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Melanoma, one of the most aggressive types of skin cancer, has exhibited a
continuously rising incidence worldwide, accompanied by a significant mortality
risk. Despite ongoing advances in therapeutic approaches, effective and definitive
clinical interventions remain limited, severely restricting long-term patient
prognosis. In recent years, nanotechnology-based tumor therapies have
demonstrated tremendous potential. Among them, iron oxide nanoparticles
(IONPs), owing to their excellent biocompatibility, magnetic responsiveness,
low cost, and scalability in synthesis, have emerged as a highly promising
nanoplatform for melanoma treatment. This review systematically summarizes
the physicochemical properties of IONPs and their tumor-targetingmechanisms,
with a particular focus on recent advances in their applications for melanoma,
including drug-targeted delivery, hyperthermia, Photodynamic therapy (PDT),
Chemodynamic therapy (CDT), immunotherapy, and combination therapies.
Additionally, the review discusses current challenges and provides
perspectives on the future development of IONPs for precision melanoma
therapy.
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1 Introduction

Skin cancer is one of the most common malignancies worldwide, and its incidence has
been steadily increasing in recent years. Based on histological origin, skin cancers are
primarily categorized into non-melanoma skin cancers and melanoma (Liu-Smith et al.,
2017; Apalla et al., 2017). Although melanoma accounts for only approximately 2% of all
skin cancer cases, it is responsible for nearly 75% of skin cancer-related deaths. Its aggressive
nature and high metastatic potential render it a major public health concern. Particularly
among individuals with fair skin, the incidence of melanoma is rising at an annual rate of
4%–6% (Gray-Schopfer et al., 2007; Shadbad et al., 2021). Melanoma originates from
melanocytes located in the basal layer of the epidermis. These cells are not only responsible
for melanin synthesis but also play a critical role in protecting the skin from ultraviolet (UV)
radiation-induced damage. The pathogenesis of melanoma is complex and multifactorial,
influenced by genetic susceptibility, UV exposure, immunosuppressive states, family
history, and environmental factors (Switzer et al., 2022; Gladfelter et al., 2017). With
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advances in our understanding of its molecular and pathological
mechanisms, melanoma is now clinically staged from I to IV, with
stage IV—referred to as metastatic melanoma—being particularly
difficult to treat and associated with a poor prognosis, with a 5-year
survival rate ranging from only 5%–19% (Naidoo et al., 2018;
Nguyen et al., 2020). Current treatment modalities for melanoma
include surgical excision, radiotherapy, chemotherapy,
immunotherapy, and targeted therapy. While surgical resection is
often effective in early-stage melanoma, conventional therapies offer
limited efficacy for advanced or metastatic disease and are frequently
accompanied by significant adverse effects (Domingues et al., 2018;
Tang et al., 2017). In recent years, immune checkpoint inhibitors
(e.g., anti-PD-1 and anti-CTLA-4 antibodies) and targeted therapies
against BRAF mutations have significantly improved clinical
outcomes in selected patient populations. However, the
development of drug resistance and immune-related adverse
events continues to pose major therapeutic challenges (Dhillon
et al., 2020). Consequently, there is an urgent need to develop
more effective, safer, and controllable therapeutic strategies for
melanoma management.

With the rapid advancement of nanotechnology, inorganic
nanomaterials have attracted increasing attention due to their
potential applications in cancer therapy and molecular imaging.
These materials have been widely explored in various biomedical
fields, including biosensing, bioimaging, targeted drug delivery, as
well as antibacterial and antitumor therapies (Duan et al., 2024).
However, among inorganic nanomedicines, only iron-based
nanomaterials have been approved by the U.S. Food and Drug
Administration (FDA). Nanomaterials are typically defined as
structures with at least one dimension less than 100 nm. To
prevent rapid renal clearance, the particle diameter should
generally be no less than 10 nm. In addition, to avoid vascular
embolism or nonspecific phagocytosis by the reticuloendothelial
system (RES), the maximum size should not exceed 180–200 nm
(Chomoucka et al., 2010). Recent studies have shown that,
compared with other types of nanoparticles, iron oxide
nanoparticles (IONPs) exhibit excellent biocompatibility, strong
magnetic responsiveness, and ease of surface modification and
functionalization (Yang et al., 2023; Singh et al., 2025) (Table 1).
As non-invasive molecular imaging probes, IONPs have been
increasingly employed in emerging strategies for the diagnosis
and treatment of melanoma (Chen F. et al., 2023; Cruz et al.,
2020; Marzi et al., 2022) (Figure 1). Despite this growing interest,
comprehensive and systematic reviews on the use of IONPs in
melanoma therapy remain scarce. Therefore, this review focuses on
the potential applications of IONPs in melanoma, highlighting their
key physicochemical properties and tumor-targeting mechanisms.
Furthermore, it summarizes the current progress in various
therapeutic strategies involving IONPs and discusses future
directions, aiming to provide valuable insights for further
research and clinical translation in this field.

2 The properties of IONPs

IONPs are generally composed of crystalline structures such as
hematite (α-Fe2O3), magnetite (Fe3O4), or maghemite (γ-Fe2O3).
These materials exhibit favorable biocompatibility, gradual

biodegradability under physiological conditions, and low systemic
toxicity (Liu et al., 2025; Daya et al., 2022). In particular,
ferromagnetic or ferrimagnetic nanomaterials can display
superparamagnetic behavior under specific conditions. When
exposed to an external weak magnetic field, they respond rapidly
and can be effectively guided toward target sites; once the field is
removed, their magnetization vanishes promptly, thereby avoiding
residual magnetism in vivo (Li et al., 2013; Gao et al., 2009). Duan
et al. (2022) investigated the potential effects of electromagnetic
fields on melanoma progression and demonstrated that such fields
not only modulate the biological behavior of melanoma cells but also
significantly enhance the uptake efficiency of anticancer drugs and
therapeutic outcomes. For instance, static magnetic fields can be
utilized to guide IONPs precisely to the tumor site, enabling site-
specific and on-demand drug delivery. Alternating magnetic field
(AMF) can activate magnetic nanoparticles embedded within
thermosensitive polymer matrices, inducing local hyperthermia
through magnetic-to-thermal energy conversion (magnetothermal
effect), thereby triggering controlled drug release at the tumor site
(Hu et al., 2007). Studies have further shown that IONPs with
smaller sizes and optimized morphologies possess enhanced
magnetic relaxivity and reduced toxicity, facilitating more
efficient inhibition of tumor cells (Malhotra et al., 2020). Paez-
Muñoz et al. (2023) compared spherical and cubic magnetic
nanoparticles with similar magnetic and hyperthermic properties.
In tumor-bearing mice, spherical nanoparticles demonstrated
higher magnetic relaxivity and lower cytotoxicity than their cubic
counterparts, while both exhibited comparable specific absorption
rates (SAR). In contrast, other studies reported that rod-shaped iron
oxide nanoparticles are more cytotoxic than spherical ones (Hu
et al., 2007). These findings indicate that the cytotoxic potential of
nanoparticles should be evaluated based on their shape and size, as
these parameters directly influence surface area, which is closely
associated with cellular toxicity (Kladko et al., 2021).

However, IONPs still face stability challenges in aqueous or
physiological environments. Due to their high specific surface area
and strong chemical reactivity, they are prone to oxidative reactions,
which can compromise their magnetic properties and dispersibility
(Daya et al., 2022). In addition, bare IONPs tend to aggregate and
exhibit lipophilicity, making them highly susceptible to binding with
lipophilic domains of plasma proteins upon entering the
bloodstream. This process, known as opsonization, significantly
limits their biomedical applications. Therefore, surface
modification with hydrophilic coatings is essential to enhance
their colloidal stability and biocompatibility (Solar et al., 2015).
Organic polymers such as polyethylene glycol, chitosan (CS), bovine
serum albumin (BSA), polydopamine (PDA), and dextran are
commonly employed as surface coatings. Compared with
inorganic coatings like silica, these organic materials offer
superior biocompatibility and biodegradability. They can
effectively inhibit undesirable nanoparticle aggregation in vivo,
thereby maintaining favorable dispersibility and water solubility
of IONPs (Shubayev et al., 2009; Jeon et al., 2018).

Despite the promising applications of IONPs in molecular
imaging and precision oncology, their toxicological limitations
and long-term biosafety remain major obstacles to clinical
translation. The primary clearance pathway of IONPs in vivo
involves the mononuclear phagocyte system, particularly Kupffer
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cells in the liver and macrophages in the spleen, which may lead to
chronic organ burden (Suh et al., 2024). Once internalized into
lysosomes, IONPs undergo gradual degradation, releasing iron ions
that are subsequently integrated into the systemic iron metabolism
through transferrin and ferritin pathways. However, prolonged
exposure or high-dose administration may result in local or
systemic iron overload, characterized by oxidative stress, lipid

peroxidation, and cellular dysfunction (Siddiqui et al., 2023).
Moreover, the free iron released during degradation can catalyze
Fenton reactions to generate hydroxyl radicals, inducing DNA
damage, protein oxidation, and lipid membrane injury. These
effects are particularly pronounced in individuals with oxidative
stress or metabolic imbalance. In addition, degradation
intermediates or unstable forms of IONPs may trigger

TABLE 1 Comparison of the characteristics and therapeutic outcomes of various types of nanocarriers commonly used in melanoma treatment.

Nanocarrier
type

Main
composition/
Structural

characteristics

Advantages Disadvantages Reported
therapeutic
outcomes

Key
references

Iron oxide
nanoparticles (IONPs)

Fe3O4 or γ-Fe2O3 core,
surface coated with PEG,
chitosan, or lipid layers

Excellent magnetic responsiveness
and imaging visibility, enabling

magnetically guided drug delivery
and localized hyperthermia;

possesses theranostic potential; good
biodegradability

Complex surface
modification and

functionalization process;
limited control over particle
size and colloidal stability;
high doses may induce ROS
accumulation and cellular
stress, raising concerns
about long-term safety

Significantly inhibited
B16-F10 melanoma

growth (tumor inhibition
rate 60%–80%); combined
magnetic hyperthermia
markedly prolonged

mouse survival

Patrick et al.
(2024)

Liposomes Phospholipid bilayer
vesicular structure capable
of encapsulating both

hydrophilic and
hydrophobic drugs

Excellent biocompatibility and
membrane fusion capability; mature

preparation technology; some
formulations already approved for

clinical use (e.g., Doxil®)

Limited stability with
potential for drug leakage or
fusion degradation; short
circulation time; targeting
efficiency mainly relies on
the EPR effect, leading to
passive targeting limitations

Moderate tumor
inhibition (40%–60%) in
melanoma models; often

used in combined
chemotherapy and

immunotherapy strategies

Corte-Real et al.
(2024)

Polymeric
nanoparticles (PLGA,
PEG-PLGA, etc.)

Biodegradable polymeric
backbone with stable

structure

Controlled drug release profiles,
high stability in blood, low

immunogenicity; tunable fabrication
parameters suitable for sustained-

release systems

Complex synthesis
procedures affected by
solvent conditions and

polymer molecular weight;
depend primarily on the
EPR effect for passive

targeting; active-targeting
efficiency remains limited;
degradation products (lactic
and glycolic acid) may cause
local acidification and drug

inactivation

Significantly extended
plasma half-life and

doubled pharmacological
efficacy; low in vivo

toxicity

Janaszewska
et al. (2015)

Copper nanoparticles
(CuNPs)

Metallic copper core at the
nanoscale, capable of

forming stable composites
with organic molecules or

polymers

Induce ROS generation via Fenton-
like reactions for selective tumor cell
killing and mitochondrial pathway
activation; possess dual mechanisms
of chemotherapy and oxidative

stress induction

Prone to oxidation and
aggregation; poor stability
and controlled release; may
cause nonspecific oxidative

damage and systemic
toxicity in vivo

Induced caspase-3
activation, mitochondrial
membrane potential loss,
and cytochrome c release
in B16F10 melanoma cells;
demonstrated significant
apoptosis induction

Pojo et al. (2013)

Gold nanoparticles
(AuNPs)

Gold core with PEG or
functional peptide surface

modification

Excellent photothermal conversion
efficiency and imaging capability;
precise light-responsive control
enabling visualized hyperthermia

and synergistic drug release

High cost; uncertain long-
term biosafety and

metabolic pathways in vivo;
strongly dependent on laser

parameters

Tumor inhibition rate up
to 90% under laser

irradiation; demonstrated
synergistic therapeutic

enhancement in
combination therapy

Vines et al.
(2019)

Carbon-based
nanomaterials

(Graphene Oxide,
CNTs)

Carbon backbone with
ultrahigh specific surface

area

High drug-loading capacity and
excellent photothermal properties;

suitable for NIR
photothermal–chemotherapy
combination; good mechanical

stability

Poor biodegradability;
potential cytotoxicity and
immune response risks;
difficult in vivo clearance

and metabolism

Combined photothermal
therapy and drug delivery
significantly inhibited

melanoma tumor growth
in mouse models

de Carvalho
Lima et al.
(2022)

IONP-based Hybrid
Nanoplatforms for
Combined Therapy

Core–shell or multilayer
hybrid structures

integrating magnetic
responsiveness with high
drug-loading capacity

Integrate magnetic targeting,
imaging monitoring, and controlled
drug release; achieve theranostic
functionality; markedly improve

drug delivery efficiency

Complex fabrication
processes require external
magnetic field equipment;
reproducibility and large-
scale production need
further optimization

In vivo tumor growth
suppression >85%,

demonstrating excellent
precision therapeutic

potential

García-Soriano
et al. (2024)
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unexpected biological effects, while the accumulation of non-
degradable particles could impair autophagy and lysosomal
degradation, disrupting intracellular homeostasis (Jacinto
et al., 2025).

IONPs can also elicit immune activation and inflammatory
responses. Their biological interactions are strongly influenced by
physicochemical properties such as particle size, surface charge,
coating chemistry, and protein corona formation. Positively charged
or poorly protected nanoparticles tend to induce complement
activation-related pseudoallergy, promoting pro-inflammatory
cytokine release and recruiting neutrophils and macrophages,
which may result in transient fever, hypotension, or even chronic
low-grade inflammation (Szebeni, 2024). These immune-mediated
effects not only compromise biosafety but also alter biodistribution
and therapeutic efficacy. Furthermore, IONPs may induce
macrophage polarization toward the M1 phenotype, which, in
some cases, could impair tissue repair and regeneration,
highlighting the need for precise surface engineering strategies.

Although numerous studies have been conducted, data
regarding the long-term toxicity, biodegradation, and clearance
mechanisms of IONPs remain limited and inconsistent, with

results varying significantly due to differences in synthesis
methods and surface coatings. Short-term animal studies
generally indicate a wide safety margin at low doses, whereas
repeated or high-dose administration has been associated with
hepatosplenomegaly, elevated transaminase levels, and mild tissue
fibrosis (Haase et al., 2024). Renal clearance is primarily limited to
ultra-small particles (<5–10 nm) or dissolved iron species, while
larger particles are retained and gradually metabolized in the liver
and spleen. Therefore, particle size distribution, dosage, colloidal
stability, and surface modification remain key determinants of in
vivo fate and safety. To minimize adverse effects and facilitate
clinical translation, future research should systematically evaluate
acute and chronic toxicity across different dosing regimens, with a
focus on hepatic and renal function, hematological parameters, and
histopathological changes. In parallel, in vivo tracking techniques
should be employed to quantitatively assess organ distribution,
degradation, and clearance kinetics, alongside monitoring
immune activation, iron metabolism disorders, and oxidative
stress biomarkers. The design of IONPs should prioritize
biodegradable, biocompatible, or metabolically transformable
materials, incorporating inert or stealth coatings to reduce

FIGURE 1
Schematic illustration ofmultifunctional iron oxide nanoparticles (IONPs) for integrated diagnosis and therapy ofmelanoma. Through functionalized
surface modification with targeting ligands such as antibodies and peptides, combined with magnetic targeting and the enhanced permeability and
retention (EPR) effect, precise tumor targeting can be achieved. Subsequently, multiple therapeutic modalities—including chemodynamic therapy (CDT),
photodynamic therapy (PDT), photothermal therapy (PTT), magnetic hyperthermia therapy (MHT), sonodynamic therapy (STT), drug delivery, and
immunotherapy—can be implemented. Meanwhile, multimodal imaging techniques such as PET, PAI, USI, and MRI enable real-time therapeutic
monitoring and imaging feedback, ultimately forming a complete “imaging–therapy–imaging feedback” theranostic loop.
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nonspecific uptake by the mononuclear phagocyte system and
inflammatory activation. Furthermore, the establishment of
standardized toxicological evaluation systems and long-term
follow-up mechanisms will be essential to verify the safety of
IONPs and support their eventual clinical implementation.

3 Tumor-targeting mechanisms
of IONPs

Given the superparamagnetic nature of IONPs, they can be
guided and localized using an external magnetic field. Moreover, the
unique pathophysiological features of solid tumors such as
melanoma—including immature vasculature with defective
endothelial linings and basement membranes, as well as impaired
lymphatic drainage—further facilitate the targeted accumulation of
IONP-based delivery platforms at tumor sites. Simultaneously, they
can also be passively and progressively retained within the tumor
microenvironment (TME) via the enhanced permeability and
retention (EPR) effect (Shi et al., 2020; Zeng et al., 2024). The
EPR effect plays a pivotal role in passive targeting and is influenced
by multiple factors, including tumor location and type, vascular
perfusion, the degree of vascular leakiness, and the physicochemical
properties of nanoparticles such as size and morphology (Wu, 2021;
Ikeda-Imamuku et al., 2022).

However, due to the variability inmelanoma localization and the
heterogeneity of local blood perfusion, the magnitude of the EPR
effect varies significantly across different TME. This inconsistency
limits the specificity of nanoparticle accumulation when relying
solely on passive or magnetically guided targeting strategies, thereby
restricting the clinical translation of multifunctional nanoclusters
for melanoma treatment. To address this limitation, active targeting
strategies have been developed, wherein ligands specific to
overexpressed receptors on melanoma cells are conjugated to the
surface of IONPs to achieve receptor-mediated endocytosis.
Currently, the most commonly employed approach for
engineering actively targeted IONPs in melanoma diagnostics
and therapeutics involves covalent or non-covalent conjugation
with monoclonal antibodies (mAbs), folic acid (FA), peptides,
nucleic acid aptamers, or small molecule ligands (Kim et al.,
2023; Wu, 2022; Zhi et al., 2020). Notably, multivalent
nanoprobes can carry multiple binding sites for mAbs, thereby
enhancing targeting specificity and, in many cases, preserving the
pro-apoptotic activity of the antibodies. Nevertheless, the use of full-
length antibodies may elicit undesirable immune responses. To
mitigate this risk, functional antibody fragments (e.g., Fab
fragments) or synthetic peptides with retained bioactivity have
been proposed as alternatives (Opolka-Hoffmann et al., 2021).
These strategies not only reduce the risk of immunogenicity but
also improve the in vivo stability and targeting efficiency of the
nanoprobe systems. Despite these advances, the complex
interactions between nanomedicines and melanoma
pathophysiology remain incompletely understood. The delivery
efficiency and therapeutic outcomes of nanomedicines in clinical
settings are still uncertain. Therefore, further investigations are
required to explore clinically relevant delivery strategies and
develop melanoma models that better recapitulate human
physiology—such as humanized mouse models—to gain

comprehensive insights into the nanoparticle–tumor interaction
mechanisms.

4 IONPs in melanoma therapy

4.1 Targeted drug therapy

Chemotherapy has long served as a cornerstone in the systemic
treatment of melanoma, whether as monotherapy or in combination
regimens. However, its overall efficacy remains limited (Anand et al.,
2023). Dacarbazine (DTIC) is currently the only chemotherapeutic
agent approved by both the FDA and the European Medicines
Agency for the treatment of advanced malignant melanoma. It has
also been widely used as the standard control in numerous clinical
trials evaluating novel therapeutics. Nonetheless, DTIC exhibits
significant therapeutic limitations. For example, in a clinical
study involving 64 patients, the objective response rate for DTIC
was only 7%, indicating a very low response rate when used as a
single agent (Johnson et al., 2016). Other chemotherapeutic agents,
including temozolomide, fotemustine, paclitaxel, and nitrosoureas,
have also been evaluated in melanoma treatment. While some
patients showed transient responses, the majority of studies have
demonstrated that these agents exert minimal impact on overall
survival, and their therapeutic effects are often short-lived and
difficult to sustain (Luke and Schwartz, 2013). Chemotherapy for
melanoma is further hindered by several major challenges, such as
systemic toxicity, frequent severe adverse effects, and the widespread
occurrence of multidrug resistance (MDR), all of which limit its
widespread use in the treatment of advanced melanoma (Li et al.,
2018). Nanocarrier systems have emerged as promising alternatives
due to their attractive properties, including facile functionalization,
enhanced drug targeting, and controlled release capabilities. Among
them, polymeric nanocarriers based on IONPs have been the most
extensively studied. These platforms offer high drug loading capacity
and excellent physicochemical stability. By functionalizing their
surfaces with peptides, mAbs, or small-molecule ligands, such
nanocarriers can specifically recognize melanoma cells or
components of the TME. This not only prolongs the systemic
circulation half-life of chemotherapeutic agents and minimizes
unintended interactions or off-target toxicity, but also helps to
overcome P-glycoprotein (P-gp)-mediated drug resistance,
enabling selective accumulation at tumor sites. Furthermore,
IONPs can achieve sustained and controlled drug release in
response to various external or internal stimuli (e.g., pH,
temperature, or tumor-specific enzymes) and targeting
mechanisms, thereby increasing the intratumoral concentration
of chemotherapeutic agents and reducing damage to healthy
tissues (Li et al., 2018; Li et al., 2017).

Over the past few years, various anticancer drugs used for
melanoma treatment, such as paclitaxel, dacarbazine, and
doxorubicin (DOX), have been combined with IONPs to achieve
targeted delivery and enhanced therapeutic efficacy (Sun et al.,
2023). Toderascu et al. (2023) developed a novel nanodrug
delivery system by coating DOX-loaded iron oxide (Fe3O4)
nanoparticles with L-cysteine (L-Cys), which significantly
improved the colloidal stability of IONPs in aqueous media. To
systematically evaluate the drug release performance of Fe3O4-L-
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Cys-DOX nano-particles, two buffer systems were designed to
simulate different biological conditions. Phosphate-buffered saline
(PBS, pH 7.4) was used to mimic the normal physiological
environment, while citrate buffer (pH 3.0) represented the acidic
tumor microenviron-ment. Release profiles demonstrated that
within the first 2 h, the release rate of DOX from Fe3O4-L-Cys-
DOX in physiological pH was approximately 10–15 μM/h, whereas
under acidic citrate buffer conditions, the release rate doubled
compared to physiological conditions. Subsequent in vitro cellular
assays validated the antitumor activity of this nanoplatform against
melanoma cells. It was observed that Fe3O4-L-Cys-DOX
nanoparticles were rapidly internalized by human A375 and
murine melanoma cells within 3 h of treatment. After 48 h of
incubation, the nanoparticles induced substantial apoptosis, leading
to near-complete tumor cell death. This highlights the potential of
Fe3O4-L-Cys-DOX as an efficient drug delivery vector for melanoma
therapy. However, this study was limited to in vitro testing and did
not evaluate the specificity of tumor targeting in vivo. Several studies
have reported the conjugation of anticancer drugs to IONPs via
monoclonal mAbs, ligands, and peptides to achieve selective and
precise targeting of melanoma cells in vivo (S. V. et al., 2024).
Nevertheless, considering melanoma’s superficial location, magnetic
drug targeting is regarded as a more efficient alternative strategy.
Under the guidance of an external magnetic field, this approach can
significantly enhance drug bioavailability at the tumor site while
reducing systemic dosage and associated toxicities. In recent years,
extensive research has focused on developing and optimizing
magnetic drug targeting systems to realize more effective and
controllable therapeutic outcomes (Ezike et al., 2023). Cengelli
et al. (2009) employed a bifunctional linker to covalently
conjugate camptothecin (CPT), a potent topoisomerase I
inhibitor, to amino-functionalized polyethylene glycol (PVA)-
coated ultrasmall superparamagnetic iron oxide (USPIO)
nanoparticles. This design leveraged the bifunctionality of a
dicarboxylic acid linker, attaching CPT via a biodegradable ester
bond to one end, and anchoring the other end to amino-PVA via an
amide bond, thus achieving stable drug loading and cell-specific
release. The drug was linked to biocompatible USPIO through an
ester bond that is specifically cleaved by intracellular esterases,
triggering drug release upon cellular internalization. In vitro
assays demonstrated that CPT-USPIO exhibited significant
cellular uptake and antiproliferative effects in human melanoma
cell lines, resulting in marked reductions in metabolic activity and
DNA synthesis. CPT-USPIO is primarily localized within
intracellular lipid vesicles, indicating uptake predominantly via
endocytosis. Furthermore, the application of an external static
magnetic field significantly enhanced the cellular uptake of this
nanosystem by melanoma cells, suggesting promising potential for
in vivo magnetic targeting delivery.

Currently, nanoparticle-based drug delivery systems are
typically administered via invasive routes such as intravenous
injection or intramuscular implantation, often formulated as
hydrogels or suspensions. This administration approach
necessitates careful consideration of the nanoparticles’
cytotoxicity, biodegradability, and their long-term fate within the
body. Indeed, poor in vivo stability of nanoparticle systems remains
one of the major obstacles limiting their clinical translation. For
melanoma treatment, transdermal delivery presents a promising

alternative to circumvent these limitations. Studies have shown that
certain specialized nanoparticles are capable of penetrating hair
follicles and the stratum corneum to reach melanoma cells (Baroli
et al., 2007). Rao et al. (2015) covalently linked DOX to the surface of
IONPs via pH-sensitive amide bonds, fabricating ultra-small IONPs
loaded with the chemotherapeutic agent epirubicin (Epi). These Epi-
IONP composites exhibited excellent magnetic properties and
demonstrated pH-responsive drug release within a pH range of
4.5–6.8, corresponding to the acidic microenvironment of tumor
tissues and intracellular endosomes/lysosomes. The Epi-IONP
system was shown to penetrate deep into the skin via the
follicular route, bypassing the stratum corneum under the
influence of an external magnetic field. In vitro cytotoxicity
assays revealed good biocompatibility of IONPs with human
keratinocyte HaCaT cells, while significantly inhibiting melanoma
cell proliferation, suggesting that IONP-based carriers hold potential
as transdermal chemotherapeutic candidates for targeted melanoma
therapy. Despite these encouraging in vitro results, several
challenges remain for clinical translation. The long-term
biosafety, metabolic pathways, and potential immunological
effects of IONPs in vivo require thorough investigation.
Moreover, maintaining the pH-responsive release behavior of
nanoparticles in the complex in vivo environment, as well as
achieving effective tumor tissue penetration and targeted
accumulation, are critical issues yet to be fully addressed. Future
efforts should focus on optimizing particle size, surface charge, and
ligand modification strategies to further enhance the clinical
applicability of IONPs in precise melanoma therapy.

4.2 Hyperthermia therapy

In addition to their role as drug carriers for targeted melanoma
chemotherapy, IONPs have also been widely explored for magnetic
hyperthermia therapy (MHT) and photothermal therapy (PTT).
The unique hypoxic and acidic microenvironment within tumor
tissues alters the thermal sensitivity of tumor cells, rendering them
significantly more susceptible to heat-induced stress than normal
cells. This makes tumor cells particularly vulnerable to therapies that
employ localized thermal energy to induce cell damage (Bala et al.,
2023). The therapeutic benefits of hyperthermia include disruption
of DNA repair mechanisms, enhancement of cellular metabolic
activity, and stimulation of anti-tumor immune responses
through multiple pathways (Chao et al., 2019).

In addition to serving as drug carriers for targeted chemotherapy
of melanoma, IONPs have been extensively investigated in MHT,
sonothermal therapy (STT), and PTT. The unique hypoxic and
acidic TME alters the thermal sensitivity of tumor cells, rendering
them significantly more susceptible to heat-induced stress compared
with normal cells. This characteristic makes tumor cells particularly
vulnerable to therapeutic strategies that induce cellular damage
through localized thermal energy (Bala et al., 2023). The
therapeutic advantages of hyperthermia include the disruption of
DNA repair mechanisms, enhancement of cellular metabolic
activity, and activation of antitumor immune responses through
multiple pathways (Chao et al., 2019). Moreover, IONP-based
cryoablation technology has recently attracted attention for its
ability to induce efficient physical destruction of tumor tissue by
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promoting ice nucleation and growth at low temperatures,
accelerating intra- and extracellular ice formation, and thereby
offering a promising approach for combined thermo-cryo
therapy in melanoma.

4.2.1 Magnetic hyperthermia therapy
MHT is an emerging therapeutic approach that employs

functionalized magnetic nanoparticles (MNPs) to selectively
accumulate in tumor tissues, where localized heating is induced
under AMF via magnetic loss mechanisms. Upon exposure to AMF,
MNPs produce heat via Néel and Brownian relaxation mechanisms,
leading to an increase in the local microenvironmental temperature
by at least 5 °C (Ilg and Kröger, 2020). This thermal effect can result
in protein denaturation, disruption of the cell membrane structure,
and cytoskeletal damage within tumor cells, thereby inducing
apoptosis. Studies have shown that when the local temperature
exceeds 42 °C, heat-sensitive tumor cells can be effectively ablated
while minimizing damage to surrounding healthy tissues (Repasky
et al., 2013). Currently, the heating performance of MNPs under
AMF is typically quantified using SAR or specific loss power
(Salmanian et al., 2021). From a materials design perspective, the
optimization of heating efficiency primarily depends on the
regulation of nanoparticle size and morphology. For instance,
IONPs have been widely validated for their excellent magnetic-
to-thermal energy conversion efficiency (Gomes et al., 2023). The
heat generation capacity of MNPs in AMF is influenced not only by
their intrinsic properties—such as particle size, crystalline structure,
and magnetic responsiveness—but also by extrinsic factors
including the frequency and amplitude of AMF, as well as heat
dissipation mediated by local blood flow in the targeted tissue
(Bellizzi and Bucci, 2010).

Melanoma remains challenging to treat due to its inherent
resistance to radiotherapy and multiple chemotherapeutic agents,
which severely limits the efficacy of conventional therapies. In recent
years, MHT mediated by IONPs has demonstrated promising
potential to overcome these limitations. IONPs not only enhance
the therapeutic response by increasing radiosensitivity but also
enable precise targeting of tumor tissues through their magnetic
properties. Blanco-Andujar et al. (2016) employed citric acid-coated
IONPs to performMHT on the human melanoma cell line DX3 and
systematically investigated the underlying mechanisms of cell death
induced by this approach. Using dual fluorescent labeling with
Annexin V-fluorescein isothiocyanate (FITC) and DRAQ7/
propidium iodide (PI), the study enabled real-time dynamic
imaging and monitoring of apoptosis and necrosis in both
suspension and adherent monolayer in vitro cell models. The
results revealed a delayed onset of AMF-induced cell death, with
the rate and extent of cytotoxicity being strongly correlated with the
thermal load applied to the cells. Under moderate thermal load,
phospholipid translocation across the plasma membrane was
activated several hours before cell rupture, without detectable
changes in the extracellular temperature, suggesting that cell
death was predominantly driven by intracellular heating rather
than external thermal exposure. In situ imaging of monolayer
cells confirmed that the predominant mode of death was
apoptosis, as the Annexin V signal consistently appeared before
or concurrently with nuclear staining by DRAQ7, and the spatial
distribution of dying cells was random, with no evidence of a

“bystander effect.” Under low thermal stress, the proportion of
FITC-positive cells was significantly higher than that of PI-
positive cells, indicating a slow and controllable initiation of cell
death. In contrast, under high thermal load, the ratio of apoptotic to
necrotic cells approached equilibrium, reflecting an accelerated
death process. This study is the first to systematically elucidate
the temporal and kinetic characteristics of AMF-induced
programmed cell death in melanoma cells, highlighting the
potential of MHT as a minimally invasive and clinically
translatable therapeutic strategy for melanoma.

However, during MHT, the parameters of the applied AMF
must be carefully considered, as they significantly influence the
heating efficiency. Numerous studies have demonstrated that
hyperthermia induced under conventional sinusoidal AMFs with
varying field strengths and frequencies can exert substantial
cytotoxic effects on cancer cells (Vilas-Boas et al., 2020). Rego
et al. (2020) enhanced MHT efficacy by utilizing amino-
silane–coated IONPs with a positive surface charge. By analyzing
the heating profiles of the IONPs and calculating their SAR, they
identified two AMF parameter sets with suitable absorption ratios
for in vitro experimentation. Among them, an AMF of 309 kHz and
300 G achieved high heating efficiency with minimal risk. In
subsequent in vivo experiments, repeated MHT sessions resulted
in near-complete tumor regression, and follow-up using multimodal
imaging confirmed the absence of tumor recurrence. Souiade et al.
(2023) systematically compared the effects of different AMF
waveforms on IONP-mediated hyperthermia and highlighted the
crucial role of waveform modulation in tumor cell ablation. In a
melanoma cell model, they assessed the heating performance and
cytotoxicity of IONPs under three AMF waveforms: sinusoidal,
trapezoidal, and near-square wave. The results showed that
IONPs excited by near-square wave AMF exhibited significantly
enhanced thermal output and were more effective in inducing
melanoma cell death compared to those under traditional
sinusoidal or trapezoidal waveforms. These findings suggest that,
beyond the conventional optimization of IONPs size, morphology,
and surface characteristics, engineering the waveform of the AMF
itself plays a vital role in improving MHT efficacy. This approach
represents a promising direction for future research in cancer
nanotherapy.

Certainly, thermal effects are not the sole mechanism by which
MHT induces tumor cell death. Under AMF, IONPs can also trigger
a range of non-thermal pathways, such as increasing lysosomal
membrane permeability (Domenech et al., 2013; Connord et al.,
2015). This process is closely associated with elevated intracellular
levels of reactive oxygen species (ROS) and enhanced cytoplasmic
activity of cathepsin D, a lysosomal protease. Lysosomes, as
organelles rich in hydrolytic enzymes, rely on the integrity of
their membranes to maintain cellular homeostasis. Once the
lysosomal membrane is compromised, the release of lysosomal
enzymes into the cytoplasm can activate downstream signaling
cascades, ultimately leading to lysosome-dependent cell death
(Serrano-Puebla and Boya, 2018). Following MHT treatment, a
significant decrease in cell viability has been observed,
accompanied by upregulation of pro-caspase expression,
increased ROS production, and altered mRNA levels of
proliferation-associated markers such as Ki-67. These findings
suggest that MHT-induced cytotoxicity involves multifactorial
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synergistic mechanisms. On one hand, the AMF promotes the
conversion of electromagnetic energy into heat by IONPs. On the
other hand, the oscillation of IONPs within cellular organelles
generates mechanical forces that disrupt plasma and lysosomal
membrane structures, thereby initiating death signaling cascades
(Souiade et al., 2023). Therefore, current perspectives suggest that
the therapeutic efficacy of MHT is not solely dependent on localized
hyperthermia but also stems from mechanical disruption of cellular
and organelle membrane integrity. This non-thermal mechanism
provides a more complex and effective biological foundation for the
anti-melanoma potential of MHT (Lopez et al., 2022). Nevertheless,
MHT still faces several challenges, including the limited heating
efficiency of nanomaterials, suboptimal biocompatibility, uneven
heat distribution, equipment-related constraints, and an incomplete
understanding of its underlying mechanisms. Future research
should focus on the development of high-performance
nanomaterials, precise thermal control strategies, optimized
combination therapies, and advanced device engineering to
facilitate clinical translation and personalized applications.

4.2.2 Photothermal therapy
PTT is a non-invasive therapeutic modality that employs

photothermal agents (PTAs) to convert light energy—typically
from external sources such as near-infrared (NIR) light—into
thermal energy to induce tumor cell ablation. Studies have
demonstrated that IONPs can absorb NIR light, promoting the
excitation of electrons from the ground state to an excited state, and
subsequently release the energy in the form of heat through non-
radiative decay. Owing to their favorable biostability and tumor-
targeting properties, IONPs serve as excellent PTAs, exhibiting
strong NIR absorption and high photothermal conversion
efficiency (Busquets et al., 2020). Beigi et al. (2022) investigated
the in vivo photothermal ablation performance of PDA-coated
IONPs in a murine melanoma model. A Q-switched ruby laser
with a wavelength of 694 nm was employed for irradiation. The
results showed that after four treatment sessions, tumor volume in
the treatment group was reduced by 74% compared with the control
group, and no significant adverse effects were observed. Both the
concentration of nanoparticles and the laser power density
significantly influenced the temperature rise; as the concentration
of nanoparticles increased, the efficiency of light energy absorption
improved accordingly, thereby enhancing the photothermal
ablation effect. Pandesh et al. (2021) synthesized core–shell
structured magnetic gold nanoparticles (Fe3O4@Au) and applied
them for magnetically targeted PTT in melanoma. The average
hydrodynamic diameter of the Fe3O4@Au nanoparticles was
37.8 nm. In the in vivo experiments, five groups were established:
a control group, a laser-only group, a nanoparticles (NPs)-only
group, an NPs + laser group, and an NPs + magnetic targeting +
laser group. Over 2 weeks, the average tumor volume fold increases
were 47.3, 45.3, 32.8, 19.9, and 7.7, respectively. No significant
changes in the average body weight of mice were observed across
all groups, indicating that the combination of magnetic field-assisted
nanoparticle targeting and laser irradiation exerted a pronounced
inhibitory effect on melanoma proliferation.

Melanoma is characterized by its highly invasive nature, readily
breaching the basement membrane and spreading into the deep
dermis, subcutaneous tissue, and even lymphatic and hematogenous

systems. This biological characteristic poses significant challenges
for PTT, primarily due to the relatively limited penetration depth of
lasers in the first near-infrared window (NIR-I; 700–900 nm),
resulting in insufficient ablation of malignant tumors outside the
irradiation zone. Wu et al. (2020) proposed the use of the second
near-infrared window (NIR-II; 1000–1700 nm), particularly the
NIR-IIa sub-window (NIR-IIa; 1300–1400 nm), which exhibits
greater tissue penetration depth and demonstrates superior
antitumor efficacy in deep-seated tissues in vivo. This suggests
that combining NIR-II window lasers with IONPs enables real-
time monitoring and targeted therapy of deep tumor tissues.
However, light penetration remains insufficient for deeply located
tumors. To overcome the inherent penetration limitations of
conventional PTT, advanced approaches such as enlarged laser
spot PTT, optical clearing techniques for skin tissue, fiber-
optic–assisted PTT, and associated detection devices are currently
under development. Additionally, the design of “activatable” IONPs
with tumor microenvironment-responsive photothermal properties
represents a promising strategy to enhance PTT efficacy.
Nevertheless, IONPs face numerous biological barriers; for
instance, circulating IONPs within the vascular system are prone
to recognition, uptake, and degradation by the mononuclear
phagocyte system, which reduces their accumulation and
localization at tumor sites, thereby limiting their application as
effective PTAs. Zhang et al. (2018) developed macrophage
membrane-coated magnetic nanoparticle clusters for efficient
IONPs delivery and antitumor therapy. By cloaking nanoparticles
with macrophage membranes, these constructs effectively evade
phagocytosis by the RES in vivo, while exploiting the inherent
tumor-homing and adhesion properties of macrophages to
achieve targeted enrichment within the melanoma
microenvironment. This strategy significantly prolongs systemic
circulation time and enhances targeting capability. However, key
challenges remain for clinical translation, including whether
membrane-coated nanoparticles might induce oncogene
expression and how to maintain membrane stability and
antimicrobial properties during fabrication. Addressing these
issues is critical for the safe and effective application of
biomimetic nanocarriers in cancer therapy.

4.2.3 Sonothermal and cryothermal therapies
IONPs have shown remarkable potential as enhancers in

focused ultrasound-mediated STT for melanoma treatment. By
improving local acoustic energy deposition, IONPs enable
multimodal, image-guided, and precisely controlled interventions.
Studies have demonstrated that uniformly dispersing IONPs within
tissue-mimicking media or delivering them in the form of particle-
stabilized Pickering emulsions can enhance ultrasonic attenuation
and scattering in tumor regions, thereby achieving a significantly
higher localized temperature rise without increasing the overall
acoustic power. In particular, Pickering emulsions form highly
absorptive interfacial regions that generate more intense and
spatially confined heating gradients (Ratajczak et al., 2025). The
STT enhancement mechanism of IONPs involves several key
aspects. First, interactions between nanoparticles and the
surrounding medium increase viscous and thermal losses, thereby
enhancing acoustic scattering and absorption at particle interfaces.
Second, IONPs can serve as effective cavitation nuclei, facilitating
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the initiation of inertial or stable cavitation. When exposed to an
acoustic field, cavitation bubbles undergo nucleation, growth, and
collapse, producing transient hotspots characterized by ultrahigh
temperatures (up to several thousand degrees Celsius) and pressures
(hundreds of atmospheres), which markedly improve the efficiency
of acoustic-to-thermal conversion (Li et al., 2022). Additionally,
owing to their magnetic responsiveness, IONPs can generate
magnetothermal effects under an alternating magnetic field,
creating synergistic heating with ultrasound and enabling
spatiotemporally precise energy control. For melanoma therapy,
IONPs possess a unique magnetic targeting advantage—external
magnetic field gradients can effectively accumulate and immobilize
the particles at cutaneous or subcutaneous tumor sites, improving
local treatment efficacy while minimizing off-target damage.
Combined with MRI or ultrasonic thermometry, real-time
visualization of particle distribution and temperature evolution
can be achieved, ensuring enhanced safety and dose
controllability. More importantly, compared with PTT, STT
exhibits superior tissue penetration, tighter energy focusing, and
minimal interference from skin pigmentation, thereby allowing
noninvasive and precise ablation of deep-seated or metastatic
melanoma. Collectively, these attributes make IONP-mediated
STT a highly promising strategy for precision melanoma
treatment. In contrast to heat-based therapies, IONP-mediated
cryoablation relies on “cold-induced injury” as its primary
mechanism, achieving tumor destruction through physical
disruption of tissue architecture (Ye et al., 2017). This approach
induces local tumor necrosis by rapid cooling, which triggers
intracellular ice crystal formation, mechanical rupture of cell
membranes, and microvascular occlusion. Nanomaterials have
been shown to function as heterogeneous ice nucleation agents
during freezing, accelerating ice formation and promoting
intracellular crystal growth and propagation, thereby significantly
enhancing the cryogenic effect. For instance, surface-functionalized
nanostructures coated with polydopamine or CS can improve
hydrophilicity and interfacial activity, thereby increasing
nucleation rates and amplifying cell damage (Hou et al., 2021).
Moreover, integrating phase-change materials or high-thermal-
conductivity metallic nanostructures with photothermal
nanoparticles enables synergistic energy regulation and controlled
drug release during freeze–thaw cycles, leading to enhanced
comprehensive ablation of melanoma (Hou et al., 2020).
Compared with thermally driven nanosystems, cryoablation-
associated nanomaterials exhibit distinct physical characteristics,
including the ability to promote rapid and ordered ice nucleation,
modulate ice crystal morphology, induce membrane disruption
through phase interference, and achieve controlled drug release
while minimizing collateral freezing injury to adjacent tissues.
Typical nanomaterials used in cryoablation include inorganic
particles such as silver, magnesium oxide, and iron oxide. Among
them, IONPs—owing to their excellent magnetic responsiveness and
nucleation activity—can effectively regulate ice crystallization
kinetics, synchronize intra- and extracellular freezing, and
thereby significantly increase tissue freezing depth and cell lysis
efficiency (Kwak et al., 2022). These properties offer new research
directions for efficient cryoablation and combination therapies in
melanoma. However, given the highly invasive and treatment-
resistant nature of melanoma, investigations into IONP-based

sonothermal and cryoablation technologies remain limited, and
clinical validation is even scarcer. Future studies should focus on
systematic preclinical and clinical evaluations to further assess the
safety, controllability, and overall therapeutic efficacy of these
approaches in melanoma management.

4.3 Photodynamic and
chemodynamic therapies

Photodynamic therapy (PDT), as an alternative therapeutic
modality for melanoma, offers advantages such as minimal
invasiveness, the capability to eradicate occult cancerous lesions,
and relatively mild toxicity. PDT employs photosensitizers (PSs)
that can be activated by lasers of specific wavelengths as substrates,
generating highly oxidative ROS to kill melanoma cells. This process
triggers oxidative stress responses in cellular signaling pathways or
modulates gene expression within the TME, leading to phototoxic
effects (Montaseri et al., 2021). PDT primarily involves two oxygen-
dependent mechanisms: Type I and Type II photochemical
reactions. In the Type I pathway, the excited triplet state PSs
transfers energy to surrounding biomolecules, reacting with
substrates in the tumor tissue via hydrogen atom or electron
transfer to produce free radicals (Kwiatkowski et al., 2018). These
radicals subsequently react with molecular oxygen to form highly
oxidative ROS, including superoxide anions and hydroxyl radicals
(·OH), which ultimately activate multiple cell death pathways such
as apoptosis, necrosis, and autophagy (Nkune et al., 2021). In
contrast, the Type II mechanism involves direct energy transfer
from the excited PSs to molecular oxygen, generating singlet oxygen
(1O2), a highly reactive form of ROS (Nkune et al., 2021). Regardless
of the pathway, the ROS and 1O2 produced induce oxidative damage
to key intracellular biomolecules, including protein denaturation,
lipid peroxidation, and structural disruption of organelles such as
mitochondria and the endoplasmic reticulum, thereby triggering
diverse modes of cell death (Amos-Tautua et al., 2019). However, the
clinical translation of PDT has been hindered by several factors,
including the significant toxicity and low ROS generation efficiency
associated with first- and second-generation PSs, as well as poor
solubility and unfavorable pharmacokinetic profiles. Moreover,
systemic administration of PSs often results in insufficient
selective accumulation within tumor tissues, leading to a
spectrum of non-specific side effects during light irradiation. For
instance, during PDT for melanoma, current PSs lack high
specificity toward melanoma cells, and the irradiation typically
covers a large area, including surrounding normal tissues, thereby
increasing the risk of damage to healthy lung tissue and other organs
(Grossman et al., 2011). Therefore, the development of innovative
strategies to enhance the targeted delivery efficiency of PSs to
melanoma cells, thereby significantly improving the therapeutic
efficacy of PDT, remains a major focus and challenge for
researchers in this field.

Clinically, third-generation PSs are being developed by
conjugating second-generation PSs with nanoparticles that
possess favorable biocompatibility and tumor-targeting
properties, thereby enhancing ROS generation efficiency,
hydrophilicity, pharmacokinetics, and desired in vivo
biodistribution (Hu et al., 2021; Przygoda et al., 2023). Various
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nanoparticle platforms have been engineered for systemic PS
delivery, including micelles, dendrimers, liposomes, polymeric
nanoparticles, and silica nanoparticles. Among these carriers,
IONPs not only effectively deliver hydrophobic PSs but also
enable magnetic resonance imaging (MRI)-guided targeted
theranostics, providing unique advantages for the synergistic
application of PDT and imaging. Nistorescu et al. (2021)
synthesized γ-Fe2O3 nanoparticles via laser pyrolysis and
functionalized their surface with water-soluble
tetraphenylporphine sulfonate (TPPS). The 1O2 quantum yield of
the γ-Fe2O3–TPPS complex was measured to be approximately 60%
by phosphorescence detection at 1,270 nm. Upon treating
melanoma cells with 0.5–0.75 μg/mL of the γ-Fe2O3–TPPS
complex for 24 h, followed by 1-min blue light irradiation at
405 nm with an intensity of 1 mW/cm2, a significant
enhancement in ROS generation was observed even at ultra-low
light doses. This treatment inhibited cell proliferation and adhesion,
induced caspase-3/Bax-mediated apoptosis, and notably
downregulated the expression of proliferation-related protein
MCM-2 and signaling protein β-catenin, demonstrating a marked
PDT efficacy in melanoma cells.

On this basis, chemodynamic therapy (CDT), as a treatment
modality relying on endogenous chemical reactions and
independent of external light activation, provides an important
complementary and synergistic pathway to PDT. CDT utilizes
transition metal ions (such as Fe2+) to trigger Fenton or Fenton-
like reactions in the presence of hydrogen peroxide (H2O2) within
tumor cells, generating highly reactive ·OH and other ROS, which in
turn induce oxidative stress–mediated apoptosis or necrosis. Given
that melanoma tissues often exhibit elevated levels of endogenous
H2O2 and a mildly acidic microenvironment, these features create
favorable conditions for the in situ catalytic reactions of CDT. The
sustained release of Fe2+ ions from IONPs within the tumor can
continuously promote the conversion of H2O2 into ·OH, enabling a
“self-supplied substrate” mode of ROS generation. Mechanistically,
PDT and CDT are inherently complementary: while PDT depends
on molecular oxygen to generate 1O2, CDT can convert H2O2 into
both oxygen and ·OH through Fenton chemistry, thereby partially
alleviating the hypoxia-induced limitation of PDT (Fu et al., 2023).
Conversely, the local hyperthermia and photo-oxidation process
induced by PDT can facilitate Fe2+ release and accelerate CDT
reaction kinetics, enhancing ROS generation. Consequently,
IONP-based PDT–CDT synergistic systems have emerged as a
research hotspot in melanoma nanotherapy. However, ROS-
dependent therapeutic strategies remain limited by the TME. The
widespread hypoxia in tumors restricts the efficiency of oxygen-
dependent processes, especially the Type II PDT reactions (Chen Y.
et al., 2023). Moreover, the high intracellular concentration of
glutathione (GSH) in tumor cells can effectively scavenge ·OH
and other ROS, thereby diminishing the cytotoxic efficacy of
CDT. These factors collectively make single-mode ROS
amplification strategies insufficient for achieving satisfactory
clinical outcomes.

To overcome these challenges, recent studies have proposed
multiple “ROS amplification and TME modulation” strategies and
integrated them into IONP-based nanoplatforms to realize dual or
multimodal therapeutic synergy. Deng et al. (2021) introduced
oxygen-generating components or vitamin C into IONPs

composite systems to relieve tumor hypoxia and continuously
supply substrates for the Fenton reaction, thereby markedly
enhancing ·OH and 1O2 production and improving CDT-
mediated oxidative stress and antitumor efficacy. Similarly, Chen
et al. (2019) developed a Fe3O4-HSA@Lapa nanoplatform with both
Fenton-like catalytic activity and GSH-depleting capability,
achieving a significant amplification of oxidative stress within
tumors. In this system, β-lapachone (Lapa) selectively generates
H2O2 under catalysis by NAD(P)H:quinone oxidoreductase 1,
providing substrates for Fenton reactions with Fe2+ released from
Fe3O4, leading to efficient ·OH production and oxidative damage in
the TME. Meanwhile, the release of Lapa further depletes
intracellular GSH, weakening antioxidant defenses and
reinforcing CDT cytotoxicity.

In summary, the deep integration of PDT and CDT, together
with their combination with magnetic and sonothermal therapies,
represents one of the most promising directions in IONP-based
melanoma treatment research. The key lies in precise modulation of
the TME and spatiotemporal control of ROS kinetics. Future studies
should focus on reaction kinetics modeling, pharmacokinetic
optimization, and clinical safety validation to promote
translational application.

4.4 Immunotherapy

Melanoma has long been regarded as a highly immunogenic
malignancy due to its capacity to elicit robust anti-tumor immune
responses (Figure 2). In recent years, immunotherapeutic strategies
targeting melanoma immune evasion mechanisms have achieved
preliminary clinical success (Shan and Liu, 2025). Immunotherapy
facilitates the reduction of tumor size and the extent of local
advanced melanoma, thereby converting previously unresectable
tumors into surgically operable states. These approaches include
cytokine therapy, cancer vaccines, and the adoptive transfer of
transient T cells (Long et al., 2023). The core principle lies in
activating the host immune system to recognize and effectively
eliminate tumor cells, involving a coordinated interplay between
innate and adaptive immune responses. Macrophages, as key
components of the innate immune system, serve as the first line
of defense by clearing pathogens and aberrant cells. They mediate
the clearance of senescent, apoptotic, or diseased cells through
recognition and phagocytosis, subsequently initiating
inflammatory responses and activating downstream effector cells
to eradicate pathogens and tumor cells. However, tumor cells
overexpress Cluster of Differentiation 47 (CD47) to evade
macrophage-mediated phagocytosis. CD47 binds to Signal
Regulatory Protein Alpha (SIRPα) on macrophage surfaces,
delivering a “don’t eat me” signal that inhibits phagocytic activity
(Roelands et al., 2023). CD47 is highly expressed across multiple
tumor types, including melanoma, contributing to immune evasion
(Tang et al., 2023). Moreover, the TME of melanoma is
predominantly infiltrated by tumor-associated macrophages
(TAMs) of the pro-tumorigenic M2 phenotype, which further
promotes melanoma progression, metastasis, and immune
tolerance (Shapouri-Moghaddam et al., 2018). Consequently,
immunotherapeutic interventions targeting the CD47–SIRPα axis
have garnered increasing attention. Studies have demonstrated that
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anti-CD47 antibodies can block this immune evasion pathway,
restoring macrophage-mediated phagocytosis of melanoma cells
(Li B. et al., 2024). Concurrently, inducing the repolarization of
TAMs toward the M1 phenotype holds promise for remodeling the
TME and enhancing anti-tumor immunity. Existing evidence
indicates that IONPs can effectively mediate TAM polarization
toward the M1 phenotype (Li M. et al., 2024).

Ferumoxytol, an iron oxide nanoparticle approved by the FDA
for the treatment of iron deficiency anemia, has demonstrated
significant immunomodulatory potential in vitro. It markedly
upregulates M1-type TAM markers such as CD86 and tumor
necrosis factor-alpha (TNF-α), while suppressing M2-type TAM-
associated markers including CD206 and interleukin-10 (IL-10)
(Yang et al., 2025). Upon efficient uptake by TAMs, ferumoxytol
induces intracellular Fenton reactions that generate abundant ROS,
thereby promoting the phenotypic shift from the
immunosuppressive M2 subtype to the pro-inflammatory
M1 subtype. This ROS-driven phenotypic reprogramming not
only enhances the macrophages’ anti-tumor activity but also

induces apoptosis in subcutaneous melanoma cells (Nascimento
et al., 2021).

However, since CD47 is also widely expressed on normal cells,
systemic blockade of CD47 often leads to adverse effects such as
anemia. Therefore, strategies targeting CD47 urgently require
enhanced tumor specificity to minimize “off-target” damage.
Recent studies have developed magnetically guided nanosystems
by covalently conjugating anti-CD47 antibodies onto the surface of
silica-coated IONPs, enabling their enrichment at metastatic tumor
sites and effectively blocking the interaction between tumor cell-
expressed CD47 and macrophage SIRPα. This approach
significantly enhances macrophage-mediated phagocytosis (Rao
et al., 2020). Furthermore, some anti-CD47 antibodies can
activate antibody-dependent cellular phagocytosis via their
fragment crystallizable (Fc) region, thereby potentiating their
anti-tumor efficacy (Osorio et al., 2023).

In addition to modulating TAMs, activation of cytotoxic T
lymphocyte (CTL) is also a critical component for enhancing
anti-tumor immune responses (Song et al., 2021).

FIGURE 2
In the local microenvironment of melanoma, tumor cells secrete a variety of chemokines and cytokines to recruit immunosuppressive cells, thereby
inhibiting the anti-tumor immune response. Specifically, the overexpression of CD47 on melanoma cells interacts with signal regulatory protein alpha
(SIRPα) on the surface of macrophages, transmitting a “don’t eat me” signal that suppresses macrophage-mediated phagocytosis. Concurrently,
melanoma cells secrete CXCL1, CXCL2, and vascular endothelial growth factor (VEGF) to recruit myeloid-derived suppressor cells (MDSCs). MDSCs
further contribute to immune suppression by cooperating with T helper 17 (Th17) cells through the secretion of IL-17, IL-6, and transforming growth
factor-β (TGF-β). Melanoma cells also secrete CCL5, CCL22, and TNF-α to attract regulatory T cells (Tregs), and release CCL2 and colony-stimulating
factor 1 (CSF1) to recruit tumor-associated macrophages (TAMs). Tregs further promote the accumulation of TAMs by secreting CCL22. Under the
influence of IL-10 and TGF-β, TAMs are polarized into the tumor-promoting M2 phenotype, which significantly facilitates melanoma progression,
metastasis, and immune tolerance. In addition, melanoma cells express and secrete various immune-regulatory molecules that interact with immune
cells, thereby suppressing their cytotoxic activity and promoting immune escape. For example, the high expression of programmed death-ligand 1 (PD-
L1) on tumor cells binds to programmed cell death protein 1 (PD-1) on T cells, delivering inhibitory signals that attenuate antigen presentation and T cell
activation. Meanwhile, cytotoxic T lymphocyte-associated protein 4 (CTLA-4) on T cells competitively binds to B7 molecules on dendritic cells with
higher affinity, blocking the co-stimulatory signals required for T cell activation and proliferation, and thus further dampening anti-tumor immunity. These
mechanisms collectively contribute to the formation of an immunosuppressive tumor microenvironment and ultimately lead to melanoma
immune evasion.
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“Immunologically cold” tumors, such as melanoma, often exhibit
low levels of CTL infiltration and harbor an immunosuppressive
TME enriched with various suppressive cell populations, including
regulatory T cells (Tregs), myeloid-derived suppressor cells
(MDSCs), and M2-polarized TAMs (Wang J. et al., 2024).
Moreover, the high expression of immune checkpoint
molecules—such as programmed cell death protein 1 (PD-1), its
ligand PD-L1, and cytotoxic T lymphocyte-associated antigen 4
(CTLA-4)—further induces CTL exhaustion, limiting their tumor-
clearing capacity (Long et al., 2025). DCs, as pivotal bridges between
innate and adaptive immunity, possess exceptional capabilities in
antigen uptake, processing, and cross-presentation, thereby
effectively inducing activation and expansion of CD8+ T cells to
elicit CTL-mediated anti-tumor effects (My et al., 2024). However,
recruitment, maturation, and activation of DCs within the TME are
also profoundly suppressed. The formation of co-inhibitory signals
via interactions of PD-L1/PD-L2 and CD80/CD86 with PD-1 or
CTLA-4 on T cells constitutes a major mechanism underlying
immune response attenuation (Heras-Murillo et al., 2024).

In recent years, immune checkpoint inhibitors, such as anti-PD-
1, anti-PD-L1, and anti-CTLA-4 antibodies, have been
demonstrated to release T cells from their exhausted state and
restore cytotoxic functions, significantly improving therapeutic
responses in a subset of melanoma patients (Wang K. et al.,
2024). Concurrently, the precise delivery of tumor antigens and
Toll-like receptor (TLR) agonists to DCs via nanocarrier systems to
enhance DCs maturation and antigen-presenting capability has
emerged as a promising strategy in next-generation melanoma
vaccine development (Zhao et al., 2025). For instance, several
studies reported that Fe3O4 NPs covalently conjugated with
tumor antigens can increase DCs uptake and induce their
differentiation toward CD103+ or CD8α+ cross-presenting
phenotypes, markedly enhancing CD8+ T cell activation efficiency
(Shadbad et al., 2021). Luo et al. (2019) designed and synthesized a
nanoscale immunocomposite (Fe3O4-OVA) by covalently coupling
ultrasmall Fe3O4 NPs with the model antigen ovalbumin (OVA),
proposing and validating a novel role for Fe3O4 as a “nano-
immunoadjuvant.” This approach integrates antigen stabilization
and delivery, DCs activation, and macrophage reprogramming,
representing a transition from conventional imaging contrast
agents to multifunctional immune nanoplatforms with
autonomous immunomodulatory functions. The covalent linkage
between Fe3O4 and OVA significantly improves antigen stability in
vivo, ensuring effective uptake by antigen-presenting cell (APC). In
vitro, Fe3O4-OVA notably upregulated the expression of DCs
maturation markers CD40 and CD86 on bone marrow-derived
dendritic cells and enhanced T cell production of high levels of
interferon-gamma (IFN-γ), thereby eliciting robust cytotoxic T
lymphocyte-mediated antitumor immunity. Additionally, Fe3O4

NPs, through their iron content, participate in Fenton reactions
to generate ROS within the tumor immune microenvironment,
promoting polarization of TAMs from the immunosuppressive
M2 phenotype to the proinflammatory M1 phenotype. This “in
situ immune remodeling” effect further amplifies the strength and
durability of vaccine-induced immune responses. In vivo
experiments using B16-OVA melanoma-bearing mice
demonstrated that Fe3O4-OVA significantly inhibited tumor
growth and prolonged survival. Moreover, vaccination

substantially reduced pulmonary metastatic nodules in a
melanoma lung metastasis prevention model, indicating its
capability not only for tumor therapy but also for inducing
durable immune memory and metastasis prevention.
Importantly, the nanovaccine exhibited excellent biocompatibility
and safety, with no significant histopathological damage or
functional abnormalities detected in major organs such as the
liver, kidney, and spleen at therapeutic doses. Chiang et al.
(2018) constructed an immunomodulatory platform based on
IONPs, conjugating immune checkpoint inhibitor anti-PD-
L1 antibodies and T cell activation molecules (e.g., anti-CD3 and
anti-CD28 antibodies) onto fucoidan–glucan-modified IONPs via
acid-sensitive linkers. Guided by an external magnetic field to
enhance tumor-site accumulation, this strategy significantly
augmented PD-L1 blockade and promoted CTL activation in
melanoma-bearing mice, extending median survival from 32 to
63 days. Furthermore, owing to the substantially reduced
antibody dosage compared to free antibody treatment, systemic
toxicity was markedly decreased. Magnetic nanoparticles thus
exhibit multiple advantages in melanoma immunotherapy:
serving as immunomodulators to induce TAM repolarization
toward M1 phenotype, acting as delivery platforms for antibodies
or agonists, and enabling precise tumor or immune cell targeting via
magnetic navigation, collectively enhancing immune responses
while minimizing systemic side effects.

In addition, MHT, PTT, and cryoablation therapy (CTT) not
only rely on physical energy to achieve direct ablation of local tumor
cells but also induce immunogenic cell death (ICD), thereby
activating systemic antitumor immune responses (Liu et al.,
2024). Their common mechanisms include the release of
damage-associated molecular patterns (DAMPs), promotion of
APC maturation, activation of T-cell effector responses, and
establishment of long-term memory immunity.

In MHT, IONPs generate localized thermal stress under an
alternating magnetic field, triggering mitochondrial damage and
endoplasmic reticulum stress, which leads to the release of ATP,
HSP70, and calreticulin as DAMPs. This process promotes DC
maturation and M1-type macrophage polarization, thereby
activating cytotoxic CD8+ T cells and reversing immune
suppression (Jiang et al., 2022). Moreover, MHT can upregulate
tumor PD-L1 expression, and when combined with immune
checkpoint inhibitors, it enhances the antitumor immune response.

PTT induces apoptosis through localized hyperthermia
generated by NIR irradiation, while also producing heat shock
proteins and inflammatory cytokines that enhance antigen
presentation and T-cell recruitment. The combination of PTT
with immune adjuvants or matrix-degrading enzymes can further
promote DC maturation, improve CTL infiltration, overcome the
dense extracellular matrix barrier of solid tumors, and enhance
immune cell infiltration and cytotoxicity in the tumor core (Yu
et al., 2024).

CTT induces the release of abundant DAMPs through rapid
freeze–thaw thermal stress cycles, promoting the differentiation of
MDSCs into DCs, enhancingM1macrophage polarization and Th1-
type immune responses. Studies have shown that CTT can regulate
the coordinated activation of CD4+ and CD8+ T cells via the LFA-1/
ICAM-1–Notch1 signaling axis, forming an IL-2 positive feedback
loop that establishes long-term memory immunity and effectively
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prevents tumor recurrence and metastasis (Wang S. et al., 2024).
Furthermore, combining CTT with adoptive cell therapy can
markedly remodel the TME, enhance T-cell clonal expansion and
effector functions, and produce a superior systemic antitumor
immune response compared with monotherapies.

4.5 Combination therapy

Given the highly heterogeneous nature of tumors, single-
modality therapeutic strategies often fail to achieve satisfactory
efficacy, with limited clinical response rates. To enhance
treatment efficiency and overcome resistance mechanisms,
current research trends are increasingly focusing on multimodal
therapeutic strategies that integrate multiple treatment modalities.
These approaches aim to achieve synergistic therapeutic effects and
address the limitations associated with conventional monotherapies.
Combination therapies appear to be more effective in promoting
melanoma ablation than any single treatment modality alone (Yi
et al., 2024).

The combination of multiple therapeutic modalities—such as
MHT, PDT, radiotherapy, and chemotherapy—has been shown to
enhance antitumor efficacy while minimizing adverse effects.
Tamura et al. (2022) proposed a novel chemo-thermo-
immunotherapy (CTI) strategy that integrates N-propionyl-4-S-
cysteaminylphenol (NPrCAP), a melanin biosynthesis substrate,
with IONPs. Under the catalytic action of tyrosinase, NPrCAP
generates highly reactive radicals, enabling selective cytotoxicity
against melanoma cells. Simultaneously, IONPs generate localized
hyperthermia under AMF, which not only induces apoptosis but
also upregulates heat shock protein expression, thereby enhancing
antitumor immune responses. In a murine xenograft melanoma
model, this combined treatment significantly inhibited tumor
growth at the local site and, notably, elicited immune responses
at distant, untreated tumor lesions, demonstrating an “in situ
vaccination” effect. Further mechanistic studies revealed that CTI
therapy facilitated CD8+ T cell infiltration into the TME and
upregulated the expression of major histocompatibility complex
class I (MHC-I) molecules. These findings suggest that CTI therapy
has the potential to enhance tumor immunogenicity and convert
immunologically “cold tumors” into “hot tumors,” thereby
improving the responsiveness of melanoma to immunotherapy.
Duval et al. (2019) investigated the mechanisms by which low-
dose hyperthermia or moderate-dose radiotherapy modulate
immune responses and cytotoxic effects in melanoma cells at
both the genetic and proteomic levels. Using a murine melanoma
cell model, the authors applied IONP-mediated hyperthermia either
alone or in combination with 8 Gy irradiation and systematically
evaluated alterations in key immune-related pathways and cell death
signals. The results demonstrated that hyperthermia significantly
upregulated the expression of immunostimulatory molecules such as
HSP70, CXCL10, and CXCL11, as well as innate immune receptors
including TLR3 and TLR4. Moreover, suppression of the p38/
MAPK axis suggested a reduction in the immune evasion
capacity of melanoma cells. The increased expression of
CD86 further underscored the induction of ICD by
hyperthermia, laying a molecular foundation for subsequent T
cell-mediated immune responses. When hyperthermia was

combined with radiotherapy, a synergistic increase in the
expression of critical immune and apoptotic genes—such as
CXCL11, CD86, Fas, and PUMA—was observed. Apoptotic
signaling was notably enhanced, with peak activation in the
ERK2, CASP3, and MAPK11 pathways, indicating robust
engagement of programmed cell death mechanisms. Interestingly,
the activation of the CXCL10/CXCL11–CXCR3 axis and TLR3/
TLR4 signaling pathways suggested that the combination of
hyperthermia and radiotherapy could effectively reshape the
tumor immune microenvironment and enhance tumor cell
sensitivity to cytotoxic attacks. This hyperthermia-mediated
“immune adjuvant” effect provides a strong mechanistic basis for
the immunosensitizing role of radiotherapy and highlights the
potential of hyperthermia in precisely modulating tumor
immunogenicity to improve therapeutic outcomes.

In addition, several studies have explored the combination of
PTT with chemotherapy to induce synergistic therapeutic effects.
This combinatorial strategy not only accelerates cellular biochemical
reaction rates via thermal effects, thereby promoting local blood
circulation in melanoma tissues and enhancing the accumulation
and penetration efficiency of chemotherapeutic agents, but also
increases cell membrane permeability to facilitate drug uptake.
Furthermore, it can overcome chemotherapy resistance in
melanoma cells by inhibiting the activity of drug efflux-related
transport proteins (Krawczyk et al., 2011). Elevated temperatures
can also augment the cytotoxic effects of chemotherapeutic agents
through mechanisms such as increased ROS production and
inhibition of DNA repair pathways (Yoncheva et al., 2019).
Therefore, compared to monotherapies, PTT–chemotherapy
combination therapy offers a superior therapeutic outlook,
particularly for treating refractory and drug-resistant melanomas.
Dehghankhold et al. (2024) designed and synthesized a
multifunctional magnetic nanosystem—Fe3O4@PDA@BSA-
DOX—that integrates MRI, chemotherapy, and PTT into a single
platform. In this system, Fe3O4 nanoparticles are coated with PDA
to enhance photothermal conversion efficiency, further modified
with BSA, and loaded with a thermally responsive azobenzene-
doxorubicin (azo-DOX) prodrug for controlled release. The Fe3O4

core provides excellent T2-weighted imaging capability, while the
PDA coating allows efficient photothermal conversion under
808 nm NIR laser irradiation, increasing the local temperature to
47 °C and thereby triggering on-demand drug release. In vitro
studies confirmed that DOX release was both temperature- and
pH-responsive. Cellular and in vivo evaluations demonstrated
minimal toxicity, high therapeutic efficacy, and significant tumor
inhibition in a melanoma-bearing mouse model. In the combination
treatment group, Fe3O4@PDA@BSA-DOX coupled with NIR
irradiation exhibited superior tumor inhibition compared to
chemotherapy or PTT alone, with no significant adverse effects.

Additionally, recent studies have shown that IONPs possess the
potential to synergize with ferroptosis and PDT to enhance anti-
tumor immunotherapy (Li H. et al., 2024). IONPs encapsulating PSs
can release Fe2+ under the acidic TME, triggering Fenton reactions
that induce ferroptosis. This process activates macrophage
polarization toward the tumor-suppressive M1 phenotype (Xu
et al., 2025). When combined with PDT, the oxidative stress
within the TME is further exacerbated, resulting in synergistic
anti-tumor effects (Huang et al., 2023). Therefore, IONPs not
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only serve as effective MRI contrast agents but also enhance the
efficacy of PDT and may act as pivotal mediators linking ferroptosis,
PDT, and immunotherapy. This approach offers a promising
solution to overcome the limited efficacy of PDT alone in
melanoma treatment.

In summary, melanoma treatment is entering a new era of
development, with combination therapy strategies
demonstrating unprecedented therapeutic potential.
Nanomedicine-based combination therapies not only hold
promise in overcoming the high drug resistance and long-term
toxicity frequently associated with conventional treatments, but
also enhance the efficacy of emerging therapeutic approaches. By
integrating multiple therapeutic modalities, nanomedicine-
enabled combinatorial regimens can capitalize on the
respective advantages of individual agents to effectively
suppress tumor recurrence and distant metastasis, thereby
contributing to prolonged disease-free survival and overall
survival in melanoma patients.

5 Current clinical status and regulatory
challenges

A growing body of preclinical studies has demonstrated the
excellent performance of IONPs in diagnostic imaging and
targeted therapy; however, their clinical translation remains
relatively limited. Clinically approved or advanced IONPs
formulations are mainly concentrated in the fields of MRI
contrast enhancement and magnetic hyperthermia therapy.
Representative products such as Ferumoxytol (Feraheme®),
Feridex®, and Resovist® have obtained regulatory approval for
use as MRI contrast agents or in the treatment of iron deficiency
anemia and have been further explored for imaging and
therapeutic monitoring of hepatocellular carcinoma, breast
cancer, brain tumors, and metastatic melanoma (Coll-Font and
Nguyen, 2023). For example, a clinical imaging study of
Ferumoxytol in central nervous system inflammatory lesions
(NCT00659776) demonstrated favorable contrast properties
and safety profiles. In addition, several preclinical
investigations have shown that IONP-based formulations can
enhance intratumoral drug accumulation and local therapeutic
efficacy through the EPR effect combined with external magnetic
field guidance. Nevertheless, IONPs formulations specifically
designed for melanoma remain scarce in clinical trials, most of
which are still at early phase I/II validation stages. Systematic
clinical data verifying their long-term safety and therapeutic
efficacy are still lacking. From a regulatory and translational
standpoint, the clinical implementation of IONPs faces
multiple challenges. First, the characterization standards for
nanomaterials are not yet unified; subtle variations in particle
size distribution, surface charge, coating composition, and
magnetic responsiveness can significantly influence their in
vivo metabolism and toxicological behavior. Second, achieving
batch-to-batch consistency in manufacturing and quality control
remains difficult, complicating clinical evaluation and regulatory
approval. Third, current drug safety assessment frameworks are
primarily designed for small molecules and biologics, lacking
systematic evaluation criteria for the long-term toxicity,

immunogenicity, and metabolic persistence of nanomaterials.
Moreover, significant discrepancies exist between the
pharmacokinetic behaviors of IONPs in animal models and
humans, limiting their clinical predictability. To advance the
clinical translation of IONP-based theranostic platforms for
melanoma, breakthroughs are needed in standardized
formulation production, nano-toxicological evaluation systems,
and interdisciplinary regulatory frameworks. The establishment
of unified quality control standards for nanomedicines, combined
with multimodal imaging-based tracking technologies and
comprehensive toxicological assessment methods, will improve
the reproducibility and safety of IONPs formulations, thereby
accelerating their transition from laboratory research to clinical
application.

6 Summary and outlook

Over the past decade, IONPs have made remarkable progress
in melanoma diag-nosis and therapy, exhibiting unique advantages
in magnetic resonance imaging, mag-netic hyperthermia, and drug
delivery. However, their translation from laboratory re-search to
clinical application still faces multiple challenges. Currently, only a
limited number of nanomedicines have been approved by the FDA,
and most IONP-related investigations remain at the preclinical
stage. Key issues—including the structural sta-bility of
drug–nanoparticle conjugates, targeting accuracy, optimization
of particle size and surface modification, controllable drug
release in vivo, and immunological safe-ty—require systematic
resolution. Future research should focus on designing intelli-
gent hybrid nanoplatforms with multi-stimuli responsiveness to
magnetic, optical, pH, enzymatic, or redox cues, enabling precise
and controllable drug release and multi-modal synergistic therapy.
The incorporation of artificial intelligence (AI) and mul-tiscale
modeling—through machine learning and molecular dynamics
simulations—will allow data-driven optimization of IONPs’ size,
morphology, magnetic properties, and biodistribution, thus
guiding rational nanomedicine design. Furthermore, the inte-
gration of radiomics with multi-omics data should be
strengthened to develop person-alized therapeutic strategies
based on IONPs, identify differential responses among
melanoma patients with distinct molecular subtypes, and
establish a closed-loop “di-agnosis–therapy–feedback”
framework. On this basis, combining multimodal imaging
techniques such as MRI, PET, NIR-II fluorescence, and
photoacoustic imaging will enable real-time tracking and
quantitative analysis of IONPs’ biodistribution, metabo-lism,
and therapeutic responses, providing robust evidence for
clinical translation. In addition, elucidating the mechanisms by
which IONPs regulate the tumor immune mi-croenvironment
remains crucial, particularly their influence on TAM
polarization, dendritic cell activation, and T-cell responses.
Such insights will promote the devel-opment of
multidimensional therapeutic systems integrating magnetic
hyperthermia, photothermal, photodynamic, and
immunotherapeutic modalities. Through multidisci-plinary
innovation, AI-assisted design, and systems biology integration,
future studies on IONPs in melanoma theranostics are expected to
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evolve toward intelligent, precise, and personalized directions,
establishing a solid foundation for safe, controllable, and
efficient clinical translation.
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