanosonosensitizer forms through the coordination of Cu?*
with chlorin e6 (Ce6) and generates singlet oxygen ('O2) upon ultrasound irradiation, disrupting copper and iron
metabolism within glioma cells. In experiments with US7MG cells, Ce6@Cu NPs, activated by ultrasound-induced
sonodynamic effects, significantly reduced glutathione (GSH) levels, leading to the inactivation of glutathione peroxidase
4 (GPX4), promoting lipid peroxidation (LPO), and ultimately triggering ferroptosis. Concurrently, the reaction between
Cu®" and GSH resulted in elevated Cu® levels, impairing mitochondrial function and further inducing cuproptosis.
Importantly, these nanoparticles demonstrated effective penetration of the blood-brain barrier and favorable tumor
accumulation in an in situ U87MG-Luc glioma model. Both in vitro and in vivo experiments confirmed that Ce6@Cu
NPs effectively inhibited tumor growth by simultaneously activating ferroptosis and cuproptosis mechanisms, with

International Journal of Nanomedicine 2025:20 hetps: 5791



Jing et al

minimal side effects. This study paves a novel pathway for glioma treatment by combining cuproptosis and ferroptosis
strategies.®

Zhao’s research team developed a graphene diacetylene (GDY)-based nanoparticle platform (GFR) for combined
photothermal and ferroptosis therapy in glioblastoma (GBM). The GFR nanoplatform utilizes self-assembly to load the
ferroptosis inducer FIN56 onto GDY and is further modified with RAP peptide to enhance its ability to cross the blood-
brain barrier. GFR efficiently loads FIN56 in a pH-dependent manner, promoting its release in acidic environments.
Under 808 nm laser irradiation, GFR significantly increases the local temperature and accelerates FIN56 release, thereby
enhancing ferroptosis induction in GBM cells. Experimental results demonstrated that GFR induces ferroptosis in GBM
cells by inhibiting GPX4 expression, effectively controlling tumor growth and prolonging survival in a GBM xenograft
mouse model. Moreover, 808 nm laser treatment further augmented the therapeutic efficacy of GFR-mediated therapy.
This study highlights the potential of GDY-based nanomaterials for GBM treatment and underscores the promise of
combining photothermal therapy with ferroptosis for the treatment of GBM.®'

Liang et al developed a brain-targeted self-assembled nanoparticle platform based on drug repurposing to
enhance ferroptosis therapy for glioblastoma (GBM). They loaded the antimalarial drug dihydroartemisinin
(DHA) and the photosensitizer indocyanine green (ICG) onto lactoferrin (LF) to form the L-D-I/NPs complex.
This nanocarrier specifically targets glioma cells by recognizing the low-density lipoprotein receptor-related protein-
1 (LRP1) and effectively crosses the blood-brain barrier. L-D-I/NPs induce ferroptosis in glioma cells by increasing
intracellular reactive oxygen species (ROS) levels and promoting iron accumulation. Animal experiments further
confirmed that L-D-I/NPs effectively inhibited glioma progression in situ and significantly improved survival rates
in experimental mice. This innovative nanoparticle platform facilitates the use of non-traditional anticancer drugs
while reducing associated side effects, offering a novel approach for more effective ferroptosis-based glioma

treatment. 122

Outlook

Revisions:Nanoparticles offer significant advantages in the treatment of glioma. Through specific surface mod-
ifications, these nanoparticles can selectively target and bind to tumor cells with high precision, thereby mini-
mizing damage to healthy tissues. Additionally, they enable the slow and controlled release of therapeutic agents,
enhancing overall treatment efficacy. This technology provides an innovative strategy for overcoming the blood—
brain barrier (BBB), a major obstacle in the treatment of central nervous system (CNS) malignancies, including
gliomas.

This review summarizes recent advances in nanotechnology for glioma therapy based on the ferroptosis
mechanism. Inorganic nanoplatforms such as Fe;O, nanoparticles induce oxidative stress via the Fenton reaction,
while biomimetic carriers enable triple-targeted delivery, and hybrid systems help overcome chemoresistance.
Multimodal synergistic therapies—combining sonodynamic, photothermal, and immunotherapy—have been shown
to significantly prolong survival. However, clinical translation faces three primary challenges: biosafety, barrier
penetration, and efficacy evaluation. Addressing these requires the development of biodegradable carriers and
dynamic monitoring systems.Innovatively, this review proposes a molecular mapping of the ferroptosis pathway
and a spatiotemporally sequenced therapeutic paradigm, offering theoretical support for the development of preci-
sion treatment strategies and advancing the transition from basic research to clinical application. Nevertheless,
several issues must be addressed to enable successful clinical translation of nanoparticle-based therapies, including
biocompatibility, long-term toxicity, material stability, drug release efficiency, production costs, dosage control, and
regulatory compliance.

Future research should focus on several key areas: first, the development of novel nanomaterials that enhance
therapeutic efficacy while minimizing adverse reactions; second, a deeper exploration of the molecular mechanisms
underlying ferroptosis to provide a more robust theoretical foundation for drug development; third, the investigation
of potential synergistic effects by combining nanoparticles with other therapeutic modalities; and finally, the
expansion of clinical trials to rigorously evaluate the safety and efficacy of nanoparticle-based therapies. Through
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these efforts, ferroptosis-based nanoparticle therapies have the potential to emerge as a pivotal strategy in the fight

against glioma.

Funding

This

research was supported by the Guangxi Natural Science Foundation (grant no.2025GXNSFAA069529 and

2025GXNSFAA069829) and Research, development and industrialization of frontier new material medical silicone gel

and its products [Guike AA23023002, Program Leader: Pingchuan Jiang]; the sub-leader of this project is Yuan

Mingqing.

Disclosure
The authors report no conflicts of interest in this work.

References

1.

10.
11.

12.
13.

14.

15.

17.

18.

19.

20.

21.

22.

23.

24.

Zhou Y, Wu W, Bi H, Yang D, Zhang C. Glioblastoma precision therapy: from the bench to the clinic. Cancer Lett. 2020;475:79-91.
doi:10.1016/j.canlet.2020.01.027

. Cuddapah VA, Robel S, Watkins S, Sontheimer H. A neurocentric perspective on glioma invasion. Nat Rev Neurosci. 2014;15(7):455-465.

doi:10.1038/nrn3765

. Buckner J, Giannini C, Eckel-Passow J, et al. Management of diffuse low-grade gliomas in adults - use of molecular diagnostics. Nat Rev

Neurol. 2017;13(6):340-351. doi:10.1038/nrneurol.2017.54

. Ashby LS, Smith KA, Stea B. Gliadel wafer implantation combined with standard radiotherapy and concurrent followed by adjuvant

temozolomide for treatment of newly diagnosed high-grade glioma: a systematic literature review. World J Surg Oncol. 2016;14(1):225.
doi:10.1186/s12957-016-0975-5

. Bush NA, Chang SM, Berger MS. Current and future strategies for treatment of glioma. Neurosurg Rev. 2017;40(1):1-14. doi:10.1007/s10143-

016-0709-8

. Arvanitis CD, Ferraro GB, Jain RK. The blood-brain barrier and blood-tumour barrier in brain tumours and metastases. Nat Rev Cancer.

2020;20(1):26—41. doi:10.1038/541568-019-0205-x

. Charles NA, Holland EC, Gilbertson R, Glass R, Kettenmann H. The brain tumor microenvironment. Glia. 2011;59(8):1169—-1180. doi:10.1002/

glia.21136

. Sarin H. Recent progress towards development of effective systemic chemotherapy for the treatment of malignant brain tumors. J Transl Med.

2009;7:77. doi:10.1186/1479-5876-7-77

. Dixon SJ, Lemberg KM, Lamprecht MR, et al. Ferroptosis: an iron-dependent form of nonapoptotic cell death. Cell. 2012;149(5):1060-1072.

doi:10.1016/j.cell.2012.03.042

Xie Y, Hou W, Song X, et al. Ferroptosis: process and function. Cell Death Differ. 2016;23(3):369-379. doi:10.1038/cdd.2015.158

Yu H, Guo P, Xie X, Wang Y, Chen G. Ferroptosis, a new form of cell death, and its relationships with tumourous diseases. J Cell Mol Med.
2017;21(4):648-657. doi:10.1111/jcmm.13008

Li J, Cao F, Yin HL, et al. Ferroptosis: past, present and future. Cell Death Dis. 2020;11(2):88. doi:10.1038/s41419-020-2298-2

Tang D, Chen X, Kang R, Kroemer G. Ferroptosis: molecular mechanisms and health implications. Cell Res. 2021;31(2):107-125. doi:10.1038/
$41422-020-00441-1

Zhao J, Wang Y, Tao L, Chen L. Iron transporters and ferroptosis in malignant brain tumors. Front Oncol. 2022;12:861834. doi:10.3389/
fonc.2022.861834

Manz DH, Blanchette NL, Paul BT, Torti FM, Torti SV. Iron and cancer: recent insights. 4nn N Y Acad Sci. 2016;1368(1):149-161. doi:10.1111/
nyas.13008

. Yan HF, Zou T, Tuo QZ, et al. Ferroptosis: mechanisms and links with diseases. Signal Transduct Target Ther. 2021;6(1):49. doi:10.1038/

$41392-020-00428-9

Cheng Z, Li M, Dey R, Chen Y. Nanomaterials for cancer therapy: current progress and perspectives. J Hematol Oncol. 2021;14(1):85.
doi:10.1186/s13045-021-01096-0

Ma'y, Xiong L, Lu Y, et al. Advanced inorganic nitride nanomaterials for renewable energy: a mini review of synthesis methods. Front Chem.
2021;9:638216. doi:10.3389/fchem.2021.638216

Devi N, Sahoo S, Kumar R, Singh RK. A review of the microwave-assisted synthesis of carbon nanomaterials, metal oxides/hydroxides and
their composites for energy storage applications. Nanoscale. 2021;13(27):11679—-11711. doi:10.1039/d1nr01134k

Li T, Li J, Chen Z, et al. Glioma diagnosis and therapy: current challenges and nanomaterial-based solutions. J Control Release.
2022;352:338-370. doi:10.1016/j.jconrel.2022.09.065

Qiao L, Yang H, Shao XX, Yin Q, Fu XJ, Wei Q. Research progress on nanoplatforms and nanotherapeutic strategies in treating glioma. Mol
Pharm. 2022;19(7):1927-1951. doi:10.1021/acs.molpharmaceut.1c00856

Zhou X, Smith QR, Liu X. Brain penetrating peptides and peptide-drug conjugates to overcome the blood-brain barrier and target CNS diseases.
Wiley Interdiscip Rev Nanomed Nanobiotechnol. 2021;13(4):e1695. doi:10.1002/wnan.1695

Xu X, Wu Y, Qian X, et al. Nanomedicine strategies to circumvent intratumor extracellular matrix barriers for cancer therapy. Adv Healthc
Mater. 2022;11(1):e2101428. doi:10.1002/adhm.202101428

Li J, Zhao J, Tan T, et al. Nanoparticle drug delivery system for glioma and its efficacy improvement strategies: a comprehensive review.
Int J Nanomed. 2020;15:2563-2582. doi:10.2147/1JN.S243223

International Journal of Nanomedicine 2025:20 hetps: 5793


https://doi.org/10.1016/j.canlet.2020.01.027
https://doi.org/10.1038/nrn3765
https://doi.org/10.1038/nrneurol.2017.54
https://doi.org/10.1186/s12957-016-0975-5
https://doi.org/10.1007/s10143-016-0709-8
https://doi.org/10.1007/s10143-016-0709-8
https://doi.org/10.1038/s41568-019-0205-x
https://doi.org/10.1002/glia.21136
https://doi.org/10.1002/glia.21136
https://doi.org/10.1186/1479-5876-7-77
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1038/cdd.2015.158
https://doi.org/10.1111/jcmm.13008
https://doi.org/10.1038/s41419-020-2298-2
https://doi.org/10.1038/s41422-020-00441-1
https://doi.org/10.1038/s41422-020-00441-1
https://doi.org/10.3389/fonc.2022.861834
https://doi.org/10.3389/fonc.2022.861834
https://doi.org/10.1111/nyas.13008
https://doi.org/10.1111/nyas.13008
https://doi.org/10.1038/s41392-020-00428-9
https://doi.org/10.1038/s41392-020-00428-9
https://doi.org/10.1186/s13045-021-01096-0
https://doi.org/10.3389/fchem.2021.638216
https://doi.org/10.1039/d1nr01134k
https://doi.org/10.1016/j.jconrel.2022.09.065
https://doi.org/10.1021/acs.molpharmaceut.1c00856
https://doi.org/10.1002/wnan.1695
https://doi.org/10.1002/adhm.202101428
https://doi.org/10.2147/IJN.S243223

Jing et al

25

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.
57.

58.
59.

. Liu Z, Ji X, He D, Zhang R, Liu Q, Xin T. Nanoscale drug delivery systems in glioblastoma. Nanoscale Res Lett. 2022;17(1):27. doi:10.1186/
s11671-022-03668-6

Hou Y, Kondoh H, Shimojo M, et al. Inorganic nanocrystal self-assembly via the inclusion interaction of B-cyclodextrins:: toward 3D spherical
magnetite. J Phys Chem B. 2005;109(11):4845-4852. doi:10.1021/jp0476646

Zhang L, Wu J, Liao H, Hou Y, Gao S. Octahedral Fe;O,4 nanoparticles and their assembled structures. Chem Commun. 2009;29:4378-4380.
doi:10.1039/b906636¢

Chang D, Ma Y, Xu X, Xie J, Ju S. Stimuli-responsive polymeric nanoplatforms for cancer therapy. Front Bioeng Biotech. 2021;9. doi:10.3389/
fbioe.2021.707319

Yanar F, Carugo D, Zhang X. Hybrid nanoplatforms comprising organic nanocompartments encapsulating inorganic nanoparticles for enhanced
drug delivery and bioimaging applications. Molecules. 2023;28(15):5694. doi:10.3390/molecules28155694

Li J, Wu Y, Wang J, et al. Macrophage membrane-coated nano- gemcitabine promotes lymphocyte infiltration and synergizes AntiPD-L1 to
restore the tumoricidal function. Acs Nano. 2023;17(1):322-336.

Hirschhorn T, Stockwell BR. The development of the concept of ferroptosis. Free Radic Biol Med. 2019;133:130-143. doi:10.1016/j.
freeradbiomed.2018.09.043

Wang H, Liu Y, Che S, et al. Deciphering the link: ferroptosis and its role in glioma. Front Immunol. 2024;15:1346585. doi:10.3389/
fimmu.2024.1346585

Chen X, Comish PB, Tang D, Kang R. Characteristics and biomarkers of ferroptosis. Front Cell Dev Biol. 2021;9:637162. doi:10.3389/
feell.2021.637162

Han C, Liu Y, Dai R, Ismail N, Su W, Li B. Ferroptosis and its potential role in human diseases. Front Pharmacol. 2020;11:239. doi:10.3389/
fphar.2020.00239

Wang H, Liu C, Zhao Y, Gao G. Mitochondria regulation in ferroptosis. Eur J Cell Biol. 2020;99(1):151058. doi:10.1016/j.ejcb.2019.151058
Dixon SJ, Olzmann JA. The cell biology of ferroptosis. Nat Rev mol Cell Biol. 2024;25(6):424-442. doi:10.1038/s41580-024-00703-5

Jiang XJ, Stockwell BR, Conrad M. Ferroptosis: mechanisms, biology and role in disease. Nat Rev mol Cell Bio. 2021;22(4):266-282.
doi:10.1038/s41580-020-00324-8

Chen X, Li JB, Kang R, Klionsky DJ, Tang DL. Ferroptosis: machinery and regulation. Autophagy. 2021;17(9):2054-2081. doi:10.1080/
15548627.2020.1810918

Fang XX, Ardehali H, Min JX, Wang FD. The molecular and metabolic landscape of iron and ferroptosis in cardiovascular disease. Nat Rev
Cardiol. 2023;20(1):7-23. doi:10.1038/541569-022-00735-4

Yao YS, Ji P, Chen H, et al. Ferroptosis-based drug delivery system as a new therapeutic opportunity for brain tumors. Front Oncol. 2023;13.
Jiang L, Kon N, Li TY, et al. Ferroptosis as a p53-mediated activity during tumour suppression. Nature. 2015;520(7545):57. doi:10.1038/
nature14344

Liu Y, Wan YC, Jiang Y, Zhang L, Cheng WJ. GPX4: the hub of lipid oxidation, ferroptosis, disease and treatment. Bba-Rev Cancer.
2023;1878(3).

Rochette L, Dogon G, Rigal E, Zeller M, Cottin Y, Vergely C. Lipid peroxidation and iron metabolism: two corner stones in the homeostasis
control of ferroptosis. Int J mol Sci. 2023;24(1).

Chen P, Wu QB, Feng J, et al. Erianin, a novel dibenzyl compound in Dendrobium extract, inhibits lung cancer cell growth and migration via
calcium/calmodulin-dependent ferroptosis. Signal Transduction Tar. 2020;5(1).

Yao XX, Xie RH, Cao YB, et al. Simvastatin induced ferroptosis for triple-negative breast cancer therapy. J Nanobiotechnol. 2021;19(1).
doi:10.1186/s12951-021-01058-1

Capelletti MM, Manceau H, Puy H, Peoc’h K. Ferroptosis in liver diseases: an overview. Int J mol Sci. 2020;21(14):4908. doi:10.3390/
ijms21144908

Yang WS, Kim KJ, Gaschler MM, Patel M, Shchepinov MS, Stockwell BR. Peroxidation of polyunsaturated fatty acids by lipoxygenases drives
ferroptosis. Proc Natl Acad Sci U S A. 2016;113(34):E4966—E4975. doi:10.1073/pnas.1603244113

Kuang FM, Liu J, Tang DL, Kang R. Oxidative damage and antioxidant defense in ferroptosis. Front Cell Develop Biol. 2020;8:8. doi:10.3389/
fcell.2020.00008

Bersuker K, Hendricks JM, Li ZP, et al. The CoQ oxidoreductase FSP1 acts parallel to GPX4 to inhibit ferroptosis. Nature. 2019;575
(7784):688. doi:10.1038/541586-019-1705-2

Yao S, Xu MD, Wang Y, et al. Astrocytic lactate dehydrogenase A regulates neuronal excitability and depressive-like behaviors through lactate
homeostasis in mice. Nat Commun. 2023;14(1).

Helms HC, Abbott NJ, Burek M, et al. In vitro models of the blood-brain barrier: an overview of commonly used brain endothelial cell culture
models and guidelines for their use. J Cerebr Blood F Met. 2016;36(5):862—-890. doi:10.1177/0271678X16630991

Schurhoff N, Toborek M. Circadian rhythms in the blood-brain barrier: impact on neurological disorders and stress responses. Molecular Brain.
2023;16(1). doi:10.1186/s13041-023-00997-0

Wu D, Chen Q, Chen XJ, Han F, Chen Z, Wang Y. The blood-brain barrier: structure, regulation, and drug delivery. Signal Transduction Tar.
2023;8(1).

Moura RP, Martins C, Pinto S, Sousa F, Sarmento B. Blood-brain barrier receptors and transporters: an insight on their function and how to
exploit them through nanotechnology. Expert Opin Drug Deliv. 2019;16(3):271-285. doi:10.1080/17425247.2019.1583205

Morris ME, Rodriguez-Cruz V, Felmlee MA. SLC and ABC transporters: expression, localization, and species differences at the blood-brain
and the blood-cerebrospinal fluid barriers. A4PS J. 2017;19(5):1317-1331. doi:10.1208/s12248-017-0110-8

Alexander JJ. Blood-brain barrier (BBB) and the complement landscape. Mol Immunol. 2018;102:26-31. doi:10.1016/j.molimm.2018.06.267
Karim R, Palazzo C, Evrard B, Piel G. Nanocarriers for the treatment of glioblastoma multiforme: current state-of-the-art. J Control Release.
2016;227:23-37. doi:10.1016/j.jconrel.2016.02.026

Xie J, Shen Z, Anraku Y, Kataoka K, Chen X. Nanomaterial-based blood-brain-barrier (BBB) crossing strategies. Biomaterials. 2019;224.
van Tellingen O, Yetkin-Arik B, de Gooijer MC, Wesseling P, Wurdinger T, de Vries HE. Overcoming the blood-brain tumor barrier for
effective glioblastoma treatment. Drug Resist Update. 2015;19:1-12. doi:10.1016/j.drup.2015.02.002

5794 https: International Journal of Nanomedicine 2025:20


https://doi.org/10.1186/s11671-022-03668-6
https://doi.org/10.1186/s11671-022-03668-6
https://doi.org/10.1021/jp0476646
https://doi.org/10.1039/b906636e
https://doi.org/10.3389/fbioe.2021.707319
https://doi.org/10.3389/fbioe.2021.707319
https://doi.org/10.3390/molecules28155694
https://doi.org/10.1016/j.freeradbiomed.2018.09.043
https://doi.org/10.1016/j.freeradbiomed.2018.09.043
https://doi.org/10.3389/fimmu.2024.1346585
https://doi.org/10.3389/fimmu.2024.1346585
https://doi.org/10.3389/fcell.2021.637162
https://doi.org/10.3389/fcell.2021.637162
https://doi.org/10.3389/fphar.2020.00239
https://doi.org/10.3389/fphar.2020.00239
https://doi.org/10.1016/j.ejcb.2019.151058
https://doi.org/10.1038/s41580-024-00703-5
https://doi.org/10.1038/s41580-020-00324-8
https://doi.org/10.1080/15548627.2020.1810918
https://doi.org/10.1080/15548627.2020.1810918
https://doi.org/10.1038/s41569-022-00735-4
https://doi.org/10.1038/nature14344
https://doi.org/10.1038/nature14344
https://doi.org/10.1186/s12951-021-01058-1
https://doi.org/10.3390/ijms21144908
https://doi.org/10.3390/ijms21144908
https://doi.org/10.1073/pnas.1603244113
https://doi.org/10.3389/fcell.2020.00008
https://doi.org/10.3389/fcell.2020.00008
https://doi.org/10.1038/s41586-019-1705-2
https://doi.org/10.1177/0271678X16630991
https://doi.org/10.1186/s13041-023-00997-0
https://doi.org/10.1080/17425247.2019.1583205
https://doi.org/10.1208/s12248-017-0110-8
https://doi.org/10.1016/j.molimm.2018.06.267
https://doi.org/10.1016/j.jconrel.2016.02.026
https://doi.org/10.1016/j.drup.2015.02.002

Jing et al

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.
84.

85.

86.

87.

88.

89.

90.

91.

92.

Garbayo E, Estella-Hermoso de Mendoza A, Blanco-Prieto MJ. Diagnostic and therapeutic uses of nanomaterials in the brain. Curr Med Chem.
2014;21(36):4100-4131. doi:10.2174/0929867321666140815124246

Razpotnik R, Novak N, Curin Serbec V, Rajcevic U. Targeting malignant brain tumors with antibodies. Front Immunol. 2017;8:1181.
doi:10.3389/fimmu.2017.01181

Gao H. Progress and perspectives on targeting nanoparticles for brain drug delivery. Acta Pharm Sin B. 2016;6(4):268-286. doi:10.1016/].
apsb.2016.05.013

Cheng J, Fan YQ, Liu BH, Zhou H, Wang JM, Chen QX. ACSL4 suppresses glioma cells proliferation via activating ferroptosis. Oncol Rep.
2020;43(1):147-158. doi:10.3892/0r.2019.7419

Yi R, Wang H, Deng C, et al. Dihydroartemisinin initiates ferroptosis in glioblastoma through GPX4 inhibition. Biosci Rep. 2020;40(6).
doi:10.1042/BSR20193314

Chen Y, Li N, Wang H, et al. Amentoflavone suppresses cell proliferation and induces cell death through triggering autophagy-dependent
ferroptosis in human glioma. Life Sci. 2020;247:117425. doi:10.1016/5.1£5.2020.117425

Luo H, Shusta EV. Blood-brain barrier modulation to improve glioma drug delivery. Pharmaceutics. 2020;12(11):1085. doi:10.3390/
pharmaceutics12111085

Jiang Y, Lv L, Shi H, et al. PEGylated Polyamidoamine dendrimer conjugated with tumor homing peptide as a potential targeted delivery
system for glioma. Colloids Surf B Biointerfaces. 2016;147:242—249. doi:10.1016/j.colsurfb.2016.08.002

Ningaraj NS, Rao M, Hashizume K, Asotra K, Black KL. Regulation of blood-brain tumor barrier permeability by calcium-activated potassium
channels. J Pharmacol Exp Ther. 2002;301(3):838-851. doi:10.1124/jpet.301.3.838

Sirav B, Seyhan N. Effects of GSM modulated radio-frequency electromagnetic radiation on permeability of blood-brain barrier in male &
female rats. J Chem Neuroanat. 2016;75(Pt B):123—127. doi:10.1016/j.jchemneu.2015.12.010

Zhao J, Zang F, Huo X, Zheng S. Novel approaches targeting ferroptosis in treatment of glioma. Front Neurol. 2023;14:1292160. doi:10.3389/
fneur.2023.1292160

Shen Z, Liu T, Li Y, et al. Fenton-reaction-acceleratable magnetic nanoparticles for ferroptosis therapy of orthotopic brain tumors. Acs Nano.
2018;12(11):11355-11365. doi:10.1021/acsnano.8b06201

Chen H, Wen J. Iron oxide nanoparticles loaded with paclitaxel inhibits glioblastoma by enhancing autophagy-dependent ferroptosis pathway.
Eur J Pharmacol. 2022;921:174860. doi:10.1016/j.ejphar.2022.174860

Deng K, Zhang L, Gao W, et al. A functional carbon dots induce ferroptosis by suppressing PLPP4 activity to inhibit glioblastoma growth.
Chem Eng J. 2023;475.

Liu B, Ji Q, Cheng Y, et al. Biomimetic GBM-targeted drug delivery system boosting ferroptosis for immunotherapy of orthotopic
drug-resistant GBM. J Nanobiotechnology. 2022;20(1):161. doi:10.1186/s12951-022-01360-6

Wang J, Yang J, Liu K, et al. Tumor targeted cancer membrane-camouflaged ultra-small Fe nanoparticles for enhanced collaborative apoptosis
and ferroptosis in glioma. Mater Today Bio. 2023;22:100780. doi:10.1016/j.mtbio.2023.100780

Zhang Y, Cheng Q, Xue Y, et al. LAT1 targeted brain delivery of temozolomide and sorafenib for effective glioma therapy. Nano Res. 2023;16
(7):9743-9751. doi:10.1007/512274-023-5568-3

Fan RR, Chen CL, Mu M, et al. Engineering MMP-2 activated nanoparticles carrying B7-H3 bispecific antibodies for ferroptosis-enhanced
glioblastoma immunotherapy. Acs Nano. 2023;17(10):9126-9139. doi:10.1021/acsnano.2¢12217

Wang Z, Liu Z, Wang S, et al. Implantation of hydrogel-liposome nanoplatform inhibits glioblastoma relapse by inducing ferroptosis. Asian
J Pharm Sci. 2023;18(3):100800. doi:10.1016/j.ajps.2023.100800

Hao W, Sun N, Fan Y, et al. Targeted ferroptosis-immunotherapy synergy: enhanced antiglioma efficacy with hybrid Nanovesicles comprising
NK cell-derived exosomes and RSL3-loaded liposomes. ACS App! Mater Interfaces. 2024;16(22):28193-28208. doi:10.1021/acsami.4c04604
Zhu Y, Niu XG, Ding CY, et al. Carrier-free self-assembly nano-sonosensitizers for sonodynamic-amplified cuproptosis-ferroptosis in
glioblastoma therapy. Adv Sci. 2024;11(23).

Zhao LX, Gong ZQ, Zhang Q, et al. Graphdiyne nanoplatforms for photothermal-ferroptosis combination therapy against glioblastoma.
J Control Release. 2023;359:12-25. doi:10.1016/j.jconrel.2023.05.035

Shao J, Zhang J, Xue K, et al. Upconversion dihydroartemisinin-loaded nanocomposites for NIR-enhanced ferroptosis of glioblastoma cells.
ACS Appl Nano Mater. 2024;7(8):9106-9115. doi:10.1021/acsanm.4c00548

Yi RX, Wang HD, Deng CL, et al. Dihydroartemisinin initiates ferroptosis in glioblastoma through GPX4 inhibition. Biosci Rep. 2020;40.
Xue K, Yang R, An Y, et al. NIR-promoted ferrous ion regeneration enhances ferroptosis for glioblastoma treatment. J Control Release.
2024;368:595-606. doi:10.1016/j.jconrel.2024.01.004

Chen Y, Li N, Wang HJ, et al. Amentoflavone suppresses cell proliferation and induces cell death through triggering autophagy-dependent
ferroptosis in human glioma (Retraction of Vol 247, art no 117425, 2020). Life Sci. 2024;344.

Chen HR, Wen J. Iron oxide nanoparticles loaded with paclitaxel inhibits glioblastoma by enhancing autophagy-dependent ferroptosis pathway.
Eur J Pharmacol. 2022;921.

Liu B, Ji QF, Cheng Y, et al. Biomimetic GBM-targeted drug delivery system boosting ferroptosis for immunotherapy of orthotopic
drug-resistant GBM. J Nanobiotechnol. 2022;20(1).

Cao Z, Liu X, Zhang W, et al. Biomimetic macrophage membrane-camouflaged nanoparticles induce ferroptosis by promoting mitochondrial
damage in glioblastoma. Acs Nano. 2023;17(23):23746-23760. doi:10.1021/acsnano.3c07555

Mahmoud BS, AlAmri AH, McConville C. Polymeric nanoparticles for the treatment of malignant gliomas. Cancers. 2020;12(1):175.
doi:10.3390/cancers12010175

Dave V, Tak K, Sohgaura A, Gupta A, Sadhu V, Reddy KR. Lipid-polymer hybrid nanoparticles: synthesis strategies and biomedical
applications. J Microbiol Methods. 2019;160:130—142. doi:10.1016/j.mimet.2019.03.017

Zhu Y, Niu X, Ding C, et al. Carrier-free self-assembly nano-sonosensitizers for sonodynamic-amplified cuproptosis-ferroptosis in glioblastoma
therapy. Adv Sci. 2024;11(23):¢2402516. doi:10.1002/advs.202402516

Liang JT, Li L, Tian HL, et al. Drug repurposing-based brain-targeting self-assembly nanoplatform using enhanced ferroptosis against
glioblastoma. Small. 2023;19(46).

International Journal of Nanomedicine 2025:20 hetps: 5795


https://doi.org/10.2174/0929867321666140815124246
https://doi.org/10.3389/fimmu.2017.01181
https://doi.org/10.1016/j.apsb.2016.05.013
https://doi.org/10.1016/j.apsb.2016.05.013
https://doi.org/10.3892/or.2019.7419
https://doi.org/10.1042/BSR20193314
https://doi.org/10.1016/j.lfs.2020.117425
https://doi.org/10.3390/pharmaceutics12111085
https://doi.org/10.3390/pharmaceutics12111085
https://doi.org/10.1016/j.colsurfb.2016.08.002
https://doi.org/10.1124/jpet.301.3.838
https://doi.org/10.1016/j.jchemneu.2015.12.010
https://doi.org/10.3389/fneur.2023.1292160
https://doi.org/10.3389/fneur.2023.1292160
https://doi.org/10.1021/acsnano.8b06201
https://doi.org/10.1016/j.ejphar.2022.174860
https://doi.org/10.1186/s12951-022-01360-6
https://doi.org/10.1016/j.mtbio.2023.100780
https://doi.org/10.1007/s12274-023-5568-3
https://doi.org/10.1021/acsnano.2c12217
https://doi.org/10.1016/j.ajps.2023.100800
https://doi.org/10.1021/acsami.4c04604
https://doi.org/10.1016/j.jconrel.2023.05.035
https://doi.org/10.1021/acsanm.4c00548
https://doi.org/10.1016/j.jconrel.2024.01.004
https://doi.org/10.1021/acsnano.3c07555
https://doi.org/10.3390/cancers12010175
https://doi.org/10.1016/j.mimet.2019.03.017
https://doi.org/10.1002/advs.202402516

Jing et al

93

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

. Yang Z, Chen H. The recent progress of inorganic-based intelligent responsive nanoplatform for tumor theranostics. View. 2022;3(6).
doi:10.1002/VIW.20220009

Montaseri H, Kruger CA, Abrahamse H. Inorganic nanoparticles applied for active targeted photodynamic therapy of breast cancer.
Pharmaceutics. 2021;13(3).

Hu D, Xia M, Wu L, et al. Challenges and advances for glioma therapy based on inorganic nanoparticles. Mater Today Bio. 2023;20:100673.
doi:10.1016/j.mtbio.2023.100673

Zhang Y, Fu X, Jia J, et al. Glioblastoma therapy using codelivery of cisplatin and glutathione peroxidase targeting siRNA from iron oxide
nanoparticles. ACS Appl Mater Interfaces. 2020;12(39):43408-43421. doi:10.1021/acsami.0c12042

Wen J, Chen H, Ren Z, Zhang P, Chen J, Jiang S. Ultrasmall iron oxide nanoparticles induced ferroptosis via Beclinl/ATG5-dependent
autophagy pathway. Nano Converg. 2021;8(1):10. doi:10.1186/540580-021-00260-z

Zhang Y, Xi K, Fu X, et al. Versatile metal-phenolic network nanoparticles for multitargeted combination therapy and magnetic resonance
tracing in glioblastoma. Biomaterials. 2021;278:121163. doi:10.1016/j.biomaterials.2021.121163

Cao Y, Zhang S, Lv Z, et al. An intelligent nanoplatform for orthotopic glioblastoma therapy by nonferrous ferroptosis. Adv Funct Mater.
2022;32(51). doi:10.1002/adfm.202209227

Li B, Chen X, Qiu W, et al. Synchronous disintegration of ferroptosis defense axis via engineered exosome-conjugated magnetic nanoparticles
for glioblastoma therapy. Adv Sci. 2022;9(17):¢2105451. doi:10.1002/advs.202105451

Carvalho SM, Mansur AAP, Da Silveira IB, et al. Nanozymes with peroxidase-like activity for ferroptosis-driven biocatalytic nanotherapeutics
of glioblastoma cancer: 2D and 3D spheroids models. Pharmaceutics. 2023;15(6):1702. doi:10.3390/pharmaceutics15061702

Liu J, Sun M, Li Z, et al. Catalytic nanoreactors promote GLUT1-mediated BBB permeation by generating nitric oxide for potentiating
glioblastoma ferroptosis. Chem Eng J. 2024;483.

Liu L, Bai X, Martikainen MV, et al. Cell membrane coating integrity affects the internalization mechanism of biomimetic nanoparticles. Nat
Commun. 2021;12(1):5726. doi:10.1038/s41467-021-26052-x

Chen L, Hong W, Ren W, Xu T, Qian Z, He Z. Recent progress in targeted delivery vectors based on biomimetic nanoparticles. Signal
Transduct Target Ther. 2021;6(1):225. doi:10.1038/s41392-021-00631-2

Lim XY, Capinpin SM, Bolem N, et al. Biomimetic nanotherapeutics for targeted drug delivery to glioblastoma multiforme. Bioeng Transl Med.
2023;8(3):e10483. doi:10.1002/btm?2.10483

Zhu M, Wu P, Li Y, Zhang L, Zong Y, Wan M. Synergistic therapy for orthotopic gliomas via biomimetic nanosonosensitizer-mediated
sonodynamic therapy and ferroptosis. Biomater Sci. 2022;10(14):3911-3923. doi:10.1039/D2BM00562J

Zielinska A, Carreiro F, Oliveira AM, et al. Polymeric nanoparticles: production, characterization, toxicology and ecotoxicology. Molecules.
2020;25(16):3731. doi:10.3390/molecules25163731

Begines B, Ortiz T, Perez-Aranda M, et al. Polymeric nanoparticles for drug delivery: recent developments and future prospects. Nanomaterials.
2020;10(7):1403. doi:10.3390/nano10071403

El-Say KM, El-Sawy HS. Polymeric nanoparticles: promising platform for drug delivery. Int J Pharm. 2017;528(1-2):675-691. doi:10.1016/j.
ijpharm.2017.06.052

Ding MB, Zhu AN, Zhang YJ, et al. Neutrophil-based Trojan horse containing polymer nano-therapeutics for sono-activatable
ferroptosis-immunotherapy of orthotopic glioma. Nano Today. 2024;57.

Kashapov R, Ibragimova A, Pavlov R, et al. Nanocarriers for biomedicine: from lipid formulations to inorganic and hybrid nanoparticles.
Int J mol Sci. 2021;22(13).

Ferreira Soares DC, Domingues SC, Viana DB, Tebaldi ML. Polymer-hybrid nanoparticles: current advances in biomedical applications.
Biomed Pharmacother. 2020;131:110695. doi:10.1016/j.biopha.2020.110695

Yang Q, Zhou Y, Chen J, Huang N, Wang Z, Cheng Y. Gene therapy for drug-resistant glioblastoma via lipid-polymer hybrid nanoparticles
combined with focused ultrasound. Int J Nanomed. 2021;16:185-199. doi:10.2147/1JN.S286221

Tang M, Lin K, Ramachandran M, et al. A mitochondria-targeting lipid-small molecule hybrid nanoparticle for imaging and therapy in an
orthotopic glioma model. Acta Pharm Sin B. 2022;12(6):2672-2682. doi:10.1016/j.apsb.2022.04.005

Dong CY, Huang QX, Cheng H, et al. Neisseria meningitidis Opca Protein/MnO(2) hybrid nanoparticles for overcoming the blood-brain barrier
to treat glioblastoma. Adv Mater. 2022;34(12):¢2109213. doi:10.1002/adma.202109213

Fan YY, Cui YX, Hao WY, et al. Carrier-free highly drug-loaded biomimetic nanosuspensions encapsulated by cancer cell membrane based on
homology and active targeting for the treatment of glioma. Bioact Mater. 2021;6(12):4402-4414. doi:10.1016/j.bioactmat.2021.04.027

Varma LT, Singh N, Gorain B, et al. Recent advances in self-assembled nanoparticles for drug delivery. Curr Drug Deliv. 2020;17(4):279-291.
doi:10.2174/1567201817666200210122340

Li D, Zhang R, Liu G, Kang Y, Wu J. Redox-responsive self-assembled nanoparticles for cancer therapy. Adv Healthc Mater. 2020;9(20):
€2000605. doi:10.1002/adhm.202000605

Li SD, Chen YC, Hackett MJ, Huang L. Tumor-targeted delivery of siRNA by self-assembled nanoparticles. Mol Ther. 2008;16(1):163—169.
doi:10.1038/sj.mt.6300323

Li Y, Wang Y, Gao L, et al. Betulinic acid self-assembled nanoparticles for effective treatment of glioblastoma. J Nanobiotechnology. 2022;20
(1):39. doi:10.1186/s12951-022-01238-7

Li Y, Zhao Q, Zhu X, et al. Self-Assembled nanoparticles of natural bioactive molecules enhance the delivery and efficacy of paclitaxel in
glioblastoma. CNS Neurosci Ther. 2024;30(4):e14528. doi:10.1111/cns.14528

Liang J, Li L, Tian H, et al. Drug repurposing-based brain-targeting self-assembly nanoplatform using enhanced ferroptosis against
glioblastoma. Small. 2023;19(46):¢2303073. doi:10.1002/sml1.202303073

5796 https: International Journal of Nanomedicine 2025:20


https://doi.org/10.1002/VIW.20220009
https://doi.org/10.1016/j.mtbio.2023.100673
https://doi.org/10.1021/acsami.0c12042
https://doi.org/10.1186/s40580-021-00260-z
https://doi.org/10.1016/j.biomaterials.2021.121163
https://doi.org/10.1002/adfm.202209227
https://doi.org/10.1002/advs.202105451
https://doi.org/10.3390/pharmaceutics15061702
https://doi.org/10.1038/s41467-021-26052-x
https://doi.org/10.1038/s41392-021-00631-2
https://doi.org/10.1002/btm2.10483
https://doi.org/10.1039/D2BM00562J
https://doi.org/10.3390/molecules25163731
https://doi.org/10.3390/nano10071403
https://doi.org/10.1016/j.ijpharm.2017.06.052
https://doi.org/10.1016/j.ijpharm.2017.06.052
https://doi.org/10.1016/j.biopha.2020.110695
https://doi.org/10.2147/IJN.S286221
https://doi.org/10.1016/j.apsb.2022.04.005
https://doi.org/10.1002/adma.202109213
https://doi.org/10.1016/j.bioactmat.2021.04.027
https://doi.org/10.2174/1567201817666200210122340
https://doi.org/10.1002/adhm.202000605
https://doi.org/10.1038/sj.mt.6300323
https://doi.org/10.1186/s12951-022-01238-7
https://doi.org/10.1111/cns.14528
https://doi.org/10.1002/smll.202303073

Jing et al

International Journal of Nanomedicine Dovepress

Taylor & Francis Group
Publish your work in this journal

The International Journal of Nanomedicine is an international, peer-reviewed journal focusing on the application of nanotechnology in diagnostics,
therapeutics, and drug delivery systems throughout the biomedical field. This journal is indexed on PubMed Central, MedLine, CAS, SciSearch®,
Current Contents®/Clinical Medicine, Journal Citation Reports/Science Edition, EMBase, Scopus and the Elsevier Bibliographic databases. The
manuscript management system is completely online and includes a very quick and fair peer-review system, which is all easy to use. Visit http:/
www.dovepress.com/testimonials.php to read real quotes from published authors.

Submit your manuscript here: https://www.dovepress.com/international-journal-of-nanomedicine-journal

International Journal of Nanomedicine 2025:20 E X in 3@ 5797


https://www.dovepress.com
http://www.dovepress.com/testimonials.php
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	Overview of Ferroptosis
	Basic Concepts and Characteristics
	Mechanisms of Ferroptosis

	Blood-Brain Barrier and Blood-Brain Tumor Barrier
	Blood-Brain Barrier
	Blood-Brain Tumor Barrier

	Nanoparticle-Mediated Ferroptosis in Glioma Therapy
	Inorganic Nanoplatform
	Biomimetic Nanoparticles
	Polymeric Nanoparticles
	Hybrid Nanoparticles
	Self-Assembled Nanoparticles

	Outlook
	Funding
	Disclosure

