
Clin. Lab. 9/2027 1 

Clin. Lab. 2027;73:XXX-XXX 

©Copyright 

REVIEW ARTICLE 
 

 

 

Recent Advances in Metal-Based Nanomaterials for the Diagnosis and 

Treatment of Hematological Malignancies 
 

Jiaying Ji 1, 2, Xueyan Yao 2, 3, Xiangmei Wen 1, 2, Jun Qian 2, 3, Jiang Lin 1, 2 
 

1 Laboratory Center, The Affiliated People's Hospital of Jiangsu University, Zhenjiang, Jiangsu, People's Republic of China 
2 Zhenjiang Clinical Research Center of Hematology, Zhenjiang, Jiangsu, People's Republic of China 

3 Department of Hematology, The Affiliated People's Hospital of Jiangsu University, Zhenjiang, Jiangsu, People's Republic of China 

 

 

 

 
ABSTRACT 

 

Background: Hematological malignancies, including leukemias, lymphomas and multiple myeloma, remain a ma-

jor clinical challenge due to the limitations of conventional therapies, such as multidrug resistance, off-target tox-

icity, and the limited specificity of targeted agents to distinct molecular subtypes. Metal-based nanomaterials (M-

NMs) have recently garnered considerable interest as multifunctional platforms capable of overcoming these ob-

stacles, owing to their unique physicochemical properties, including surface plasmon resonance, superparamagne-

tism, facile surface functionalization and responsiveness to exogenous stimuli.  

Methods: This narrative review comprehensively examines recent advances in M-NMs for the diagnosis and treat-

ment of hematological malignancies, with a focus on their transition from inert drug carriers to active theranostic 

agents. The review first examines the design principles of M-NMs as intelligent delivery systems, highlighting ac-

tive targeting strategies via antibody–antigen or aptamer recognition, stimuli-responsive controlled release trig-

gered by tumor microenvironmental signals or external physical fields, and synergistic delivery with chemothera-

peutics to overcome drug resistance. We then elucidate the direct therapeutic mechanisms based on metal activity, 

encompassing Fenton chemistry-driven oxidative stress, ferroptosis, magnetic hyperthermia and photothermal 

conversion, as well as their integration with immunomodulation and multimodal imaging for theranostic applica-

tions.  

Results: Current evidence highlights several biological barriers specific to hematological malignancies, including 

blood compatibility, circulation kinetics and the protective bone marrow microenvironment, while nanotechnolo-

gy-based strategies may help address these challenges. Long-term biosafety remains an important consideration 

for non-biodegradable M-NMs, with emerging approaches focusing on biodegradable or renally clearable archi-

tectures. Despite substantial progress, clinical translation remains constrained by target heterogeneity, manufac-

turing complexity and incomplete understanding of therapeutic sensitivity determinants.  

Conclusions: We conclude that future development should prioritize the engineering of biocompatible, degradable 

nanoplatforms with integrated imaging and immunostimulatory functions, and emphasize that deeper mechanis-

tic insights into metal-cell interactions and microenvironmental modulation will be important for advancing the 

development and clinical translation of M-NMs in precision hematology. 

(Clin. Lab. 2027;73:xx-xx. DOI: 10.7754/Clin.Lab.2026.260727) 

 

 
Correspondence: 

Jiang Lin 

Laboratory Center  

The Affiliated People's Hospital of Jiangsu University 

Zhenjiang  

Jiangsu Province 

People's Republic of China 

Email: 2651329493@qq.com 

____________________________________________ 

Manuscript accepted September 8, 2026 

Jun Qian 

Zhenjiang Clinical Research Center of Hematology  

Zhenjiang  

Jiangsu Province  

People’s Republic of China  

Email: qianjun0007@hotmail.com 

 

 

 



J. Ji et al. 

Clin. Lab. 9/2027 2 

KEYWORDS 

 

metal-based nanomaterials, hematological malignan-

cies, theranostics, ferroptosis, immunomodulation, ac-

tive targeting, biosafety 

 

 

LIST OF ABBREVIATIONS 

 

ALL - acute lymphoblastic leukemia 

AML - acute myeloid leukemia 

Ara-C - cytarabine 

CAR-T - chimeric antigen receptor T-cell 

CD - cluster of differentiation 

CLL - chronic lymphocytic leukemia 

DLBCL - diffuse large B-cell lymphoma 

GPX4 - glutathione peroxidase 4 

HMGB1 - high mobility group box 1 

ICD - immunogenic cell death 

IONPs - iron oxide nanoparticles 

LSCs - leukemia stem cells 

MNPs - magnetic nanoparticles 

MM - multiple myeloma 

M-NMs - metal-based nanomaterials 

MOFs - metal-organic frameworks 

MRI - magnetic resonance imaging 

NIR - near-infrared 

PBMCs - peripheral blood mononuclear cells 

PD-L1 - programmed death-ligand 1 

PLGA - poly (lactic-co-glycolic acid) 

RBCs - red blood cells 

ROS - reactive oxygen species 

SERS - surface-enhanced Raman spectroscopy 

SPIONs - superparamagnetic iron oxide nanoparticles 

TfR - transferrin receptor 

 

 

INTRODUCTION 

 

The drug-based nanomedicine paradigm, which em-

ploys various nanomaterials to encapsulate or load ther-

apeutic agents, has become a mainstream strategy large-

ly owing to its capacity to improve drug bioavailability 

and reduce systemic toxicity [1-3]. Nevertheless, hema-

tological malignancies remain a major clinical chal-

lenge, with leukemias, lymphomas, and multiple myelo-

ma representing the three major categories [1,2]. The 

current treatment landscape is constrained by several in-

terrelated limitations: conventional chemotherapy fre-

quently encounters multidrug resistance, driven in part 

by the overexpression of efflux transporters [4]; target-

ed agents are effective only in specific molecular sub-

types and are often compromised by acquired resistance 

[1]; and immunotherapies, including CAR-T cells, are 

associated with substantial toxicity profiles [5,6]. Fur-

thermore, the unique pathophysiological features of he-

matological tumors - including their disseminated na-

ture within the circulatory system and the protective 

bone marrow microenvironment - pose additional obsta-

cles that complicate the direct translation of nanomedi-

cine strategies originally developed for solid tumors 

[1,2]. These distinctive characteristics collectively un-

derscore the need for nanotherapeutic approaches spe-

cifically adapted to the biological realities of hemato-

logical malignancies. 

In parallel with the development of drug loaded nano-

carriers, the intrinsic physicochemical properties of 

metal-based nanomaterials have attracted growing inter-

est for their direct diagnostic and therapeutic applica-

tions [7]. The landscape of such materials encompasses 

diverse compositions, including noble metals such as 

gold, silver, and platinum; magnetic materials like iron 

oxide nanoparticles; and metal-organic frameworks 

(MOFs) - all of which exhibit advantageous features in-

cluding surface plasmon resonance, superparamagne-

tism, favorable surface functionalization capabilities, 

and responsiveness to external stimuli [7 - 10]. These 

properties have enabled "drug free" nanomedicine strat-

egies, wherein the materials themselves can confer diag-

nostic or therapeutic functions without relying on load-

ed chemotherapeutics [7]. However, the non-biodegrad-

ability of certain conventional metal nanomaterials has 

raised biosafety concerns, motivating the exploration of 

degradable alternatives such as acid labile MOFs and 

iron-based nanoparticles that can release metal ions un-

der specific physiological conditions [8,9,11]. For he-

matological malignancies, these materials may offer 

distinctive opportunities: their circulation half-life can 

be extended through surface engineering; their multi-

modal imaging capabilities align with the frequent mon-

itoring requirements in hematological oncology; and 

their potential interactions with hematopoietic microen-

vironments warrant further investigation [7,8,10,12]. 

The role of metal ions in oncology has garnered increas-

ing attention, evolving from their traditional perception 

as enzymatic cofactors toward recognition as potential 

therapeutic effectors - a shift highlighted by the discov-

ery of non-apoptotic regulated cell death pathways such 

as ferroptosis, an iron-dependent oxidative mechanism 

that has been investigated in the context of leukemia 

therapy [11]. This conceptual evolution has motivated 

therapeutic strategies wherein nanomaterials serve as 

delivery vehicles to achieve tumor targeted enrichment 

and controlled release of metal ions [1,9]. Within this 

framework, metal-based nanomaterials in hematological 

malignancies can be considered along two interconnect-

ed application axes. The first encompasses intelligent 

delivery carriers, where the stimuli-responsive proper-

ties of these materials facilitate the controlled co-deliv-

ery of conventional therapeutics [1,9]. The second in-

volves direct therapeutic and theranostic platforms, 

where the intrinsic catalytic activities of metal ions may 

be harnessed for cytotoxic effects, integrated with mul-

timodal imaging capabilities [10,11,13]. Importantly, 

these two paradigms are not mutually exclusive and 

may be combined within a single platform to achieve 

synergistic effects [9]. This review accordingly provides 

a comprehensive overview of metal-based nanomaterial 
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design principles for hematological applications, prog-

ressing from targeted delivery and controlled release to 

metal active therapeutic mechanisms and imaging in-

tegration, followed by hematology-specific considera-

tions, and concluding with clinical translation chal-

lenges and future directions, aiming to offer hematology 

researchers a framework for rational nanoplatform de-

velopment [1,8,10].  

A schematic framework outlining the structure and key 

themes of this review is provided in Figure 1. 

 

Metal-based nanomaterials as intelligent drug deliv-

ery carriers 

For context, non-metallic nanocarriers, including lipo-

somes, polymeric nanoparticles, and protein-based 

nanocarriers, represent established nanomedicine plat-

forms that have provided important precedents for drug 

delivery and clinical translation. These systems are not 

the primary focus of this review but provide a useful 

benchmark for evaluating the translational potential of 

emerging metal-based nanomaterials. With this context 

in mind, the following sections focus on metal-based 

platforms, which offer unique physicochemical proper-

ties - such as surface plasmon resonance and superpara-

magnetism - that are less readily achievable with con-

ventional non-metallic carriers. In this review, metal-

based nanomaterials are defined as platforms containing 

an explicitly identified metal or metal-containing func-

tional component (e.g., Fe-, Au-, Ag-, Pt-, Cu-, or Mn-

containing components, including corresponding metal 

oxides) that contributes to the structural, physicochemi-

cal, diagnostic, therapeutic, or delivery-related functions 

of the nanoplatform. Platforms lacking a functional met-

al constituent, such as black phosphorus or silica-only 

nanoparticles, are discussed only as contextual compar-

ators when their design principles or mechanisms are in-

structive for understanding metal-based systems. 

 

Targeting strategies: active recognition and micro-

environmental response 

Antibody recognition of classical Cluster of Differentia-

tion (CD) antigens represents a well-established active 

targeting strategy in hematologic malignancies. For in-

stance, an electrochemical cytosensor densely loaded 

with anti CD123 antibodies on a graphene quantum dot/ 

gold nanoparticle electrode enabled specific detection of 

KG1a cells at concentrations as low as 1 cell/mL, show-

casing the ultrasensitive diagnostic potential of anti-

body-CD antigen interactions [14]. Beyond CD anti-

gens, active targeting has been extended to a diverse ar-

ray of functional receptors and tumor-associated anti-

gens often linked to the malignant phenotype, including 

nutrient transporters (folate receptor), adhesion mole-

cules (integrin αvβ3), chemokine receptors (CXCR4), 

and carbohydrate antigens such as the Thomsen-Frie-

denreich antigen (TF Ag). Cyclic RGD conjugated iron 

oxide nanoparticles targeting integrin αvβ3 facilitated 

receptor-mediated internalization of the water insoluble 

drug CAPE into multiple myeloma cells, inducing cas-

pase-9-mediated apoptosis with IC₅₀ values as low as 

7.97 µM while sparing normal cells - an effect retained 

in bone marrow mimicking co-cultures [15]. Lectin con-

jugated gold nanoparticles targeting TF Ag, a carbohy-

drate antigen overexpressed on leukemic but minimally 

on normal cells, induced dose-dependent apoptosis (up 

to 51.03%) and G0/G1 arrest in HL 60 cells [16]. Nev-

ertheless, the clinical translation of these strategies may 

require careful attention to target-related factors, such as 

receptor recycling, expression stability, and tumor mi-

croenvironment heterogeneity. In parallel, aptamers - 

synthetic nucleic acid or peptide ligands generated 

through in vitro selection - have been explored as alter-

native targeting moieties capable of high precision rec-

ognition of cancer cell markers [17]. Their synthetic ori-

gin enables straightforward chemical modifications, fa-

cilitating integration into nanoplatforms for biosensing 

applications, as exemplified by an Au nanoparticle-dec-

orated PTK7 aptamer-based photoelectrochemical cyto-

sensor for ultrasensitive detection of Molt 4 cells [18]. 

For therapeutic delivery, sgc8c aptamer functionalized 

mesoporous silica-gold nanovehicles have been devel-

oped for targeted delivery of the Akt inhibitor AZD-

5363 to T-cell acute lymphoblastic leukemia, achieving 

specific recognition of CCRF-CEM cells and effective 

proliferation inhibition in vitro and in vivo [19]. 

The integration of stimuli-responsive design with bio-

mimetic camouflage represents a promising strategy to 

address the systemic toxicity and off-target effects com-

monly associated with conventional nanomedicines. 

Non-metallic nanomaterials, such as black phosphorus 

nanosheets, have also been explored as stimuli-respon-

sive drug delivery platforms, although these systems are 

discussed here primarily as contextual examples rather 

than as core metal-based nanomaterials [20]. In parallel, 

cell membrane-camouflaged platforms have been devel-

oped to overcome biological delivery barriers by con-

ferring immune evasion and active homing capabilities. 

For instance, as a contextual non-metallic comparator, 

cancer cell membrane-cloaked mesoporous silica nano-

particles have also been explored for pH-responsive 

drug release, although such systems are not the focus of 

the metal-based framework discussed here [21]. In con-

trast, in a non-hematological hepatocellular carcinoma 

model, membrane-coated Fe₃O₄ nanoparticles loaded 

with arsenic trioxide demonstrated enhanced ferroptosis 

through glutathione peroxidase 4 inhibition and lipid 

peroxide accumulation, leading to sustained tumor elim-

ination in vivo [22]. This example is included for mech-

anistic context rather than as direct evidence in hemato-

logical malignancies. Extending this camouflage princi-

ple to extracellular vesicles, ZnO nanocrystal-loaded 

TrojanNanoHorses functionalized with anti-CD20 anti-

bodies enabled selective targeting and ultrasound-acti-

vated cytotoxicity toward CD20⁺ lymphoma cells [23]. 

Collectively, these findings suggest that the conver-

gence of these strategies holds considerable promise, 

while also highlighting that challenges related to exter-

nal stimulation, manufacturing complexity, and clinical  
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Table 1. Representative metal-based nanoplatforms for hematological malignancies, with selected non-metallic examples in-

cluded for mechanistic context. 

 

Strategy 
Representative 

nanoplatform 
Key mechanism Representative outcome 

Antibody targeting 
Graphene quantum  

dot-gold electrode 

Anti-CD123 

recognition 

Ultrasensitive AML cell detection (KG1a 

cells, in vitro) 

Peptide targeting Iron oxide nanoparticles 
Integrin αvβ3 

recognition 

Enhanced cellular uptake and apoptosis 

(multiple myeloma, in vitro) 

Lectin targeting Gold nanoparticles TF-Ag recognition 
Leukemia-selective apoptosis  

(HL-60 cells, in vitro) 

Aptamer targeting 
Mesoporous silica-gold 

nanovehicles 
PTK7 recognition 

Specific leukemia cell inhibition  

(T-ALL, in vitro and in vivo) 

Microenvironment-

responsive delivery 

BP-based DOX 

nanocarriers  

(contextual non-metallic 

comparator) 

pH-responsive drug 

release 

pH-responsive DOX release,  

BP-PEG-DOX: 12.13% at pH 5.0 and 

29.46% at pH 7.5 after 25 h,  

no uniform pH-release direction assigned 

Biomimetic 

camouflage 

Membrane-coated Fe₃O₄ 

nanoparticles 

Immune evasion and 

tumor targeting 

Improved accumulation and controlled 

drug release 

(HCC, in vivo, non-hematological context) 

Physical field-

responsive delivery 

Magnetite-containing 

magnetic nanocapsules 

Magnetic field 

stimulation 

Controlled release and enhanced 

cytotoxicity (HL-60 cells, in vitro) 

Synergistic 

nanotherapy 

Iron oxide-based 

nanoplatforms 
ROS amplification 

Enhanced chemotherapy efficacy (AML, 

in vitro and in vivo) 

Drug resistance 

modulation 
Iron oxide nanozymes 

Elimination of ROS-

high resistant cells 

Reversal of venetoclax resistance 

(monocytic AML, cell-line/primary 

models)  

Ferroptosis-based 

therapy 

Iron oxide nanoparticles 

with gene silencing 

Ferroptosis 

sensitization 

Durable leukemia eradication (leukemia, 

mouse model) 

 

 

 

translation remain key areas for future research. 

 

Stimuli-responsive controlled release and synergistic 

drug delivery 

A central strategy in nanocarrier-based leukemia thera-

py involves exploiting stimuli-responsive release mech-

anisms - triggered either by intrinsic tumor microenvi-

ronmental signals or by externally applied physical 

fields - to achieve spatiotemporally controlled drug de-

ployment. Among endogenous cues, pH variation 

across intracellular and tumor-associated environments 

has been investigated as a trigger for controlled drug 

release. Hussein-Al-Ali et al. reported that chlorambu-

cil-loaded chitosan-coated iron oxide nanoparticles 

(Chloramb-CS-IONPs) exhibited a controlled release 

profile, with approximately 89.9% of the payload re-

leased over 5,000 minutes, following pseudo-second-or-

der kinetics [24]. Kozalak and Kosar similarly observed 

that bortezomib-loaded SPIONs achieved controlled re-

lease specifically within the acidic vacuolar environ-

ment, and that this approach resulted in greater growth 

inhibition of RPMI 8226 cells than free drug at an 

equivalent 2.5 nM dose [25]. As a contextual non-me-

tallic comparator, Yao et al. investigated pH-responsive 

doxorubicin release from black phosphorus-based nano-

systems. In the description of Figure 7 in the original 

study by Yao et al. [20], BP-PEG-DOX was reported to 

reach release efficiencies of 12.13% at pH 5.0 and 

29.46% at pH 7.5 after 25 h. However, the same source 

contains internally inconsistent reporting regarding the 

pH-dependent release direction and the formulation-

specific pH assignment for unmodified BP-DOX. 

Therefore, this study is cited here only as evidence of 

pH-responsive release behavior, without assigning a 

single preferential pH direction to the black phosphorus 

systems [20]. These observations have prompted paral-

lel investigations into external physical triggers, particu-

larly magnetic fields and near-infrared (NIR) irradia-

tion, which offer the potential for temporal and spatial 

control over drug release. Kozalak and Kosar demon-

strated that integrating bortezomib-SPIONs with a ro-

tary device generating variable magnetic fields (2 -     

60 mT) enhanced growth inhibition in MM cells and in-

duced a Bim/Mcl-1 shift consistent with apoptosis [25]. 

Sousa et al. similarly reported that hydroxyethyl starch 

magnetic nanocapsules encapsulating oncocalyxone A 

and magnetite exhibited cytotoxicity against HL-60 

cells (IC₅₀ = 2.166 μg/mL) and responded to an applied 

magnetic field, with a hydrodynamic diameter of 143 

nm [26].  

Beyond controlled release, nanoparticles have been ex-

plored in combination with chemotherapeutic agents to 

achieve synergistic anti-leukemia effects through dis-

tinct molecular mechanisms. Dou et al. demonstrated   
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Table 2. Representative therapeutic, diagnostic, and theranostic metal-based nanoplatforms for hematological malignancies 

and selected non-hematological models. 

 

Representative nanoplatform 
Primary function/ 

therapeutic mechanism 
Imaging modality 

Disease model/ 

study context 

Green-synthesized Fe₃O₄ 

nanoparticles 

Oxidative stress-

induced apoptosis 
- 

Multiple myeloma and 

monocytic leukemia 

Iron oxide nanoparticles Ferroptosis induction - 
Diffuse large B-cell 

lymphoma 

Carboxymethyl stevioside-coated 

magnetic nanodots 
Magnetic hyperthermia - 

C6 glioma cells  

(in vitro, proof-of-concept) 

Gold-cobalt ferrite nanocomposites Photothermal therapy - 
T-lymphoblastic leukemia 

cells (in vitro) 

Fe₃O₄@DMSA@Pt thermosensitive 

hydrogel 

Immunogenic cell death 

(ICD) 
- Lymphoma 

Ferumoxytol 
Ferroptosis-mediated 

immunomodulation 
- 

Prostate cancer models  

(in vitro and in vivo,  

proof-of-concept) 

Ferritin-encapsulated Fe₃O₄ 

nanoparticles 
Diagnostic imaging 

Dual-modal T₁/T₂ 

magnetic resonance 

imaging 

No disease model specified 

(imaging study) 

Au nanoparticle-based 

electrochemiluminescence biosensor 
Cellular detection Electrochemiluminescence 

Ramos Burkitt lymphoma 

cells (in vitro) 

CD20-targeted SPION-containing 

PLGA theranostic nanoparticles 

Photothermal 

chemotherapy 

Magnetic resonance 

imaging and ultrasound 

imaging 

B-cell lymphoma 

 

 

 

that iron oxide nanoparticles (IONPs) combined with 

cytarabine (Ara-C) significantly increased apoptosis and 

reactive oxygen species (ROS) levels in leukemia stem 

cells (LSCs) from AML cell line KG1a, and in vivo this 

combination reduced abnormal leukocyte counts in pe-

ripheral blood and bone marrow while extending the 

survival of AML-bearing mice [27]. Follow-up work by 

the same group revealed that IONPs plus Ara-C down-

regulated IFITM3 expression in KG-1a cells, further 

suppressing proliferation and inducing apoptosis, with 

in vivo evidence of reduced immature granulocytes and 

downregulated AML-associated markers (CD33 and 

CD11b) [28]. The therapeutic potential of iron-based 

nanomaterials also extends to overcoming drug resis-

tance: Zhang et al. reported that iron oxide nanozymes 

(IONE) selectively eradicated venetoclax-resistant 

monocytic AML subpopulations with high intracellular 

ROS levels, both in cell lines and primary AML models 

[29]. In a broader therapeutic strategy, Luo et al. devel-

oped a ferroptosis-based approach (FAST) combining 

iron oxide nanoparticles with knockdown of seven fer-

roptosis-resistant genes, which eradicated leukemia in 

over 50% of treated mice, with survivors remaining tu-

mor-free for up to 250 days [30]. External magnetic 

fields have also been used to augment nanoparticle effi-

cacy: Pshenichnikov et al. found that iron oxide mag-

netic nanoparticles, combined with moderate-intensity 

magnetic fields (0.26 - 0.36 T, spatial gradient up to  

100 T/m), induced elevated ROS levels and enhanced 

cytotoxicity in Jurkat cells while sparing normal periph-

eral blood mononuclear cells [31]. Collectively, these 

findings also reflect a gradual conceptual shift from 

viewing nanomaterials merely as delivery vehicles to-

ward recognizing them as bioactive partners that active-

ly contribute to therapeutic efficacy. This transition may 

provide new opportunities for overcoming treatment re-

sistance in hematological malignancies. (Table 1) 

 

Direct therapeutic and theranostic platforms based 

on metal-based nanomaterials 

Direct therapeutic mechanisms based on metal activity 

The intrinsic catalytic and physicochemical properties 

of metal-based nanoparticles enable direct therapeutic 

mechanisms that operate independently of drug payload 

delivery, positioning these materials as active therapeu-

tic agents rather than passive carriers. Iron-based nano-

particles, the most extensively investigated within this 

class, exhibit therapeutic efficacy primarily through two 

interconnected mechanisms: oxidative stress-driven 

apoptosis and ferroptosis. The former is largely medi-

ated by Fenton chemistry, in which ferrous iron cata-

lyzes the conversion of hydrogen peroxide to hydroxyl 

radicals, initiating a cascade of oxidative damage that 

culminates in apoptotic cell death. The involvement of 

this mechanism in hematological malignancies has been 

corroborated by studies demonstrating that green-syn-

thesized Fe₃O₄ nanoparticles, prepared using sea buck-

thorn extract, reduced the viability of U266 multiple 

myeloma and THP-1 monocytic leukemia cells to 

15.3% and 14.2%, respectively, at 150 μg/mL. Flow cy-

tometry further confirmed late apoptosis as the primary 

death modality (86.6% for U266, 66.5% for THP-1), 
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Figure 1. Schematic framework of metal-based nanomaterials for hematological malignancies. 
 

This diagram delineates the three parallel axes reviewed in this article. The top panel represents the overarching category of metal-based 

nanomaterials. The middle panel illustrates their major functional applications: intelligent delivery (targeting recognition, stimuli-responsive 

release, and synergistic chemotherapy), metal-mediated theranostics (catalytic therapy/ferroptosis, photothermal/magnetic hyperthermia, and 

immunomodulation/multimodal imaging), and clinical translation considerations (blood compatibility, bone marrow microenvironment, and 

biodegradable design). The bottom panel highlights the key clinical translation challenges, emphasizing targeting heterogeneity and long-term 

biosafety. 

 

 

 

driven by caspase-3 activation and oxidative stress [32]. 

In addition to apoptosis, ferroptosis has emerged as a 

distinct, iron-dependent cell death pathway, character-

ized by the accumulation of lipid peroxides and sup-

pression of glutathione peroxidase 4 (GPX4) [33]. In 

diffuse large B-cell lymphoma, IONPs were found to 

trigger ferrous iron accumulation, lipid peroxidation, 

and GPX4 suppression - effects that were mechanistic-

ally linked to an elevated labile iron pool through regu-

lation of ferroportin and transferrin receptor [33]. Nota-

bly, this dual capacity to induce both apoptosis and fer-

roptosis suggests a potential advantage of iron-based 

nanomaterials, although the predominant pathway ap-

pears to depend on cell type and tumor redox status - 

parameters that warrant further investigation. 

Beyond catalytic mechanisms, metal nanoparticles can 

also serve as energy transducers, converting externally 

applied physical stimuli into localized cytotoxic effects 

- a modality that fundamentally differs from chemother-

apy or ROS generation. Magnetic hyperthermia, typic-

ally realized through iron oxide nanoparticles exposed 

to alternating magnetic fields, has attracted considerable 

research interest as a potential therapeutic modality. For 

instance, carboxymethyl-stevioside-coated magnetic 

dots achieved a specific absorption rate of 209.25 W/g 

at 359 kHz and 188 Oe, and demonstrated anti-migrato-

ry and anti-invasive effects on glioma C6 cells through 

inhibition of matrix metalloproteinases-2 and -9 [34]. 
Although this study was conducted in an in vitro glioma 

cell model, it provides proof-of-concept evidence for 

the therapeutic potential of magnetic hyperthermia, 

which may inform the design of analogous nanoplat-

forms for hematological malignancies. Photothermal 

therapy represents a complementary strategy in which 

plasmonic nanostructures convert near-infrared light in-

to heat. Gold/cobalt ferrite nanocomposites, for exam-

ple, demonstrated in vitro selective cytotoxicity toward 

T-lymphoblastic leukemia cells while sparing healthy 

PBMCs, suggesting their potential for future develop-

ment in combined photothermal and magnetic applica-

tions [35]. Nevertheless, these physical modalities are 

subject to inherent constraints: magnetic hyperthermia 

requires careful optimization of field parameters to pre-

vent off-target heating, whereas photothermal therapy is 

constrained by limited light penetration depth and the 

need for selective tumor targeting. The integration of 
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multiple mechanisms within a single nanostructure - for 

instance, combining magnetic hyperthermia with photo-

thermal therapy - offers potential synergistic benefits, 

yet also introduces considerable complexity in predict-

ing biological outcomes. Thus, metal-based nanoparti-

cles exhibit diverse direct therapeutic mechanisms, al-

though their optimal deployment in hematological ma-

lignancies necessitates careful consideration of the spe-

cific malignancy, the tumor microenvironment, and the 

practical constraints of energy delivery in clinical set-

tings. 

 

Immunomodulation- and imaging-based nanoparti-

cle platforms in hematologic and selected non-hema-

tologic models 

The convergence of immune modulation and diagnostic 

imaging within nanoparticle platforms has attracted 

growing interest, yet the integration of these distinct 

functions remains an ongoing challenge. In the realm of 

immune activation, Fe₃O₄@DMSA@Pt nanoparticles 

embedded in a thermosensitive hydrogel-induced im-

munogenic cell death (ICD) in lymphoma cells, with a 

4.1 fold increase in calreticulin externalization, 68% 

nuclear depletion of HMGB1, and ATP secretion of 

40.74 nM, which subsequently elicited robust dendritic 

cell maturation (92% CD86⁺/CD80⁺ DCs) and T cell ac-

tivation [36]. Similarly, ferumoxytol-mediated ferropto-

sis was found to augment natural killer cell cytotoxicity, 

accompanied by upregulation of ULBP ligands and ele-

vated HMGB1 and PD-L1 expression. Although this 

strategy was evaluated in both in vitro and in vivo pros-

tate cancer models, it provides proof-of-concept evi-

dence for overcoming the corresponding therapeutic 

barrier. Its applicability to hematological malignancies 

requires further disease-specific validation [37]. Con-

currently, nanoparticle-based MRI contrast agents have 

advanced the field of diagnostic imaging. Ferritin en-

capsulated iron oxide nanoparticles (Fe₃O₄@HFn) af-

forded dual mode T₁/T₂ contrast, with relaxivities (r₁ = 

5.20 s-¹ mM-¹, r₂ = 147.6 s-¹ mM-¹ at 3.0 T) substantially 

exceeding those of clinical Gd-based agents [38]. Nev-

ertheless, the relaxometric performance of iron oxide 

agents is strongly influenced by physicochemical pa-

rameters, as evidenced in Gd-DTPA-coated magnetite/ 

maghemite systems, where magnetic domain orientation 

and relaxation properties were modulated by variations 

in particle size and coating thickness [39]. For cellular 

detection, an Au nanoparticle-based electrochemilumi-

nescence ratiometric cytosensor was developed for lym-

phoma cells, with a detection limit of 20 cells mL⁻¹ via 

a ratiometric strategy, although its utility is currently 

confined to ex vivo settings [40]. Collectively, these 

findings suggest that although nanoparticles hold con-

siderable promise for immune modulation and diag-

nostic imaging individually, the convergence of both 

functionalities within a single theranostic platform re-

mains relatively limited in the hematological context, 

highlighting the need for future designs that co optimize 

immunostimulatory and diagnostic capabilities. 

Integrated nanoplatforms for diagnosis and therapy 

The multifunctional properties of nanoplatforms pro-

vide opportunities for integrating therapeutic and diag-

nostic functions within a single system for hematolog-

ical malignancies. By combining treatment delivery 

with imaging modalities, these platforms allow the in-

tegration of therapeutic intervention with diagnostic as-

sessment. For example, Wang et al. designed a CD20-

targeted PLGA-based theranostic nanoplatform (Tsc-

NPs) for B-cell lymphoma, in which superparamagnetic 

iron oxide nanoparticles and perfluoropentane were in-

corporated to enable magnetic resonance/ultrasound bi-

modal imaging-guided photothermal-chemo synergistic 

therapy, resulting in a tumor inhibition rate of approxi-

mately 96.57% under near-infrared irradiation [41]. In 

addition, ferritin-encapsulated iron oxide nanoparticles 

(Fe₃O₄@HFn) exhibited enhanced dual-mode T₁/T₂ 

magnetic resonance contrast together with potential ap-

plications in targeted imaging and therapeutic monitor-

ing [38]. These findings indicate that multifunctional 

nanoplatforms may serve as a potential strategy for in-

tegrating diagnosis and therapy in hematologic cancer 

treatment (Table 2). 

 

Special considerations and challenges of metal nano-

materials in the hematological system 

Blood compatibility and long-circulation design 

The utility of magnetic nanoparticles (MNPs) in bio-

medical contexts is crucially dependent on their blood 

interactions, wherein surface properties play a key role 

in determining biological identity and circulation be-

havior. Citrate-coated SPIONs, though promising as 

tracers in magnetic particle imaging, undergo rapid cel-

lular uptake [42]. Natural polyphenol coatings, by con-

trast, can be attached to magnetite surfaces via -OH 

groups to confer colloidal stability [43]. SPION-loading 

was shown to preserve T cell functions - proliferation, 

cytokine secretion, and antigen-specific cytotoxicity - 

while leaving macrophage viability intact [44,45]. The 

safety profile extends further to other blood cells: thera-

peutic concentrations of NiFe₂O₄ nanoparticles demon-

strated no toxicity towards healthy PBMCs or RBCs 

[46]. Nevertheless, systematic evaluation of broader 

blood compatibility parameters remains limited. Thus, 

although current investigations have established discrete 

facets of MNP biocompatibility, an integrated under-

standing of how surface properties collectively orches-

trate blood interactions and circulation kinetics warrants 

further exploration. 

 

Nanotechnology for overcoming therapeutic bar-

riers: evidence from hematologic and selected non-

hematologic models 

The treatment of hematologic malignancies continues to 

face formidable biological barriers, yet nanotechnolo-

gical strategies - encompassing physical targeting, mag-

netic actuation, and cellular engineering - offer distinct 

routes to overcome these obstacles, albeit with inherent 

performance trade-offs. Nanotechnology has also been 
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explored for the repair and regeneration of lymphoid or-

gans, including strategies involving targeted delivery, 

imaging, and modulation of the tissue microenviron-

ment; this review-level evidence provides contextual 

rather than disease-specific evidence for hematological 

malignancies [47]. An alternative strategy bypasses in 

vivo delivery entirely: ex vivo perfusion with anti CD52 

conjugated magnetic nanoparticles reduced malignant B 

lymphocyte counts by 44 - 53% in chronic lymphocytic 

leukemia patient blood [48], whereas gold-deposited 

magnetic nanoprobes permitted SERS-based detection 

of circulating plasma cells with single cell resolution 

[49]. In adoptive cell therapy, magnetic nanoparticles 

serve dual functions: they enable CAR T cell labeling 

during manufacturing for subsequent MRI tracking and 

magnetic accumulation [50], and they deliver IL-12 

mRNA-loaded magnetic cores to synergize checkpoint 

inhibition with magnetic tumor targeting. Although this 

platform was evaluated in an in vivo solid-tumor model, 

it provides proof-of-concept evidence for magnetically 

guided immunotherapy rather than direct evidence in 

hematological malignancies. Its potential application in 

hematological malignancies requires further validation 

[51]. Taken together, these diverse strategies highlight 

that the choice between in vivo delivery, ex vivo manip-

ulation, and cellular engineering carries implications not 

just for treatment outcome, but also for safety profiles – 

notably immunogenicity and off target effects. 

 

Long-term biosafety and nanocarrier design consid-

erations 

In vitro studies have demonstrated that certain metal 

oxide nanoparticles exhibit cytotoxic activity against 

leukemic cells while exerting limited effects on healthy 

PBMCs [31,52]. However, long-term biosafety con-

cerns strongly restrict their clinical translation and need 

to be addressed. Such concerns are also illustrated by 

non-hematologic safety evidence, including oxidative 

damage caused by unmodified iron oxide nanoparticles 

in the brain [53], and toxicity of mixed metal oxide 

nanomaterials in aquatic bacterial models [54]. Collect-

ively, these observations underscore the need for sys-

tematic evaluation of long-term biodistribution, organ 

accumulation, clearance, and toxicity, as well as the de-

velopment of biodegradable or renally clearable nanoar-

chitectures where appropriate. 

 

 

CONCLUSION AND PERSPECTIVE 

 

This review has comprehensively examined the prog-

ress of metal-based nanocomposites in hematologic ma-

lignancies, highlighting their evolution from drug car-

riers to multifunctional platforms. As delivery vehicles, 

these nanomaterials have been investigated for targeted 

payload release through active recognition and microen-

vironmental responsiveness. Their role as direct thera-

peutic agents has also garnered attention, wherein cata-

lytic activities - including oxidative stress, ferroptosis, 

and physical energy conversion such as photothermal 

and magnetothermal effects - have positioned these ma-

terials as active participants in tumor eradication. Mean-

while, the integration of imaging capabilities has open-

ed avenues for theranostic applications. 

Despite these advances, clinical translation remains 

constrained by several challenges. Long-term biosafety 

concerns, particularly regarding chronic accumulation 

of non-biodegradable components, pose substantial hur-

dles. The intrinsic complexity of achieving precise tar-

geting in hematologic malignancies - including target 

heterogeneity and microenvironmental barriers - con-

tinues to limit therapeutic efficacy. Moreover, the het-

erogeneity and resistance of malignant cells underscore 

the need for deeper mechanistic insights into the deter-

minants of therapeutic sensitivity. These limitations col-

lectively indicate that further efforts are required to re-

concile therapeutic potency with biocompatibility and 

targeting precision with biological complexity. 

Looking forward, future development of metal-based 

nanoplatforms could benefit from a deeper understand-

ing of target-related factors and microenvironmental 

heterogeneity to enhance therapeutic specificity. The 

immunomodulatory capacities of these platforms, par-

ticularly their ability to induce immunogenic cell death, 

could be harnessed to initiate systemic anti-tumor im-

munity, representing a promising complement to direct 

cytotoxic approaches. Meanwhile, the path toward clini-

cal translation would be advanced by prioritizing the en-

gineering of biodegradable or renally clearable nanoar-

chitectures to mitigate long-term biosafety concerns. 

Addressing manufacturing complexity and ensuring re-

producible biological performance will also be critical 

for clinical adoption. Ultimately, the integration of ma-

terials science with systems biology and pharmaceutical 

engineering may realize the potential of these platforms 

as intelligent, adaptable tools for the management of he-

matologic malignancies. 
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