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A B S T R A C T

Copper-based multifunctional nanoplatforms have emerged as promising tools for multimodal cancer therapy. 
This is because copper nanoparticles not only induce tumor-killing effects such as “cuproptosis” and oxidative 
stress, and also possess the precise targeting and efficient drug delivery capabilities inherent to nanomedicines. 
This review systematically analyzes the synthesis and anticancer mechanisms of copper-based nanomaterials, 
including reactive oxygen species (ROS)-mediated chemodynamic therapy, photothermal effects, and the novel 
cell death pathway known as cuproptosis. Special emphasis is placed on the rational design of multifunctional 
nanoplatforms, which integrate various treatment modalities such as photothermal, sonodynamic, and immu
notherapy to enhance tumor killing depth and activate systemic antitumor immunity. These engineered systems 
enable synergistic activation of multiple programmed cell death pathways and effectively remodel the tumor 
immune microenvironment. However, several challenges impede clinical translation, including issues related to 
quality control, synthesis scalability, long-term toxicity, and biocompatibility. Future efforts should focus on 
developing standardized, scalable synthesis methods, smart nanoplatforms with tumor microenvironment 
(TME)-responsive properties, and comprehensive safety evaluations to facilitate the clinical adoption of copper- 
based cancer therapies.
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1. Introduction

Cancer remains one of the most significant global health challenges, 
characterized by high incidence and mortality rates, despite notable 
advancements in medical research and technology. Conventional cancer 
treatments face critical limitations, including non-specific targeting, 
serious side effects, and drug resistance. These challenges highlight the 
urgent need for more effective, targeted, and less toxic therapeutic 
strategies [1,2].

Copper-based nanomaterials (NMs) have received considerable 
attention due to their precise targeting and outstanding therapeutic ef
ficacy. Nanomedicines possess several advantages over conventional 
drugs, including small particle size, large surface area, high surface 
reactivity, multiple active centers, and strong adsorption capacity. These 
properties confer nanomedicines with targeted delivery, sustained 
release, and good penetration, which are crucial for clinical applications 
[3–5]. Moreover, the enhanced permeability and retention (EPR) effect 
of nanomedicines in tumor tissues significantly improves their targeting 
capabilities, allowing them to overcome or complement the limitations 
of conventional therapies, such as radiotherapy and chemotherapy, thus 
positioning them as promising candidates for anticancer therapies [6]. 
Copper (Cu) is an essential trace element that serves as key catalytic 
cofactor in various biological activities, including mitochondrial respi
ration, oxidative stress response, and biocompound synthesis [7,8]. The 
therapeutic mechanisms of Cu are multifaceted and synergistic. Pri
marily, they can catalyze a Fenton-like reaction in the acidic TME, 
converting the abundant hydrogen peroxide (H2O2) into highly cyto
toxic hydroxyl radicals, an effect known as chemodynamic therapy 
(CDT) [9]. Recent studies have revealed that Cu2+ trigger protein 
toxicity stress responses, eventually causing cell death through 
cuproptosis [10]. Furthermore, copper's strong photothermal absorption 
capability enables effective photothermal therapy (PTT) under near- 
infrared (NIR) laser irradiation, which not only directly ablates tumors 
but also synergistically enhances the CDT efficacy [11].

Current research demonstrates that multifunctional nanoplatforms 
designed with Cu-based NMs have achieved promising tumor-killing 
effects and can even induce systemic immune responses. These plat
forms enhance the targeting, biocompatibility, and therapeutic depth of 
nanomedicines through various strategies, such as loading drugs, anti
bodies, or nucleic acids onto copper-based nanomaterials to modulate 
the tumor microenvironment, synergistically trigger multiple forms of 
regulated cell death (RCD), and amplify oxidative stress cascade re
actions [12–18].

Although several excellent reviews have systematically summarized 
copper-based nanomaterials from specific perspectives, such as acti
vating tumor immunity [19] or material synthesis [20], relatively few 
have provided an interdisciplinary and comprehensive review that en
compasses the synthesis and anticancer mechanisms of copper-based 
nanomaterials, the immunotherapeutic effects and strategies for 
improving targeting capability of copper-based nanoplatforms, as well 
as the clinical translation challenges of copper-based nanodrugs. This 
review originally proposes a framework oriented to enhancing anti- 
tumor efficacy, analyzing the intrinsic relationships among synthesis 
parameters, material composition, material morphology, and anticancer 
mechanisms. It also elucidates how to enhance anticancer effects by 
tuning material synthesis parameters, performing functional modifica
tions, and designing multifunctional nanoplatforms for synergistic 
therapy, thereby offering valuable guidance for the development of 
nanomedicine. Finally, the review provides an in-depth analysis of the 
real-world challenges and technical hurdles impeding their clinical 
translation, and proposes potential strategies and future research di
rections aimed at overcoming these barriers and accelerating their 
transition from bench to bedside.

2. Synthesis of copper-based nanomaterials

Nanoparticles (NPs) of a certain size can gradually accumulate in the 
vascular region of the tumor and achieve targeted delivery and retention 
in the tumor tissue, which is called the enhanced permeability and 
retention (EPR) effect, a passive targeting strategy for delivery. Massive 
irregular neovascularization in tumors makes them highly permeable for 
nanoparticles to be extravasated from tumor blood vessels into the 
tumor tissue. Retention occurs due to the absence of a lymphatic 
drainage system [21]. For cancer therapy, the size of copper nano
particles (CuNPs) could have an effect on their accumulation in tumor 
tissue [22]. But it is not the case that the smaller the size of CuNPs, the 
better the therapeutic efficacy [23]. The optimal size for achieving the 
EPR effect in solid tumors is 50–200 nm [24–26]. However, smaller 
particles or porous structures have greater catalytic surface but may 
release copper faster (potentially causing off-target effects). Thus, an 
optimal size is often chosen to balance tumor penetration, catalytic ef
ficiency, and retention [19].

In addition, Cu-based NMs contain Cu+ and Cu2+. Furthermore, by 
varying Cu+/Cu2+ ratio, ultra-high peroxidase-like activity was ach
ieved, which may play an important role in anti-tumor activity. Nano
particles with a large surface area and a high degree of surface reactivity 
are conducive to the binding of drugs, thereby increasing the therapeutic 
payload. Therefore, the challenging problems that arises in the synthesis 
of Cu-based NMs is to control the size, surface shape, and Cu+/Cu2+

ratio.
The synthesis approach determines the size and surface functional

ization capacity of Cu-based NMs, which directly influences their po
tential in drug delivery and targeted therapy [27,28]. Therefore, the 
selection of the most appropriate synthesis method is crucial to optimize 
the performance of Cu-based NMs in cancer therapy.

2.1. Synthesis methods

The synthesis of Cu-based NMs includes chemical (chemical reduc
tion, sol–gel, solvothermal, chemical vapor deposition, electrochemical, 
sonochemical method), physical (mechanical milling, microwave- 
assisted, physical vapor deposition) methods [29].

Chemical reduction is one of the most common and mature methods. 
In the presence of a reducing agent and a capping agent, copper ions are 
reduced to Cu atoms from a solution of its salts. Then undergo nucle
ation and growth processes, ultimately forming Cu nanocrystals with 
various morphologies dispersed in the solution. The main advantage of 
this method is that it is easy to control the size and shape of nano
particles by adjusting thermodynamic and kinetic parameters [30,31]. 
For example, by adjusting the temperature to control the relative rates of 
atomic deposition and surface diffusion, the morphology of Cu nano
crystals can be tuned: nanosheets are synthesized at low temperatures, 
whereas nanocubes are obtained at high temperatures [32] (Fig. 1A). 
High precursor concentration or the use of a strong, fast-acting reducing 
agent typically leads to rapid nucleation, resulting in smaller nano
particles. Capping agents selectively adsorb to specific crystal facets 
during growth, effectively inhibiting their addition of new atoms [33]. 
Different capping agents adsorb on different crystal facets of copper, 
thus yielding crystals with distinct morphologies. For example, using I⁻ 
as a capping agent produces nanosheets [34] (Fig. 1C), while using 
Oleylamine produces nanowires [35] (Fig. 1B). This kinetically 
controlled anisotropic growth is the primary mechanism for obtaining 
non-spherical shapes. Surprisingly, the strength of the reducing agent 
not only affects the ratio of Cu⁺ to Cu2⁺ but also influences the stability of 
the nanocrystals [36].

Sonochemical method using ultrasonic treatment from 20 kHz to 50 
MHz, which causes cavitation phenomena, accelerating the synthesis 
process and allowing to obtain unique nanostructures [37]. Nanosheets 
(CFT) are produced via sonication-assisted liquid delamination of bulk 
CuFeTe2 crystals [38] (Fig. 1D). Ultrasound not only assists in synthesis 
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but also impacts the final oxidation state. Copper zero-valent (Cu⁰) 
nanoparticles are synthesized using sonochemical method and contin
uously release Cu⁺ during ultrasound application [39]. In the electro
chemical method, CuNPs are produced by means of an electrolytic 
solution of metal salts at the interface of the electrode and electrolyte. It 
involves a chemical reaction and electric current. The method produces 
smaller, more surface-area nanoparticles [40]. In electrochemical 
deposition, parameters like applied potential and deposition time 
directly control the dynamic Cu2⁺ reduction process, allowing for precise 
product design [41]. Thermolysis is a widely used and essential method 

for preparing inorganic NPs due to its simplicity, environmental 
friendliness, and minimal invasiveness. The original reactant solution is 
heated, mixed with organic solvents, and evaporated to obtain uniform 
NPs. Thermolysis is capable of decomposing polydisperse NPs into 
monodisperse NPs, and their morphology can be precisely controlled 
[42]. The core principle of solvothermal method involves carrying out 
chemical reactions in a closed vessel (autoclave) under self-generated 
pressure at temperatures typically above the boiling point of the sol
vent used. The high-temperature and high-pressure environment facili
tates the dissolution–recrystallization process, enabling the direct 

Fig. 1. (A) The Effect of Reaction Temperature and Copper Precursor Reactivity on the Morphology of Copper Nanocrystals [32]. Copyright © 2024, American 
Chemical Society. (B) Proposed growth mechanism for Cu nanowires grown via a seed-mediated method. [35]. Copyright © 2014, American Chemical Society. (C) 
Using I⁻ as a capping agent produces nanosheets [34]. © 2021 IOP Publishing Ltd. (D) Nanosheets (CFT) are produced via sonication-assisted liquid delamination of 
bulk CuFeTe2 crystals. [38]. (E) One-pot solvothermal method [43]. © 2025 Wiley-VCH GmbH. (F) Due to the absence of thermal gradient effects of microwave 
heating, nanorods were fabricated in a short time with uniform and controlled morphology [66]. (G) HSA-mediated biomineralisation method [50]. © 2024 Wiley- 
VCH GmbH. (H) CuNWs are completely internalized by cancer cells and escape from the endolysosomal system [53]. Copyright © 2024, American Chemical Society. 
(I) Nanosheet CuO-PMA exhibits excellent sonocatalytic properties [43]. © 2025 Wiley-VCH GmbH.
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preparation of nanomaterials with excellent crystallinity. Simple pa
rameters like temperature and pH have profound effects. By precisely 
adjusting reaction parameters, the Cu⁺/Cu2⁺ ratios, size, morphology 
and crystal phase of the products can be effectively controlled. For 
instance, low temperature (60-90◦C) leads to Cu(OH) 2 precursors, while 
180◦C yields CuO. Nanosheets, CuO-PMA can be synthesized via a one- 
pot solvothermal method [43] (Fig. 1E).

The microwave-assisted method utilizes microwave irradiation of 
solution mixtures to convert electromagnetic energy into heat, thereby 
accelerating the synthesis of copper nanoparticles. Compared to tradi
tional methods, microwave-assisted synthesis of nanoparticles offers 
faster reaction times and improved control over particle size, resulting in 
more consistent and smaller nanoparticles [44] (Fig. 1F).

2.2. Green synthesis

The synthesis of nanoparticles often requires the use of significant 
amounts of toxic chemicals, resulting in harmful residues that pollute 
the environment [45]. Green synthesis, mediated by plants, bacteria, 
algae or fungi, is environmentally friendly and minimizes the use of 
harmful and toxic chemicals [46,47]. These biogenic NPs are of growing 
interest because of their high surface area, biocompatibility and envi
ronmentally friendly synthesis [48]. Bio-inspired synthesis (e.g., bio
templating and biomineralization) methods are also used to control the 
shape of nanocrystal. Copper nanorods and nanowires are synthesized 
using electroless deposition on rod-like viruses, with a diameter of 
24–46 nm [49]. Man et al. have synthesised a Cu nanowire through a 
human serum albumin HSA-mediated biomineralisation method. This 
study demonstrates that the morphology and size of HCu nanowires can 
be regulated by adjusting the feed ratio of HSA and Cu [50] (Fig. 1G).

Although green synthesis methods offer advantages such as good 
biocompatibility and mild synthesis conditions, they often result in 
lower product purity and yield. The types and concentrations of bio
logical materials used during synthesis must be carefully controlled, 
limiting their application for large-scale production [51].

2.3. Application of Cu-based Nanocomposite with different morphologies 
in cancer therapy

Cu nanoparticles: CuNPs are typically defined as spherical or quasi- 
spherical structures with diameters below 100 nm, representing the 
most readily obtainable and common crystalline structure. A significant 
advantage in their synthesis is their inherent thermodynamic stability, 
which allows for their direct synthesis via straightforward chemical 
reduction methods in aqueous or organic solvents, often without the 
stringent requirement for additional capping agents to control shape. 
CuNPs serve as the primary functional unit in the design of sophisticated 
multifunctional copper-based nanoplatforms for cancer treatment. 
These engineered systems leverage the nanoparticles' innate reactivity 
for therapies like CDT and cuproptosis induction, while their surface 
provides an adaptable scaffold for integrating targeting ligands, drug 
cargos, and imaging probes. This synergy enables targeted, multimodal 
therapies with immense potential to overcome limitations of conven
tional treatments [52].

Cu nanowires: Copper nanowires (CuNWs) have emerged as a 
uniquely advantageous platform for cancer therapy, primarily by 
enabling efficient intracellular copper ion delivery to trigger cupropto
sis. Unlike spherical nanoparticles, CuNWs with high aspect ratios (e.g., 
5-μm length) exhibit superior biological performance. They are effec
tively internalized by cancer cells and uniquely escape the endolysoso
mal trap, allowing direct cytoplasmic release of copper ions, thereby 
inducing potent cuproptosis more effectively than their spherical 
counterparts [53] (Fig. 1H). Additionally, CuNWs can be engineered 
with abundant oxygen vacancies through biomineralization, granting 
them an exceptional capacity to deplete intracellular glutathione. This 
not only disrupts the antioxidant defense of cancer cells but also 

potentiates cuproptosis and Fenton-like reaction-generated reactive 
oxygen species, achieving synergistic cell death [50].

Beyond direct cytotoxicity, CuNWs are versatile scaffolds for multi
functional theranostic applications. Their surface can be functionalized 
to enhance targeting and therapy. For instance, a polydopamine coating 
provides excellent photothermal conversion efficiency (~13.32%) for 
photothermal therapy and near-infrared-triggered drug release, while 
also enabling the nanowires to act as T1-weighted magnetic resonance 
imaging contrast agents [54].

Cu nanosheets: Copper nanosheets (CuNSs) represent a highly 
promising two-dimensional platform in cancer theranostics due to their 
unique ultra-high specific surface area and tunable physicochemical 
properties [55]. This large surface area provides abundant sites for 
functional modifications and catalyzing reactions, while their planar 
geometry facilitates efficient cellular internalization and interaction 
with biological membranes [56]. They can act as nanocatalysts with 
enzyme-like activities (e.g., KatG-mimicking Cu(OH) 2) to deplete 
glutathione and amplify oxidative stress [57]. CuO-PMA exhibits 
excellent sonocatalytic properties. As a sub-1 nm nanosheets, electrons 
and holes separate and rapidly migrate to the material’s surface of the 
nanosheets under US irradiation. Subsequently, redox reactions occur 
on the surface, where generating a large amount of 1O2 and •O2

− [43]
(Fig. 1I). Moreover, they are excellent carriers for delivering copper ions 
to trigger potent cuproptosis. Their surface can be readily modified for 
stimuli-responsive copper ion release, ensuring precise activation of this 
cell death pathway within tumors while minimizing off-target toxicity 
[38].

A core advantage lies in their ability to serve as a versatile foundation 
for multi-modal synergistic therapy. CuNSs can be engineered as effi
cient sonosensitizers (e.g., CuTCPP) [58] or integrated into Z-scheme 
heterojunctions (e.g., with CoWO4) to enhance sonodynamic therapy by 
generating reactive oxygen species.[59].

Cu-MOFs: Copper-based metal–organic frameworks (Cu-MOFs) 
MOFs, an organic–inorganic porous hybrid polymeric materials, have 
received substantial attention in the field of drug delivery due to their 
large specific surface areas, adjustable pore sizes. Cu-MOFs, which 
combine drug delivery, catalysis, copper-mediated cell death, and 
photo/thermo-driven functions, have attracted widespread attention as 
carriers for multifunctional nanoplatforms in cancer therapy. Their 
high-porosity structure not only provides abundant active sites for cat
alytic reactions but also creates well-defined spaces for the efficient 
loading and controlled release of therapeutic carriers, while their 
tunable framework structure allows for precise regulation of copper ion 
release kinetics [60]. For instance, HKUST-1 (Cu-BTC) efficiently loads 
doxorubicin (DOX) [61], especially a CuS/HKUST-1@PDA composite 
achieves an impressive DOX loading of 88.7% [62]. Similarly, two- 
dimensional Cu-TCPP, prepared via a hydrothermal method, attain a 
DOX loading of 33% through π–π stacking interactions [63]. When 
combined with graphene oxide, the resulting CuG nanocomposite ex
hibits a DOX loading of 45.7% [64]. Beyond chemotherapy agents, 
HKUST-1@CMCS enables sustained release of dimethyl fumarate, 
reaching 66% release over 326  h, indicating its potential for long-term 
delivery [65]. Importantly, Cu-MOFs display intelligent pH-responsive 
release behavior. Under acidic conditions (pH 5.0) mimicking the 
tumor microenvironment, CuG releases more than 97% of loaded DOX, 
whereas only about 33.5% is released at physiological pH 7.4. This pH- 
dependent behavior, which avoids an undesirable burst effect, together 
with the high loading capacities, positions Cu-MOFs as promising smart 
nanocarriers for targeted cancer therapy.

In summary, precise control of reaction parameters during the syn
thesis process can effectively regulate the size and morphology of the 
products. This is crucial for nanomaterials to achieve various function
alities (e.g., catalysis, photothermal effects, sonosensitivity, and drug 
delivery) in their applications. A key challenge is the development of 
universal systems for real-time monitoring of nanoparticle parameters, 
particularly for solution-based techniques. This could be addressed by 
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developing specialized devices capable of simultaneous synthesis and 
parameter control (e.g., size or shape) during the synthesis process. Such 
technology would not only optimize and accelerate the synthesis pro
cess, but also advance synthesis methods, for creating novel and unique 
nanoparticle systems based on Cu-based NMs.

3. Therapeutic advantages of Copper-Based nanomaterials in 
cancer treatment

With advancements in nanomaterial functionalization, researchers 
have developed multifunctional nanodrug platforms tailored to the 
characteristics of various tumors. Cu-based NMs, due to their unique 
properties, have become a focal point in synergistic cancer therapy ap
proaches. As a transition metals, Cu takes part in several biological 
functions such as electron transfer and catalytic activity, exhibit anti
cancer effects through multiple signaling pathways in cancer therapy 
nanoplatform. CuNPs are used in photodynamic therapy (PDT) and 
photothermal therapy (PTT) to locally increase ROS levels in tumors, 
leading to cell apoptosis. After functional modifications, CuNPs can load 
chemotherapeutic drugs, siRNA, and immunomodulators to enhance the 
efficacy of combined chemotherapy and immunotherapy.

3.1. Fenton-like reaction and CDT

3.1.1. Fenton-like reaction
Copper is a crucial component that is important for cellular func

tions. In physiological environments, it typically exists in the Cu2+ and 
Cu+ valence states. As a transition metal, copper induced Fenton-like 
reaction. Cu+ reacts with H2O2 to generate many ⋅OH radicals and 
Cu2+, while Cu2+ interact with H2O2 to produce the superoxide and Cu+

[71]. These two-step reactions can form a self-sustaining cycle, during 
which a large amount of ROS is generated, including •O2⁻ and •OH. 
However, the second step is noticeably slower than the first, which limits 
the speed of the loop. Under normal circumstances, tumor cells contain 
high concentrations of glutathione (GSH), which serves as a primary 
antioxidant to scavenge hydroxyl radicals (⋅OH) and protect cells from 
oxidative damage, while also reducing Cu2⁺ to Cu⁺. When a large amount 
of Cu2⁺ accumulates in tumor cells and reacts with GSH, this, on one 
hand, weakens the cellular antioxidant defense, making the cells more 
susceptible to subsequent oxidative attacks. On the other hand, this re
action precisely reduces Cu2⁺ back to Cu⁺, promoting the regeneration of 
Cu⁺ and accelerating the catalytic cycle. As a result, Cu⁺-based nano
zymes exhibit a distinct advantage in the GSH-rich TME [72].

3.1.2. Chemodynamic therapy
Chemodynamic therapy (CDT), a newer strategy, generates ROS 

through Fenton or Fenton-like reactions, inducing cell apoptosis [73]. 
Unlike traditional chemotherapy, CDT uses the intrinsic properties of 
the nanomaterials to induce tumor cell death. Cu2+/Cu+ can be effective 
under acidic (pH 2.0–4.5) and neutral conditions (pH 6.5–7.0) [74]. This 
makes it more promising for CDT than Fe2+, which works efficiently 
under acidic condition [75,76]. Therefore, current research strategies 
are focusing on improving the efficiency of CDT by increased intracel
lular acidification [77,78].

3.1.3. Cascade amplification of ROS to enhance Tumor-Killing depth
Overcoming tumor heterogeneity and treatment resistance is the 

primary goal for improving efficacy. Designing multifunctional nano
platforms to trigger irreversible oxidative stress within the tumor can 
significantly enhance killing depth. Therefore, researchers have devel
oped various cascade strategies to explosively generate ROS within 
tumors:

Synergy with Chemotherapeutic Drugs: Combining chemothera
peutic drugs that intrinsically increase ROS (e.g., artemisinin, cinna
maldehyde) with CuNPs can initiate a self-amplifying cycle of ROS 
generation, breach cellular antioxidant defense thresholds and 

effectively overcoming chemotherapy resistance. For instance, Zhu et al. 
[79] constructed AHCu nanoprodrugs that co-deliver artemisinin and 
copper. This system cascades the artemisinin-induced ROS burst with a 
subsequent Fenton-like reaction catalyzed by Cu2⁺, resulting in signifi
cantly amplified oxidative stress and high tumor inhibition. Similarly, 
Wu et al. [80] utilized cinnamaldehyde and Cu2⁺ to stimulate excessive 
ROS production, effectively breaking the redox homeostasis and 
inducing immunogenic cell death.

Bimetallic Synergistic Catalysis: Constructing bimetallic nano
structures (e.g., Cu-Fe, Cu-Mn) utilizes the synergistic effects of different 
metal ions in Fenton-like reactions to more efficiently convert H2O2 in 
the TME into highly toxic OH, significantly enhancing CDT efficacy. This 
approach leverages the catalytic properties of various transition metals 
(Fe, Co, Mn, etc.) [81]. Examples include a CuSe-Ag (CSA) nanozyme 
that disturbs cellular redox homeostasis [82], and CMPB-MoS2-PEG, 
which uses doped Cu/Mn ions to synergistically catalyze H2O2 into ROS 
[83].

Similarly, sonodynamic therapy (SDT) can synergize with CDT, uti
lizing ultrasound's deep tissue penetration to activate sonosensitizers for 
ROS production and even generate alkyl radicals [84]. A prime example 
is the BP@Cu2O@L-Arg platform, which integrates SDT, CDT, gas 
therapy, and immune modulation for a cascade attack on breast cancer 
[85].

3.2. Cu-based nanomaterials induce cancer programmed cell death

3.2.1. Apoptosis
ROS is produced during aerobic metabolism, and cancer cells 

generate a lot of them to support their rapid progression. However, 
excessive levels of ROS cause protein inactivation, lipid peroxidation, 
DNA damage, mitochondrial damage, eventually cell death [86]. DNA 
damage, characterized by DNA fragmentation, is often induced by 
elevated intracellular ROS [87]. The pro-apoptotic effects of biogenic 
and synthetic copper nanoparticles are well-documented. Green-syn
thesized CuO nanoparticles from A. indica leaf and S. latifolium extract 
induce cancer cell death through oxidative stress/DNA fragmentation 
[88] and S phase cycle [89], respectively. CuNPs prepared via a chem
ical reduction method accumulate in ovarian cells, reducing prolifera
tion markers and promoting apoptosis and hormone release [90]. The 
CuO-900 NPs induce apoptosis by increasing the expression levels of 
p53 and Bax genes in MCF-7 and HCT-116 cell lines [91].

3.2.2. Cuproptosis
Cuproptosis, a form of regulated cell death triggered by intracellular 

copper accumulation, was first identified in 2022 by Tsvetkov et al. 
through their investigation of the anticancer effects of the copper 
ionophore elesclomol (ES). Cuproptosis is characterized by aggregation 
of dihydrolipoamide S-acetyltransferase (DLAT) and loss of Fe-S pro
teins. Cu can bind directly to DLAT, a lipoylated mitochondrial enzyme 
in the TCA cycle, and promote disulfide bond-dependent aggregation of 
lipoylated DLAT. Key regulators of protein lipoylation have been iden
tified as mitochondrial ferredoxin (FDX1) and lipoyl synthase (LIAS) 
[10]. Fe-S proteins are essential cofactors for enzymes in the electron 
transport chain. Cu has been shown to block the formation of Fe-S 
clusters through inhibition of the activity of the relevant mitochon
drial assembly proteins, which can ultimately lead to cell death [92]. 
Cuproptosis is distinct from other cell death types because it's inde
pendent from ROS, meaning it's resistant to antioxidant-mediated inhi
bition. The revelation of cuproptosis has spurred research efforts to 
explore the underlying mechanisms by which copper contributes to 
cancer progression and its potential as a therapeutic target.

Co-delivering copper ionophores (e.g., in NP@ESCu and Cu/TI 
platform [93]), depleting glutathione (GSH), or interfering with mito
chondrial metabolism can significantly enhance copper-specific cell 
death. For instance, PCD@Cu downregulates the copper exporter 
ATP7B, causing intracellular copper accumulation [94]. To counter high 
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GSH levels, the PCB nanosystem suppresses glutaminase to reduce GSH 
[95], while Cel-Cu NPs use celastrol as both an ionophore and a GSH 
scavenger [96]. Strategies also target metabolic adaptations, such as a 
“dual metabolic interference” approach against Fe-S clusters and 
OXPHOS [97], and H2S-responsive nanoparticles that consume H2S to 
promote cuproptosis in colon cancer [98].

3.2.3. Ferroptosis and pyroptosis
Copper-based nanomedicines have been demonstrated to induce 

both ferroptosis and pyroptosis. They efficiently trigger ferroptosis 
through a core pathway: Cu⁺-catalyzed ROS generation initiates lipid 
peroxidation, while copper simultaneously depletes GSH and directly 
inhibits GPX4 activity. The explosive burst of ROS produced by copper 
nanomedicines not only drives ferroptosis but also acts as a key danger 
signal for activating the NLRP3 inflammasome. The activated NLRP3 
inflammasome recruits and activates Caspase-1, which cleaves the 
GSDMD protein. This cleavage releases its N-terminal domain, which 
forms pores in the cell membrane, leading to cell swelling, rupture, and 
the massive release of pro-inflammatory cytokines such as IL-1β and IL- 
18. (See Table 1).

3.2.4. Synergistic triggering of multiple regulated cell death pathways
Simultaneously activating multiple cell death pathways effectively 

prevents tumor cells from escaping through a single route and is a key 
strategy to overcome treatment resistance. The cellular stress from these 
pathways is often highly immunogenic, creating a bridge to systemic 
immunity.

Linking Cuproptosis and Ferroptosis: Designing copper-iron com
posite nanomaterials induces cuproptosis while simultaneously trig
gering ferroptosis via iron-dependent lipid peroxidation. These two 
pathways form a self-accelerating cycle, leading to more severe cell 
membrane damage and oxidative stress. This synergy can be achieved by 
doping CuNPs with iron or loading ferroptosis inducers (e.g., erastin, 
RSL3) that disrupt the cystine/GSH/GPX4 axis [99–102]. Hollow mes
oporous copper-iron sulfide (HMCIS) nanoparticles are a notable 
example that initiates this self-accelerating cycle, and the resulting fer
roptosis acts as a potent ICD inducer [103].

Linking Cuproptosis and Pyroptosis: Engineering copper-based 
nanoplatform to activate inflammasomes (e.g., NLRP3) and Gasdermin 
proteins can induce pyroptosis. This lytic form of death results in the 

massive release of pro-inflammatory factors, dramatically altering the 
TME. The platform FA-PZ@MOF NPs, which integrates the saponin 
PPVI, successfully activates the NLRP3/Caspase-1 pathway, leading to 
the concurrent induction of cuproptosis and pyroptosis and a robust ICD 
effect [104].

Synergizing with Traditional Apoptosis: ROS generated by CuNPs 
can activate the mitochondrial apoptosis pathway. When combined with 
chemotherapeutic drugs, they can cooperatively induce strong apoptotic 
signals and, under specific conditions, convert it into an immunogenic 
form. For example, CuNPs co-loaded with Doxorubicin and Campto
thecin induce both apoptosis and cuproptosis in TNBC cells, activating 
the immune system via ICD [94].

Therefore, leveraging the unique chemical properties of copper ions, 
engineered copper-based nanoplatforms precisely regulate copper de
livery and release, simultaneously triggering multiple RCD through 
mechanisms such as oxidative stress induction, glutathione depletion, 
and DLAT protein oligomerization due to copper accumulation. This 
multi-pathway cooperative network exerts a far more potent cytotoxic 
effect on cancer cells than any single form of cell death, highlighting the 
platform's potential to overcome drug resistance and achieve synergistic 
anti-tumor efficacy (Fig. 2).

3.3. Ideal photothermal therapeutic agents and photosensitizers

Photothermal therapy (PTT) uses nanomaterials such as CuNPs to 
generate heat upon irradiation, resulting in tumor destruction. The 
temperature is a critical factor affecting the therapeutic efficacy. As the 
dominant plasma metal, Cu exhibits strong surface plasma properties 
throughout the visible region, but is cheaper than Au and Ag [106]. 
Therefore, CuNPs are ideal photothermal therapeutic agents [107]. 
Leveraging copper's excellent photothermal conversion properties, PTT 
is combined with CDT. Local photothermal effects not only directly kill 
cells but also accelerate the kinetics of Fenton-like reactions, achieving a 
synergistic killing effect greater than the sum of its parts [108]. The 
photothermal properties of CuNPs can be enhanced through structural 
engineering; for example, hollow Copper sulfide nanospheres can 
rapidly increase temperature with a photothermal conversion efficiency 
of 30% [109], Ultrathin Cu9S5 nanosheets have demonstrated a 
remarkable photothermal conversion efficiency of 58.96% and also 
exhibit enzyme-like properties [110]. The performance of copper-based 
nanocomposites with different morphologies is shown in (Table 2).

Photodynamic therapy (PDT) uses photosensitizers to selectively 
accumulate in tumor cells and increase their sensitivity to light, inducing 
the release of ROS to kill the tumor cell [111]. CuNPs combined with 
irradiation, release significant amounts of ROS, demonstrating their 
potential as photosensitizers in both infrared and X-ray regions 
[112–114]. Many CuNPs, such as Cu oxides (CuO and Cu2O) and Cu 
sulfides (CuS and Cu2S), exhibit outstanding therapeutic effects due to 
enhanced photothermal therapy [115]. Chemically modifying CuNPs 
increases their photothermal properties. The addition of other metal 
substances to CuNPs can improve their catalytic properties. Fan et al. 
[116] prepared HA@Cy-Cu NPs through a hydrothermal method, 
display exceptional photothermal properties.

4. Engineering of copper-based nanoplatform in tumor immune 
therapy

The success of modern cancer therapy lies not only in local tumor 
eradication but also in establishing lasting systemic immune memory. 
Engineered CuNPs are ideal “mobilizers” of the immune system 
[133,134].

4.1. Inducing immunogenic cell death (ICD)

Less immunogenic damage-associated molecular patterns (DAMPs) 
are released because apoptotic cancer cells retain membrane integrity. 

Table 1 
Application Of Copper Nanowires And Nanosheets In Cancer Therapy.

Morphology Methods Size 
(nm)

Applications Ref.

Nanowires Biomineralization 
method

Nano 
size

Antitumor efficiency [50]

Nanowires Thermo-oxidative 
growth method

− Rapid cancer screening 
and diagnosis

[67]

Nanowires Hydrothermal 
approach

− Cancer therapy [54]

Nanorods 
Nanowires

Biotemplating 24–46 
nm

Nanoelectronics, 
sensing, and cancer 
therapy

[49]

nanosheets Biotemplating/ 
Hydrothermal

10 nm Photothermal therapy 
of lung tumor cells

[68]

nanosheets Co-precipitation 
technique

1–2 
nm

Cancer treatment, drug 
delivery, MRI, and 
other biological 
applications

[55]

nanosheets Sonication-assisted 
liquid delamination

222.6 
nm

Cancer therapy [38]

nanosheets Alkali-assisted 
hydrolysis

2.82 
nm

Cancer therapy [57]

nanoclusters DNA-templating 2 nm ROS production and 
cytotoxicity 
applications

[69]

nanoclusters Chemical reduction 
and DNA-templating

5 nm A dual-target optical 
biosensor

[70]
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Fig. 2. Copper-based nanoplatforms induce multiple RCDs for synergistic cancer therapy. (A) Schematic representation of DFMTCH NPs synthesis and DFMTCH NPs- 
based cancer therapy in mice. (B) Mechanism of DFMTCH NPs induced cell death [105].
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Current cancer therapies suffer from a lack of immunogenicity due to the 
predominant mode of cell death induced by chemotherapeutic agents 
and radiation is apoptosis. Recent studies indicate that cuproptosis is 
usually accompanied by mitochondrial damage, this disruption includes 
a reduction in the number of mitochondria, rupture and distortion of 
mitochondrial cristae, immunogenic cell death (ICD) by mitochondrial 
damage, leading to the release of DAMPs. Mitochondrial-targeted cop
per delivery identifies the potential of enhancing cuproptosis as a novel 
approach to improve ICD in cancer treatment. CuNPs significantly 
improve tumor accumulation of copper to activate cuproptosis-mediated 
anti-tumor immunity [135]. Moreover, enhanced ROS levels induce 
immunogenic cell death, which in turn promotes robust systemic im
mune responses that can eradicate tumors. PTT, PDT or SDT, which can 
greatly increase ROS level, combine with Cu2+-mediated CDT and 
cuproptosis achieved promising antitumor therapy [136,137]. Dying 
tumor cells release DAMPs, acting as an “in situ tumor vaccine” that 
attracts and activates dendritic cells (DCs), thereby initiating a T cell- 
mediated adaptive immune response.

4.2. Activating innate immunity: the cGAS-STING pathway

The cGAS-STING pathway is a crucial innate immune signaling 
cascade that functions as a universal cytosolic DNA sensor. It plays a 
pivotal role in defending against infections and in antitumor immunity. 
The enzyme cyclic GMP-AMP synthase (cGAS) binds to cytosolic double- 
stranded DNA (dsDNA), which originate from the damaged nuclear or 

mitochondrial DNA from cancer cells. Upon binding DNA, cGAS cata
lyzes the synthesis of a second messenger molecule called 2′3′-cGAMP. 
cGAMP binds to and activates the adaptor protein STING (Stimulator of 
Interferon Genes), located on the endoplasmic reticulum membrane. 
Activated STING traffics to the Golgi apparatus, initiating a signaling 
cascade that ultimately leads to the production of type I interferons 
(IFNs) and other pro-inflammatory cytokines. These molecules alert the 
immune system to mount a response.

Copper-based nanoplatforms are potent agonists of the cGAS-STING 
pathway. They activate this pathway through multiple mechanisms 
(Fig. 3A):

Causing Genomic and Mitochondrial DNA Damage: Combining 
chemotherapy or radiation with CuNPs can cause nuclear and mito
chondrial DNA (mtDNA) breaks and their release into the cytoplasm, 
where they are directly recognized by cGAS. The CZP NPs release Cu2⁺ 
and Zn2⁺ to disrupt mitochondria, leading to mtDNA leakage and cGAS- 
STING activation [138]. Similarly, LGG-PDA@Cu-CPT leverages 
camptothecin-induced DNA damage to activate the pathway [139].

Direct Delivery of STING Agonists: Encapsulating small molecule 
STING agonists within CuNPs enables their efficient delivery to tumor or 
immune cells. The Gel@M/CuO2/DOX/STING platform co-delivers the 
STING agonist c-GAMP alongside other therapeutics, directly upregu
lating type I interferons [140]. Activation of the STING pathway leads to 
robust production of type I interferons, a crucial step for initiating an 
anti-tumor immune response.

It is evident that increasing endogenous damaged dsDNA is an 

Table 2 
Performance of Copper-based Nanocomposite with different Morphology.

Copper-based Nanocomposite Morphology Drug release Photothermal conversion 
Efficiency

Therapeutic effect Ref.

Cu9S8@PCM@Cur hollow nanoparticles 54.1%, (44 ℃) 51.1%, (980 nm) PTT/CT/ICB/ICD [117]
DSF@CuMSN-PDA nanoparticles 79.17%, (pH = 5.0, 48 

h)
23.63%, (808 nm) PTT [118]

DSF@PEG-HCuS NPs nanoparticles 50.90%, (acidic 
milieu); 
18.97%, (pH = 7.4) 
96 h

23.8%, NIR-II PTT/CDT 
killing 89.3% of 4 T1 cells 
apoptosis rate reached 60.9%.

[119]

HACOCLC nanoparticles 8.7%, (pH = 7.4); 
76%, (pH = 6.4); 
100%, (pH = 5.5)

40.3%, 808 nm CDT/PTT/ Calcium overload [120]

G5-PEG-LyP-1-CuS-DMXAA NPs 
(GLCD NPs)

nanoparticles 32.7%, (pH = 7.4); 
41.7%, (pH = 6.5) 72 
h

59.3%, 1064 nm (0.6 W/cm2) Tumor cell survival rate: 6.8% 
Mature DCs: 57.5%

[121]

FA-CuS PENs@Fe-EGCG nanoparticles 39.5%, (pH = 7.4); 
52.8%, (pH = 6.5); 
63.4%,(pH = 6.5) 48 h

51.1%, 1064 nm 
(1.0 W/cm2)

MR imaging and chemo/PTT/CDT 
apoptosis rate reached 48.0%

[122]

CS/Cu2–xSe-TPZ NPs nanoparticles 40% (pH = 5.0, 24 h) 67.3%, 1064 nm (0.5 W/cm2) CDT/PDT/CT 
Tumor inhibition rate of 96%

[123]

E. coli@Cu2O nanoparticles − 49.76%, (1064 nm) 
29.86%, (808 nm)

DCs 30%, CD8 + T cells 50% [124]

m@NPs-HG nanoparticles 71.34%, (pH = 5.0); 
59.55%, (pH = 6.8); 
57.61%, (pH = 7.4) 
72 h

808 nm (1.5 W/cm2) Tumor inhibition rate of 77.6% [125]

IONF@CuS NPs hair-like nanostructures − (42 ± 6)%, 1064 nm (0.3 W/ 
cm2)

40% mortality rate (0.5 pg Cu / 
cell) 
70% mortality rate (0.8 pg Cu / 
cell)

[126]

Cu2− xSe HNSs urchin-like hollow 
nanosphere

− 67.0%, 1064 nm (1.0 W/cm2) PTT/HECT/TECT/Cuproptosis/ 
apoptosis 
Complete removal of the tumor

[127]

EsCu@TCM nanosheets 57.3%, 
(NIR-dependent, 4 h)

808 nm (1.0 W/cm2) volume reduction to 21.0% [128]

β-Cu2V2O7/Cs NCs nanosheets − 59.5%, 808 nm (1 W/cm2) PTT/CDT 
killing 80% of HepG-2 cells 
Tumor inhibition rate 95%,

[129]

Cu3SnS4 NFs nanoflakes − 55.7%, 808 nm (2.0 W/cm2) wound healing rate reached 93.5% [130]
UCNP@Cu-TCPP MOF MOF 66%, (pH = 6.5, 12 h); 

76.6%, (pH = 6.5, 24 
h)

980 nm, generation of (1O 2) CT/CDT/PDT 
The rate of apoptosis was 5.61%.

[131]

CuS NRs nanorods − 38.6%, (808 nm) PTT/ CDT [132]
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Fig. 3. Copper-based nanoplatforms designed to activate cGAS-STING pathway. (A) Multiple targeting mechanisms of copper-based nanoplatforms on cGAS-STING 
pathway. (B) In vivo anti-tumor immune microenvironment remodeling by the HCuSPtA NPs [105]. © 2025 Elsevier B.V.
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effective strategy for activating the cGAS/STING signaling pathway. The 
aforementioned research demonstrates that copper nanoparticles cause 
genomic and mitochondrial DNA damage, thereby activating the STING 
pathway. However, DNA repair mechanisms contribute to tumor drug 
resistance. To block these repair pathways, HCuS@Pt@ATMi carries an 
ataxia telangiectasia mutated inhibitor (ATMi), aiming to induce a 
dysfunctional DNA repair system and achieve irreversible dsDNA dam
age. This study reveals that HCuSPtA, under near-infrared light irradi
ation, possesses a strong capacity to activate the immune system [141]
(Fig. 3B).

4.3. Reversing immunosuppression and combining with immunotherapy

Numerous studies have shown that metal ions play a crucial role in 
immunoregulation [2,142,143]. Specifically, Cu2+ promotes the release 
of inflammatory cytokines, promotes T-cell activation and promotes 
macrophage M1 polarization in cancer immunotherapy [144]. CuNPs 
released Cu ions not only realized the amplification of ROS generation, 
but also triggered cuproptosis. More importantly, the immunosuppres
sive TME can be reversed by the greatly increased ROS levels and highly 
efficient cuproptosis.

Overcoming Checkpoint Inhibitor Resistance: Studies show that 
combining CuNPs with anti-PD-1/PD-L1 antibodies can effectively 
reverse the immunosuppressive TME, converting “cold” tumors into 
“hot” ones, significantly improving the efficacy of immune checkpoint 
inhibitors (ICIs). While copper can upregulate PD-L1, this very mecha
nism is exploited when combined with αPD-L1 antibodies, as demon
strated by NP@ESCu [145]. Interestingly, significant enhancement of 
antitumor efficacy in metastatic breast cancer was achieved with copper 
nanoplatform-loaded PD-L1 siRNA [146]. To combine cuproptosis with 
immune checkpoint inhibition, Li et al. designed Cu/TI to downregulate 
PD-L1 using 5-carboxy-8-ydroxyquinoline (TI) [147]. The PD-L1 inhib
itor BMS-1 was used to form the nanodrug CMS/PEG-B-P. Numerous 
studies show that copper-based nanoparticle-loaded immune checkpoint 
inhibitor therapies can enhance the immune response as a new immu
notherapeutic approach [148].

Copper-based nanoplatform can also be used to downregulate 
emerging immune checkpoints like ecto-5-nucleotidase (CD73) and 
CD47, enhancing anti-tumor immunity by reducing adenosine produc
tion and boosting macrophage phagocytosis, respectively. Metabolic 
immune checkpoint CD73 is overexpressed in tumor cell, contributes to 
its immune evasion by producing extracellular adenosine (ADO). Au and 
Cu can decrease the expression of CD73 by alleviating the tumor hypoxia 
through their Fenton-like reaction. Accordingly, Au@Cu2-xSe nano
particles attenuate the ADO-driven immunosuppression to enhance T 
cell infiltration. This work demonstrates that CuNPs modulation of 
CD73-mediated tumor immunosuppression is a novel strategy to 
improve cancer immunotherapy [149] (Fig. 4). CD47, a “don't eat me” 
molecule, binds to the SIRPα receptor on the macrophage surface, 
inhibiting its behavior. HA@Cu2O@DNA carrying the CRISPR/Cas9 
system can reprogram tumor cells by down-regulating CD47, enhancing 
macrophage activity [150].

Serving as a Cancer Vaccine Platform: Copper-based nanoplatforms 
demonstrate immense potential as sophisticated cancer nanovaccines, 
designed to initiate and amplify a robust, systemic antitumor immune 
response. Their application extends beyond direct tumor killing to 
encompass intelligent antigen capture and presentation, a key principle 
for vaccination. Cu-based nanovaccines, by producing and presenting 
tumor antigens and adjuvant signals, efficiently promote DC maturation 
and antigen presentation, stimulating potent, antigen-specific cytotoxic 
T lymphocyte (CTL) responses.

Current research strategies include targeting immunomodulators or 
specific antigen delivery, as well as enhancing the cytotoxic effects of 
nanovaccines to directly transform tumors into antigen sources. For 
example, ECNM delivers immunomodulators like IDO1 inhibitors to 
reverse immunosuppression and elicit a potent abscopal effect. Further 

enhancing specificity, ECNM employs homotypic targeting by coating 
the nanoparticle with a cancer cell membrane, enabling precise delivery 
[151]. For defined antigen delivery, systems such as Cu–N-CDs@OVA 
successfully co-deliver a model antigen (OVA) with the immunostimu
latory copper nanomaterial, activating systematic immunity upon 
external stimulation [152]. The innovative Cu-THBQ/AX framework 
induces in situ cuproptosis and pyroptosis, effectively transforming the 
tumor itself into an antigen source while simultaneously reversing the 
“cold” tumor microenvironment [153]. Interestingly, a prominent 
strategy involves creating “in situ” or “personalized” vaccines derived 
from treated tumors. LC-TCV platform utilizes near-infrared-irradiated 
Cu2-xSe to induce ICD in tumor cells, causing them to release a suite of 
DAMPs and tumor-associated antigens. These inactivated, antigen-laden 
cells are then formulated into a vaccine that effectively promotes DCs 
maturation and cytotoxic T lymphocyte recruitment [154] (Fig. 5).

Collectively, these strategies position copper-based nanovaccines as 
powerful tools for initiating antigen-specific immune cascades and 
achieving long-term immunological memory. The clinical translation of 
tumor vaccines faces significant hurdles. These include antigen selection 
and delivery, the highly immunosuppressive tumor microenvironment, 
tumor heterogeneity and immune evasion. Therefore, current research 
focuses not on vaccines as monotherapies, but on rationally combining 
them with agents that modulate the TME (such as immune checkpoint 
blockers, metabolic modulators, or chemotherapy) to unleash their full 
therapeutic potential. These engineered copper-based nanoplatforms 
simultaneously function as in situ vaccine generators and intelligent 
drug delivery systems. By integrating “killing, antigen release, and 
microenvironment remodeling” into a single, targeted intervention, 
copper-based nanoplatforms represent a next-generation, broadly 
applicable strategy to overcome the key limitations of conventional 
cancer vaccines.

Enhancing the Efficacy of CAR T-cell Therapy: The clinical success of 
CAR T-cell therapy in hematological malignancies has not fully trans
lated to solid tumors, which present formidable barriers including an 
immunosuppressive TME, poor T-cell trafficking, antigen heterogeneity, 
and T-cell exhaustion. Copper-based nanoplatforms are emerging as 
versatile engineering tools designed to systematically dismantle these 
barriers, thereby potentiating CAR T-cell therapy through multifunc
tional synergy. ACSP@TCM encapsulates Au/Cu2-xSe and 3-bromopyru
vate with a CAR-T cell membrane, which has an attractive synergistic 
CDT/PTT effect that can induce ICD of NALM 6 cells. In addition, 3-bro
mopyruvate regulates the acidity of the TME to provide a more favorable 
environment for the survival of CAR T cells by inhibiting the efflux of 
lactic acid.. The nanodrug tFNAs@ESCu/aPD-L1 employs a similar 
strategy, inducing cuproptosis and blocking PD-L1 to reshape the 
immunosuppressive TME, thereby enhancing GD2-CAR-T cell infiltra
tion and antitumor activity against OS (Fig. 6). Furthermore, researchers 
reprogram CAR T-cells using disulfiram and copper plus ionising irra
diation (IR). The reprogrammed cells have memory-like characteristics, 
high toxicity, and can spread and persist in the body. They also trigger 
strong, lasting anti-tumor responses in mice, showing that this therapy 
can be used to treat solid tumors [156].

Integrating multiple therapeutic strategies into a single platform to 
induce ICD and modulate the tumor microenvironment represents the 
ultimate manifestation of precise and highly effective synergistic ther
apy. The following case demonstrates the immense potential of this in
tegrated design approach (Table 3).

In conclusion, the rational design of copper-based nanoplatform has 
progressed to a stage where complex, multi-mechanistic actions can be 
engineered into a single platform. These advanced nanoplatforms 
simultaneously enhance tumor killing depth through cascaded ROS and 
synergistic RCD, and ignite a robust, systemic immune response, paving 
the way for the next generation of cancer therapeutics. (See Fig. 7)
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Fig. 4. Au@Cu2-xSe reverses immunosuppression by decreasing CD73 expression. (A) Schematic illustration of targeting metabolic immune checkpoint CD73 to 
boost glioblastoma immunotherapy by joint use of ACS NPs, DSF, and radiotherapy. (B) Au@Cu2-xSe treatment effectively activates immune cell infiltration [149]. 
Copyright © 2024, American Chemical Society.
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5. Design engineering copper-based nanoplatform to enhance 
specific targeting

5.1. Active targeting

Drug delivery by nanoparticles can occur through two mechanisms: 
passive and active targeting. Passive targeting relies on a generic tumor 
physiology phenomenon, whereas active targeting involves molecular 
recognition to achieve precise drug delivery.

Active targeting is typically achieved by functionalizing NPs with 
various targeting ligands that can selectively bind to specific receptors 

on the cell surface to enhance the internalization of the NPs by the tumor 
cells and improve their retention in the tumor tissue [167].

Aptamers are short, single-stranded DNA or RNA molecules that can 
bind selectively to target molecules with high affinity. They offer several 
advantages, including smaller size, lack of immunogenicity, ease of 
modification and stability [168]. AS1411 aptamer effectively attaches to 
nucleolin for targeting breast cancer cells [169]. Polyvalent aptamer 
(PApt), comprising polyvalent epithelial cell adhesion molecule 
aptamers for tumor targeting and repetitive PolyT sequences for copper 
chelation, facilitates efficient loading and targeted delivery of CuPEs 
[170].

Fig. 5. LC-TCVs induce cellular immune response as an in situ vaccine. (A) Schematic diagram of the synthesis method and antitumor mechanism of LC-TCV. (B) LC- 
TCV-induced cellular immune responses in vivo [155].© 2025 Elsevier Inc.
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RGD peptides (arginine-glycine-aspartic acid) target integrin re
ceptors that are highly expressed on cancer cells for enhanced specificity 
[171]. mCu&Ce@ICG/RGD is designed to accurately recognise osteo
sarcoma, achieving efficient suppression and dual-mode bio-imaging 

[172].
Due to its specific binding to CA IX, which is overexpressed on tumor 

cells, BS can be used to functionalize nanoparticles for specific targeting 
[173]. The folate receptor (FR) is overexpressed on the surface of many 

Fig. 6. Nanodrug improves the antitumor activity and reduces the exhaustion of CAR-T cells in vitro [157].© 2025 The Author(s). Published by Elsevier Inc.
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types of cancer. Coupling CuNPs with folic acid, which specifically binds 
to the FR, promotes the internalisation of CuNPs into the cytoplasm 
[174]. The FA-nanosystem, which has imaging functions was observed 
to selectively aggregate in tumor cells overexpressing folate receptors, 
resulting a more significant tumor inhibitory effect [175,176].

5.2. Surface modification for stability and biocompatibility

Particles with negative or neutral surface charges can achieve better 
accumulation results within tumors [177]. Modifying the surface of 
metallic nanoparticles can markedly enhance their stability and 
biocompatibility. For example, encapsulating the nanoparticles in 
polymers or other biocompatible materials can prevent them from being 
cleared by the immune system, thereby extending their circulation time 
in the body. In particular, nanoplatforms camouflaged by cell membrane 
can effectively reduce uptake, thereby achieving homologous tumor 
targeting [178].

PEGylation or chitosan coating, is a common approach used to 
improve the stability of nanoparticles. CuO nanoparticles are capped by 
polyethylene-glycol (PEG) and polyvinyl-pyrrolidone (PVP) on the sur
face. Biological assays show higher activity of CuO-PEG and CuO-PVP 
compared to uncapped CuO nanoparticles, with CuO-PEG showing 
better antitumor activity [179]. After surface modification by poly
ethylene glycol, the formed pCu3P NPs show negligible influence on the 
viability of 4 T1 cells, presenting remarkable biocompatibility [180]. 
Hyaluronic acid is a natural, harmless mucopolysaccharide that is 
quickly degraded by hyaluronidase enzymes, making it ideal for tar
geted drug delivery [181]. Furthermore, HA binds to the CD44 receptor 
which is highly expressed on the surface of tumor cells [123], enhancing 
the targeting of cancer therapies [182]. Chitosan (CS) is a biodegrad
able, hydrophilic polymer that exhibits exceptional biocompatibility 
and stability, as well as low immunogenicity. It is therefore an ideal 
candidate for drug delivery systems [183]. A bimetallic chitosan/hyal
uronic acid nanoparticle (5FCN) has been developed for the treatment of 
TNBC. Studies in vitro and in vivo demonstrated that 5FCN exhibits 
superior efficacy in killing TNBC cells with few side effects [184].

Biomimetic cell membrane coatings have also been devised to 

decorate the surface of the CuNPs. Tumor cell proteins and receptors 
allow the cells to evade the immune system. By coating the cancer cell 
membrane, the targeting ability of nanoparticles can be greatly 
enhanced. However, the CCM-coated nanoparticles trigger anti-tumor 
immune responses when they taken up by tumor cells. The DU145 cell 
(PCa cell) membrane was coated onto the surface of CuNPs to create a 
biomimetic nanoplatform (DCM@GDY-CuMOF@DOX), which 
providing an effective and safe treatment for PCa [185]. Coating CuNPs 
with platelet membrane [186], neutrophil [187] or red blood cell 
membrane [188] enables them to escape immune system clearance. This 
results in efficient accumulation of Cu within the tumor, enhancing the 
targeting and biocompatibility of nanomedicines [189]. Moreover, some 
receptors on platelet membranes can target tumor cells directly by 
interacting with specific components [190].

5.3. Stimuli-responsive targeting

Stimuli-responsive targeting involves releasing the drug in response 
to specific internal or external stimuli, such as heat, light, ultrasound, pH 
levels, enzymes or redox conditions. This approach controls the release 
of the drug, enhancing its effectiveness and reducing side effects.

Scientists have explored numerous methods to modify metal nano
particles. By adjusting nanoparticle size, charge, and ligand exposure in 
response to changes in pH, redox gradients, or ATP concentrations, 
tumor cell targeting effects can be incorporated into a single CuNP. 
Liang et al. designed pH/glutathione dual-responsive drug-releasing 
nanoparticles [192]. Yin et al. developed triple-responsive nanoparticles 
(pH, laser, and GSH), ensuring highly controllable drug release at tumor 
sites [72]. CDDP@Cu2Cl (OH)3-CDs is designed specifically for colon 
cancer, using the overproduction H2S in tumors to promote tumor en
ergy remodeling for cancer treatment [193].

6. Current Challenges and limitations

Copper nanomaterials represent a transformative frontier in cancer 
therapy, boasting a versatile agent that includes direct tumor ablation, 
remodeling of the TME, and integrated diagnostics and treatment. A 

Table 3 
Summary of Multifunctional nanoplatform for synergistic cancer therapy.

Copper-based 
nanoplatform

Therapy modality Performance Advantages Ref.

ZCPO@HA Ferroptosis/Cuproptosis/ 
ICD

Zu2+ and ⋅OH cause mitochondrial damage, activates 
cGAS-STING pathway

Activating the adaptive immune response and innate 
immune response.

[158]

CACuPDA Ferroptosis/Cuproptosis/ 
ICB/ICD

CA stimulates ROS production; 
Redox imbalance amplifies ferroptosis and cuproptosis, 
triggers cellular lysis

GSH/GPX4-depleted sensitizes lung tumor to ICB. [159]

E. coli@Cu2O PTT/ferroptosis/ 
cuproptosis/ICB

Microbial nanohybrid photothermal-enhanced 
ferroptosis/cuproptosis and immunosuppression reversion

Precise tumor therapy [124]

MARS CDT/RT/ICD/starvation 
therapy

GOx catalyzes glucose to produce H2O2. Cu + mediated 
Fenton-like reaction and RT sensitization

Inducing radical storms and activating cascade- 
amplified systemic immunity.

[160]

Cu9S8@PCM@Cur PTT/CT/ICB/ICD PTT (980 nm NIR); lauric acid controls Cur release via 
hyperthermia; Cur enhances photothermal ablation, 
induces ICD; Cur downregulates PD-L1 via inhibiting 
EGFR-STAT3

A multimodal approach that synchronizes PTT, CT, 
and immune reprogramming.

[117]

Cu2-xSe(R837)-iRGD ICB/Cuproptosis/ICD/RT Cu2-xSe induces cuproptosis, promotes ICD; R837 induces 
DCs maturation by activating; Combines with RT to 
enhance ROS production

Nanoformulations combined with radiotherapy. [161]

C&P-DOX CT-PTT-ICD Cu2-xSe generates localized hyperthermia; GSH depletion; 
DOX induce apoptosis; induce immunogenic cell death.

effectively penetrates deep tumors, integrating active 
synergistic chemo-photothermal-immune therapy.

[162]

CuWO4, CWO ICD/ferroptosis/ 
cuproptosis/SDT

CWO as piezoelectric sonosensitizers with narrow 
bandgap increase ROS; CWO deplete GSH and NADPH

Combines piezoelectric catalysis for cascade 
activation of immune regulation.

[163]

GQD/Cu2-xSe Cuproptosis/ICD/ 
chemotherapy/SDT

Cu produce ROS and induce cuproptosis; GQD/Cu2-xSe 
possessed enhanced US-activated ROS generation

Utilization of TME-responsive cuproptosis inducers for 
immunotherapy.

[164]

CNMCF ICB/ICD/PDT/CDT Cu consume GSH to amplify ROS levels; NIR/pH dual- 
responsive; MPPa serves as the PDT agent

Elicited strong anti-tumor immune response. [165]

DSF/Cu2-xSe@PCM 
(DCP)

NIR-II (1064 nm) light- 
triggered in situ precise 
chemotherapy

Highly effective in vitro and in vivo antitumor effects, 
photoacoustic imaging, photoacoustic response properties

Solves the long-standing asynchronous release 
problem of DSF and copper sources, significantly 
improving cytotoxic complex generation efficiency in 
tumor lesions

[166]
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particularly exciting prospect is their ability to activate anti-tumor im
munity. Preclinical studies have validated the potential of copper-based 
nanoplatforms in treating various aggressive cancers. Copper-based 
nanoplatforms thus offer a new frontier in the battle against cancer, 
combining the strengths of diverse therapies to create powerful, syner
gistic treatment modalities. However, no purely therapeutic copper 
nanoparticle drugs for cancer are currently in clinical trials. The most 
advanced clinical applications are in the field of cancer diagnostics and 
imaging, primarily using the radioactive isotope Copper-64 (⁶4Cu). More 
recently, the theranostic agent 64Cu/67Cu‑SAR‑bisPSMA 
(NCT04868604) has entered Phase I/II clinical trials, where ⁶4Cu en
ables precise imaging and 67Cu provides targeted radiotherapy within 
the same molecular platform. While purely therapeutic copper 

nanoparticle platforms (e.g., copper oxide nanoparticles, copper-based 
drug delivery systems) remain predominantly at the preclinical stage 
owing to challenges in toxicity control, scalable manufacturing, and 
regulatory approval, the successful clinical translation of copper‑based 
diagnostic and theranostic agents establishes a solid foundation. This 
existing clinical experience not only validates the biocompatibility and 
targeting potential of copper-based platforms but also provides critical 
insights for designing next‑generation therapeutic copper 
nanomaterials.

The transition from widespread preclinical success to clinical appli
cation remains a significant hurdle, hampered by challenges in quality 
control and standardization, long-term toxicity concerns.

Fig. 7. Design engineering Copper-based nanoplatform to enhance specific targeting. (A) Nanoparticles encapsulated by polymers or cell membrane and func
tionalized with various ligands. (B) CP@HMM, which is encapsulated by a hybrid membrane composed of Hepa1-6 and MDSCs membrane, targets cancer cells and 
MDSCs and facilitates the targeted delivery of copper-doped carbon dots to these cells [191]. Copyright © 2025, American Chemical Society.
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6.1. Quality control and standardization

As the field of copper-based therapy advances, there is a growing 
need for rigorous quality control and standardization in both nano
particle formulation and biological evaluation.

One aspect of quality control lies in the production of the nano
materials themselves. Slight variations in synthesis (particle size, surface 
coating, copper oxidation state) can lead to significant differences in 
ROS-generating ability and toxicity. Due to the varying EPR effect of 
different-sized nanoparticles, a batch of 30-nm copper oxide nano
particles may exhibit much higher reactivity than 50-nm particles, even 
if even if nominally the same formulation. Reporting of copper ion 
release kinetics in simulated TME conditions is also important, as it 
correlates with both efficacy and safety. To ensure safety, nanoparticles 
should be surface-functionalized for specific targeting of cancer cells and 
achieve precise release via various TME-responsive mechanisms. The 
targeting ability and responsiveness of the material directly influence 
copper release at the tumor site, thereby impacting the nanodrug's 
therapeutic efficacy and safety profile.

Therefore, establishing a standardized quality control system is 
essential. This can be achieved through the following approaches: 1. 
Establish and adhere to strict, reproducible synthesis procedures with 
real-time monitoring to minimize batch-to-bariability in critical quality 
attributes like size, coating thickness, and copper oxidation state. 2. 
Ensuring batch-to-batch consistency in copper content and reactivity 
will likely involve good manufacturing practice (GMP) controls, 
including controlling the material synthesis, surface modification, 
stringent checks on copper leaching during storage and on nanoparticle 
aggregation. 3. Exploring machine learning to predict and optimize 
these parameters, which could eventually lead to “tuning” of nano
material properties for consistency.

6.2. Balancing efficacy and safety

The clinical translation of copper nanomaterials hinges on resolving 
the fundamental dichotomy between their potent therapeutic efficacy 
and potential systemic toxicity. This balance is paramount and must be 
addressed through rational nanomaterial design.

The primary challenge lies in confining the potent cytotoxic activity 
of copper—including ROS generation via CDT and the induction of 
cuproptosis/ferroptosis—strictly to tumor tissues. While strategies like 
leveraging the EPR effect and active targeting (discussed in Section 5) 
enhance tumor accumulation, they are often insufficient to completely 
prevent off-target accumulation. A more sophisticated approach in
volves engineering “smart” nanoplatforms that release copper ions only 
in response to specific TME triggers, such as mild acidity, elevated H2O2, 
or overexpressed enzymes. This TME-responsive release, combined with 
surface functionalization (e.g., PEGylation, biomimetic coatings) to 
improve biocompatibility and prolong circulation, forms the first line of 
defense against systemic toxicity. Comprehensive safety assessments, 
investigating long-term biodistribution and clearance pathways, are 
indispensable complements to these design strategies.

Beyond spatial control, a more nuanced challenge is orchestrating 
the dual immunomodulatory role of ROS. While elevated ROS can 
trigger ICD and stimulate anti-tumor immunity, excessive oxidative 
stress can paradoxically foster an immunosuppressive microenviron
ment and damage healthy cells. This suggests the existence of a thera
peutic window for intratumoral ROS that maximizes immune activation. 
Future research must focus on defining this window across different 
tumor types, which exhibit heterogeneous redox states.

To achieve this precise control, the next generation of CuNPs must 
evolve from being mere “reactors” to becoming self-regulating “ther
mostats” of oxidative stress. Pioneering concepts include:

Feedback-Controlled Nanosystems: Designing particles that incor
porate intrinsic feedback mechanisms. For instance, a nanosystem could 
co-deliver a pro-oxidant (e.g., Cu2⁺) and an antioxidant (e.g., a ROS- 

scavenging molecule) that is activated only when ROS levels exceed a 
specific threshold, thereby preventing “overshooting” and maintaining 
ROS within the immunogenic zone.

Real-Time Monitoring and Adjustment: Developing non-invasive 
imaging techniques to sense intratumoral ROS levels in real-time 
could allow for external adjustment of treatments (e.g., modulating 
laser intensity for PTT).

Ultimately, leveraging machine learning to analyze vast datasets 
linking synthesis parameters, material properties, and biological out
comes can guide the reverse design of CuNPs with an optimal efficacy- 
safety profile, paving the way for their successful clinical integration.

6.3. Clinical trial design

The clinical translation of copper-based nanomedicines must over
come a series of practical challenges bridging the gap from the labora
tory to the clinic. In clinical trials, the development and validation of a 
robust set of biomarkers is indispensable for assessing treatment 
response and guiding patient stratification. This system should 
encompass:

Pharmacokinetic and Targeting Biomarkers: If radiolabeled with 
⁶4Cu, positron emission tomography (PET) can be used to track the 
nanoparticle's tumor accumulation and whole-body distribution in real- 
time, quantitatively confirming targeting efficiency.

Pharmacodynamic and Efficacy Biomarkers: Therapy-induced 
immunogenic cell death can be indirectly assessed by measuring the 
release of DAMPs into the peripheral blood, such as dynamic changes in 
HMGB1 and extracellular ATP levels. Concurrently, changes in the levels 
of copper and key cell death-related proteins (e.g., aggregated lipoylated 
DLAT) in pre- and post-treatment tumor biopsies can directly corrobo
rate the mechanism of action.

Safety Biomarkers: Regular monitoring of 24-hour urinary copper 
excretion serves as a simple and effective safety indicator. A transient 
post-dose increase followed by a return to baseline suggests effective 
clearance of excess copper and a low risk of systemic toxicity.

In conclusion, the outlook for copper-based nano-immunotherapy is 
promising. The coming years will be decisive in transforming this 
exciting concept into a clinical reality. Achieving this goal will require 
close multidisciplinary collaboration among materials scientists, on
cologists, and regulatory experts to collectively refine the nanoplat
forms, design intelligent clinical trials, and ensure patient safety. It is 
reasonable to anticipate that by precisely igniting this “oxidative fire” 
within the tumor, we can successfully rally the immune system to ach
ieve a lasting victory over cancer.
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