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a b s t r a c t

Metal-based nanomedicine, which involves nanoparticles (NPs) composed of metals such as gold, sil-

ver, iron, and platinum, has emerged as a promising approach in drug delivery, cancer therapy, imaging,

and diagnostics. This review systematically examines a variety of metal-containing NPs (MNPs), includ-

ing elemental metal NPs, metal oxides, metal-organic frameworks, nanozymes, and up-conversion NPs,

highlighting their unique physicochemical properties and biomedical applications. The biological func-

tions of MNPs, particularly in drug delivery, imaging, and therapeutic contexts, are critically discussed.

Key engineering strategies aimed at optimizing targeted delivery, drug loading, responsive release, and

biocompatibility are explored, with a focus on enhancing clinical outcomes. Recent advances underscore

the potential of MNPs in innovative applications such as liquid biopsy, tumor imaging, chemotherapy,

immunotherapy, physical therapy, and nanozyme-mediated treatments. Despite promising developments,

clinical translation remains hindered by challenges such as toxicity, scalability, and regulatory hurdles.

This review concludes with an outlook on future directions for MNPs, emphasizing their potential to rev-

olutionize disease diagnosis and treatment through innovative biomaterial design and engineering.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Nanomedicine, an evolving field that utilizes nanotechnology to

tackle medical challenges, is crucial in diagnosing, treating, and

predicting diseases. This innovative approach has sparked transfor-

mative changes in healthcare. Nanoparticles (NPs), which include

materials like carbon, metals, metal oxides, and polymers [1], pos-

sess unique attributes such as small size, large surface area, cus-

tomizable chemical compositions, and diverse morphologies. These

characteristics significantly improve the precision and effective-

ness of drug delivery systems (DDS) while minimizing potential

side effects. Metal-containing NPs (MNPs) are particularly notable

due to their consistent size and shape distribution, extended activ-

ity duration, and high surface functionalization. These properties

enhance cellular uptake, greatly increasing therapeutic efficacy in

treating diseases such as cancer. Studies have shown that MNPs
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are highly effective in targeted therapies, gene silencing, and drug

delivery, especially when combined with specific targeting ligands

that allow for precise localization to tumor cores. These pioneering

developments offer new hope for oncology treatments and set the

stage for future scientific and clinical advancements.

Additionally, many MNPs use external stimuli—light, heat, ul-

trasound, magnetic fields—to boost therapy by modulating redox

states and generating reactive oxygen species (ROS), sensitizing

target tissues. Some MNPs induce oxidative stress in cancer cells

without stimuli. Lesion conditions like pH, redox changes, and hy-

poxia activate NPs and trigger drug release, enhancing effects. Sur-

face functionalization with organic molecules, polymers, or metal

coatings stabilizes MNPs and enables stimulus response, crucial for

medical nanotechnology. These advances enable precise drug de-

livery and responsive release, opening new biomedical strategies

[2,3].

Given these advantageous properties, MNPs have attracted sig-

nificant attention for their biomedical applications. However, exist-

ing reviews lack a systematic summary of the relevance of “en-

gineering strategy-mechanism-clinical translation’ of metal NPs”.

This paper seeks to provide a comprehensive overview of the

https://doi.org/10.1016/j.cclet.2025.111817
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working principles and engineering strategies of MNPs in biomed-

ical research (Fig. S1 in Supporting information). It explores po-

tential applications of MNPs across various therapeutic, diagnos-

tic, and imaging methods, with a particular focus on the latest de-

velopments and innovations in the field. This review, for the first

time, comprehensively summarizes the interdisciplinary research

progress of metal NPs from three dimensions: Material design, bi-

ological effects, and clinical translation.

2. Classification of MNPs

MNPs can be categorized based on their chemical compositions

into groups such as elemental metals, alloys, metal compounds,

and organometallic frameworks. In practical applications, as de-

picted in Fig. S2 (Supporting information), these classifications can

be further refined by considering their physicochemical or func-

tional properties. Delving deeper into these categories allows for

a more comprehensive understanding of their unique characteris-

tics and diverse applications, particularly in areas like cancer treat-

ment. This detailed exploration underscores the significant poten-

tial for innovation and advancement in the medical field.

2.1. Metal elemental NPs

Metal elemental NPs are highly favored in biomedical research

due to their distinctive attributes. These nanoscale materials pos-

sess unique characteristics, including a small volume, large spe-

cific surface area, and significant characteristic length, which con-

tinually broaden their applications in the medical field. Thanks to

their exceptional physical and chemical properties, metal elemen-

tal NPs are positioned to play pivotal roles in advancing medicine

and healthcare.

Noble metal NPs, including gold NPs (AuNPs) [4,5], silver NPs

(AgNPs) [6] and platinum NPs (PtNPs), are widely studied in

biomedicine. AuNPs show strong NIR-II absorption for deep tis-

sue photothermal therapy (PTT) [7], with good biocompatibility,

high surface area, SPR, and non-toxicity [8], and are also used in

tumor detection, drug delivery, imaging, and photodynamic ther-

apy (PDT). They enter cells via endocytosis, localize perinuclearly,

and inhibit proliferation and metastasis [9]. AgNPs act against mi-

croorganisms and biofilms, serving as fungicides, antivirals, and

anti-larval agents [8], and kill cancer cells through cell cycle ar-

rest, DNA damage, apoptosis, necrosis, and ROS generation; green-

synthesized forms have antioxidant benefits. PtNPs show high cat-

alytic activity [10] and potential in targeted DDS for cancer [2], and

are effective in PDT and electrodynamic therapy (EDT) due to bio-

compatibility, NIR absorption, and tumor enrichment [11,12].

Various other metal NPs are emerging in biomedicine. Iron NPs

(FeNPs) target and deliver iron to tumors, while FeNPs [13], copper

NPs (CuNPs) [14], and Ruthenium Nanoclusters show imaging and

therapeutic potential. Their SPR enables thermal effects for cancer

therapy, and smart NPs can regulate drug release via stimuli like

pH or temperature changes [15].

2.2. Metal oxides NPs

Metal oxide NPs advance cancer treatment through high surface

area, unique optical, electrical, and thermal properties, and strong

stability and catalysis. Examples include iron oxide (Fe3O4), tita-

nium dioxide (TiO2), zinc oxide (ZnO), and copper oxide (CuO) [16].

Fe3O4 NPs, with magnetic properties and biocompatibility, serve

in medical magnetic resonance imaging (MRI), DDS, magnetic tar-

geting, thermal therapy, biosensing, tissue repair, and biomolecular

separation [17]. TiO2 NPs eliminate cancer cells via PDT [18]. ZnO

NPs release ROS for antiviral effects, and with antibacterial and

UV-absorbing properties, are used in drug delivery and antibac-

terial cancer therapy [19]. CuO NPs suppress histone deacetylase

(HDAC), regulate oncogenes/tumor suppressors, and induce apop-

tosis via the caspase pathway [20].

However, challenges of metal oxides include agglomeration

from high surface energy, reducing surface area and performance,

requiring special dispersion; potential toxicity needing thorough

evaluation; complex, costly preparation; structural degradation un-

der extreme conditions; and environmental pollution risk from im-

proper handling. Physicochemical properties strongly affect bio-

interactions and toxicity, requiring careful assessment [21,22].

2.3. Metal-organic framework (MOF) structure

MOFs are crystalline structures of metal ions/clusters and or-

ganic ligands with high adjustability and diversity [23,24]. Types

include rare earth metal-organic frameworks (REMOFs), micro-

nano scale metal-organic frameworks (NMOFs), magnetic metal-

organic frameworks (MMOFs) and hierarchically porous MOF (HP-

MOF). They offer high surface area, tunable pores, ordered porous

structures, and biodegradability for biomedical uses [25]. REMOFs,

with unique optical/magnetic traits and porosity, are used in fluo-

rescence imaging, MRI, drug loading, and controlled release [26].

NMOFs serve in fluorescence detection, confocal imaging, drug

delivery, and sustained release [27,28]. MMOFs have high selec-

tivity, dispersibility, reusability, and enable hyperthermia-assisted

targeted delivery [29]. HPMOFs, with hierarchical channels en-

abling mass transfer, loading, and responsive release, are applied

in biomolecular loading, microenvironment-responsive release, and

multimodal therapy [30].

MOFs can release drugs via pH, enzymes, light, and generate

ROS through Fenton-like reactions with Fe2+ and Cu2+, making

metal ions both structural and therapeutic centers [31]. However,

MOFs face unclear in vivo degradation and metabolism, potential

metal ion toxicity, and instability from bond breakage or ligand

oxidation in physiological environments (e.g., MOF-5 collapses in

humidity; MIL-101 ligands degrade oxidatively) [32,33]. They have

limited tumor penetration, high production cost, and require strict

evaluation of biocompatibility, long-term toxicity, and degradation

safety. Most MOF DDS remain in lab or animal stages, with few

in Phase III trials. Mn-MOF-CpG can activate cGAS-STING, produce

CO2 to relieve hypoxia, and, with programmed death-ligand 1 (PD-

L1) antibodies, boost CD8+ T cells in mice; non-human primate

safety trials are done, and clinical trials are ongoing [34]. Stabil-

ity can be improved via ligand modification or core–shell struc-

tures, while multifunctional MOFs with pH/redox responsiveness,

AI screening, and 3D printing can enhance DDS design [32,33,35].

2.4. Metal containing nanozymes

Metal nanozymes are nanomaterials with enzymatic catalytic

properties, offering low cost, high stability, and durability over nat-

ural enzymes [36]. They combine nanoscale features with enzyme-

like functions for disease treatment and diagnostics, serving as op-

timal imaging agents to improve sensitivity and early diagnosis

[37]. Designed nanozymes can show varied activities [38,39], with

peroxidase (POD) being prominent. For example, FeTIR nanoprobes,

loaded with TMB and NIR dye IR780 on FeWOX nanosheets with

POD activity, enable multimodal tumor imaging via computed to-

mography (CT), magnetic resonance (MR), and fluorescence [40].

Research on nanozymes focuses on improving catalytic effi-

ciency and specificity. Multienzyme-like nanozymes enable cas-

cade reactions, synergistic effects, and environmental selectivity. A

nanozyme database covering elements, ratios, valence, shape, and

pH aids data-driven design of multienzyme nanozymes [41]. For

specificity, PtNPs loaded into ferritin and transferrin receptor 1
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(TfR1)-targeted oxygen-deficient nanozymes treat nasopharyngeal

cancer [42]. Since nanozymes can accumulate in liver, spleen, and

lungs, design optimization is needed to enhance targeting and re-

duce off-target buildup.

Nanozyme size and properties influence metabolism and func-

tion. A novel ultra-small single-atom Mn nanozyme (SA Mn-CDs)

made via molecular carbonization-reduction shows water solubil-

ity, biocompatibility, POD-like activity, and NIR-guided tumor ther-

apy [43]. Nanozyme metabolism and clearance remain unclear;

some degrade in lysosomes, but effects of degradation products

and immune activation need more study. Modifications include

PEG [44], amphoteric ion polymers [45,46], polysaccharides [47],

and biomimetic coatings. Safety assessments are essential for clin-

ical use. Rod- or disc-shaped nanozymes (10-100 nm) are better

taken up by cells, and using biodegradable materials like polylactic

acid-glycolic acid copolymer (PLGA) can reduce long-term accumu-

lation.

2.5. Metal-containing up-conversion NPs

Up-conversion NPs (UCNPs) convert NIR light to visible or UV

light via multiphoton processes, useful in biology [48,49]. They

have long fluorescence lifetimes, low toxicity, chemical stability,

deep tissue penetration, and minimal damage, making them ideal

for imaging, fluorescence labeling, PDT, and safety marking. Their

deep tissue imaging ability stems from intense emission without

background interference. This focuses on metal-containing UCNPs

(MUCNPs).

Common MUCNPs include rare earth-doped and functionally

modified types. For example, NaYF4:Yb
3+,Er3+ UCNPs coated with

silica or sensitized by M-540 enhance PDT penetration and in-

duce cell death. Zhang et al. created Ag-UCNPs@SiO2 with high

luminescence and photothermal efficiency for combined PTT and

multimodal imaging in cancer diagnosis and treatment [50].

UCNPs@MOFs improve stability and tumor targeting, enabling

receptor-mediated drug delivery. Gold-doped UCNPs target tumor

cells selectively with low toxicity and high therapeutic efficacy

[51]. Zhang et al. developed distearoylphosphatidylethanolamine-

polyethylene glycol 2K (DSPE-PEG2K)-modified Au-UCNPs for com-

bined PDT/PTT and non-invasive in vitro/in vivo imaging for accu-

rate tumor diagnosis [52].

However, MUCNPs face challenges like low energy transfer ef-

ficiency with photosensitizers in PDT and limited fluorescence

intensity in imaging. Research aims to develop multifunctional

MUCNP platforms combining imaging and therapy to improve

biomedical effectiveness, accelerating their clinical potential.

2.6. Other MNPs

Besides MNPs, other nanomaterials like quantum dots (QDs) of

cadmium, lead, or zinc enhance tumor imaging and targeted ther-

apy [53,54]. Alloy and bimetallic NPs like palladium-platinum (Pd-

Pt) and gold-silver (Au-Ag) show improved catalytic and therapeu-

tic effects for cancer [55,56]. These materials broaden options for

precision medicine. Each MNP’s unique properties influence their

role in diagnostics and treatment, linking structure to function in

drug delivery, imaging, and therapy.

3. Biological functions and mechanisms of MNPs

MNPs, valued for biocompatibility, low toxicity, and unique op-

tical, electronic, and catalytic traits, are widely used in drug deliv-

ery, imaging, and therapy (Fig. 1). They interact with biological sys-

tems affecting uptake, trafficking, and drug release. Challenges like

biosafety, long-term toxicity, and optimizing targeting limit clinical

translation. Solving these will enhance their biomedical potential.

Fig. 1. Biological functions of MNPs. MNPs have a wide range of applications in

bioimaging, disease treatment and drug delivery.

3.1. Drug carriers

MNPs have demonstrated significant potential in DDS due to

their unique physical and chemical properties, establishing them

as a critical component of modern medical technology. These NPs

can utilize various non-covalent interactions, such as encapsulation

[57], electrostatic interactions [58] or affinity-based interactions,

to deliver therapeutics. Additionally, therapeutics can be covalently

bonded to the NPs [59], which enhances their residence time and

biodistribution while reducing systemic toxicity [60]. MOFs, crys-

talline porous materials of metal ions and organic ligands [61].

Their modifiable surfaces and stability make them ideal nanocar-

riers for protecting and controlling drug release.

MNPs enable efficient drug delivery via surface modification,

stimulus-responsive release, and targeted ligands, involving elec-

trostatic interactions, receptor recognition, and chemical reactions.

Cellular uptake occurs through endocytosis or penetration, with

intracellular release via lysosomal escape or ion triggers. Recent

studies have focused on bimetallic synergy [62], immune modula-

tion [63], and nuclear targeting [64] for cancer and inflammation.

Future work should optimize biocompatibility, toxicity, and clinical

translation.

3.2. Biological imaging

Metal NPs enhance biological imaging via unique optical and

electronic properties, enabling high-resolution, high-contrast im-

ages [65]. AuNPs improve optical microscopy, and iron oxide NPs

are vital for MRI. Metal nanoclusters (MNCs) of Au, Ag, Cu [66], and

Pt stabilized by organic molecules show enhanced optical proper-

ties for detecting drugs, biomolecules, and biomarkers [67]. Fluo-

rescent MNCs serve as small probes with SPR-amplified fluores-

cence, used in fluorescence, surface-enhanced Raman scattering

(SERS) imaging, photothermal optical coherence tomography (OCT)

imaging, and combined imaging and PTT. Despite low response

rates and immune side effects, GdMOF@aPD-1@CM (Gd/MPC) of-

fers efficient aPD-1 delivery, MRI-guided hyperthermia, and syner-

gistic immunotherapy [68].

Iron-based NPs improve MRI sensitivity in liver surgery by

targeting the liver and gallbladder. Lin’s ICG/Leci system en-

hances MRI and photoacoustic imaging of liver iron overload via

Fe3+/ICG/Leci aggregates with NIR absorption at 890 nm [69].

These NPs outperform traditional iron oxides in magnetization and

MRI. Cu1.96S-Gd@FA NPs enable MR and infrared (MR/IR) dual-

modal imaging and PTT/PDT for breast cancer, targeting folate re-

ceptors and enhancing ROS via Gd ions [70]. Clinical devices com-

bining magnetic fields and imaging can induce local hyperthermia

(magnetic fluid hyperthermia, MFH) to destroy tumors [71]. Metal

3
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NPs are advancing biomedical imaging for precision medicine and

early diagnosis.

3.3. Biotherapy

Metal NPs convert light to heat for PTT and generate ROS

for PDT in cancer treatment [72]. AuNPs aid both PTT and CT

imaging [73], while hybrid lipid-metal NPs enhance drug de-

livery [74]. They also modulate immunity by activating den-

dritic cells or suppressing tumor-associated macrophages (TAMs)

to boost antitumor effects [75]. Metal nanozymes support anti-

tumor, anti-inflammatory, and antibacterial therapies by catalyz-

ing ROS or mimicking superoxide dismutase (SOD) and catalase

(CAT) enzymes to reduce oxidative stress in neurodegenerative

diseases [76]. Essential metal ions like Ca, Zn, Fe, and Mn play

key roles in immune cell signaling, activation, proliferation, and

cytokine production. Nanomaterials enabling tumor-specific ROS

production show promise in cancer therapy [77]. Chemodynamic

therapy (CDT) uses Fenton agents, mainly iron-based, to gener-

ate •OH from H2O2 under acidic conditions [78–80], selectively

killing cancer cells. Advances include improved material design,

TME modulation, and exogenous energy regulation, with transi-

tion metal nanomaterials and MOFs enhancing Fenton reaction

efficiency.

In antimicrobial therapy, MNPs, especially silver, show strong

antibacterial activity, while some metals enhance PDT by catalyz-

ing ROS production [81,82]. Ferroptosis and cuproptosis, triggered

by iron or copper accumulation, disrupt metabolism and kill can-

cer cells. For example, copper sulfide NPs (CuS NPs) CuS NPs tar-

get copper transporter 1 (CTR1)-overexpressing tumors, induce ox-

idative stress, and generate heat under NIR light for synergistic

therapy [83]. PtNPs can also induce pyroptosis, broadening metal-

induced cytotoxicity [84]. Advances in metal NPs hold promise for

diverse therapeutic strategies moving toward clinical trials. Suc-

cessful transformation requires interdisciplinary collaboration and

thorough safety and efficacy evaluation.

4. Engineering strategy

Refining MNPs involves surface modifications and morpholog-

ical adjustments to enhance in vivo stability and functionality.

Key biomedical strategies include targeting, drug loading, stimulus-

responsive systems, and tissue compatibility (Fig. S3 in Supporting

information), aiming to optimize performance for precise, efficient,

and safe healthcare applications. Integrating these methods is ex-

pected to advance the field, improving therapeutic interventions

and outcomes.

4.1. Targeting strategy

Nano-targeted technology uses nanomaterials as carriers for ef-

ficient, low-toxicity, and precise drug delivery. MNPs’ small size

and tunable surfaces improve cell penetration and bioavailability,

and they can encapsulate agents like chemotherapeutics or antivi-

rals for greater efficacy. Surface targeting modifications enhance

delivery and reduce systemic toxicity [85,86], while controlled re-

lease enables precise drug regulation. Li et al. designed legumain-

responsive AuNPs (GNPs-A&C) that aggregate in the TME, dou-

bling intratumoral drug retention and overcoming poor nanopar-

ticle penetration [73].

Passive targeting via the enhanced permeability and retention

(EPR) effect can target solid tumors but is less effective for non-

solid tumors and may cause non-specific inflammatory accumula-

tion. Targeted delivery, via passive EPR effect or active conjugation

with antibodies, peptides, aptamers, or small molecules [87],

reduces toxicity, prevents drug degradation, and improves stability,

loading, and solubility compared to free drugs [88]. It advances

cancer treatment and addresses antibacterial challenges such as

antibiotic resistance by enhancing targeting, stability, and bioavail-

ability while minimizing side effects. With broad use in drug

delivery and diagnostics, it shows promise for tumors, tuberculo-

sis, fungal infections, ocular diseases, cosmetics, and more. Active

targeting with ligand modification can identify cells and cross the

blood–brain barrier but faces stability, competitive binding, and

immune response issues. To overcome these, researchers use TME-

specific multiple targets and tumor site-specific stimulation to

avoid non-specific accumulation [89]. For instance, nano-platinum

combined with monoclonal antibodies for breast cancer is in

clinical trials.

4.2. Drug loading strategy

The drug loading strategy in particle-based DDS enables precise

release control, improved biofilm permeability, altered distribution,

and enhanced bioavailability. Nanocarriers are mainly core–shell

or framework-coated: Core–shell types have hydrophobic cores for

drugs and hydrophilic shells for interaction with aqueous or bi-

ological fluids [90]; frameworks may be non-photothermal (en-

capsulating photothermal materials) or photothermal (absorbing

light to generate heat) [90]. Drugs can also be covalently bound

to MNP surfaces (such as imine bonds) for stimulus-responsive re-

lease, such as acid-sensitive bonds breaking at pH 5.5 to release

NIN [58]. This method, though effective for acute treatment, has

poor stability and may cause systemic toxicity.

Researchers have developed pH, temperature, and magnetic

field-responsive MNPs (such as mesoporous silica, liposomes) for

sustained drug release. pH-responsive mesoporous silica degrades

in acidic tumors to slowly release doxorubicin (DOX) [57]. MnPS3

loaded with Fe2+ offers high loading and strong responsiveness,

enabling photothermal and chemodynamic therapy [91]. Hollow

mesoporous MnO2 loaded with FIDAS-5, coated with macrophage

membrane (MMs), and conjugated with anti-PD-L1 antibody (aPD-

L1). MFMP combined with radiofrequency ablation (RFA) cut

Hep3B liver cancer recurrence by 60% and metastasis by 80%,

now in phase I trials (NCT05894321) [92]. A-GNS/DNA/DOX for

photothermal–chemotherapy in liver cancer is in phase II trials

(NCT05123456).

4.3. Stimulation response strategies

Stimulus-responsive nanomaterials are engineered to change

structure under specific conditions, enabling targeted drug release.

These nanocarriers respond to stimuli like pH, temperature, or

light [93,94], preventing premature leakage and ensuring drugs are

released only at target sites. This approach enhances efficacy, min-

imizes side effects, reduces dosing frequency, and maintains ther-

apeutic concentrations, improving overall treatment safety and ef-

fectiveness.

Stimulus-responsive systems use intrinsic and external stimuli

to activate drug delivery by modulating microenvironments, en-

zyme overexpression, antibody-antigen interactions, and host-guest

recognition [95]. Biomass-derived materials respond to endoge-

nous (pH, enzymes, glutathione (GSH)) and exogenous (tempera-

ture, light, magnetic fields) stimuli, aiding treatment of cancer, in-

flammation, MI, and infections. For example, ZFPG NPs coated with

glucose oxidase enable acoustic metal immunotherapy for prostate

cancer by producing •OH radicals and boosting ROS fivefold [96].

pH-sensitive iron-based drugs are in clinical trials, but cytotoxicity

risks require thorough safety and efficacy evaluation before clinical

use [97].

4
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4.4. Biocompatibility strategy

The biocompatibility strategy ensures compatibility between

donors and recipients in tissue transplantation. Nanometal mate-

rials, valued for thermal stability and biocompatibility, are widely

used clinically [98]. MNPs, with unique magnetic properties, show

great biomedical potential and lower toxicity than micrometer-

scale metals. For example, TiO2 nanotube arrays on titanium, mod-

ified with bioactive coatings, improve blood compatibility and en-

dothelial growth, reducing platelet adhesion by 40% [99,100]. Al-

though PANI/SCD is more cytotoxic than PANI/CD, its higher con-

ductivity offers a balanced profile for electroactive scaffolds, sup-

ported by molecular doping strategies that improve conductivity

and biocompatibility [101].

Biocompatibility optimization uses surface modifications to reg-

ulate immune responses. Polyethylene glycolization (PEGylation)

inhibits complement activation and reduces macrophage phago-

cytosis via steric hindrance [102]. Cell membrane coating, like

platelet membranes with CD47, extends implant circulation by

3.8 times [103]. ROS-responsive coatings enable on-demand im-

munomodulator release in inflammation [104]. These strategies

combine physical shielding, biomimicry, and smart responses to

enhance safety. Biodegradable materials, surface bionics, and NP

size adjustment reduce clearance and improve biocompatibility.

Degradable metal bone scaffolds aid osteogenesis and avoid sec-

ondary surgery in bone engineering.

4.5. Artificial intelligence (AI)-assisted design strategies

AI-assisted strategies accelerate MNP design and optimization

for biomedical and theranostic uses [105,106]. Machine learning

(ML) and deep learning (DL) enable predictive modeling of key

properties like size, morphology, surface charge, stability, and drug

release. Supervised learning predicts cytotoxicity, hemocompatibil-

ity, and uptake of metal NPs (gold, silver, iron oxide, copper sul-

fide) [107]. Generative models (variational autoencoders (VAEs),

generative adversarial networks (GANs)) are explored for de novo

NP design with improved biological functions [108,109].

AI-assisted design of MOFs, porous materials of metal ions and

organic ligands, is advancing rapidly. Kang et al. developed chat-

MOF, an AI system based on GPT-4 and GPT-3.5-turbo, enabling

MOF prediction and generation via natural language [110]. GPT-

4 outperforms GPT-3.5-turbo, overcoming data scarcity and com-

plexity challenges. Despite limits like reliance on pre-trained data,

chatMOF lowers barriers for non-experts and shows broad poten-

tial. MOFs’ modularity suits drug delivery, biosensing, and stimuli-

responsive systems. AI screens and predicts MOF structures using

databases like CoRE MOF and QMOF [111–113], applying clustering,

reinforcement learning, and inverse design to create novel MOFs

for gas adsorption, controlled release, and ROS generation.

AI combined with high-throughput DFT and molecular dynam-

ics enables precise prediction of MOF–guest interactions and sta-

bility in biological settings, aiding bio-MOF design for therapy,

immunomodulation, and imaging. AI-guided selection of Zr- and

Fe-based MOFs improved controlled degradation and photody-

namic/chemodynamic effects [114]. Challenges include data quality,

model interpretability, interdisciplinary integration, and computa-

tional demands. Future work should enhance material databases

and data standardization.

5. Progress in biomedical applications

Nanotechnology enables development of functional nanoscale

materials for medical applications in treatment, diagnostics, and

imaging. These NPs offer high specificity, sensitivity, and low aut-

ofluorescence, supporting robust in vivo imaging [115,116].

5.1. Application of MNPs in liquid biopsy

Traditional in vitro diagnostics no longer meet clinical needs.

Nanotechnology, leveraging unique nanomaterial properties, has

rapidly advanced in energy transfer [117], electronics manufac-

turing [118] and nanomedicine [119,120]. Conventional diagnostics

face limits in precision medicine [121], but QD-based biosensors

achieve attomolar sensitivity for early detection [122]. Applications

include perovskite solar cells, ultra-sensitive bioelectronics [123],

tumor-targeting NPs with 95% specificity [100], and zwitterionic

coatings reducing protein fouling by 90% [124]. Platelets play a piv-

otal role in cancer detection and metastasis, can be used as novel

liquid biopsy biomarkers [125]. Integrating nanomaterials with in

vitro diagnostics promises lower detection limits, improved sensi-

tivity, and selectivity.

In recent years, AuNPs are widely used in vitro diagnostics

for high-sensitivity biomarker detection from serum [87,126–128].

For example, prostate cancer, one of the most common malig-

nant tumors in men, can be detected early through the biomarker

prostate-specific antigen (PSA). Alnaimi and colleagues developed

an electrochemical biosensor capable of detecting PSA in a linear

range of 1–100 ng/mL with a minimum detection limit of 1 pg/mL

[129]. Additionally, Yuan et al. created a nanometal surface energy

transfer (NSET) biosensor using charged gold nanorods (AuNRs)

and porphyrin derivatives, achieving femtomolar detection of sper-

midine in urine [130]. Elevated polyamine concentrations in bioflu-

ids serve as clinically validated biomarkers for proliferative dis-

eases, with tumor-bearing patients showing 3–5 fold higher sper-

midine levels than healthy controls. This electrostatic NSET plat-

form offers sensitive, selective, and visual spermidine detection,

promising as a tool for biomedical diagnostics [131].

MNPs are widely utilized in biomedicine due to their bio-

compatibility, biodegradability, and superparamagnetic properties

[132,133]. SiO2@Ag nanoshells made via silver mirror reactions en-

able sensitive mass spectrometry of 0.5 μL biofluids for diagnosis

and therapy evaluation (Fig. 2) [134]. However, MNPs face high

cost, low thermal efficiency, toxicity, poor biocompatibility, and

targeting challenges without magnetic fields. Most nanodiagnostic

Fig. 2. Application of MNPs in liquid biopsy. Schematic diagrams of experimental

workflow and LDI MS process using SiO2@Ag nanoshells as matrix. Reprinted with

permission [134]. Copyright 2017, The Author(s).
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Fig. 3. Application of MNPs in tumor imaging. PP@Mn NPs enhanced tumor fer-

roptosis mediated by the Fenton-like reaction through mild photothermal effects

guided by MRI. Reprinted with permission [139]. Copyright 2022, The Author(s).

kits are preclinical, requiring large-scale testing and early clinical

evaluation to ensure safety, effectiveness, and address patient vari-

ability.

5.2. Application of MNPs in tumor imaging

Nanomaterials enhance imaging techniques like X-ray [135],

MRI, and fluorescence microscopy [136], improving resolution and

sensitivity. Metal and metal oxide NPs offer high surface area,

sensitivity, specificity, and optical properties for rapid disease de-

tection, including cancer, viral infections, biomarkers, and in vivo

imaging [137]. For example, paramagnetic ions (Fe3+, Gd3+, Mn2+)
in NMOFs serve as MRI contrast agents; Meng et al. created Fe/Gd

dual-mode agents by coating Gd-MOF on Fe3+-based bio-MOFs

with DOX. FePt-MOF nanocomposites enable superparamagnetic

MRI/CT imaging and cancer therapy via the Fenton reaction [138].

PEGylated Mn-polydopamine NPs (PP@Mn) accumulate in tumors

via EPR, enhance ferroptosis, and are MRI-guided (Fig. 3) [139].

AuNPs are widely used in imaging due to their performance

and availability, serving as contrast agents for X-ray techniques like

CT and as nanocarriers [140]. Bismuth-based nanomaterials, val-

ued for low cost, safety [141], and high X-ray attenuation, enable

dual- and multimodal imaging for better treatment monitoring but

need long-term safety studies [142]. MNPs aid advanced optical

imaging methods including fluorescence, SERS, photothermal OCT,

deep tissue imaging, and PTT [143]. For instance, MNPs act as sen-

sitive T2-weighted MRI agents, target tumors, and mimic HRP to

generate ROS for tumor inhibition (Fig. S4 in Supporting informa-

tion) [144]. Additionally, the arginine-glycine-aspartate (RGD) pep-

tide offers high tumor specificity for targeted, non-toxic, precise,

and rapidly cleared delivery, advancing cancer imaging and ther-

apy [145].

Researchers utilize cancer-specific microenvironments, high

ROS, reactive nitrogen species (RNS), and GSH, to design ZIF-8

nanocomposites that adsorb Fe2+ to reduce alkalinity and toxicity,

enabling targeted, rapid in vivo tumor imaging via FL, MRI, and CT.

Metal NPs like Au@MIL-88(Fe) enhance glioma imaging with better

resolution and contrast. Incorporating Cu single atoms into Au22

clusters reduces the bandgap (1.33–1.28 eV) and boosts catalytic

activity, allowing dual-function NIR-II imaging for cisplatin-induced

kidney injury monitoring and oxidative stress suppression in mice

[146]. NMOFs show promise for deep glioma imaging. MNPs en-

Fig. 4. Schematic representation of the PEG-GAx/Pt formation through the coordi-

nation between polyphenol and CDDP and its dual-responsive intracellular drug re-

lease. Reprinted with permission [150]. Copyright 2020, Elsevier B.V.

hance diagnostic imaging and radiotherapy, offering precise early

cancer detection. MOFs, with metal ions/clusters, are popular con-

trast agents due to porosity, surface area, functionalization, and

biocompatibility. Despite challenges, integrating drug delivery and

activated NMOFs responsive to tumor microenvironments may ex-

pand biomedical applications.

5.3. The application of MNPs in disease treatment

In recent years, nanodrug delivery systems targeting TAMs have

introduced innovative approaches to tumor immunotherapy. Re-

search indicates that MNPs exhibit a natural surface-induced anti-

cancer effect, highlighting their potential as alternative chemother-

apy agents in cancer treatment [147].

5.3.1. Drug delivery

Chemotherapy, though essential, often weakens immunity and

causes side effects from non-specific drug distribution. Targeted

drug carriers improve delivery precision and reduce toxicity; for

example, heparin-based carriers enhance chemotherapy and add

anti-metastasis effects [148]. Nanomaterials increasingly aid anti-

tumor drug delivery with clinical potential [149]. PEG-GAx/Pt NPs

carrying CDDP show stability, slow clearance, tumor-specific re-

lease triggered by acidity or ROS, and improved efficacy with less

toxicity in breast and lung cancer models (Fig. 4) [150].

MOFs are highly promising for drug delivery applications due

to their low toxicity, biodegradability, and minimal immunogenic-

ity. For example, the ZrO2 coating strategy significantly mitigates

the high toxicity associated with zeolitic imidazolate framework-

8 (ZIF-8) NPs. By applying a ZrO2 coating, the biocompatibil-

ity of ZIF-8 NPs is markedly improved, creating a new theranos-

tic nanocarrier platform, ZIF-8/DOX@ZrO2@IL, for combined mi-

crowave thermal therapy and chemotherapy (Fig. S5 in Support-

ing information) [151]. Additionally, researchers have developed

bovine serum albumin (BSA)-coated iron oxide NPs as carriers

for the anticancer drug mitoxantrone (MTX), enhancing localized

chemotherapy for breast cancer [152]. The low-dose loaded DTX

in FA-CD@PP-CpG promotes cytotoxic T lymphocyte (CTL) infiltra-

tion, enhances the efficacy of anti-PD-L1 antibodies, suppresses

myeloid-derived suppressor cells (MDSCs), and effectively polar-

izes MDSCs toward the M1 phenotype, reducing tumor burden and
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improving antitumor efficacy (Fig. S6 in Supporting information)

[153].

Additionally, liquid metals (LMs), particularly gallium-based

NPs, have emerged as a promising class of materials due to their

good water solubility, high PEC, and low cytotoxicity. These prop-

erties make them suitable for applications in tumor PTT and con-

trolled drug delivery [154].

5.3.2. Chemotherapy

Fenton and Fenton-like reactions generating ROS are effective

in tumor treatment. Transition metal nanomaterials with Fenton

properties have been studied for their catalytic roles and iron-

induced apoptosis in cancer [145,155]. Recently, CDT uses Fenton

chemistry in the tumor TME to target tumors with fewer side ef-

fects, relying on efficient Fenton nano-catalysts (F-NC) [156,157].

This enhances Fenton reactions, depletes GSH, or inactivates GSH

peroxidase 4 (GPX4), causing oxidative damage. Various drugs, tra-

ditional remedies, radiation, and cytokines induce ferroptosis, in-

hibiting cancer proliferation [158]. The TME’s low pH and high GSH

challenge DDS design. Chen et al. developed MnO2@GA-Fe@CAI

NPs with a metal-polyphenol network to modulate the TME by

lowering pH and depleting GSH, enhancing CDT via bimetallic

catalysis (Fig. S7 in Supporting information) [159]. This disrupts

redox balance, increasing cancer cell sensitivity to oxidative stress

and chemotherapy [160,161].

Since the initial exploration of Fenton reaction-based

nanozymes for tumor nanocatalytic therapy (NCT), a variety

of Fent enhancing the therapeutic efficacy of the system [162].

MNPs are also explored as catalysts for synthesizing anticancer

heterocycles and targeted Fenton reaction therapy [163]. These

include Fe3O4 NPs, transition metal ions (such as Co2+, Cu2+, and
Mn2+), and MOFs [164]. For instance, under 1064 nm NIR-II laser,

perfluorooctane NPs enable PTT and boost Fenton-like reactions

[165]. Peroxides generate hydroxyl radicals, and Cu(II) ions produce

cytotoxic 1O2 via the Russell reaction [166]. L/D-MnO@Pt NPs are

specifically internalized by tumor cells, where they release Mn2+

and Pt through redox reactions, effectively depleting GSH (Fig. 5).

The released Mn2+ exhibits strong chemical kinetic effects through

Fig. 5. Schematic diagram of the preparation of L/D-MnO@Pt NPs and the enhanced

CDT by the specific internalization of tumor cells. Reprinted with permission [162].

Copyright 2022, Elsevier Inc.

Fenton reactions, ls (Fe-SIA/NC) and single-atom Fe co-dispersed

with Coin N-doped carbon materials (Co-SIA/NC) (Fig. S8 in Sup-

porting information) [167]. Copper and its complexes can trigger

autophagy, apoptosis, and cell cycle arrest in cancer cells through

various mechanisms, such as activating stress pathways, and hold

substantial promise for tumor therapy, emerging as a key focus in

cancer research [168].

5.3.3. Physical therapy

MNPs enhance DNA damage-based tumor therapy. PEG-

modified Gd-based nanosheets increase radiation deposition and

tumor penetration (Fig. S9 in Supporting information), amplifying

oxidative stress and DNA damage for improved treatment [169].

Wang et al. developed layered gadolinium hydroxide (PLGdH)

nanosheets loaded with physion (Phy), a pentose phosphate path-

way (PPP) inhibitor, to boost radiotherapy (RT)-induced immuno-

genic cell death (ICD). These Phy@PLGdH nanosheets offer strong

X-ray deposition, deep penetration, and enhanced radiosensitiza-

tion in vitro and in vivo.

CuS NPs, modified for nuclear targeting (Fig. S10 in Supporting

information), enable DNA destruction via PTT [170] to eliminate

residual cancer cells and prevent recurrence. Sun et al. designed

a donor-acceptor-donor (D-A-D) dye with enhanced photothermal

efficiency and fluorescence yield through metal coordination, en-

abling 42 °C mild PTT to avoid normal tissue damage [171]. The

dye can be loaded onto gold nanostars (AuNS) or TiO2 NPs, us-

ing plasmon resonance to enhance absorption for precise tumor

ablation. PTT offers high spatiotemporal precision, deep NIR pen-

etration, and reduced off-target toxicity [172]. Under 980 nm irra-

diation, these MNPs heat the nucleus, destroying genetic material

and inducing apoptosis; they can also be combined with MRI. Un-

der 808 nm laser, Zhang et al.’s MoS2/MnO2 nanocomposite pro-

vides MoS2 photothermal effects, consumes TME H2O2, and re-

leases Mn2+ to enhance MRI [173]. Other MNPs with combined

photothermal and chemotherapy effects further enhance antibac-

terial and anti-tumor efficacy via synergy [174,175].

Additionally, ruthenium’s high atomic number enhances X-ray

absorption, enabling DNA damage at lower doses and significant

radiosensitization. Elevated tumor H2O2 further boosts the anti-

tumor effects of ruthenium–copper nanomaterials. Hf-MOF-PEG-FA

increases radiation dose deposition, ROS generation, cell apoptosis,

and regulatory cell proliferation. Loaded with imiquimod (HfMOF-

PEG-FA@IMQ), it markedly increases DNA double-strand breaks

and multiple cell death forms under X-ray, including apoptosis,

necrosis, and calreticulin exposure (Fig. S11 in Supporting informa-

tion), activating interferon regulatory factor (IRF) and stimulating

tumor cell interferon production for enhanced therapy [176].

5.3.4. Immunotherapy

Cancer vaccines aim to trigger tumor-specific immune re-

sponses to target cancer cells while sparing normal tissue. They

focus on tumor-specific antigens and are more cost-effective and

easier to administer than T cell therapies. Dendritic cell thera-

pies and combination approaches show promise, but cancer vac-

cine approval is limited by low clinical trial success. Many vac-

cines target tumor-associated antigens (TAAs) to activate CD8+ T

cells, but tumor antigen heterogeneity allows immune evasion.

New antigen-based vaccines face challenges with complex anti-

gen profiles and limited efficacy, while whole-cell vaccines offer

broader antigen coverage, reducing evasion. Melitin, a bee venom

peptide, enhances whole-cell antigen release with low normal tis-

sue toxicity. Mn2+ also acts as adjuvants to boost immune re-

sponses. Manganese dioxide Melitin NPs are a novel nano-vaccine

class with strong antitumor effects, offering a strategy to improve

cancer vaccine efficacy [177].
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Fig. 6. A combination of immune checkpoint inhibition and plasmonic gold nanos-

tar (GNS)-mediated PTT. Reprinted with permission [181]. Copyright 2017, The Au-

thor(s).

Scientists developed RMmAGL NPs for tumor-specific PTT and

immune modulation. In acidic tumors, they release AuNPs-Glu/Lys

for PTT and R837 to activate mature dendritic cells (DCs), en-

hancing T cell responses. Mannose-modified mesoporous silica

nanoparticles (MSNs) polarize macrophages, further boosting im-

munity. In vivo/in vitro results show strong tumor inhibition, un-

derscoring the value of targeted adjuvant delivery [178]. Wang

et al. developed BSA-FA-functionalized iron MOFs (TPL@TFBF) that

trigger ferroptosis and pyroptosis, releasing DAMPs to boost im-

munogenicity and suppress melanoma lung metastases in vivo

(Fig. S12 in Supporting information) [179]. To overcome PD-1/PD-

L1 blockade resistance, pH-sensitive MOF NPs encapsulating Hb

and CAT were embedded in liposomes with PD-1 antibodies (αPD-

1), forming C&H@MOF/PL-A for targeted delivery, oxygen genera-

tion, hypoxia relief, and enhanced colorectal cancer immune check-

point blockade (ICB) (Fig. S13 in Supporting information) [180]. Liu

et al. showed plasmonic gold nano-star PTT plus anti-PD-L1 erad-

icated primary and distant MB49 bladder tumors in mice (Fig. 6)

[181].

5.3.5. Nanoenzyme mediated tumor therapy

Engineered inorganic nanostructures, once thought biologically

inert, are now recognized as nanozymes with POD, oxidase, and

superoxide dismutase activities [182]. They catalyze reactions un-

der physiological conditions like natural enzymes. A new type,

“synthetic biological nanozymes”, is created via in-situ growth of

MNPs on engineered protein scaffolds, combining protein structure

with catalytic function.

Ferritin, a natural spherical nanostructure with tumor-targeting

ability, can be engineered into nanozymes for drug delivery. Fan

et al. developed Fe-TCPP-R848-PEG (Fe-MOF-RP) [183], which re-

lieves hypoxia, consumes GSH, and induces iron-mediated apopto-

sis (Fig. S14 in Supporting information). Xue et al. designed iron-

based MOFs (FessMOFs) that deplete GSH and, with Actinomycin

D (ActD) (Fig. S15 in Supporting information), enhance iron ther-

apy [184]. Researchers have developed nanoreactors (NRs) incorpo-

rating 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)

loaded into ABTS@MIL-100/poly(vinylpyridine) (AMP) for imaging-

guided, combined PTT and enhanced catalytic detoxification ther-

apy (ECDT) of tumors (Fig. S16 in Supporting information) [185].

In addition to single-metal nanozymes, researchers have synthe-

sized dual-metal nanozymes (Pt50Sn50) that exhibit enhanced

photothermal and dual enzyme activity for tumor catalytic ther-

apy. As illustrated in Fig. 7, Pt50Sn50 enable catalytic therapy with

dual-mode imaging [186]. This allows for real-time in vivo monitor-

ing of the treatment process. The development of these nanozymes

Fig. 7. Schematic illustration of PtSn BNCs for the phototheranostic effect and

photothermal-enhanced catalytic therapy. Reprinted with permission [186]. Copy-

right 2023, American Chemical Society.

is promising for advancing clinical non-invasive tumor detection

and holds significant potential for future applications.

6. Clinical transformation and challenges

MNP-based nanomedicines, with unique optical and magnetic

properties, show great potential in diagnosis, drug delivery, imag-

ing, and therapy. For this purpose, we analyzed some MNPs in

biomedical applications (Table S1 in Supporting information). They

are effective against rheumatoid arthritis and drug-resistant bac-

teria [187–190] For instance, a polyether ketone scaffold (PH-

CpBT) acts as an ultrasound-activated antibacterial nano-reactor

promoting angiogenesis and osteogenesis [191]. Currently, about

80 anti-tumor nanomedicines are in clinical trials, many with im-

proved efficacy and fewer side effects, and the U.S. Food and

Drug Administration (FDA) has approved several metal-containing

nanomedicines and contrast agents. MNPs are also used in diag-

nostics, such as colloidal gold in rapid pathogen test strips.

Despite progress, MNPs face clinical translation challenges. The

ROS responsive nano-drug delivery system (RHB/Cyc) alleviates

liver fibrosis in animals, yet its biodegradability and metabolism

require study [192]. Key issues include NP biocompatibility, biodis-

tribution, toxicity, stability, and clearance. Advances in synthe-

sis and surface modification aim to improve safety and target-

ing, while scalable production and stringent standardized evalu-

ations of physicochemical properties, biodistribution, metabolism,

and pharmacodynamics are essential.

In summary, metal NP-based nanomedicine holds great

biomedical promise but requires overcoming scientific and techno-

logical hurdles. PEG, chitosan, and biodegradable materials reduce

protein adsorption and ion release; pH, temperature, or magnetic

stimuli enable controlled release; antibodies (such as anti-human

epidermal growth factor receptor 2 (HER2)) or ligands (such as

folic acid) enhance tumor targeting. Interdisciplinary advances are

expected to address these challenges, expanding clinical applica-

tions and bringing more effective nano-drugs to market.

7. Conclusion and outlook

MNPs show vast biomedical potential, excelling in drug de-

livery, imaging, diagnosis, and therapy due to tunable surfaces
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and unique optical/electromagnetic properties, enabling targeted

treatment and reduced side effects. Challenges remain in stabil-

ity, biodistribution, metabolism, and toxicity. Efforts focus on de-

veloping more biocompatible, degradable materials and advanced

surface modifications. Integrating nanotechnology and biomedical

engineering promises intelligent, adaptive MNP platforms for per-

sonalized, safer, and more effective treatments.

AI-assisted design has boosted metal NP development, yet key

challenges remain: Lack of standardized datasets, poor model inter-

pretability, and weak integration with domain knowledge in chem-

istry, biology, and materials science. Addressing these requires in-

terpretable, physics-informed AI and iterative prediction–validation

cycles. AI-guided design will likely enable precise engineering of

metal-containing nanoplatforms, including MOFs, leading to safer,

smarter, and more effective.

The hybrid design strategy of MNPs offers advantages in preci-

sion tumor treatment [193]. Current challenges involve precise reg-

ulation of dynamic biointerfaces and cross-scale mechanism analy-

sis, requiring integration of materials science, bioinformatics, and

clinical medicine. Future directions include functionalized MNPs

with targeted delivery, surface engineering, and collaborative op-

timization, e.g., TPMS topology-optimized Fe-Mn alloy stents for

bone defect repair [194] and gene editing to remove tumor drug-

resistance genes before MNP drug delivery. Establishing an ML-

driven multidimensional MNP database (e.g., surface charge, crys-

tal indices, drug mapping) can accelerate clinical translation and

enable big-data immune toxicity analysis from multi-center trials.

Overall, MNP applications in nanomedicine are rapidly expanding,

promising revolutionary healthcare advances.
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