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Abstract. Transition‑metal nanoparticles (NPs) have been 
extensively studied owing to their unique physical and chem‑
ical properties, ability to form a variety of nanostructures 
and targeting properties. After surgery, chemotherapy, radio‑
therapy and targeted therapy, immunotherapy has emerged 
as a major strategy for cancer treatment. In particular, 
immune checkpoint inhibition has attracted much attention 

in preclinical and clinical applications. The combination 
of transition‑metal NPs with tumor immunotherapy offers 
great potential. Therefore, the present review focused on four 
major transition‑metal NPs (Au, Ag, Cu and Fe NPs) and 
their respective categories, presented their characteristics 
and roles in the biomedical field and discussed their potential 
toxicities. In addition, the mechanisms of action of different 
tumor immunotherapies and the applications of transi‑
tion‑metal NPs in tumor immunotherapy are discussed. The 
current status of, and challenges associated, with the clinical 
transformation of transition‑metal NPs in tumor immuno‑
therapy are described to provide ideas for the subsequent 
development and clinical application of transition‑metal NPs.
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1. Introduction

Traditionally, cancer is considered to originate from genomic 
instability, whereas recent research has indicated that epigen‑
etic changes alone are sufficient to cause cancer (1,2). The 
main forms of cancer therapy available at present are surgery, 
radiation therapy, chemotherapy, targeted therapy and immu‑
notherapy. Tumor immunotherapy, which targets tumor escape 
mechanisms, has both targetability and long‑lasting therapeutic 
effects. The immunotherapeutic modalities that are mainly 
used at present are lysosomal virus therapy, cancer vaccines, 
cytokine therapy, chimeric antigen receptor T‑cell therapy and 
immune checkpoint inhibition therapy (3). However, immu‑
notherapy remains expensive, lengthy and associated with 
off‑target effects, posing challenges in improving treatment 
efficiency (4).

Nanomaterials have emerged as promising therapeutic 
agents for cancer because of their ability to improve 

Cancer immunotherapy strategies based on transition‑metal 
medical materials: Still a long way to go (Review)

ZHEFEI DU1*,  ZHENYU CAO1*,  CHAO FANG1*,  DAIHAN XIE1,  LIXIN XIE1,  CHUNXIA SU1  and  YU HUO2

1Department of Comprehensive Oncology Center, Shanghai Pulmonary Hospital, Tongji University Medical School Cancer Institute, 
School of Medicine, Tongji University, Shanghai 200433, P.R. China; 2Faculty of Chinese Medicine Science, 

Guangxi University of Chinese Medicine, Nanning, Guangxi 530222, P.R. China

Received July 3, 2025;  Accepted October 16, 2025

DOI: 10.3892/ijo.2025.5815

Correspondence to: Professor Chunxia Su, Department of 
Comprehensive Oncology Center, Shanghai Pulmonary Hospital, 
Tongji University Medical School Cancer Institute, School of 
Medicine, Tongji University, 507 Zhengmin Road, Shanghai 200433, 
P.R. China
E‑mail: susu_mail@126.com

Professor Yu Huo, Faculty of Chinese Medicine Science, Guangxi 
University of Chinese Medicine, 13 Wuhe Avenue, Nanning, 
Guangxi 530222, P.R. China
E‑mail: huoyu_10@163.com

*Contributed equally

Abbreviations: aAPCs, artificial antigen‑presenting cells; 
ACT, adoptive cell therapy; AgNPs, silver nanoparticles; APCs, 
antigen‑presenting cells; AuNPs, gold nanoparticles; CT, computed 
tomography; CTLA‑4, cytotoxic T lymphocyte antigen‑4; Cu, 
copper; DAP, diaminopimelic acid; DCs, dendritic cells; FDA, 
United States Food and Drug Administration; ICD, immunogenic 
cell death; ICIs, immune checkpoint inhibitors; ICOS, inducible 
T‑cell costimulator; IONPs, iron oxide nanoparticles; MOFs, 
metal‑organic frameworks; MRI, magnetic resonance imaging; 
NPs, nanoparticles; OVA, ovalbumin; PD‑1, programmed 
death receptor‑1; PD‑L1, programmed cell death ligand 1; PDT, 
photodynamic therapy; PEG, polyethylene glycol; PTT, photothermal 
therapy; ROS, reactive oxygen species; siR, small interfering RNA; 
SPIONs, superparamagnetic iron oxide nanoparticles; STING, 
stimulator of interferon genes; TLR, Toll‑like receptor; TME, tumor 
microenvironment; TNFR, tumor necrosis factor receptor

Key words: transition metal nanoparticles, cancer immunotherapy, 
cancer vaccines, immune checkpoint inhibitors, adoptive cell 
therapy

https://www.spandidos-publications.com/10.3892/ijo.2025.5815


DU et al:  TRANSITION METAL MATERIALS FOR CANCER IMMUNOTHERAPY2

efficacy, high stability and specificity, capacity to control drug 
release more precisely and the inherent therapeutic proper‑
ties of certain nanomaterials in response to stimuli  (5‑7). 
Transition‑metal NPs, which are derived from transition 
metals (d‑group elements), are particularly notable for their 
high stability, modifiable properties and ability to participate 
in multiple therapeutic modalities  (8). In comparison with 
conventional tumor immunotherapy, transition‑metal NPs 
are highly targeted; moreover, they are capable of combining 
multiple effects of chemistry, optics and thermodynamics 
for treatment and can improve the bioavailability and in vivo 
residence time of drugs (9,10). Studies have suggested that 
transition‑metal NPs hold great potential in tumor immuno‑
therapy; however, their safety concerns and potential adverse 
effects require cautious consideration. The present review 
focused on the properties of transition‑metal NPs, their advan‑
tages and limitations in immunotherapy and their potential 
clinical applications. Furthermore, it explored the feasibility 
of categorizing such materials for future clinical practice.

2. Characteristic and effects of transition‑metal NPs

Gold NPs (AuNPs). AuNPs are the most stable transition-
metal NPs and show excellent stability, oxidation resistance, 
biocompatibility and low toxicity, rendering them suitable for 
biomedical applications (11). Notably, their tunable size and 
shape allow for diverse functionalization, which is facilitated 
by negatively charged surfaces that enable conjugation with 
biologically active groups, such as amines and sulfhydryl 
groups (11,12).

AuNPs can be classified on the basis of their shapes, 
such as nanospheres, nanorods, nanoplates, nanocages, 
nanotriangles, nanostars, nanoflowers and network dendrites, 
with each shape showing a specific biomedical application 
(Fig. 1). AuNPs, particularly in nanoplate or nanorod forms, 
have shown applications in imaging techniques such as 
magnetic resonance imaging (MRI) and computed tomog‑
raphy (CT) (13). Gold nanorods, nanocages and nanoshells 
are considered excellent imaging NPs for cancer therapy (14); 
for example, an AuNP for CT imaging cancer therapy was 
studied by Wang et al (15). AuNPs also exhibit antimicrobial 
effects, possibly due to the surface charge, with the surface 
modification between bacteria and AuNPs generating reactive 
oxygen species (ROS). NPs also affect the cell membrane 
permeability by disrupting intercellular communication (16). 
Bankar et al (17) have described the antibacterial activity of 
network‑dendritic AuNPs.

AuNPs are excellent drug carriers that can not only carry 
small molecules but also transport large biomolecules through 
different interactions, enabling drug release at the target 
location (18). Additionally, drug‑loaded AuNPs can enhance 
drug accumulation and retention  (19). Gold nanospheres 
have a uniform size, good tissue permeability and relatively 
simple surface modifications, which are conducive to drug 
delivery (20,21). Gold nanocages have hollow interiors and 
porous structures, such that small molecules enter the nano‑
cages through the pores on the surfaces and are encapsulated 
therein, which can be applied to the targeting area (20).

In photothermal therapy (PTT), AuNPs convert light into 
heat, thereby inducing high temperatures that cause irreversible 

damage. Moreover, in vitro studies employing tumor cell lines 
have confirmed that AuNPs can penetrate various tumor cells, 
including lung, gastric and colorectal cancers, for targeted 
therapy (22‑24).

Despite these advantages, AuNPs should be used with 
caution. The size, shape and surface properties of AuNPs are 
also associated with their cytotoxicity. Additionally, modifica‑
tions such as PEGylation may induce toxicity (14). Exposure 
time and concentration affect the cellular uptake of NPs and 
thus their cytotoxicity (25).

Silver NPs (AgNPs). AgNPs have attracted substantial atten‑
tion because of their nano‑sized effects, surface properties and 
localized surface plasmon resonance, making them valuable 
in antibiotics, sensors and biomedical applications. Therefore, 
they have been synthesized in various shapes to meet specific 
requirements (26).

AgNPs have attracted growing interest in cancer research 
because of their potential for next‑generation diagnosis and 
treatment, since they show broad anticancer effects by inhib‑
iting cancer cell growth and viability. AgNPs can induce 
apoptosis and necrosis by generating ROS and damaging 
DNA (27). In vitro studies have shown that AgNPs induce 
apoptosis by upregulating or downregulating gene expres‑
sion (28,29). They can also induce apoptosis by altering key 
signaling pathways (30). Additionally, cancer cells treated with 
AgNPs may experience cell cycle arrest (31). AgNPs inhibit 
tumor cell migration and angiogenesis in vitro, indicating their 
possible role in reducing distant metastasis (32). AgNPs can 
also be used to treat cancer by coating them with polymers or 
by conjugating them with drugs. Furthermore, because of their 
targeting ability and biocompatibility, AgNPs show excellent 
anti‑tumor efficacy and few adverse reactions.

AgNPs inhibit tumor cell migration and invasion in a 
concentration‑ and dose‑dependent manner, which are critical 
features for cancer development and progression  (33,34). 
Although AgNPs have been shown to inhibit tumor invasion, 
the underlying mechanism remains unknown. One hypothesis 
suggests that AgNPs may reduce the production of cytokines 
and growth factor proteins and inhibit the enzymatic activity 
of matrix metalloproteinases in cancer cells (35).

Copper (Cu)‑based NPs. Cu‑based NPs mainly include 
CuNPs, CuONPs and CuS NPs. CuNPs are of interest 
owing to their unique physical and chemical properties, high 
surface‑to‑volume ratio, low preparation cost, low toxicity and 
good biocompatibility (36‑38). Cu‑based NPs exhibit antimi‑
crobial activity against Staphylococcus aureus, Escherichia 
coli, Bacillus subtilis and Proteus vulgaris. This antimicrobial 
property may be related to cell wall damage, internaliza‑
tion of NPs into bacterial cells, Cu ion release, excess ROS, 
oxidative stress, mitochondrial damage and DNA damage 
(Fig. 2) (39). CuNPs act as anti‑tumor agents through various 
cytotoxic mechanisms, including ROS production, cell cycle 
blockade, DNA damage, apoptosis and autophagy and are 
effective against a wide range of cancer cell lines (39‑41). 
Woźniak‑Budych  et  al  (42) demonstrated that sulfobe‑
taine‑stabilized Cu(I) oxide NPs promoted the suppression 
of cancer cell growth in a concentration‑dependent manner in 
tumor cell line models. Due to their large surface area, CuNPs 
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facilitate high‑density surface ligand attachment, making them 
suitable drug carriers for the controlled release of anticancer 

drugs during tumor treatment (43,44). In tumor therapy, CuS is 
a potential photothermal agent owing to its good photothermal 

Figure 1. The different shapes of AuNPs. (A) Gold nanospheres. (B) Gold nanorods. (C) Gold nanoplates. (D) Gold nanocages. (E) Gold nanotriangles. 
(F) Gold nanostars. (G) Gold nanoflowers. AuNPs, gold nanoparticles.

Figure 2. Antibacterial mechanism of Cu‑based NPs. Cu‑based NPs are capable of damaging the cell walls. At the same time, they are internalized in bacterial 
cells, releasing Cu2+, leading to ROS accumulation and oxidative stress, which can damage mitochondria and DNA. Cu, copper; NPs, nanoparticles; ROS, 
reactive oxygen species.
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effect. Yuan et al (45) used CuS NPs as photothermal agents 
and found that encapsulated CuS NPs can be used for PTT 
combined with chemotherapy, achieving improved results in 
late‑stage combined anticancer therapy in vivo.

However, the stable synthesis of CuNPs still remains chal‑
lenging at present because Cu is easily oxidized. The rapid 
dissolution of nanodrugs may also involve the oxidation of 
CuO, which increases the toxicity of CuONPs.

Iron‑based NPs. Owing to their magnetic proper‑
ties, iron-based NPs have been broadly used in MRI, 
photodynamic therapy (PDT)/PTT combination therapy and 
immunotherapy  (46). Iron‑based NPs include FeNPs, iron 
oxide nanoparticles (IONPs) and iron‑based bimetallic NPs, of 
which IONPs are the most widely used (47). IONPs are cheap 
to produce and are biocompatible (47). Their large surface area 
reduces the amount of drugs required and their toxic effects 
on cells (48). They are degraded into ferric ions in vivo and 
participate in physiological iron homeostasis. In addition, an 
in vitro study demonstrated the antagonistic effect of Fe3O4 
NPs on ROS accumulation, indicating their ability to regu‑
late oxidative stress and apoptosis (49,50). As ferromagnetic 
materials, IONPs can be surface‑modified to obtain super‑
paramagnetic iron oxide nanoparticles (SPIONs), ensuring 
uniform size and stability at the desired pH. In addition, 
elevated iron levels induce the Fenton reaction, which leads 
to an increase in ROS (51). When ROS production exceeds 
the cellular clearance capacity, it leads to lipid peroxidation 
and DNA damage, resulting in iron death, a mechanism that 
provides ideas for disease treatment (51). Since the upregula‑
tion of the dehydrogenase redox system in tumor cells affects 
lipid peroxidation, Chen et al (52) designed a layered double 
hydroxide nanoplatform co‑loaded with the ferroptosis agent 
IONPs and the dehydrogenase inhibitor small interfering 
RNA (siR). Evidence from both in vitro and in vivo studies has 
confirmed that this platform synergistically induces cancer 
cell death by releasing IONPs and siR to enable the mass 
production of ROS while accelerating the accumulation of 
lipid peroxidation (52).

IONPs can generate excess ROS and disrupt biofilms, 
which opens up the possibility of antimicrobial therapy (53). 
In addition, IONPs can be used for tissue repair (54). SPIONs 
are capable of targeted drug delivery by binding to drugs and 
biomolecules, localizing them to target sites and releasing 
them through the action of a magnetic field.

IONPs can be used in PTT, PDT, hyperthermia therapy 
and tumor immunotherapy of tumors owing to their magnetic 
and superparamagnetic properties (55). In PTT, IONPs can 
act as photo‑absorbents (56). IONPs may also be suitable as 
intensifiers for radiotherapy (57,58). In magnetic hyperthermia 
therapy, IONPs are exposed to an alternating magnetic field 
and produce a local heating effect, causing protein denatur‑
ation, cancer cell apoptosis and tissue damage through high 
temperatures >42˚C. IONPs used in hyperthermia therapy 
must be defined in terms of size and shape to obtain improved 
therapeutic effects  (59). Magnetic hyperthermia therapy 
can also be used as a stimulating agent in tumor immuno‑
therapy (60,61). IONPs are not only competent in transporting 
tumor‑specific antigens to dendritic cells (DCs) and T cells, 
but also in treating tumors by inducing a shift in macrophage 

polarization toward the M1 type and increasing ROS produc‑
tion (62,63).

Nanoscale iron‑based metal‑organic frameworks (MOFs) 
play an important role in biomedical engineering because of 
the extensive porosity, surface area and chemical and thermal 
stability, as well as their good biocompatibility and biode‑
gradability (64‑66). Nanoscale iron‑based MOFs are ideal 
for drug delivery systems because of their unique properties 
and their catalytic and redox activities make them suitable 
for use in biosensors and electrochemical sensors. This cata‑
lytic activity has been used in nano‑catalytic medicine to 
generate ROS for cancer treatment. Using in vitro and in vivo 
studies, Yang et al (67) demonstrated that an iron‑containing 
metal‑organic framework [MOF(Fe)] nano‑catalyst, acting as a 
peroxidase mimic, catalyzes the generation of highly oxidizing 
•OH radicals in cancer cells and amplifies oxidative damage in 
synergy with autophagy‑inhibiting drugs. Iron metal‑phenolic 
networks have a specific range of absorption peaks in the 
ultraviolet range and pH‑responsiveness and can be efficiently 
dissociated to release drugs under acidic conditions (68). They 
are capable of functional modification and can undergo the 
Fenton reaction to induce ferroptosis. Luo et al (69) designed 
an integrated nanoplatform called FCS/GCS that takes advan‑
tage of the properties of metal‑phenolic networks to enhance 
the anti‑tumor effect; thus nanoconjugates are degraded and 
released in the acidic tumor microenvironment (TME) and the 
Fenton reaction can occur, which induces ferroptosis in vitro 
and in vivo.

3. Applications in cancer immunotherapy

Cancer vaccines. Cancer vaccines act against cancer by acti‑
vating the innate cellular or humoral immune systems, with 
most vaccines triggering the proliferation of CD8+ T cells that 
specifically identify and eliminate cancer cells (70,71). To date, 
three cancer vaccines have been approved by the United States 
Food and Drug Administration (FDA) (72). Cancer nanovac‑
cines, whose antigens can be peptides, RNA, or DNA, are 
more flexible and may elicit more robust immune responses. 
The simplest cancer nanovaccine could be an antigen, an adju‑
vant, or even a heterogeneous antigen in NPs with adjuvant 
properties (73). Currently, both therapeutic and prophylactic 
vaccines against tumors are under investigation.

Metal ions are involved in several critical immune 
processes in organisms; therefore, the application of tran‑
sition‑metal NPs to tumor vaccines may promote effective 
immunomodulation  (74,75). NPs are modified to possess 
surface properties similar to those of pathogens, thereby modu‑
lating the interaction of the vaccine with antigen‑presenting 
cells (APCs) and enhancing antigen immunogenicity (76). In 
addition, NPs can increase the specificity of tumor vaccines 
and minimize harm to normal cells in comparison with 
conventional tumor vaccines. Transition‑metal‑based nanoma‑
terials are often used as adjuvants and drug carriers in tumor 
nanovaccines.

A lack of adjuvants in vaccinations often results in weaker 
immune responses. Currently, Toll‑like receptor (TLR) 
agonists and stimulator of interferon genes (STING) agonists 
are being studied as vaccine adjuvants (77,78). The human 
body has 10 different TLRs, which are distributed on the 
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extracellular and endosomal membranes of immune cells and 
can induce the secretion of cytokines, chemokines and type I 
interferons, thereby activating the innate immune system and 
mediating the activation of acquired immune responses (79,80). 
Shinchi et al (80) took into account the high affinity of AuNPs 
for thiol‑functionalized molecules, such as the TLR7 ligand 
and antigens and combined the small‑molecule synthetic TLR7 
ligand 2‑methoxyethoxy‑8‑oxo‑9‑(4‑carboxy benzyl)adenine 
(1V209) and α‑mannose co‑immobilized on the surface of 
AuNPs, which served as a potent adjuvant to enhance the 
activation of TLR7 on endosomal membranes. STING is a 
transmembrane protein integrated within the endoplasmic 
reticulum that activates type  I interferons  (81). The cyclic 
GMP‑AMP synthase‑STING pathway may act as an anti‑tumor 
agent by inducing a proinflammatory response dominated by 
type I interferons, which may be a potential target for immu‑
notherapy (82). Ding et al (83) designed a TME‑responsive 
adjuvant called MnOx nanospikes and prepared a vaccine 
using ovalbumin (OVA) proteins as antigens to suppress 
primary and distal tumor growth as well as tumor metastasis 
in vitro and in vivo. In addition, a number of other cytokines 
with immunostimulatory effects, such as IL‑2, IL‑1 and inter‑
ferons, can be used as adjuvants. Granulocyte‑macrophage 
colony‑stimulating factor facilitates the attraction of DCs 
to the target site, promotes DC maturation and facilitates 
antigen presentation (84,85). Inorganic nanoadjuvants, which 
have been found to enable the sustained release of antigens 
and specifically increase the immune response, have also 
gained widespread interest (86). Wang et al (87) used human 
tubercle bacillus‑loaded Zn‑ and Mg‑tricalcium phosphates 
as adjuvants to boost the immune response and stimulate 
the secretion of granulocyte‑macrophage colony‑stimulating 

factor, which markedly inhibited the development of Lewis 
lung cancer cells in vivo.

Transition‑metal NPs can modulate their size and shape 
to deliver antigens and adjuvants to specific tissues and 
have been used as delivery carriers for cancer nanovac‑
cines (88,89). Vaccines that use AuNPs as carriers exhibit 
high immunostimulatory activity (90). Zhang et al (91) studied 
multilayer polyelectrolytic AuNPs with anionic poly I:C and 
antigenic peptides as nanocarriers, which could induce more 
antigen‑specific CD8+ T cells. Zhao et al  (92) prepared a 
vaccine carrier containing Mn2+ ions and meso‑2,6‑diami‑
nopimelic acid (DAP) to encapsulate the OVA antigen to 
form a cancer vaccine (Fig. 3). This vaccine could effectively 
co‑deliver OVA and DAP to the lymph nodes, stimulate the 
maturation of DCs, enhance OVA cross‑presentation to DCs 
and serve as a prophylactic vaccine for B16‑OVA melanoma 
tumors in vivo.

Nanovaccines can also be integrated with other immu‑
notherapies to enhance their efficacy  (73). Jin  et  al  (93) 
developed polyethyleneimine modified gold nanorods 
called GNRs‑PEI. Subsequently, GNR‑PEI/cyclic dimeric 
guanosine monophosphate‑adenosine monophosphate‑laden 
macrophages (GPc‑RAWs) were injected into the tumor with 
simultaneous introduction of a programmed cell death ligand 
1 (PD‑L1) antibody. This strategy inhibits tumor growth and 
metastasis through a combination of tumor vaccines and 
checkpoint inhibitors in vivo. Chen et al (94) assembled an 
iron nano‑adjuvant containing IONPs and STING agonists 
that activated STING while forming a vaccine with OVA anti‑
gens to induce long‑lasting anti‑tumor immunity and prevent 
postoperative recurrence and distant metastasis in vivo by 
synergistic treatment with checkpoint inhibitors.

Figure 3. Schematic illustration of the synthesis and function of cancer vaccine formulation encapsulating OVA antigen. Upon administration, the nano‑vaccine 
migrates to lymph nodes, promoting DC maturation and enhancing antigen cross‑presentation. This process activates a durable anti‑tumor T‑cell immune 
response for protection against melanoma. OVA, ovalbumin; DCs, dendritic cells.
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Immune checkpoint inhibitors. Cancer immunotherapies 
promote immune system specificity against cancer. The 
blockade of immune checkpoint programmed death receptor‑1 
(PD‑1) and cytotoxic T lymphocyte antigen‑4 (CTLA‑4) 
removes immune suppression, enabling tumor clearance (95).

Nanometallic materials have become a hotspot in research 
on checkpoint blockade immunotherapy. Hybrid nanome‑
tallic frameworks function as immunogenic cell death (ICD) 
inducers, enhancing tumor sensitivity to immunotherapy. 
Researchers have developed a phenolic ICD inducer to improve 
antigen generation, tumor‑specific T‑cell infiltration and PD‑1 
checkpoint blockade, stimulating anti‑tumor immunity and 
generating significant abscopal effects on distant tumors 
in vivo (Fig. 4)  (96). Moreover, Sang et al  (97) developed 
metal‑phenolic network nanopumps to overcome resistance 
to combined radiotherapy/anti‑CTLA‑4 immunotherapy. 
Evidence from both in vitro and in vivo studies confirmed that 
these NPs enhanced RT efficacy, alleviated hypoxia/induced 
apoptosis, suppressed therapy‑induced PD‑L1 upregulation, 
effectively reversed T‑cell exhaustion and enabled immuno‑
therapy for immunologically non‑responsive tumors (Fig. 5).

Immune checkpoint agonist antibodies. Immune cells 
are stimulated by exogenous antigens to avoid autoimmunity 
and tissue damage through regulation of costimulatory and 
co‑suppressive receptors, that is, the regulation of immune 
checkpoints (98). Evidence support the important role of the 
costimulatory pathway in mediating anti‑cancer immunity. 
The targets of immune agonist antibodies are mainly the 
B7‑CD28 and tumor necrosis factor receptor (TNFR) fami‑
lies (98,99).

Typical costimulatory receptors of the B7‑CD28 family are 
CD28 and inducible T‑cell costimulator (ICOS). CD28 activates 
downstream signaling after adhering to the ligands CD80 and 
CD86, driving T‑cell function, proliferation and survival (100). 
ICOS responds to ICOS ligands to activate T cells and memory 
T cells. Thus, CD28 and ICOS are potential targets for the devel‑
opment of therapeutic agonists for tumor treatment (101,102). 
Chiang  et  al  (103) reported an inherently therapeutic 
fucoidan‑dextran‑based magnetic nanomedicine (IO@FuDex3) 
combined with a checkpoint inhibitor and T‑cell activators, 
demonstrating in vivo that combining IONPs with anti‑PD‑L1 
and agonist antibodies enhances the efficacy of immunotherapy.

Figure 4. Mechanism of MDP NPs‑induced immunogenic cell death synergizing with anti‑PD‑1 therapy for tumor suppression. This schematic illustration 
depicts a phenolic immunogenic cell death nano‑inducer designed to sensitize tumors to anti‑PD‑1 checkpoint blockade immunotherapy and its underlying 
immune mechanisms. It first presents the self‑assembly process forming MDP NPs. Subsequently, a mouse bilateral tumor model demonstrates the evaluation 
of these NPs combined with PD‑1 blockade for tumor inhibition and elucidates their immune mechanisms. MDP NPs, metal‑doxorubicin‑phenolic nanopar‑
ticles; PD‑L1, programmed cell death ligand 1; NPs, nanoparticles; PEG, polyethylene glycol; DOX, doxorubicin; CTL, cytotoxic T lymphocyte; DC, dendritic 
cell; ICD, immunogenic cell death.
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The TNFR superfamily influences the maturation and 
differentiation of B and T lymphocytes and is involved in 
physiological processes such as apoptosis, inflammation and 
autoimmunity (104). Six receptors have been suggested to play 
major roles as immune costimulators, namely, CD40, OX40, 
4‑1BB, CD27, GITR and CD30 (98). Among them, agonistic 
CD40 monoclonal antibody activates host APCs, especially 
DCs, thus inducing anti‑tumor T‑cell responses, which are 
considered promising for research (105).

Although nanomedicines targeting TNFR have been inves‑
tigated, nanomedicines based on transition‑metal NPs targeting 
TNFR are still lacking  (106). Overall, the use of immune 
checkpoint agonist antibodies incorporating transition‑metal 
NPs remains an area that requires further exploration.

Adoptive cell therapy (ACT). ACT is a form of treatment 
in which T cells are isolated from plasma or tumor samples, 
expanded and activated in vitro, conditioned and modified 

and injected back into the patient to activate the immune 
system and suppress cancer (107‑109). This method is based 
on the principle of engineering T cells is to create T cells 
with tumor‑targeting structural domains, which enhances the 
specificity of T‑cell recognition in tumors (110,111). Due to the 
complexity and expense of the natural activation process of 
T cells, the primary focus of current research is the use of 
artificial antigen‑presenting cells (aAPCs), which mimic the 
function of APCs, to stimulate T cells to initiate tumor‑specific 
adaptive immunity (112). Nanoscale aAPCs have been devel‑
oped owing to their small size, low toxicity and low‑dose 
requirements (113,114).

The preservation and expansion of therapeutic cells 
in  vitro during ACT often results in low cell viability. 
Youn et al (115) proposed a cell‑in‑shell strategy using TiO2 
shells to protect Jurkat cells and improve their viability in vitro. 
The authors formulated Jurkat@TiO2 to allow CD3 and other 

Figure 5. Mechanism of triple‑kill tumor eradication synergized with immunotherapy via metal‑phenolic network nanopumps (AHSC NPs). This schematic 
illustrates the preparation of AHSC NPs and their triple therapeutic strategy for tumor eradication. The nanopumps were synthesized via the self‑assembly 
of Hf coordinated with Ce6‑PEG‑polyphenols, atovaquone and sabutoclax. Within this system, Hf acts as a radiosensitizer to enhance radiation efficacy; 
the photosensitizer Ce6 conjugated to PEG is activated by the inelastic scattering of photoelectrons generated from X‑ray energy transferred by Hf, thereby 
boosting ROS production; sabutoclax targets the apoptotic signaling pathway to promote the activation of downstream apoptotic proteins, increasing tumor 
cell death; and atovaquone regulates mitochondrial function to liberate more oxygen within the tumor microenvironment, which is crucial for alleviating 
radioresistance. Furthermore, the strategy incorporates two antibodies (anti‑CTLA‑4 and anti‑PD‑L1) to trigger a potent immune response at the tumor 
site, enabling immune recognition while suppressing PD‑L1 expression on tumor cells, thereby amplifying therapeutic efficacy. Notably, tumor‑associated 
antigens can be internalized by receptors on APCs, invoking a robust immune response. AHSC NPs, atovaquone‑hafnium‑sabutoclax‑Ce6 nanoparticles; 
Hf, hafnium; PEG, polyethylene glycol; ROS, reactive oxygen species; CTLA‑4, cytotoxic T lymphocyte antigen‑4; PD‑L1, programmed cell death ligand 1; 
APCs, antigen‑presenting cells; TCR, T cell receptor; MHC, major histocompatibility complex.
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antigens on the cell surface to remain accessible to antibodies 
without impeding IL‑2 secretion. Some transition‑metal nano‑
materials can serve as nanoprobes to track adoptive immune 
cells and reveal their therapeutic mechanisms. Nie et al (116) 
conjugated magnetic nanoclusters based on superparamag‑
netic IONPs on the surface of adoptive T cells and tracked 
them using MRI after infusing them back into mice. The 
key to ACT anti‑tumor activity is tumor tropism; however, 
the complex barrier of tumor tissue and multiple oncogenic 
factors in the TME affect the infiltration and action of thera‑
peutic cells (117,118). To address this situation, Lin et al (119) 
developed a nano‑immunomodulator AuNSP@αCD16, which 
partially disrupts the tumor's physical barrier, remodels the 
TME and modifies the tumor surface with the CD16 antibody 
through slight photothermal intervention, thus achieving 
strong natural killer cell activation by CD16‑mediated 
antibody‑dependent cellular cytotoxicity in vitro and in vivo. 
This strategy demonstrates the possibility of using nanoimmu‑
nomodulators to reconstitute the ACT‑favorable TME (119).

4. Combination therapies

PTT. PTT, which induces localized thermotherapy, is one of the 
few NP‑based therapies to enter clinical trials for cancer and 
is expected to be applied synergistically with immunotherapy 
in tumor treatment (120,121). Paholak et al (122) demonstrated 
that PTT mediated by highly crystalline IONPs efficiently 
eliminated breast cancer stem cells in a transformed model of 
triple‑negative breast cancer, thereby improving the long‑term 
survival of patients with metastatic breast cancer by inducing a 
systemic immune response targeting distal cancer cells.

Nanoenzyme‑based catalytic therapy is a novel strategy 
for treating tumors; however, challenges such as hypoxia, 
immunosuppression and insufficient endogenous H2O2 levels 
in the TME limit the efficacy of this strategy. Researchers 
have developed a trimetallic nanoenzyme (Au@Pt@Rh) that 
exhibits endogenous peroxidase‑ and catalase‑like activities 
under acidic TME conditions. Au@Pt@Rh‑activated photo‑
thermal thermotherapy has also been shown to improve 
peroxidase‑ and catalase‑mimicking activity. By loading the 
transforming growth factor‑β inhibitor LY2157299, this nano‑
complex successfully reprogrammed the immunosuppressive 
TME, alleviated tumor hypoxia and generated highly toxic 
hydroxyl radicals (•OH) (123).

Although PTT combined with immunotherapy shows 
potential for tumor treatment, the toxicity of NPs and possible 
damage to normal tissues from high temperatures and 
prolonged irradiation remain to be addressed. Furthermore, 
considering the effects of different temperatures on immune 
cells, the design of specific strategies to maximize the effects 
of PTT and immunotherapy requires further exploration.

PDT. PDT can induce an immune response and destroy 
tumor tissues. PDT‑mediated immunotherapy is a promising 
therapeutic modality used to treat cancer. Duan et al devel‑
oped Zn‑pyrophosphate NPs loaded with photosensitizer 
thermolipids (ZnP@pyro) and found that ZnP@pyro PDT 
combined with anti‑PD‑L1 therapy eradicated primary breast 
tumors and generated systemic tumor‑specific cytotoxic T‑cell 
responses to completely suppress distant tumors. These results 

showed that NP‑mediated PDT can enhance immunotherapy 
by activating the innate and adaptive immune systems in the 
TME (124). Nevertheless, insufficient light‑penetration depth 
remains an unresolved limitation of PDT, posing a challenge 
to the clinical translation of PDT and immune combination 
therapies.

Radiotherapy. Radiotherapy causes ionizing damage to tumor 
tissue in an X‑ray dose‑dependent manner, with the maximum 
radiation dose defined as the dose that causes no damage to 
adjacent normal tissue (125). High‑dose hyperfractionated 
radiotherapy and radiotherapy sensitizers have been investi‑
gated to enhance checkpoint blockade immunotherapy (126). 
Ni et al (127) reported two porous Hf‑based nMOFs that act 
as effective radioenhancers. More importantly, in vitro and 
in vivo studies showed that these nMOFs are capable of medi‑
ating low‑dose radiotherapy in combination with anti‑PD‑L1 
treatment, which simultaneously treats both local and distant 
tumors through a distant effect. Nevertheless, further studies 
should explore these nMOFs in relation to their therapeutic 
efficacy, toxic response and drug design in terms of clinical 
transformation.

Chemotherapy. Conventional chemotherapy combined with 
metallic nanomaterials is expected to synergistically inhibit 
tumor progression, metastasis and recurrence. Xu et al (128) 
reported synergistic immunotherapy for triple‑negative breast 
cancer on the basis of the premise of stimulating and promoting 
an ICD response using a transformable NP that simultaneously 
delivered cisplatin, adjudin and WKYMVm. The in vitro and 
in vivo results showed that the NP could markedly inhibit 
primary tumor growth and lung metastasis and enhance innate 
and adaptive anti‑tumor immunity, resulting in significant 
survival benefits.

Through both in vitro and in vivo studies, Liu et al (129) 
designed a dual pH‑responsive multifunctional nanoparticle 
system, HA‑DOX/PHIS/R848, which enabled the targeting 
of immune and cancer cells by delivering R848 and DOX to 
the TME and breast cancer cells, thus enabling the combined 
treatment of immunotherapy and chemotherapy.

5. Clinical transformation and challenges

To date, among transition‑metal NPs, drugs that have received 
FDA approval are mainly iron‑based NPs, including INFed, 
Dexferrum, Venofer, Feraheme, Injectafer, Monoferric, 
Feridex and Ferrlecit (130,131). The main applications of these 
iron‑based NPs are in the treatment of iron‑deficient anemia 
and imaging (132). Nanotherm® is an FDA‑approved device 
with a SPION formulation that causes apoptosis in cancer cells 
heated in a high‑frequency magnetic field (133). However, most 
transition‑metal NPs are not used clinically.

Clinical studies employing transition‑metal NPs as 
a therapeutic option for oncology patients have focused 
on modalities such as chemotherapy and hyperthermia. 
Khoobchandani  et  al  (134) applied AuNP‑based Nano 
Swarna Bhasma to patients with stage IIIA or IIIB breast 
cancer and found that the treatment group that received the 
nanomedicine showed 100% clinical benefit in comparison 
with the group that received standard of care treatment. 
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Kumthekar et al (135) employed brain‑penetrant RNA inter‑
ference‑based spherical nucleic acid‑containing AuNPs; 
they observed no treatment‑related grade 4 or 5 toxicity after 
administration, while the presence of gold accumulation in 
tumor‑associated endothelial, macrophage and cancer cells 
represented a potential strategy for the systemic treatment 
of glioblastoma. In addition, drugs such as AuroLase and 
Magnablate have been used in clinical trials for thermal 
ablation of cancer (132).

Cancer immunotherapy has a promising future, in 
which NPs have been tested in clinical trials related to 
cancer vaccines and immune checkpoint inhibitors (ICIs). 
Rojas et  al  (136) developed mRNA neoantigen vaccines 
in real time from surgically removed pancreatic ductal 
adenocarcinoma tumors using uridine mRNA‑lipoplex 
NPs. After an 18‑month follow‑up period, patients who 
had T cells expanded by the vaccine exhibited a longer 
median relapse‑free survival than those who did not have 
vaccine‑expanded T cells. Alonso  et  al  (137) selected 
non‑muscle invasive bladder cancer patients who were 
unresponsive to Bacillus Calmette‑Guérin and applied 

OncoTherad® nanomedicine for treatment and found that it 
works by binding the TLR4 to activate the innate immune 
system and reduce immune checkpoint molecules. In 
addition, Zhang et al (138) found that ICIs combined with 
nanomedicine chemotherapy inhibited the progression of 
esophageal squamous cell carcinoma.

Overall, most studies on cancer immunotherapy using 
transition‑metal NPs are in the preclinical stage and lack 
data from clinical trials. The reasons for this worrisome 
state of clinical transformation warrant further investiga‑
tion. Immunotherapy is affected by multiple factors such 
as off‑target toxicity, tissue heterogeneity, poor immune 
response durability and adverse effects; often, only a 
limited number of patients respond satisfactorily to immu‑
notherapy  (74). In addition, transition‑metal NPs face a 
number of challenges in drug delivery, release and biodis‑
tribution and these factors directly determine their efficacy 
in cancer treatment. Different routes of drug delivery are 
associated with various biological barriers  (139). Local 
delivery is more direct; however, its invasiveness may pose 
other problems and local delivery is limited by the site and 

Figure 6. Graphical summary of the present review. Au, gold; Ag, silver; Cu, copper; Fe, iron; PD‑L1, programmed cell death ligand 1; PD‑1, programmed 
death receptor‑1; TNFR, tumor necrosis factor receptor; APC, antigen‑presenting cell; ICOS, inducible T‑cell costimulator; ICOSLG, inducible T‑cell costimu‑
lator ligand.

https://www.spandidos-publications.com/10.3892/ijo.2025.5815
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type of cancer  (140). Although systemic drug delivery is 
more commonly used, it is influenced by a more complex set 
of factors. During circulation, the NPs may be destabilized 
by shear stress (141). Another challenge is the absorption 
of NPs by the phagocytic cells in the reticuloendothelial 
system  (142). Different portals of entry often allow NPs 
to target different cell populations and factors such as the 
size, shape, charge and surface coating of transition‑metal 
NPs affect their biodistribution in vivo (89). The molecular 
mechanisms and interactions between transition‑metal NPs 
and biological systems require further study. The heteroge‑
neity of the TME and enhanced permeability and retention 
in the human body lead to reduced penetration of NPs and 
inhomogeneous tumor extravasation of NPs, thus reducing 
their accumulation in the tumor.

The safety of transition‑metal NPs in cancer diagnosis 
and therapy is an important issue. Although previous studies 
have demonstrated that transition‑metal NPs can promote 
anti‑tumor immune responses in vivo (63), these materials have 
potential safety risks. Immune responses to transition‑metal 
NPs can also cause inflammation and tissue damage (143,144). 
NPs can elicit allergic reactions, limiting the feasibility and 
safety of repeated administration (145). Oxidative stress due to 
ROS imbalance is also a problem owing to the unique ability 
of Cu‑based NPs to generate ROS. In addition, long‑term 

accumulation of metal ions may lead to organ damage. 
Therefore, future research should systematically evaluate both 
the short‑term immune responses and long‑term toxicity of 
these nanomaterials.

6. Conclusions and prospects

The present review critically analyzed the existing applica‑
tions and future potential of major transition‑metal NPs in 
cancer immunotherapy and a brief graphical summary of the 
review is provided in Fig. 6. It began with a detailed overview 
of the classification, properties, biomedical roles and toxicity 
of major transition‑metal NPs. The applications of transi‑
tion‑metal NPs in tumor immunotherapies, including cancer 
vaccines, ICIs, immune checkpoint agonist antibodies, ACT 
and combination therapies, were then introduced. Finally, the 
current status and challenges associated with clinical transfor‑
mation were discussed to provide ideas for subsequent clinical 
studies. To provide a consolidated overview of biomedical 
applications, current cancer research status and clinical trans‑
formation progress, Table I presents a comparative summary 
of transition metal NPs.

Transition‑metal NPs can provide new insights into cancer 
immunotherapy  (76). However, the relationship between 
these NPs and the biological effects of immunotherapy 

Table  I. Summary of transition metallic nanoparticles: Biomedical applications, preclinical/clinical studies and commercial 
examples.

	 Biomedical 				  
Nanoparticle	 application	 Preclinical studies	 Clinical studies	 Commercial use	 (Refs.)

AuNPs	 Imaging (MRI,	 CT imaging cancer	 Nano Swarna Bhasma	 NA	 (14,15,17,91,134,
	 CT); drug delivery;	 therapy; peptide	 for stage ⅢA or ⅢB		  135,154)
	 antibacterial; 	 vaccine carriers;	 breast cancer;		
	 cancer vaccine	 induce antigen‑specific	 AuroLase for thermal		
	 carrier; PTT	 CD8+ T cells	 ablation for cancer		
AgNPs	 Antibiotics; 	 Induce apoptosis via	 NA	 NA	 (28‑34)
	 sensors; 	 ROS and DNA damage;			 
	 anticancer 	 inhibit tumor cell			 
	 applications	 migration and invasion			 
Copper‑based 	 Antimicrobial; 	 Sulfobetaine‑stabilized 	 NA	 NA	 (14,39‑45)
NPs	 anticancer 	 Cu(I) oxide NPs for			 
	 applications; drug	 cancer cell growth			 
	 carrier; PTT agent	 suppression; CuS NPs			 
		  for PTT combined with			 
		  chemotherapy			 
Iron‑based NPs	 MRI; PTT; PDT;	 Induce macrophage	 Magnablate for	 Nanotherm® for	 (60,61,63,94,132,
	 hyperthermia; 	 polarization to M1;	 thermal ablation for	 glioblastoma	 133,155‑158)
	 immunotherapy; 	 enhance STING	 cancer		
	 drug delivery;	 activation; used in			 
	 antimicrobial; 	 magnetic hyperthermia;			 
	 tissue repair	 synergize with			 
		  checkpoint inhibitors			 

Au, gold; NPs, nanoparticles; Ag, silver; MRI, magnetic resonance imaging; CT, computed tomography; PDT, photodynamic therapy; PTT, 
photothermal therapy; ROS, reactive oxygen species; STING, stimulator of interferon genes; NA, not available.
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requires exploration. The adoption of less toxic biosynthesis 
methods for NPs and selection of different metal elements are 
undoubtedly important (146). In addition, the toxicity of NPs, 
the resulting immune response, stability and biodistribution 
are all influenced by their physicochemical properties (140). 
Therefore, the size, shape, charge, mode of administration, 
dose and surface modification of NPs must be carefully 
selected. For example, small‑sized nanomedicines are more 
suitable for cell‑targeted drug delivery; low‑concentration 
administration can prevent agglomeration; and rod‑shaped 
NPs are more likely to penetrate tumors  (147‑149). Since 
positively charged NPs tend to be more readily cleared, the 
surface charge of nanomedicines should also be consid‑
ered during formulation design (150). In addition, surface 
modifications, such as coating with polyethylene glycol and 
cell membranes, can reduce interactions with phagocytes. 
Modulation of temperature, pH and biodegradability of NPs 
can control the release of nanodrugs. This range of modifiable 
properties of transition‑metal NPs may provide a direction 
for their development in specific cancer immunotherapies. 
To further translate tunable physicochemical properties into 
reliable immunotherapeutic strategies, the molecular mecha‑
nisms of NPs must be investigated in depth. Current evidence 
indicates that metal NPs can induce ICD in immunogenic 
cells, enhancing DC‑mediated cross‑presentation and poten‑
tiating synergistic anti‑tumor effects with ICIs (151). IONPs 
can polarize macrophages toward the M1 phenotype by 
reprogramming the TME (152). These established molecular 
mechanisms provide a theoretical rationale for the application 
and clinical transformation of transition metallic materials in 
cancer immunotherapy.

In conclusion, the efficacy and safety of transition‑metal 
NPs remain obstacles to clinical research  (153). Further 
research regarding the design of NPs and their interactions 
in vivo is required to improve specificity. Personalization of 
therapy for different patient groups remains a challenge for 
clinical transformation. In the future, systematic immuno‑
genicity testing combined with long‑term clinical follow‑up 
is recommended to comprehensively evaluate the safety 
of metal‑based materials. Emerging technologies, such as 
single‑cell transcriptomics and spatial omics, may provide 
critical insights outlining how nanoparticles reshape immune 
cell lineages and functions within the TME, yielding a 
deeper mechanistic understanding. In addition, the develop‑
ment of scalable manufacturing processes, demonstration of 
batch‑to‑batch consistency and establishment of standardized 
clinical‑grade production workflows are essential steps toward 
successful clinical translation. Transition‑metal immuno‑
therapy is still in its infancy and much work remains to be 
conducted to make the application of transition NPs in tumor 
immunotherapy a reality.
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