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Abstract: Cancer remains one of the leading causes of mortality worldwide. Although conventional treatment strategies such as
chemotherapy, radiotherapy, and surgery have demonstrated therapeutic potential, their clinical effectiveness is often limited by poor
targeting specificity, systemic toxicity, and inadequate treatment monitoring. Magnetic resonance imaging (MRI) has emerged as
a powerful diagnostic modality owing to its non-invasive nature, high spatial resolution, deep tissue penetration, and real-time imaging
capabilities, making it particularly suitable for guiding and evaluating cancer therapies. Recent advances have led to the development
of MRI-based nanotheranostic platforms that integrate diagnostic and therapeutic functions within a single system, enabling precise
tumor imaging alongside targeted treatment. This review presents a comprehensive overview of recent progress in MRI-guided
nanotheranostic agents for cancer diagnosis and therapy, with a focus on their structural design, functional mechanisms, and
biomedical applications in both single treatment approaches such as photothermal therapy, photodynamic therapy, chemodynamic
therapy, immunotherapy, and ferroptosis, as well as combined therapeutic strategies. In addition, the contribution of MRI to improving
treatment precision through image-guided delivery, real-time therapeutic monitoring, and stimulus-responsive activation is discussed.
Key challenges including biosafety, design complexity, and barriers to clinical translation are also examined, along with perspectives
on future directions for developing intelligent and clinically viable MRI-integrated therapeutic systems.
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Introduction

Cancer is a major global social, public health, and economic burden, accounting for approximately one-sixth of all deaths
worldwide. The latest estimates from the International Agency for Research on Cancer (IARC) indicate that nearly 20 million
new cancer cases, including non-melanoma skin cancer (NMSC), were diagnosed worldwide in 2022. This figure is projected
to increase to 35 million by 2050." These alarming figures underscore the need for more precise diagnostic tools and
effective treatments. In response, theranostics has emerged as a key biomedicine innovation and research focus.* Theranostics
integrates diagnostic and therapeutic agents into a single nanosystem, enabling concurrent tumor diagnosis, targeted therapy,
and real-time treatment monitoring.>’ This integration can revolutionize cancer treatment through personalized, efficient, and
effective management.

Magnetic Resonance Imaging (MRI) is a non-invasive, radiation-free imaging modality effective, making it highly
valuable for cancer treatment, particularly in diagnosing emerging therapies. Its high-resolution imaging of soft tissues,
organs, and blood vessels is essential for advancing integrated theranostic systems.® ! MRI contrast agents are essential for
improving diagnostics by enhancing tumor-to-normal tissue contrast, shortening imaging time, and improving diagnostic
accuracy.'” "> However, traditional MRI contrast agents face limitations in specificity, sensitivity, and biocompatibility,
limiting their efficacy in tumor diagnosis and therapy. To overcome these challenges, researchers are exploring MRI-
guided nanotheranostic agents. These innovative agents not only enhance tumor imaging clarity but also facilitate targeted
drug delivery and controlled release, enabling precise, targeted, and personalized tumor therapies. Moreover, to further
enhance diagnostic precision, some MRI-guided nanoplatforms have been engineered for multimodal imaging, integrating
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MRI with fluorescence or photoacoustic imaging.'®'® These dual-modal systems leverage the strengths of MRI’s deep tissue
penetration and high spatial resolution, while incorporating complementary modalities that offer superior sensitivity or
functional readouts.

Traditional cancer treatments, such as surgical resection, chemotherapy, and radiotherapy, remain core strategies in tumor
treatment, yet they have significant limitations. Surgical resection is limited by challenges in accurately identifying tumor
margins, hindering complete cancer cell removal and elevating recurrence risk. While chemotherapy and radiotherapy can
suppress tumor growth, they damage healthy tissues, resulting in substantial side effects.'® > A major concern is the risk of
tumor cells developing resistance, diminishing treatment efficacy over time. To address these challenges, the medical
community is exploring novel cancer treatment strategies. The rapid advancement of nanomaterials and nanomedicine has
offered promising solutions. Nanomaterials provide key advantages, such as enhanced drug targeting, better tumor penetra-
tion, controlled drug release, tumor microenvironment modulation, and multifunctionality.® 2® Significant progress has been
made in developing nanomaterial-based cancer therapies, including magnetic hyperthermia therapy (MHT), photothermal
therapy (PTT), photodynamic therapy (PDT), chemodynamic therapy (CDT), immunotherapy, and ferroptosis therapy. These
approaches leverage the unique properties of nanomaterials, paving the way for more effective treatments.

Building on these advancements, researchers have focused on designing MRI contrast agents that effectively combine
therapeutic agents (photothermal converters, photosensitizers, and Fenton reagents), targeting agents (targeting ligands or
components responsive to external stimuli), and imaging agents (iron oxide, gadolinium, or manganese). These innova-
tions enable the seamless integration of diagnosis and therapy.

Despite the growing number of studies on MRI-guided cancer therapy and the emergence of various MRI-functionalized
nanoplatforms, there remains a lack of comprehensive reviews that integrate recent advancements in nanomaterial design,
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imaging—therapy coordination, and treatment strategy optimization. Existing reviews often focus on isolated aspects, such as
imaging contrast or therapeutic efficacy, without fully capturing how MRI can serve as a central platform for integrating
precise diagnosis with targeted, controllable cancer therapy. Therefore, a systematic review that highlights the evolving role of
MRI-based nanotheranostics in both monotherapy and combination strategies is timely and necessary.

This article explores the development of nanotheranostics with magnetic resonance imaging (MRI) capabilities and
their progress in cancer treatment applications. It systematically examines the construction methods of multifunctional
nanotheranostics for various treatment strategies, including magnetic hyperthermia therapy (MHT), photothermal therapy
(PTT), photodynamic therapy (PDT), chemodynamic therapy (CDT), immunotherapy, and ferroptosis therapy, both as
standalone and in combination (Figure 1). Additionally, the paper provides a detailed overview of their development,
application, and future potential. Finally, it discusses the current challenges, opportunities, and key directions for future
research in this rapidly evolving field.

Single Cancer Therapy

Single-modality cancer therapies—including magnetic hyperthermia therapy (MHT), photothermal therapy (PTT),
photodynamic therapy (PDT), chemodynamic therapy (CDT), immunotherapy, and ferroptosis-based therapy (FT)—
employ distinct mechanisms such as localized heating, oxidative stress, immune activation, or metabolic disruption to
selectively eliminate tumor cells. Despite their mechanistic diversity, these approaches share several important char-
acteristics that make them highly compatible with magnetic resonance imaging (MRI). First, most of these therapies
utilize nanomaterials that can be engineered for enhanced biocompatibility, tumor-targeted delivery, and responsiveness
to tumor microenvironment (TME) cues such as acidity, hypoxia, or elevated H,O, levels. Second, many of them rely on
the generation of heat or reactive oxygen species (ROS) to trigger cytotoxic effects, which can be spatiotemporally
regulated through external stimuli. Third, the nanomaterials used are often amenable to MRI functionalization by
incorporating paramagnetic elements (eg, Fe*", Gd**, Mn2") or magnetic structures, enabling high-resolution imaging,
real-time tracking, and noninvasive treatment monitoring. By integrating MRI, these therapies benefit from improved
precision in agent localization, timing control, and response assessment, which helps to overcome limitations such as
nonspecific distribution and delayed therapeutic feedback. This image-guided approach not only enhances safety and
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efficacy but also facilitates the development of theranostic platforms that unify diagnosis and therapy, thereby broadening
the clinical potential of single-modality strategies for personalized cancer treatment. The following sections elaborate on
each modality’s mechanisms, representative materials, technical challenges, and MRI-based enhancements.

Magnetic Hyperthermia Therapy (MHT)

Unlike healthy tissues, cancer cells develop a complex vascular network to support survival and metastasis. It causes
slower blood flow in tumors, leading to localized hyperthermia. In contrast, normal tissues maintain regular blood flow
and heat dissipation, making cancerous tissues more sensitive to elevated temperatures.”’*® Studies show that at 41°C to
45°C, cancer cell viability is reduced, while healthy cells survive.” This sensitivity has led to hyperthermia-based tumor
treatments. Magnetic hyperthermia therapy (MHT) uses an alternating magnetic field (AMF) to heat magnetic
nanoparticles.>*>? Under AMF exposure, these nanoparticles generate localized heat in the tumor, inducing cancer
cell apoptosis or necrosis. Moreover, magnetic nanoparticles can be guided to the tumor site and used for MRI under an
external magnetic field (Figure 2).>*>* The main challenge in MHT application is precisely controlling energy delivery to
target therapy and avoid non-specific heating of normal tissues.*”

Superparamagnetic iron oxide nanoparticles (MIONPs) are commonly used in MHT for their excellent magnetic
properties and biocompatibility.*® An example is Fe;04,@PLA-PEG, a nanotheranostic agent with a magnetic Fe;0, core
and PLA-PEG shell, loaded with ~11% curcumin as an anticancer agent.>’ The PLA-PEG coating enhances Fe;O,
@PLA-PEG ‘s magnetization and heating efficiency, making it an effective T2-weighted MRI contrast agent and
hyperthermia transducer. Fe;O4@PLA-PEG can rapidly and efficiently release the drug in response to an external
magnetic field, combining drug and thermal therapies for tumors, showing significant potential in cancer treatment.
The magnetic hyperthermia performance of these nanoparticles is illustrated in.

Ongoing research aims to enhance the magnetic heat conversion efficiency and MRI performance of MIONPs through
various strategies. Two effective strategies are doping and controlling nanoparticle shape, size, and surface functionalization.
Doping with rare earth elements (eg, Sm*", Eu*", Gd*", Ho*") influences stress anisotropy, magnetic moment, and other
properties of MIONPs, significantly enhancing magnetization strength, improving thermal therapeutic effects and MRI
contrast.®** MIONPs with various shapes, sizes, and surface modifications have been developed for advanced

B 0,
@ J &

S WD
magnetic nanoparticles )

external magnetic field

External magnetic field
targeted delivery

Heat Cell death MRI
external magnetic field
Figure 2 Mechanism of action of magnetic nanoparticles in magnetothermal therapy. By intravenous injection, magnetic nanoparticles can be precisely localized to the tumor

area under the guidance of an external magnetic field, where they accumulate in large quantities. Once they reach the target location, they produce a local thermal effect
under the action of the magnetic field, leading to the death of tumor cells. In addition, this therapy can be monitored in real time by MRI.
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Figure 3 MRI relaxation behavior and magnetic hyperthermia performance of VNFG nanomaterials. (A-B) Longitudinal (RI) and transverse (R2) relaxation rates of
VNFG at different metal concentrations. (C-D) Axial TI- and T2-weighted MR images showing signal intensity variations. (E-F) Temperature elevation curves and
specific absorption rate (SAR) values under different alternating magnetic fields (AMF). (G) Infrared thermal imaging during magnetic heating. Reproduced from Bao JF
Guo SS, Zu XY, et al. Magnetic vortex nanoring coated with gadolinium oxide for highly enhanced T1-T2 dual-modality magnetic resonance imaging-guided magnetic
hyperthermia cancer ablation. Biomed Pharmacother. 2022;150:112926. Licensed under Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International
License (https://creativecommons.org/licenses/by-nc-nd/4.0/).**

nanotheranostics. For example, multi-core magnetic iron oxide nanoparticles, formed by assembling partially melted
maghemite (y-Fe,Os) particles into a flower-like structure, show enhanced magnetization while retaining superparamagnetic
properties. These multi-core nanoparticles have thermal therapeutic efficiency an order of magnitude higher than single-core
nanoparticles under similar conditions, making them promising candidates for next-generation magnetic hyperthermia and
T2-weighted MRI materials.** Bao and colleagues developed the multifunctional nanotheranostic agent VNFG
(Fe304@Gd203) by integrating these strategies. The nano-ring structure of Fe304 enhances magnetic heat conversion
efficiency, while the polyethyleneimine (PEI) and Gd203 shell minimizes magnetic interference between the core and shell,
improving both magnetic hyperthermia performance and T1-T2 dual-modal imaging effects of VNFG 42. As illustrated in
(Figure 3), VNFG demonstrates robust MRI relaxation properties (R1 and R2 plots) and provides clear T1-weighted and T2-
weighted images across various concentrations, highlighting its diagnostic potential. Furthermore, its excellent magnetic heat
capacity, evidenced by time-dependent temperature profiles and heating capacity plots under different alternating magnetic
fields (AMF), underscores its strong therapeutic performance in magnetic hyperthermia.*®

Other iron-based nanoparticles, besides MIONPs, show promise in Magnetic Hyperthermia Therapy (MHT). FePt nano-
particles stand out for their superior magnetic properties and high saturation magnetization, making them effective MRI contrast
agents and efficient heat converters. The multifunctional agent, FePt@MMT-MIT, exhibits high saturation magnetization and
strong T2-weighted MRI contrast, enabling clear visualization of hepatocellular carcinoma (HCC). It also induces magnetic
hyperthermia, effectively destroying tumor cells.*® The combination of iron and gold elements offers a promising approach.
Pearson et al developed flower-like Au@Fe nanoparticles through seed-assisted synthesis. These Au@Fe-PEG nanoparticles
serve as contrast agents for MRI and CT, demonstrating excellent multimodal imaging properties. Additionally, these nano-
flowers show high thermal conversion efficiency under alternating magnetic fields and near-infrared light, with low cytotoxicity,
making them ideal for MHT and PTT.*’ Iron-based hollow nanoparticles offer another exciting avenue for MHT. Their hollow
structure allows water molecules to penetrate the center of the magnetic ions, enhancing contrast performance. Additionally,
these nanoparticles can be loaded with various therapeutic agents, supporting a range of treatment modalities.*®

Photothermal Therapy (PTT)

Photothermal therapy (PTT) uses photothermal agents (PTAs) to convert light into heat, raising the temperature at the target
and inducing cancer cell death.*>>* In PTT, near-infrared (NIR) laser irradiation targets tumors or metastatic sites, minimizing
damage to healthy tissues, while the method’s minimally invasive and remote-controlled nature highlights its significant
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potential in cancer therapy.”™>' Common PTAs include noble metals like Au and Ag, carbon-based materials such as graphene
oxide and carbon nanotubes, metal sulfides and oxides like copper sulfide and magnetite, and organic dyes including
Indocyanine Green and Prussian blue.>? Despite their effectiveness, the use of these PTAs is limited by challenges such as
their lack of specificity and the inability to visualize drug delivery, internalization, and metabolic processes. These limitations
hinder precise targeting and monitoring, which are essential for achieving optimal therapeutic outcomes in cancer treatment.

In recent years, composite nanomaterials combining magnetic nanoparticles (such as iron, manganese, and their oxides)
with gold have attracted considerable attention as promising multifunctional agents. These materials exhibit excellent
photothermal conversion efficiency and strong magnetic properties. Consequently, they have been widely investigated for
various biomedical applications, including magnetic resonance MR imaging, magnetically targeted drug delivery, light-
triggered drug release, and PTT (Figure 4a). Liu and colleagues reported a glutathione (GSH)-responsive magnetic gold
nanotube (AuNWs) (Figure 4b).” 3 The core of this nanoplatform, composed of gold nanotubes (AuNWs), exhibits enhanced
photothermal performance due to its gold branches and central pores. The outer shell consists of assembled ultra-small
magnetic iron oxide nanoparticles (ES-MIONs). Experimental results have demonstrated that magnetic AuNWs show
significantly higher tumor accumulation compared to individual ES-MIONs, with a 2.5-fold increase in T1 imaging signal
24 hours post-injection and greater tumor eradication efficiency. Additionally, Polydopamine (PDA) and mesoporous
polydopamine (MPDA) have emerged as promising photothermal agents due to their excellent biodegradability, low long-
term toxicity, ease of surface modification, and high photothermal conversion efficiency.”* >® In PTT, they are often used to
functionalize the surfaces of magnetic nanoparticles, enabling both imaging and therapeutic capabilities. For instance, Li and
colleagues developed a magnetic nanotheranostic agent using PDA-modified Fe;O,4, where the PDA shell contributes to
enhanced biocompatibility, stability, and efficient photothermal effects.’” In experimental studies, these nanoparticles
exhibited a high transverse relaxivity (337.8 mM 's '). Moreover, the high photothermal conversion efficiency of PDA
enabled the complete eradication of tumors in 4T1 tumor-bearing mice after PTT treatment.

To enhance the efficacy of PTT, researchers are actively developing new multifunctional PTAs and exploring advanced
strategies like the use of the second near-infrared window (NIR-II, 1000—-1700 nm) and the inhibition of heat shock proteins
(HSPs).”** Compared to the first near-infrared window (NIR-I, 700-950 nm), NIR-II offers longer wavelengths, deeper
tissue penetration, and fewer side effects, making it particularly advantageous for PTT applications (Figure 5a).°* %> Zhang
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Figure 4 (a) Nanotheranostics materials and (b) application examples that can be used for PTT and MRI.
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et al developed a theranostic agent, Gd/CuS@PEI-FA-PS NGs, for PTT guided by MRI, which leverages the NIR-II
absorption properties of copper sulfide (CuS), making it highly promising for precise and effective cancer treatment
(Figure 5b).%% HSPs are overexpressed in tumor cells and can induce thermotolerance by repairing proteins damaged during
PTT.**% Therefore, suppressing HSP expression is crucial for improving the therapeutic outcomes of PTT. Yao et al
developed Zng ,Fe, s0,@PDA@MnO, NPs for T1/T2 dual-modality MRI-guided self-enhanced PTT. It releases Mn*" by
consuming the high levels of GSH found in tumors, which triggers the Fenton reaction to suppress HSP expression, thereby
enhancing the PTT effect. This multifunctional agent offers a promising approach for future PTT drug development.®’

Photodynamic Therapy (PDT)

Photodynamic therapy (PDT) utilizes light to activate photosensitizers (PSs) in oxygenated tissues, generating cytotoxic
reactive oxygen species (ROS) that induce apoptosis or necrosis.®®®® Additionally, PDT can trigger anti-tumor immune
responses by inducing immunogenic cell death (ICD) in tumor cells.”’”’* With high selectivity, minimal invasiveness, low
side effects, and precise spatiotemporal control, PDT offers a promising alternative to conventional cancer therapies. However,
its broader application is hindered by limited light penetration, insufficient PS accumulation at tumor sites, tumor hetero-
geneity, and hypoxic conditions. To overcome these challenges, researchers are devising strategies to enhance PDT efficacy.
Recent advancements in PDT focus on optimizing light sources, designing novel PSs, and mitigating tumor hypoxia.”
Porphyrins and their derivatives, naturally occurring molecules, are essential for light absorption, oxygen transport, and
catalysis. Their exceptional light-trapping ability, high singlet oxygen quantum yield, and chemical versatility make them
highly efficient photosensitizers.”*’® Porphyrins act as versatile host molecules, binding with diverse metals like paramag-
netic manganese (Mn), copper (Cu), and gadolinium (Gd) to form metalloporphyrin derivatives with strong chelating
properties.’” These derivatives can be encapsulated, grafted onto nanoparticles, or self-assembled at the nanoscale, enhancing
phototherapy and MRI performance.”® Manganese- and gadolinium-porphyrin chelates are the most widely used porphyrin-
based nanocomplexes for MRI nanotheranostic.””*® For instance, Wang et al reported that incorporating fullerene derivatives
into manganese(IlI) porphyrin with PDT functionality significantly improved water proton relaxation properties, thereby
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enhancing MRI performance.® Similarly, Yuzhakova et al developed multifunctional nanotheranostic agents, GdPz1 and
GdPz2, by integrating gadolinium(III) cations into a porphyrin pigment platform. These agents enable fluorescence imaging,
MRI, and PDT within a single nanoplatform.®? Linear P-conjugated Zn(II)-porphyrin dimers complexed with Gd-DOTA serve
as MRI-PDT theranostic agents. They effectively induce cell death in experimental studies, and the combination of MRI
contrast agents with PDT drugs provides a synergistic effect for drug localization imaging.**

Porphyrins and their derivatives, despite being traditional photosensitizers, often suffer from aggregation-induced
quenching (ACQ) in physiological environments. This aggregation causes fluorescence quenching and lowers ROS
generation. AIE-PSs exhibit high signal-to-noise ratios, minimal self-absorption, and photobleaching resistance, enhan-
cing luminescence and ROS generation to overcome conventional PS limitations.** *® To enhance photodynamic therapy
(PDT) efficacy, Wang et al developed MUM nanoparticles (MUM NPs) by integrating aggregation-induced emission
photosensitizers (AIE-PSs) with upconversion nanoparticles (UCNPs).®” The UCNPs serve as NIR-to-UV/Vis light
converters, effectively exciting AIE-PSs under near-infrared (NIR) irradiation to trigger reactive oxygen species
(ROS) generation. This triple-jump energy conversion process not only amplifies PDT effects but also enables dual-
modal fluorescence (FLI) and magnetic resonance imaging (MRI)-guided tumor therapy, as illustrated in (Figure 06).

Numerous strategies have been developed to improve oxygenation in the tumor microenvironment and address tumor
hypoxia. Fu et al designed a novel nanotheranostic agent, GMCD, by co-loading CAT and DVDMS in Mn-doped calcium
phosphate nanoparticles.®® It catalyzes intracellular glucose consumption via GOx, generating hydrogen peroxide. CAT decom-
poses hydrogen peroxide into oxygen and water, alleviating hypoxia and facilitating singlet oxygen production by DVDMS. The
Mn?"-triggered Fenton-like reaction amplifies oxidative damage, increasing tumor cell death. This process is monitored through
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Figure 6 Schematic illustration of MUM NP synthesis and their triple-jump photodynamic process, featuring dual-modal fluorescence (FLI)/magnetic resonance imaging
(MRI)-guided photodynamic therapy (PDT). Reproduced from Wang YW, Li YM, Zhang ZJ, Wang L, Wang D, Tang BZ. Triple-Jump Photodynamic Theranostics: MnO2
Combined Upconversion Nanoplatforms Involving a Type-l Photosensitizer with Aggregation-Induced Emission Characteristics for Potent Cancer Treatment. Advanced
Materials. 2021;33(41).5”
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fluorescence and MRI, offering a spatiotemporally controllable strategy for cancer treatment. Recent research has shifted focus to
reprogramming the tumor microenvironment (TME) to enhance PDT efficacy. Researchers, including Yu et al, have reviewed
strategies to improve PDT outcomes, such as regulating tumor vascular stroma, disrupting tumor metabolism, and reprogram-
ming immune-suppressive cells. These approaches are guiding the development of next-generation multifunctional PDT

nanotheranostics.®>°

Chemical Dynamic Therapy (CDT)

Chemical Dynamic Therapy (CDT) is an innovative therapeutic approach that utilizes Fenton or Fenton-like reactions
mediated by metal ions (such as Fe", Mn2", Cu') to consume excess hydrogen peroxide (H,O,) in the tumor
microenvironment, producing highly toxic hydroxyl radicals (+OH) that induce cancer cell death.”’® For efficient
CDT, several key conditions must be met: (1) sufficient production of *OH within the tumor; (2) a rapid rate of *OH
generation; and (3) the ability of the generated *OH to selectively and effectively target tumor cells.”* However, the
limited availability of H,O, in the tumor microenvironment and the rapid clearance of *OH by GSH present significant
challenges to the broader application of CDT in biomedical settings.

Increasing the concentration of hydrogen peroxide in the tumor can effectively promote CDT, and there are two main methods
to achieve this (Figure 7a).” The first method delivers GOx, superoxide dismutase (SOD), or nano-drugs with catalytic activity to
the tumor site, catalyzing in situ generation of endogenous H,0,.”*’ The second approach directly delivers H,0, to the tumor
site using liposomes or metal oxides, releasing it in response to the tumor microenvironment or external stimuli, thereby increasing
H,0, concentration. Although more direct and effective, the second method risks unintended H,O, leakage from the carrier,
potentially causing side effects. Thus, for safety reasons, in situ generation of H,O, with minimal side effects has become the
preferred strategy to overcome low endogenous hydrogen peroxide levels. Manganese-based or iron-doped nanoparticles are
popular carriers due to their ability to release ions in response to the tumor microenvironment, facilitating both Fenton reactions
and MRI. Fu et al successfully developed a biodegradable, pH-responsive nano-diagnostic and therapeutic agent (GOx-MnCaP
NPs) through the in situ mineralization of GOx. Even after mineralization, GOx retains its catalytic activity. In the acidic tumor
microenvironment, GOx effectively converts glucose into H,O,, significantly increasing its concentration within the tumor and

(a)  In situ generation or exogenous delivery of H,0, GSH depletion and pH regulation (b)
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Figure 7 Schematic diagram of MRI-guided enhanced CDT effect strategies. (a) In situ generation or delivery of H,O,. (b) GSH depletion or pH adjustment. (c) Increasing
reactive active sites. (d) Optimizing reaction conditions.
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promoting Mn?-triggered Fenton-like catalysis. Additionally, GOx-MnCaP serves as a pH-activated T1 contrast agent, enhancing
MRI imaging performance.'® Another approach involves developing nano-enzymes that mimic GOX activity to increase H,O,
concentration in tumors. Jiang and colleagues achieved this by designing MMF-Au nano-enzymes with GOx-like activity,
triggering a cascade of glucose oxidation and Fenton-like reactions. In this process, ultra-small Au nanoparticles, which mimic
GOx characteristics, catalyze the oxidation of endogenous glucose, generating H>O, and gluconic acid. This leads to a substantial
increase in H,O, and a reduction in pH within the tumor microenvironment, further accelerating the decomposition of MMF and
the release of Mn?". The released Mn?" then catalyzes the conversion of the increased H,O, into highly toxic hydroxyl radicals
(*OH) via Fenton-like reactions, enhancing CDT. Meanwhile, the Mn?" ions facilitate high-contrast T1-weighted MRI, allowing
for precise monitoring of drug distribution."”'

The second strategy to improve the efficiency of CDT is to modulate the reaction environment at the molecular level, such as
lowering the pH and depleting GSH, to reduce the clearance of hydroxyl radicals (*OH) (Figure 7b). Zhu and colleagues
developed a macrophage membrane-coated hollow mesoporous iron oxide nanotheranostic agent (HMFe) incorporating CA IX.
CA IX, an effective pH-regulating enzyme, acidifies the tumor cell microenvironment, enhancing Fe-mediated Fenton reactions
and reducing extracellular acidity to inhibit metastasis. Furthermore, HMFe enables efficient T2-weighted MRI to monitor drug

biodistribution and therapeutic progress in real-time.'%?

Moreover, antisense oligonucleotides (ASOs) have demonstrated
promising pH-regulating properties in manganese-based nanotheranostic agents. ASOs can down-regulate the overexpressed
monocarboxylate transporter 4 (MCT4) in tumor cells, thereby blocking lactic acid efflux and reducing the intracellular pH. This
not only creates more favorable conditions for CDT catalytic reactions but also enhances the MRI signal.'®

Besides increasing H,O, concentration and adjusting the reaction environment, continuous and rapid generation of *OH
and their precise action in tumor cells are crucial. Key strategies include promoting the conversion of high-valent ions to low-
valent states or increasing reactive sites (Figure 7c). Metal-organic frameworks (MOFs), a novel class of porous nanomater-
ials, are particularly promising for CDT due to their large specific surface area and high porosity, which can significantly
increase the number of reaction sites on the catalyst.'®* Moreover, optimizing reaction conditions through external stimuli—
such as light, temperature, or ultrasound—can further enhance CDT efficiency (Figure 7d). For instance, integrating Fenton or
Fenton-like reagents with photothermal agents or magnetothermal agents can leverage the synergistic effects of PTT or MTT
to heat the tumor in situ. This localized heating accelerates the generation of *OH within the tumor, improving the therapeutic
efficacy of CDT while minimizing damage to surrounding healthy tissues.

Immunotherapy
Immunotherapy leverages the host’s immune system to identify and eradicate cancer cells, aiming to bolster the immune
response against cancer while diminishing the tumor’s capacity to evade immune surveillance.'®>'°® Currently, the most

199 tumor vaccines,''® immunogenic cell

common immunotherapy strategies include immune checkpoint blockade (ICB),
death (ICD),'""" and cGAS-STING pathway activation,''* among others (Figure 8c). Tumor immunotherapy, despite its
promise, faces several challenges stemming from the complexity of the tumor microenvironment, tumor heterogeneity,
and its inherent mutability. These challenges include immune-related adverse events, pseudoprogression, tumor micro-
environment-mediated immunosuppression, and the absence of reliable predictive biomarkers. MRI serves as a pivotal
tool in immunotherapy by assessing therapeutic effects, monitoring tumor response, and distinguishing immune-related
adverse events from actual disease progression. With advancements in MRI technology, its potential to enhance
immunotherapy implementation and evaluation continues to grow.''>'!°

The development of multifunctional theranostic agents, which integrate immuno-oncology microenvironment modulators
and/or immunological adjuvants with MRI components, offers a promising avenue (Figure 8a). Among the materials under
investigation, manganese-based nanomaterials stand out for their potential in integrating MRI with tumor immunotherapy.
These nanomaterials function both as biocompatible carriers for targeted immunotherapeutic drug delivery and as immuno-
logical adjuvants, modulating the tumor microenvironment and amplifying immune responses. Manganese-based nanomater-
ials can activate the cGAS-STING pathway, thereby stimulating the host’s immune system. Additionally, they enhance T1-
weighted MRI signals, enabling real-time monitoring of tumor immunotherapy outcomes.''®!'"”
ICB strategies enhance the immune system’s ability to target and destroy tumors by blocking checkpoint molecules

such as CTLA-4, PD-1, and PD-LI on immune cells using specific antibody drugs.''®'"” A bibliometric analysis of
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literature in the Web of Science database reveals that ICB has become the most prominent topic in immunotherapy over
the past two decades (Figure 8b). However, the acidic and hypoxic conditions within the tumor microenvironment can
impair the effectiveness of ICB. These conditions reduce T cell activity and proliferation and hinder their infiltration into
tumors through various mechanisms.'**'?* To overcome these challenges, researchers have developed the MRI-guided
MRGIT strategy, which uses the pH-responsive nanotheranostic agent APPAM@U-104 to normalize the acidic tumor
microenvironment and restore ICB’s anti-tumor efficacy.'?® It generates a T1 “on” MRI signal in acidic environments,
which switches to a T2 “on” signal upon neutralization of the tumor microenvironment, allowing real-time monitoring of
tumor acidity, indicating reduced immunosuppression, and guiding anti-PD-L1 therapy timing. To address tumor

hypoxia, Meng et al developed a multifunctional nano-regulator named BMI, based on bovine serum albumin (BSA),
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which encapsulates MnO, particles and the PI3Ky inhibitor IP1549.'** Following intravenous injection, BMI accumulates
extensively at the tumor site, where it utilizes manganese dioxide to consume hydrogen peroxide and generate oxygen,
thereby alleviating hypoxia. Concurrently, BMI releases IP1549, which downregulates PI3Ky expression in myeloid-
derived suppressor cells (MDSCs). This action prompts a shift in macrophages from an immunosuppressive M2-like
phenotype to a pro-inflammatory M1-like phenotype, restoring tumor sensitivity to ICB. BMI also serves as a tumor-

specific MRI agent, enabling real-time monitoring of therapeutic outcomes. As additionally demonstrated in (Figure 9),
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Figure 9 In vivo imaging, therapeutic efficacy, and histological analysis of the BMI nanoregulator for tumor immunotherapy. (a) In vivo fluorescence imaging (FLI) of 4T tumor-
bearing mice at various time points (0—72 h) after intravenous injection of BMI. (b) Tumor growth curves of 4T | tumor-bearing mice under different treatments (PBS, BM, Bl, BMI.
Data are presented as mean + SD (n = 5). Significance between the treatment groups and control group during the medication treatment (0—18 d) was calculated using unpaired
two-tailed Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001. (c) Survival rates of 4T | tumor-bearing mice under the same treatment conditions (n = 5). (d) H&E and TUNEL
staining of tumor sections from each treatment group. Scale bar in (d) represents 100 pm. (e) In vivo T |-weighted MRI tracking of BMI (i.v. and i.t.) and MnCl, (i.v. and i.t.) in 4T
tumor-bearing mice over 72 h. Adapted from Yu M, Duan XH, Cai Y] et al. Multifunctional Nanoregulator Reshapes Immune Microenvironment and Enhances Immune Memory for
Tumor Immunotherapy. Advanced Science. 2019;6(16), licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).'**
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in vivo imaging confirmed the favorable biodistribution of BMI and its strong TME-responsiveness in MRI, highlighting
its accumulation and activation within the tumor. Moreover, further in vivo experiments in 4T1 tumor-bearing mice
revealed significant enhancement of immunotherapeutic efficacy and negligible systemic toxicity following intravenous
administration, supporting the clinical translational potential of this nanoregulator. Similarly, another nanotheranostic
agent, NanoMnSor, was developed to combat hypoxia-driven tumor escape and suppress hepatocellular carcinoma.
NanoMnSor co-delivers manganese dioxide and the anti-angiogenic drug sorafenib, combining the benefits of oxygen
generation and anti-angiogenic therapy to enhance the overall effectiveness of cancer treatment.'*>

Combination therapy with immune checkpoint inhibitors and agents that activate the cGAS-STING pathway also has
shown significant efficacy.'*® Recognizing the role of manganese in activating the cGAS-STING pathway, Huang et al
developed a novel nanotheranostic system known as MCCS. This system is composed of manganese ions (Mn2"), silk
sericin (SS), a tumor-targeting pentapeptide (CREKA), and an anti-CTLA-4 antibody (aCTLA-4).'?” Studies have shown
that MCCS effectively targets tumors, enhances T1-weighted MRI signals for precise imaging, and increases reactive ROS
levels in tumor cells, activating the cGAS-STING pathway. This activation stimulates immune responses by promoting
CDS8" and CD80" T cell activity, reducing regulatory T cells, and boosting the secretion of interferon (IFN-y) and granzyme.
As a result, autophagy and apoptosis are induced in tumor cells both in vitro and in vivo. The addition of the anti-CTLA-4
antibody in MCCS further enhances the immune response by blocking immune checkpoints, enabling a more effective
tumor attack. The combination of precise MRI imaging, immune modulation, and direct tumor cell killing makes MCCS
a promising tool for integrated cancer diagnosis and treatment.

Cancer vaccines that use tumor-associated antigens or whole-cell components to stimulate the immune system’s recogni-
tion and destruction of cancer cells are widely used immunotherapies. These vaccines induce long-term immune memory,
enabling the immune system to recognize and respond to the same antigen in future encounters. However, free antigens are
prone to degradation by enzymes in the bloodstream, limiting their effectiveness. To address this, some studies have focused
on integrating nanomaterials with imaging capabilities to protect antigens and enable real-time therapeutic monitoring. For
example, Xiao et al developed a multifunctional nano-vaccine (OMPN) by combining ovalbumin (OVA), MnO,, and
polydopamine.'*® In this formulation, MnO, serves as both an MRI contrast agent and an immunological adjuvant, allowing
for real-time monitoring of the immunization process through MRI tracking, while also enhancing the immune response.
Similarly, Huang et al designed a self-navigating nano-adjuvant composed of manganese carbonate integrated with a nano-
vaccine. This nano-adjuvant degrades in the acidic environment of immune cells within lymph nodes, producing both T1 and

T2 MRI signals to guide vaccination strategies.'*’

Ferroptosis Therapy (FT)
Ferroptosis, a form of cell death driven by iron-dependent lipid peroxidation, has emerged as a significant area of
research in recent years.”’*'** This type of cell death is regulated by multiple factors, including the activity of
glutathione peroxidase 4 (GPX4), the uptake and metabolism of iron ions, and the supply and synthesis of fatty
acids."** 3¢ While ferroptosis shares similarities with CDT, its therapeutic strategies differ. Ferroptosis plays a dual
role in cancer treatment. On one hand, ferroptosis effectively eliminates tumor cells, stimulates the immune system’s
attack on cancer, and helps overcome drug resistance in tumor cells.'*”"'*® On the other hand, it can also release pro-
inflammatory factors that trigger inflammatory responses, alter the tumor microenvironment, and reduce the immune
susceptibility of tumor cells.'*® However, several factors limit the effectiveness of ferroptosis, including low intracellular
concentrations of iron and H,O,, as well as the enhanced antioxidant defense mechanisms within tumors. The high levels
of glutathione present in the tumor microenvironment further reduce the efficacy of ferroptosis by neutralizing ROS. To
address these challenges, researchers have explored iron-doped and iron-based hybrid nanostructures, iron-organic
frameworks, and iron oxide nanoparticles as potential ferroptosis inducers.'**'**"14? Recent advancements have led to
new inducers that effectively target the ferroptosis pathway in cancer cells by promoting lipid peroxidation (LPO) or
ROS accumulation. These inducers can also disrupt the ferroptosis defense mechanisms in cancer cells, enabling better
control of the process (Figure 10).

Professor Zhe Yu Shen’s team at Southern Medical University, inspired by the “cyclotron” principle in physics,
proposed an innovative strategy to accelerate the generation of ROS within tumor cells. They developed a self-assembled

International Journal of Nanomedicine 2025:20 hetps: 10515



Zhu et al

Depletion of GSH and downregulation of GPX4
* GPX4-GSH ferroptosis defense systems

Glutamate * DHODH-CoQH, ferroptosis defense systems
inhibiting GSH synthesis or regeneration

inhibitors of system Xc- @
* hyperthermia
y < |
GSH

SLC7AL i GCIM t

Ferroptosi
Cystine SLC7A11 oS

Lipid peroxidation
| N

ST W,

Cysteine ) :
consuming GSH reserves
Mitochondrial lipid K9 5

\, = cra S
u peroxidation
GSH GSSG Fe**+ GSH Fe?*+GSSG
. f Cu?+ GSH Cut++ GSSG
. —— CoQH, Mn* + GSH Mn?*+ GSSG
NADP* NADPH DHODH GSH GSSG -S-S-+ GSH ——2-SH+ GSSG
CoQ Pt-drug+ GSH ——Pt-GSH complex
MRI
' Mn2+ B
inhibitors of DHODH Enhanced ' Ferroptosis ) A =L

GSH + Fe2t

Figure 10 Schematic diagram of the mechanism of disrupting iron death defense pathways.

nano-diagnostic and therapeutic agent, SA-SFN-FGNP. This nano-agent leverages specific conditions in the tumor
microenvironment—such as acidity, GSH levels, H,O, content, and GPX4 activity—to trigger the responsive release
or activation of nanoparticles. This mechanism creates a self-sustaining cycle of ROS generation within tumor cells,
allowing for efficient therapeutic effects at low doses, while enhancing treatment specificity and safety. Additionally, SA-
SFN-FGNP exhibits a high longitudinal relaxation rate (rl1, 33.43 mM ' s !, 3.0 T), enabling MRI visualization of
ferroptosis in tumors.'*® Building on the foundation of FGNPs, the team designed a new composite nanoparticle,
FGNPs@TA-Fe/Ca. Under the influence of the tumor microenvironment, FGNPs@TA-Fe/Ca releases iron and calcium
ions within cells, triggering a cycle that accelerates both ferroptosis and calcium-induced cell death, leading to efficient
tumor suppression. These nanoparticles also demonstrate a high longitudinal relaxation rate (rl, 44.00 mM 's !, 3.0 T),
presenting a novel approach for MRI-guided treatment of colorectal cancer.'** In 2023, the team advanced their research
on ROS generation strategies by developing a novel nanotheranostic agent, TAF-HMON-CuP@PPDG. This platform
utilizes GSH in the tumor microenvironment to degrade HMON, releasing CuP, which generate Cu?" and H,O, in the
tumor cells, enhancing intracellular acidification. The subsequent Fenton reaction between Cu?" and H,0,, along with the
reaction between Cu’ and H,0,, creates a cyclic catalytic process that produces large amounts of ROS, triggering an
intracellular ROS storm. This strategy not only improves the efficiency of tumor treatment but also provides a new
perspective for tumor diagnosis and treatment through T1-weighted MRI imaging.'*

Tumor cells have developed complex defense mechanisms to resist ferroptosis, limiting the effectiveness of
ferroptosis-based therapies. The GPX4 pathway is the most well-known defense against ferroptosis. GPX4 uses GSH
to reduce lipid peroxides, preventing the oxidation of unsaturated fatty acids on the cell membrane and halting
ferroptosis. 2140148 Another critical mechanism involves dihydroorotate dehydrogenase (DHODH), which catalyzes
the production of CoQH2 in the inner mitochondrial membrane.'*~'>' CoQH2 is a powerful antioxidant that inhibits
lipid peroxidation reactions in the mitochondria. By targeting and inhibiting the activity of key enzymes such as GPX4
and DHODH, the sensitivity of tumor cells to ferroptosis can be significantly enhanced.

Various strategies have been developed to deplete GSH and enhance ferroptosis. These strategies include using
inhibitors to block GSH synthesis or regeneration, developing nano-drugs that consume GSH, or employing compounds
like cinnamaldehyde to directly deplete GSH reserves in combination with chemotherapy.'>*'** Luo et al synthesized
FCS/GCS by chelating Fe*'/Gd*" with polyphenols, loading a cinnamaldehyde prodrug (CA-OH), and grafting an
amphiphilic polymer scaffold, P-SS-D. In the tumor environment, FCS/GCS releases Fe*'/Gd*" and cinnamaldehyde,
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which consumes GSH, converting it to GSSG. Fe?" catalyze the formation of *OH from H,O,, further reducing GSH
levels, lowering GPX4 activity, promoting lipid peroxide accumulation in tumor cells, and initiating ferroptosis.
Additionally, Gd*" acts as a contrast agent for tumor-specific T1-weighted MRI imaging.'>> Manganese-based materials
also play a vital role in consuming GSH in the tumor microenvironment. Wang et al developed arginine-rich manganese
silicate nanobubbles (AMSNSs) to deplete GSH and promote ferroptosis. The unique nanobubble structure and ultra-thin
arginine-modified surface of AMSNSs significantly enhance their GSH-consuming capability compared to solid MnO,
nanoparticles. This depletion inactivates a large amount of GPX4, greatly improving ferroptosis efficacy. Moreover, the
manganese ions released during GSH consumption further enhance the T1-weighted MRI signal, providing a novel
approach for designing nano-drugs for tumor-targeted diagnosis and therapy.'>® Modifying external conditions to weaken
the GPX4 defense mechanism is another promising strategy. Xie et al proposed inhibiting tumor ferroptosis defenses
through heat stress and developed iron oxide nanoparticles (Fe;04 NPs) to test their effectiveness. The study found that
moderate heat treatment (45°C) significantly reduced GSH synthesis and suppressed the antioxidant response of tumors,
amplifying reactive oxygen species damage.'>’

While the research on the DHODH antioxidant system is not as advanced as studies on the GPX4 pathway, this area is
gaining increasing academic attention. Chen et al developed a layered double hydroxide (LDH)-based nanotheranostic agent
that incorporates ferroptosis inducers (iron oxide nanoparticles, IONs) and DHODH inhibitors (siRs).'*® The siR/IONs@LDH
agent is designed to release [ONs and siRs in a pH-responsive manner, efficiently generating toxic ROS via the Fe?>-mediated
Fenton reaction, thereby synergistically inducing cancer cell death and promoting the accumulation of LPOs. In vivo
therapeutic evaluations demonstrated that the siR/IONs@LDH nanomedicine platform effectively inhibited tumor growth
with no significant side effects. Furthermore, siR/IONs@LDH also showed potential as a T1-weighted MRI contrast agent,
enabling monitoring of nanoparticle accumulation at the tumor site and guiding subsequent ferroptosis therapy.

Dual Combination Therapy

Combination therapy offers several advantages over single-agent treatments by integrating two or more anti-tumor
strategies to achieve synergistic effects—where the combined therapeutic outcome surpasses the sum of individual
effects. This approach enables distinct mechanisms of action to complement one another, thereby enhancing overall
therapeutic efficacy and reducing the likelihood of drug resistance in cancer cells. For instance, combining PTT with
CDT not only amplifies their individual therapeutic effects but also promotes immunogenic cell death and activates an
adaptive immune response, which can target a broader spectrum of tumor cells. This article systematically analyzes the
benefits and limitations of various anti-tumor modalities, with particular emphasis on the superior performance of
combination strategies (Figure 11).

Combined Therapy of PTT/MHT and CDT

Studies have shown that combining PTT with MHT enhances CDT effectiveness. Local tumor heating through photo-
thermal or magnetothermal agents accelerates Fenton or Fenton-like reactions.'>®'%* At the same time CDT enhances
PTT efficacy by inhibiting the upregulation of heat shock proteins through ROS generation.'®*™'°® To maximize this
synergy in cancer treatment, many studies have focused on combining Fenton or Fenton-like reagents with photothermal
or magnetothermal agents and imaging agents to create multifunctional diagnostic and therapeutic platforms, improving
tumor-targeting efficacy while minimizing damage to normal tissues.

Tang et al pioneered a nano-cube named FeS,-PEG based on pyrite (FeS,).'®” In the TME, the nano-cube undergoes
surface oxidation, generating hydroxyl radicals to induce cell death via CDT. This oxidation also alters the iron valence
state on the surface, enhancing both T1 and T2 relaxivity for MRI. Specifically, the longitudinal relaxivity (r1) increased
from 0.34 to 1.0 mM ! s"!, and the transverse relaxivity (r2) increased from 2.18 to 18.14 mM ' s !, raising the r2/r1 ratio
from 6.41 to 18.14. This self-enhancement of MRI signals provides greater contrast and clarity, improving tumor
diagnosis and treatment. Furthermore, upon exposure to near-infrared (NIR-I) laser irradiation, FeS,-PEG generates
localized heat, which accelerates Fenton-like reactions within the tumor site, achieving a synergistic therapeutic effect
combining photothermal therapy (PTT) and CDT. The in vivo therapeutic efficacy of FeS,-PEG was comprehensively
demonstrated in a 4T1 tumor-bearing mouse model. As shown in (Figure 12a), infrared thermal imaging revealed
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pronounced temperature elevation in the tumor region following FeS,-PEG administration and NIR-I laser exposure,
confirming effective photothermal conversion. Histological examination (Figure 12b) indicated extensive tumor cell
apoptosis and necrosis, particularly in the combined treatment group. In addition, longitudinal monitoring of tumor
volume (Figure 12¢) and macroscopic tumor photographs (Figure 12d) confirmed significant tumor suppression, under-
scoring the potent therapeutic synergy and translational potential of FeS,-PEG for integrated cancer treatment. Liu et al
further advanced this approach by developing a one-dimensional iron phosphide nanorod (FP NRs), which serves as
a potent Fenton reagent for cancer treatment when combined with NIR-II (1064 nm) laser and ultrasound (US).'®® Due to
the strong tissue penetration of the NIR-II laser and the exceptional properties of FP NRs, these nanorods exhibited
a high photothermal conversion efficiency of 56.6%, significantly raising the temperature at the tumor site and
intensifying the Fenton reaction, effectively killing cancer cells. FP NRs also demonstrated a high transverse relaxivity
(r2) of up to 277.79 mM-1 s-1, allowing for precise tumor diagnosis.

Compared to PTT, MHT is not constrained by tissue penetration depth. When combined with CDT, MHT produces
a synergistic effect similar to PTT, making it an ideal partner for CDT. Shen et al proposed a mitochondrial-targeting
magnetothermal enzyme (Ir@MnFe204 NPs) for efficient cancer treatment.'® Under an AMF, Ir@MnFe204 NPs
induce local tumor heating via the magnetothermal effect, which accelerates the conversion of Fe** to Fe?" and H,0, to
‘OH, thereby enhancing the efficacy of CDT. In turn, the enhanced CDT disrupts the redox homeostasis of cells,
increasing their sensitivity to MHT. Notably, this nano-platform integrates two-photon microscopy (TPM) and MRI
technologies, offering robust technical support for the precision and effective cancer treatment.

Combined Therapy of PTT and PDT

Both photodynamic therapy (PDT) and photothermal therapy (PTT) utilize laser irradiation to generate reactive oxygen
species (ROS) or localized heat at the tumor site, enabling precise spatiotemporal elimination of cancer cells. Despite
their distinct mechanisms of action, the cell death pathways they induce are complementary. Notably, PTT can improve
tumor oxygenation, thereby creating a more favorable microenvironment for PDT.!”%!”! Conversely, the ROS generated
by PDT can damage tumor blood vessels, which may amplify the thermal effect of PTT.'”* Currently, MRI nanother-
anostic agents used in PTT/PDT combination therapies can be categorized into single-photon and dual-photon nanother-
anostic agents. Single-photon nanotheranostic agents contain a photoactive monomer capable of serving as both a PDT
and PTT agent, allowing both therapies to be performed under the same light conditions (Figure 13a). This design offers
time efficiency and cost-effectiveness; however, the optimal activation times for PDT and PTT may vary, and the lack of
precise light exposure control can result in suboptimal therapeutic efficacy. In contrast, dual-light nanotheranostic agents
utilize two independent light sources to separately activate PTT and PDT, thereby overcoming the limitations of single-
light systems. Nevertheless, studies indicate that the synergistic effects of PTT and PDT are influenced by the order in
which these therapies are administered (Figure 13b).'”® Therefore, further investigation into the optimal sequence of PTT
and PDT is necessary to refine and enhance the effectiveness of this combined treatment approach.

Indocyanine green (ICG) and porphyrin are among the most widely used single-optical active molecules, exhibiting
strong potential for combined PTT and PDT applications.'”*'”® Sun et al developed a dual-modal imaging PTT/PDT
therapeutic nanotheranostic agent using honeycomb manganese dioxide with peroxidase-like activity.'”” This nanother-
anostic agent effectively integrates CuS nanoparticles and ICG molecules. Upon exposure to an 808 nm laser, both CuS
NPs and ICG exhibit potent PTT effects. Simultaneously, the degradation of the manganese dioxide carrier releases
oxygen, alleviating tumor hypoxia. The released ICG molecules then induce a strong PDT effect under the same
irradiation, enhancing tumor cell destruction. Furthermore, the fluorescence recovery of ICG and the release of Mn2"
enable high-resolution fluorescence imaging and T1-weighted MRI, facilitating precise image-guided synergistic photo-
therapy. Li and Wang’s research team has focused on the development of porphyrin-based nanomaterials, successfully
creating COF-366 NPs and an integrated “nanoporphyrin” platform, both of which have shown significant effects in PTT/
PDT combination therapy.'**'®! Despite the widespread interest in ICG and porphyrin for their favorable properties, their
photostability still requires enhancement. Polypyrrole (PP), a novel biomaterial, is currently being developed for PTT/

PDT due to its excellent photostability, biocompatibility, and strong light absorption in the near-infrared region.'s*'%*

International Journal of Nanomedicine 2025:20 hetps: 10519



Zhu et al

(a) (b)
Single-light activated nanotherapeutics Dual-light activated nanotherapeutics
_ Disadvantages

* Simplified design « physical properties of the
. X * Optimized treatment window * Increased treatment

« cost-effective light source are not easily

L . . * Improved pharmacokinetics complexity
* Minimize nonspecific adjustable
Lo * A more flexible and precise * The treatment sequence of
interactions * Aggregation-induced
. treatment process PTT and PDT is unclear

quenching

Q)
@ ’ § (d)

. PMIDA @ MRI . ’
Single-Light-Activated A‘A 660nm Laser %o,

H* Mn* .
0? Mn?*
’ . 808nm Laser . . PTTagent | * PDT agent & o
° 7\ =
“Q"/‘ 0% 2 5 @
- od 0 D PIT (0,
7\ QY : 24
(10, ) ( A 1064nm Laser ¥, PDT
\__/ N/ AAM-Ce6 HNSs | |
PTT =
LADI (Coll et Dual-Light-Activated
: |

Figure 13 Comparison of advantages and disadvantages of single-light and dual-light nano-therapeutic agents, as well as examples of their applications. (a) Advantages and
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HNSs generate singlet oxygen for PDT upon 660 nm laser excitation and induce heat generation under 1064 nm laser irradiation to achieve PTT.

Double-light nano-therapeutic agents integrate two or more materials within a single nanoparticle, where one
component provides photosensitization and the other ensures high photothermal conversion. Gold nanostructures are
the most traditional and extensively studied class of plasmonic nanomaterials for PTT. When combined with photo-
sensitizers, they can produce a substantial synergistic effect in combined PTT/PDT treatment. Wu and colleagues
designed a multifunctional diagnostic and therapeutic nano-platform AAM-Ce6 HNSs (Figure 13d).'®> This platform
shows a significant photothermal conversion capability in the NIR-II (1064 nm) window. Within the TME, the
manganese dioxide nanoparticles catalyze the conversion of endogenous hydrogen peroxide into oxygen while releasing
a large amount of Mn”" ions, which helps to relieve tumor hypoxia and generates a strong T1-weighted MRI signal.
Concurrently, the Ce6 in the cavity, upon exposure to a 660 nm laser, produces a substantial amount of reactive oxygen
species, demonstrating a potent PDT effect.

PDA is an emerging photothermal conversion agent that not only acts as a carrier and linker for delivering
photosensitizers but also enhances the stability, biocompatibility, and imaging capabilities of nanoparticles through its
unique chemical and physical properties. PDA plays a crucial role in achieving effective PDT and PTT and is widely
utilized in designing both single-light and dual-light nano-therapeutic agents.>*>”-'%¢"188 yan et al applied the principles
of single-light nanotheranostic agent design to create a multifunctional phototherapeutic diagnostic nanoplatform,
PMIDA, based on a combination of PDA, MnO,, and IR780 iodide, for effective magnetic resonance imaging-guided
synergistic photodynamic and photothermal therapy (Figure 13c).'"® In this nano-platform, PDA functions as both
a carrier and a connector, efficiently loading the tumor-targeting photothermal molecule IR780 and integrating MnO,.
It also acts as a “gatekeeper”, preventing the leakage of IR780 into normal tissues and thereby minimizing side effects.
Furthermore, it ensures the specific degradation of PMIDA in the tumor microenvironment, which not only addresses
tumor hypoxia but also enhances PDT efficacy and achieves T1-weighted MRI.
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A notable example of PDA in the development of dual-light nano-therapeutic agents is the design of Fe;O4
@PDA@Pt-PEG-Ce6 nanoparticles.'”® When it exposed to a combination of 660 nm and 808 nm lasers, cell viability
significantly dropped, especially at a concentration of 60 pg/mL, where only 18.6% of the cells remained alive,
highlighting the stronger anti-tumor effects of the combined treatment. Additionally, the presence of Fe;O,4 and the yolk-
shell hollow cavity enabled enhanced ultrasound (US) and magnetic resonance imaging (MRI), with stronger T2-
weighted imaging signals detected in the liver and tumor areas of mice at 2, 4, and 8 hours post-administration. The
inclusion of Ce6 and Pt further facilitated the breakdown of endogenous H,0O, in the tumor microenvironment, boosting
oxygen production and significantly enhancing the efficacy of photodynamic therapy.

Combined Therapy of PDT and CDT

Both PDT and CDT are ROS-based treatments that can effectively combat the ongoing threat of malignant tumors.'?' '3
Research has shown that the Fenton reaction during CDT not only produces -OH through the disproportionation of H,O,
but also generates additional oxygen, thereby alleviating tumor hypoxia and enhancing the effectiveness of PDT.'** '
Moreover, combining PDT agents with Fenton reagents can significantly increase ROS production, directly targeting
tumor cells and damaging blood vessels, which in turn can trigger immunogenic cell death, further improving the
efficiency of anti-cancer therapies.'®”"'”® The use of MRI technology offers more precise guidance for these integrated
therapies. Consequently, developing high-performance Fenton-photosensitizers that can either reduce GSH levels in the
TME or increase hydrogen peroxide and oxygen concentrations within tumor cells, while leveraging the benefits of MRI-
directed combined PDT and CDT (Figure 14).'%?

Metal-organic frameworks (MOFs) and MOF-based nanoplatforms offer a range of advantages, such as imaging
capabilities, large surface areas, ease of functionalization, and biocompatibility, making them highly suitable for the
design of nanotheranostic agents.'”®*°> Comprising metal ions and organic ligands, MOFs can be tailored for efficient
cancer diagnosis and therapy by integrating different components. Iron-based and manganese-based MOFs, in particular,
are commonly utilized in nano-diagnosis and therapy due to their ability to mediate Fenton reactions for CDT, as well as
their roles in regulating the TME and enhancing imaging and tumor treatment.'*®°> UCNPs as another innovative
approach in PDT/CDT due to their unique optical properties and imaging capabilities.’**>°® Lanthanide-doped UCNPs
can convert low-energy near-infrared light into high-energy visible or ultraviolet light, allowing deep tissue penetration
while minimizing damage to normal tissues.”’ 2'® Additionally, the high-energy ultraviolet light can promote Fenton
reactions to produce hydroxyl radicals, providing a dual mechanism for attacking tumor cells.”'' Xu et al developed
a multifunctional nano-diagnostic and therapeutic agent, PEG/LDNPs@CMSN, which incorporates lanthanum-doped
nanoparticles coated with copper/manganese silicate nanospheres (CMSN). This agent exhibits strong upconversion (UC)
and downconversion (DC) NIR-II emission, demonstrating exceptional antitumor effects in combined CDT/PDT
therapy.?'? In the TME, PEG/LDNPs@CMSN serves a dual function: the CMSNs layer decomposes H,0, to generate
oxygen, mitigating tumor hypoxia and producing singlet oxygen for PDT under NIR laser excitation. Concurrently,
CMSN degradation releases Cu* and Mn*" ions, which generate hydroxyl radicals through a Fenton-like reaction for
CDT, thereby providing necessary ROS and enhancing PDT efficacy. Moreover, the cycling of Cu®** and Cu’ via
photoreduction ensures the continuous progression of the Fenton reaction, greatly increasing -OH production and
boosting CDT effectiveness. The incorporation of rare earth metals and copper/manganese also enables multimodal
imaging, including NIR-II FL/CT/MRI, thus providing robust imaging guidance for precise tumor diagnosis and
treatment. Given the significant benefits of combining PDT and CDT, many studies have explored integrating MOFs
with UCNPs to further enhance their therapeutic efficacy. For instance, Ling et al developed UCNPs@MOFs, a novel
nano-diagnostic and therapeutic agent that involves coating upconversion nanoparticles with an iron-based MOF on
a NaGdF,, Yb, Er@NaGdF,, Yb, Tm@NaYF, core@shell@shell structure.?!? This agent generates singlet oxygen for
PDT by absorbing UV-visible light emitted by UCNPs through Fe-MOFs, while Fe** catalyzes H,O, to produce oxygen
and -OH, which are utilized in CDT. The resulting synergistic effects of singlet oxygen and hydroxyl radicals inhibit
tumor growth. Additionally, the unique optical properties of UCNPs and the inclusion of gadolinium facilitate tumor cell
imaging and T1-weighted MRI in the NIR region, aiding both in vitro and in vivo treatment guidance.
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Significant progress has been made in utilizing nano-enzymes for constructing nanotheranostic agents for combined
PDT/CDT therapies. Nano-enzymes composed of metal-based nanomaterials (such as Mn, Fe, Pt, etc) have demonstrated
the ability to efficiently convert H,O, into O,, effectively alleviating tumor hypoxia and greatly enhancing PDT efficacy.
Additionally, these nano-enzymes release metal ions that play a crucial role in CDT through the Fenton reaction, while
also providing clear imaging results in MRI.?'* Wang et al were the first to synthesize a novel carbon dot nano-enzyme
(Mn-CD) using toluene blue (TB) and manganese for MRI-guided combined CDT/PDT therapy.>'> The manganese
doping of this nano-enzyme enhanced its responsiveness within the tumor microenvironment, significantly improving its
magnetic resonance imaging capabilities and photostability under the combined activation of pH and GSH. The study
found that, compared to a neutral environment, the rl and r2 relaxation rates of Mn-CD increased by 224% and 249%,
respectively. The depletion of GSH promoted ROS accumulation, substantially enhancing the anti-tumor capabilities of
Mn-CD. Additionally, Mn-CDs displayed high peroxidase (POD)-like activity, catalyzing the production of hydroxyl
radicals and oxygen from hydrogen peroxide. Under light conditions, the POD activity of Mn-CDs increased, leading to
a significant rise in reactive oxygen species and oxygen production, thereby achieving better therapeutic outcomes.
Similarly, Zhao et al developed an iron oxide nano-enzyme (IMOP) surface-engineered with Mn(II) and the photo-
sensitizer pyropheophorbide-a (PPa) as an efficient Fenton-photosensitizer for anti-tumor therapy.?'® This nano-enzyme
exhibited high catalase-like and glutathione peroxidase-like activity within the tumor microenvironment. Once concen-
trated in tumors, it acted as a CDT agent by catalyzing the production of oxygen and toxic hydroxyl radicals from
hydrogen peroxide and increasing singlet oxygen generation through PPa-mediated PDT. Furthermore, its glutathione
peroxidase-like activity helped reduce the GSH concentration in tumors, minimizing the consumption of active ROS
during treatment. The presence of Mn(II) also enabled IMOP to monitor CDT/PDT progress via T1-weighted MRI.

Immunotherapy Combined with PTT/MHT Treatment

As discussed earlier, cancer immunotherapy has gained significant attention for its ability to activate the immune system
to target and eliminate cancer cells. However, the effectiveness of standalone immunotherapy is often limited by the
tumor microenvironment and immune evasion strategies of cancer cells. Studies have shown that combining immu-
notherapy with MHT or photothermal therapy PTT can significantly enhance anti-tumor effects.?!”-*'®

PTT and MHT can amplify immune responses by inducing immunogenic cell death or by reversing the immunosup-
pressive environment within the TME.?'?"*** Additionally, combining immunotherapy with PTT/MHT can address their
limitations in targeting distant metastatic lesions, thereby improving the treatment of both primary tumors and metas-
tases, and ultimately extending patient survival.

Combining immune checkpoint inhibitors with photothermal or magnetothermal agents is a common strategy for
enhancing the effectiveness of immunotherapy with PTT or MHT. Fang and colleagues developed a biomimetic nano-
system, FePSe;@APP@CCM NSs, which combines the immune checkpoint blocker anti-PD-1 peptide (APP) with
photothermal converter FePSe; nanosheets for magnetic resonance imaging and photoacoustic imaging-guided anti-
tumor therapy. The photothermal effect generated by FePSe;@APP@CCM NSs NIR laser irradiation can not only
directly kill tumor cells but also act as an immune stimulant, promoting the maturation and activation of dendritic cells,
which further activate T cells and enhance the immune response against tumors.>?®> Li and his team explored an
intelligent, responsive nanotheranostic agent, FA-P(MZF@Gd/JQ1), based on magnetic resonance enhancement technol-
ogy (MRET).*** This nano-agent integrates an MRET probe containing Mng ¢Zng 4Fe,04 (MZF@Gd) with magnetother-
mal effects, a PD-L1 inhibitor (JQ1), a thermosensitive copolymer, and a surface-targeting molecule, folic acid. Under an
AMEF, Mng ¢Zng 4Fe,0,4 generates localized heat to directly kill tumor cells, while the thermosensitive copolymer changes
its hydrophobicity at a specific temperature, triggering the release of the PD-L1 inhibitor JQ1. As JQ1 release coincides
with the activation of the anti-tumor immune response via magnetothermal therapy, the immune response within the
tumor microenvironment is further enhanced, enabling the immune system to more effectively target and destroy tumor
cells. Additionally, MRET technology can be used to assess therapeutic efficacy by measuring changes in granzyme
B levels through alterations in T1-weighted signals before and after immune checkpoint blockade treatment, thereby
guiding further treatment decisions.

International Journal of Nanomedicine 2025:20 hetps: 10523



Zhu et al

PTT agents like Prussian blue, indocyanine green (ICG), and polydopamine can be combined with immunoadjuvants
in nanomaterials to achieve synergistic immuno-photothermal therapy. Recently, Zeng and colleagues developed
a multifunctional nano-platform called SMP@Mn by using MPDA as a carrier to load the STING agonist MSA-2 and
chelate Mn?" ions.?>> MSA-2 activates the STING pathway, and in combination with the thermal therapy, enhances the
infiltration of dendritic cells and cytotoxic T cells into the tumor, while reducing the proportion of regulatory T cells. This
dual action effectively inhibits tumor growth and metastasis in a 4T1 orthotopic breast cancer mouse model. Additionally,
Mn2" ions act as both a sensitizer for the STING pathway, further enhancing the immune response, and as a T1-weighted
MRI contrast agent, allowing for real-time tracking of the nano-platform. This innovative strategy has demonstrated high
efficiency in suppressing both primary and metastatic tumors, inducing a robust tumor-specific immune response, and
offering new approaches for combination cancer therapy. Imiquimod (R837), an FDA-approved immunoadjuvant known
for its safety and ability to activate DCs and stimulate the secretion of various pro-inflammatory factors, also shows
promising anti-tumor activity.”*® **® Several nanocomposites, such as EV@Gd-MCNs-R837 and magnetite magnetic
nanoparticle cores loaded with ICG and R837, have been developed for MRI-guided photothermal and immunotherapy,

exhibiting significant potential in treating both primary and metastatic tumors.*%>*°

Multi-Therapeutic Combination Treatment

Chemotherapy, a common cancer treatment, is highly effective but often comes with various systemic side effects.?*>*!->3
Thus, a key focus in current cancer research is how to effectively combine chemotherapy with other therapeutic modalities to
create a comprehensive treatment plan. Among these, the combination of chemotherapy with PTT and CDT is the most
extensively studied. Numerous nanotheranostic agents have been developed for this combined approach, including Fe-GA
/BSA@DOX,*** HMNCs,** CuS@mSiO,@MnO,/DOX,**> HSPMH-DOX,*** and AMGDC.?” These nanoparticles typi-
cally integrate photothermal materials with metals possessing Fenton reaction catalytic activity to create hollow nanostruc-
tures, allowing for the loading of chemotherapeutic drugs like doxorubicin (DOX). By incorporating tumor-specific release
mechanisms, these nanoparticles can accurately deliver chemotherapeutic drugs to the tumor site, ensuring targeted che-
motherapy. Simultaneously, they also combine PTT and CDT treatments to enhance overall therapeutic efficacy. Additionally,
the inclusion of iron and manganese metals provides these nanoparticle platforms with MRI imaging capabilities, enabling
real-time monitoring and precise targeting throughout the treatment process.

Beyond the combination of chemotherapy, PTT, and CDT, some studies have explored integrating chemotherapy with
PTT and PDT.>***** Wu et al developed a biodegradable nanoparticle platform H-MnO,/DOX/BPQDs. This multi-
functional platform is designed for dual-modal fluorescence imaging (FLI) and MRI, as well as combined chemotherapy/
PTT/PDT. The H-MnO, component offers T1-weighted MRI imaging and the ability to convert hydrogen peroxide,
allowing precise tumor localization and reducing tumor hypoxia. Meanwhile, the loaded doxorubicin (DOX) facilitates
fluorescence imaging for visual tracking and acts as a chemotherapeutic agent to effectively kill cancer cells. Notably,
under 630 nm laser irradiation, the BPQDs in this platform generate singlet oxygen (*O,) for PDT, and under 808 nm
laser irradiation, they achieve excellent photothermal conversion efficiency for PTT. This dual-laser-triggered combina-
tion of chemotherapy, PTT, and PDT significantly enhances therapeutic effectiveness, presenting new possibilities for
cancer treatment.

With ongoing advancements in research, the benefits of immunotherapy in cancer treatment are becoming increas-
ingly evident, solidifying its role as a crucial component of combination therapies. For instance, Geng et al developed
a “multi-in-one” core-shell metal-organic nanoplatform (DCMNs) by integrating Mn?" with doxorubicin (DOX) and
chlorin e6 (Ce6) to enhance the antitumor effects of o-PD-1 immunotherapy.>*> The Mn?" core contributes to a strong
signal in T1-weighted MRI, aiding in tumor tissue imaging. Additionally, DOX in the core and Ce6 in the shell
demonstrate potent chemotherapy and PDT effects in vivo. DCMNs not only directly inhibit tumor cells but also
promote T lymphocyte infiltration, significantly enhancing the anti-tumor response to anti-PD-1 therapy. Similarly,
Kong, He, and colleagues designed iron-based micelles containing the photothermal agent indigo carmine (ICG) and
targeting peptide cRGD (ICG@SANPs-cRGD), as well as smart manganese dioxide nanocomposite materials (SRCM)
for MRI-guided triple combination therapy involving immunotherapy, PTT, and PDT, demonstrating remarkable anti-
tumor effects.’*!**> The CRISPR/Cas system, a powerful gene-editing tool, has proven effective in modulating genes in
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tumors or immune cells, making it an essential technology for gene therapy and immunotherapy in cancer.***-** Liu et al
utilized this tool to create a self-assembled manganese sulfide (MnS) nanoparticle loaded with CRISPR/Cas9 and
encapsulated with a hybrid membrane (MCRT) for targeted MRI contrast enhancement and synergistic gene, immu-
notherapy, and CDT treatments.”*> MCRT’s unique structure and cationic surface enable efficient CRISPR/Cas9 loading.
The pH-responsive MCRT decomposes into H,S and Mn?", where H,S enhances Mn?"-mediated CDT by increasing
intracellular H,O, levels and works with CRISPR/Cas9 to downregulate the anti-apoptotic protein survivin, thereby
achieving self-enhanced gene therapy and inducing immunogenic cell death. This process triggers a strong anti-tumor
immune response, promoting tumor cell apoptosis, and inhibiting proliferation, thereby achieving excellent synergistic
therapeutic effects (Figure 15). Moreover, MCRT exhibits efficient tumor accumulation and significant T1-weighted MRI
contrast enhancement, demonstrating its great potential as a multifunctional therapeutic-imaging platform (Figure 16).
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Figure 15 Antitumor efficacy of different treatments in 4T| tumor-bearing mice. (A) Representative ex vivo tumor tissues collected at the end of treatment (n = 5). (B)
Tumor volume progression curves during treatment. (C) Body weight variations of mice throughout treatment, reflecting systemic tolerance. (D) Histological (H&E) and
immunofluorescence staining of tumor tissues, showing survivin expression (green), TUNEL-positive apoptotic cells (green), and Kié7 proliferation marker (red); nuclei were
counterstained with DAPI (blue). Scale bar = 100 um. (E) Quantitative analysis of survivin, TUNEL, and Ki67 fluorescence intensity in each group (n = 3). Data are presented
as mean * SD. Statistical analysis was performed by one-way ANOVA. *p < 0.05. **p < 0.001. Reproduced from Liu H, Mu MY, Hou YB et al. A Novel CRISPR/Cas9-
Encapsulated Biomimetic Manganese Sulfide Nanourchins for Targeted Magnetic Resonance Contrast Enhancement and Self-Enhanced Chemodynamics-Gene-Immune
Synergistic Tumor Therapy. Copyright 2024, John Wiley and Sons.**
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nanourchins at pH 7.4 and pH 5.5. (B) Coronal and axial T|-weighted MRI images at different time points post-injection of MCR or MCRT; tumor regions are marked with
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liver; S spleen; K kidney; B brain; M muscle). (G) Quantitative analysis of fluorescence intensity in major organs relative to muscle (n = 3). Statistical analysis was performed
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Magnetic Resonance Contrast Enhancement and Self-Enhanced Chemodynamics-Gene-lmmune Synergistic Tumor Therapy. Copyright 2024, John Wiley and Sons.?**

Discussion

MRI-based theranostic technology enhances the precision and synergistic effects of therapy while significantly minimiz-
ing side effects. This technology is poised to play a crucial role in advancing cancer diagnosis and treatment. Currently,
the rational design, development, and testing of various multifunctional nanotheranostic agents are being intensively
explored, leading to several innovative outcomes. However, numerous challenges and unresolved issues remain. In this
discussion, we examine several critical issues that should be considered as priorities for future research (Figure 17).
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Figure 17 Future research directions for MRI-based nanotheranostic agents.

(1) Bio-safety Concerns. The primary goal of developing nanotheranostic agents is to improve human health, making

bio-safety the top priority. However, due to the varying particle sizes, shapes, charges, compositions, and active
modifications of nanoparticles, their behavior in the body—including distribution, cellular uptake, and metabolism
—can differ greatly, complicating the resolution of potential safety issues. To address this, nanoparticles can be
specifically surface-modified to enhance their stability and biocompatibility, preventing prolonged circulation in
the bloodstream and unwanted accumulation in normal tissues. Additionally, precise control over the size of
nanomaterials, and close attention to their behavior in vivo are crucial. Another promising approach involves
developing a new generation of non-toxic or low-toxic nanoparticles or innovative construction strategies. For
example, many studies now explore manganese-based alternatives to gadolinium-based contrast agents to reduce

toxicity, while others are investigating bio-synthetic methods instead of chemical synthesis to improve bio-safety.

(2) Specific targeting and precise treatment. The accumulation of nanotheranostic agents at the tumor site is crucial

for both imaging performance and therapeutic efficacy. Effective diagnosis and treatment depend on precise
localization and concentration within the tumor, while minimizing damage to healthy tissues. Three primary
strategies are employed to enhance the targeting and specificity of these agents. The first involves optimizing their
size to take advantage of the unique pathophysiological characteristics of tumors, thereby increasing their
accumulation through the enhanced EPR effect. Another strategy is to conjugate or encapsulate cell-specific
ligands (such as antibodies, peptides, nucleic acid aptamers, polysaccharides, or small biomolecules) onto the
surface of nano-therapeutic agents to recognize specific receptors on tumor cells, enabling active targeting.
Another promising strategy is stimulus-responsive targeting, which has been previously mentioned. This method
targets tumors by designing MRI nanotheranostic agents that respond to specific tumor microenvironment
conditions (such as low pH and high GSH levels) or external stimuli (such as magnetic fields, light, or heat).
This approach improves the tumor microenvironment by alleviating hypoxia, increasing hydrogen peroxide levels,
depleting glutathione to enhance therapeutic effects, or modulating MRI signal responses.

(3) Artificial intelligence aids in nano-drug design. In recent years, artificial intelligence (Al) has advanced rapidly

and found applications across numerous scientific fields, demonstrating considerable potential. Similarly, Al is
playing an increasingly vital role in the development and application of nanotheranostic agents.>*>** Currently,
the scientific community lacks a comprehensive understanding of the formation and metabolism mechanisms of
multifunctional nanotheranostic agents. This gap in systematic knowledge and design principles represents
a major bottleneck in optimizing nanomedicine for various applications. Al, with its ability to learn from basic
characteristics and make relevant predictions, offers promising solutions to many of the challenges in constructing
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Table | Nano-Therapeutics Used in Different Cancer Therapies

Ther-agent Ther Therapeutic Imaging Bo(T) | Rela- (mM's™") Functions and Innovations Cell line Refs.
method | Component Component
rl r2
Fe3;O4@PLA-PEG MHT Fe;0,4 Fe;O,4 364.75 | MHT; T2 MRI; Magnetic controlled release curcumin Sarcoma 180 | [37]
/curcumin curcumin
VNFG MHT Fe;04 Gd,0; 3.0 25.02 138.4 T1/T2 dual-modal MRIl; MHT 4TI [45]
Fe;O04
FePt@MMT-MIT MHT FePt@MMT-MIT FePt 7.0 41.835 | MMT optimizes T2 MRI and heat effect; MHT; Chem- SK-Hep-1 [46]
Chem-
Au@Fe-PEG NPs MHT Au Fe 9.4 60.5 T2 MRI; Remarkable energy conversion capability under NIR light and AMF [47]
PTT Fe
AuNWs PTT Au ES-MIONs 3.20 T1 MRI/PA dual-mode imaging; PTT; GSH response U87MG [53]
Fe;O4,@PDA PTT Fe;04 Fe;O4 3378 MRI; PTT 4TI [57]
PDA
Gd/CuS@PEI-FA-PS PTT CuS Gd** 11.66 Absorption properties of NIR-Il; FA targeting; MRI/PA dual-mode imaging KB [63]
NGs
Zng,Fe; g0y PTT Zng,Fe; g0y Zng,Fey 504 0.5 7.47 169.71 T1/T2 dual-modal MRI; GSH response; PTT 4TI [67]
@PDA@MnO, @PDA@ MnO, MnO,
GdPz2 PDT Porphyrin Gd** 9.4 0.40 FL/MRI imaging; PDT CT26 [82]
MUM NPs PDT AIE- PSs Mn?* 6.89 AIE characteristics PSs; UCNPs increases the penetration depth of NIR tissue; MnO, shell | 4TI [87]
MnO, pH5.5 responds to GSH to generating oxygen; achieves MRI
UCNPs
GMCD PDT DVDMS Mn2* 8.10 Cascade catalytic reaction produces O, and *OH; pH-responsive drug release, fluorescence | 4TI [88]
CAT pHé6.5 imaging and TME-activated MRI imaging
GOx
GOx-MnCaP NPs CDT Gox Mn?* 3.0 13.06 CDT; TI MRI; CDT was enhanced by GOx cascade reaction; pH response degradation; 4TI [100]
Mn?* pH5.0 H,O,formation
DOX
MMF-Au CcDT MMF-Au Mn?* 3.0 18.3 Au NPs mimics GOx activity to catalyze H,O,formation; pH response degradation; CDT; | Hela [1ol]
pH6.0 T1 MRI and PAI dual modal imaging
MM@HMFe CDT HMFe HMFe Exposure of highly active atoms of HMFe enhanced CDT; Hollow load; Tumor targeting; pH | 4TI [102]
@BS BS regulation; T2 MRI
MnF@ASO CDT MnF@ASO Mn?* 7.0 5.62 pH modulation enhanced CDT and MRI; TME-triggered cascade catalysis is combined with | PC3 [103]
pH5.0 tumor metabolic reprogramming
APPAM Immu- USIONss USIONs 2.67 16.2 pH response to drug release and MRI signal switching from TI to T2; Anti-pd-I| PDAC [123]
@U-104 U-104 pH6.5 pH7.4 immunotherapy; pH regulation
BMI Immu- MnO, Mn2* 3.0 9.76 50.64 Remodeling TIME activates the immune system; MnO, TME responds by releasing oxygen | 4TI [124]
IPI549 pHé6.8 pHé6.8 and achieving MRI; Inhibition of PI3Ky of MDSCs promotes polarization of MI-type
+H,0, + macrophages
H,O,
MCCS Immu- MCCS Mn2* 3.0 9.588 MRI; Tumor targeting; cGAS-STING pathway activation; Anti-ctla-4 immunotherapy A549 [127]
OMPN Immu- OVA Mn?* 31.07 PTT enhances the effect of immunotherapy; MnO, acts as MRI contrast agent and immune | B16-OVA [128]
PTT MnO, adjuvant
PDA
Mn|_,FexCO3@OVA | Immu- Mn|—-xFexCO3; Mn?* 3.0 1.95 65.5 T1-T2 dual-modal MRI guides vaccination; STING activation; CO, production promotes B16-OVA [129]
Fe** pH5.3 pH5.3 antigen cross-presentation
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Fe;0,4

LDNP

Mn2+

Gd3+

Mn2+

3.0

3.0
3.0

3.0

3.0

0.5

7.0

9.4

3.0

0.5

3.0

33.43

44.00
13.9
pH6.7
+GSH
2256

4.59
pH5.0+
GSH

14.01
pHé6.8
1.0

277.7

16.24
pH6.5
9.22

4.58
pHé6.5

7.99
pH6.5+
GSH

6.138
pH5.0
+GSH

56.498

18.14

56.97

128.32

43.13
pH5.0
+ GSH

Low pH response; Cycling accelerates ROS generation; TI MRI

Cycloacceleration of ferroptosis and calcicoptosis; pH responsiveness; TI MRI

TME triggers ROS generation; TAF reduces tumor pH and promotes Fenton reaction; T|
MRI

TME amplifies oxidative stress and promotes iron death; GSH consumption produces H,O,;
TI MRI

The structure of nanobubble and the ultra-thin surface arginine layer can effectively deplete
GSH to promote iron death; pH/ GSH-responsive T| MRI

Heat stress combined with Fe;O4destroyed tumor REDOX balance, and triggered |H-PFP
phase transition to promote Fe;O, to produce ROS, amplifying oxidative damage;
Metabolic reprogramming; T2 MRI

IONs and siR Are released in response to pH, promoting ROS generation and blocking
LPO clearance; Tl MRI

The change of surface valence of iron ions promotes MRI and CDT

NIR II high-light thermal conversion efficiency; PTT and US responses promote CDT; PAI /
MRI dual modal imaging

Coordination of MHT and CDT; Mitochondrial targeting; Fe (lll) depletes GSH to Fe (ll) to
promote CDT; T2 MRI

Honeycomb MnO, catalyzes H,O, to O,; Tumor targeting; FL/T| MR Dual modal imaging.

NIR-II light absorption capacity; MnO, catalyzes H,O, to generate O, and promote PDT;
FL/PAI/T1 MRI three-modal imaging

PTT/PDT; TI MRI; O, generation; PDA-IR780 double photothermal agent

Pt produced O, alleviating tumor hypoxia; Ceé enhances singlet
O, generation; cavity structure and Fe3O4 provide US and MRI

TME regulation, bimetallic silicate photosensitizer, Fenton-like nano-catalyst and NIL-Il /MR/
CT contrast agent

FL/ MRI dual modal imaging; UCNPs optical conversion; Fe-MOFs catalyzes H,O, to
produce O, and promote CDT/PDT

Manganese doping improves light stability and 'O,; T1/T2 MRI dual modal imaging enhanced
by acid and glutathione response; POD activity promotes therapy

4TI

CT 26
4TI

4TI

MDA-MB
231; Huh7

C42

4TI

4TI

Ul4

Hela

ul4

Hela

4TI

4TI

Hela

Hela

4TI

[143]

[144]

[145]

[155]

[156]

[157]

[158]

[167]

[168]

[169]

[179]

[185]

[189]

[190]

[212]

[213]

[215]

(Continued)
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Table | (Continued).

Ther-agent Ther- Therapeutic Imaging Bo(T) | Rela- (mM's™") Functions and Innovations Cell line Refs.
method | Component Component
rl r2
IMOP CDT/ IMOP Mn?* 1.0 17.8 Highly efficient catalase-like and glutathione peroxidase activities, and fenton-like catalytic 4TI [216]
PDT activities; Relieve tumor hypoxia
FePSe; @APP@CCM PTT APP FePSe; 1.5 8.77 PAI/MRI dual modal imaging; Anti-pd-1 peptide enhanced immunotherapy; tumour targeting | CT26 [223]
Immu- FePSe;
FA-P Immu- MZF-MNPs Gd-DTPA MRET activates T| MRI; Tumor targeting; MHT synergistic immu- CT26; 4TI [224]
MHT JQ-1
SMP@Mn PTT MSA-2 Mn2* 1.0 14.24 pH/ thermal response drug release; MSA-2 and Mn*" activate STING pathway; T1 MRI; 4TI [225]
Immu- Mn?* Tumor targeting; PTT synergistic immu-
MPDA
EV@Gd-MCNs-R837 | PTT R837 Gd-MCNs 3.0 325 Efficient drug loading; Tumor targeting; PTT synergistic inmunotherapy 4TI [229]
Immu- Gd-MCNs
MIRDs PTT ICG Fe Fe3O4core drug-carrying ICG; DPA-PEG coating loaded R837; Tumor targeting; Multimodal | 4TI [230]
Immu- R837 imaging
Fe-GA/BSA Chem- DOX Fe pH response releases DOX; Using consumed GSH to convert Fe(lll) to Fe(ll) to promote | Cé [233]
@DOX PTT Fe-GA CDT; Efficient PTT;T1/T2 MRI dual modal imaging
CDT
HMNCs Chem- HMNCs HMNCs 62.97 NIR-II responsiveness; Cavities are loaded with DOX and pH responsive release Hela [234]
PTT DOX
CDT
CuS@mSiO, Chem- CuS Mn2* 1.963 NIR and TME respond to drug controlled release; MnO, catalyzes the production of O, Hela [235]
@ MnO, /IDOX NCs | PTT MnO, pHé6.5 and *OH
CDT DOX +GSH
HSPMH-DOX Chem- PDA Mn?* 3.0 9.73 pH/GSH and NIR irradiation response; MnO, nano-enzyme properties enhance MRI and 4TI [236]
PTT MnO, pH5.5 CDT
CDT HA +GSH
DOX
AMGDC NPs Chem- AuNR Mn?* 3.0 8.344 Tumor targeting; MnO, generates Mn?* in response to GSH enhancing CDT; GOD U87MG [237]
PTT MnO, pH5.5 catalyzes the production of H,O, from glucose in tumor and enhances CDT; NIR-II
CcDT GOD +GSH promotes PTT and enhances CDT; PAI/MRI dual modal imaging
DOX
H-MnO, /DOX/ Chem- DOX Mn?* FL/MRI dual modal imaging; DOX was released in response to TME; Unloaded medicine; HepG2 [239]
BPQDs PTT BPQDs MnO, alleviates the hypoxic environment of the tumor
PDT H-MnO,
DCMNs Chem- DOX Mn* Efficient drug loading; pH responsive release; Erythrocyte membrane coating improves 4T1; Hela [240]
PDT Ceb cycle time and stability; Enhance anti-PD-| anti-tumor response
Immu-
ICG@SANPs-cRGD PTT ICG Fe;0,4 Tumor targeting; FL/MRI dual modal imaging; Combined treatment with ICD/ICB/PTT/PDT | 4TI [241]
PDT
Immu-
SRCM PTT MnO, Mn2* 3.0 4.68 Intelligently targeting TME and adjusting pH/GSH/H,0O, and hypoxia environment to 4TI [242]
PDT Ceb pH5.5 improve efficacy; Promote immune cell infiltration, activate antigen presenting cells (APC),
Immu- +GSH induce ICD
MCRT Gene- CRISPR/ Mn?* 8.70 pH-responsive CRISPR/Cas9 release; H,S self-enhanced CDT; H,S and released CRISPR/ 4TI [245]
Immu- Cas9 pH5.5 Cas9 synergistic self-augmentation gene therapy; H,S-enhanced CDT-gene therapy
CcDT MnS simultaneously induces ICD

Notes: Ther-agent refers to Therapeutic agents; Ther-method refers to Therapeutic methods; Rela- indicates relaxivity; Chem- indicates Chemotherapy; Immu- indicates Immunotherapy.
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nanotheranostic agents. Firstly, Al can facilitate the identification and prediction of new drug molecules with
diagnostic and therapeutic potential by building and analyzing extensive databases, thereby aiding the develop-
ment of novel nano-therapeutic agents. Secondly, Al can help design nanoparticles with specific attributes or
optimize the performance of nanotheranostic agents by modeling various parameters such as particle size, shape,
and anisotropy to identify the most effective combinations. Furthermore, statistical analysis of nanoparticle
trajectories within the body can be employed to discern the distribution patterns of nano-drugs, enhancing their
transport and targeting capabilities, or to better understand the interactions between nano-carriers and the
biological environment, thereby improving drug safety. Finally, predictive models can be developed to determine
optimal drug dosages, administration frequencies, and treatment timings, increasing the success rates of clinical
trials and accelerating clinical translation.

Summary and Outlook

This article comprehensively reviews the design strategies, therapeutic mechanisms, and applications of MRI-based
multifunctional nanotheranostic agents across a wide range of cancer treatment modalities, including monotherapies and
combinational therapies, and offers a comprehensive summary of several developed MRI nanotheranostic agents
(Table 1). Through the integration of imaging and therapy within a single nanoplatform, these agents demonstrate
substantial potential in enhancing tumor diagnosis precision, guiding therapeutic delivery, and minimizing systemic
toxicity. The progress across various imaging-guided strategies, including magnetic hyperthermia, photothermal and
photodynamic therapy, chemodynamic therapy, immunotherapy, and ferroptosis, reflects the growing emphasis on
precise, synergistic, and real-time tumor treatment.

Despite significant advances, major challenges remain in clinical translation. Future research should prioritize the
development of nanoplatforms with well-defined safety profiles, improved targeting specificity, and enhanced responsiveness
to tumor microenvironment cues. In particular, rational material design that enables controllable biodegradation and minimal
off-target effects is essential. Moreover, there is a need to establish robust, standardized evaluation systems and scalable GMP-
compliant production processes. Multi-modal integration—combining MRI with fluorescence, photoacoustic, or nuclear
imaging—will further facilitate personalized, adaptive treatment regimens. Additionally, incorporating artificial intelligence
into nanoparticle design and therapeutic modeling holds promise for optimizing formulation parameters, predicting in vivo
behavior, and improving clinical decision-making.

Looking ahead, several transformative trends are emerging that are expected to shape the next decade of MRI-guided
nanotheranostics. A comprehensive bibliometric analysis of anti-tumor therapy literature over the past 20 years
(Figure 18) reveals that ferroptosis research has experienced particularly rapid growth, indicating its increasing

WPDT WPTT WCDT W MHT u ferroptosis
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Figure 18 Analysis of the trends in publication volumes of different anti-tumor therapies over the past 20 years.
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prominence as a therapeutic strategy. In parallel, the convergence of nanomedicine with immunotherapy, gene-editing
technologies (eg, CRISPR), and Al-driven design suggests the formation of a new generation of intelligent, immune-
responsive, and genetically programmable nanotheranostic systems. These interdisciplinary innovations are poised to
revolutionize the future of precision oncology by offering safer, more effective, and highly individualized treatment

solutions.
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