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a b s t r a c t 

As the third essential trace element in the human body, copper plays a crucial role 

in various physiological processes, which lays the foundation for its broad applications 

in cancer treatments. The overview of copper, including pharmacokinetics, signaling 

pathways, and homeostasis dysregulation, is hereby discussed. Additionally, cuproptosis, 

as a newly proposed cell death mechanism associated with copper accumulation, is 

analyzed and further developed for efficient cancer treatment. Different forms of Cu-based 

nanoparticles and their advantages, as well as limiting factors, are introduced. Moreover, the 

unique characteristics of Cu-based nanoparticles give rise to their applications in various 

imaging modalities. In addition, Cu-based nanomaterials are featured by their excellent 

photothermal property and ROS-associated tumor-killing potential, which are widely 

explored in diverse cancer therapies and combined therapies. Reducing the concentration 

of Cu2+ /Cu+ is another cancer-killing method, and chelators can meet this need. More 

importantly, challenges and future prospects are identified for further research. 

© 2024 Shenyang Pharmaceutical University. Published by Elsevier B.V. 
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1. Introduction 

With the development of nanotechnology, the use of metal-
based nanoparticles has become increasingly prevalent in
industrial, medical and consumer products [ 1 ]. In the medical
field, tumor theranostics based on metal-based nanoparticles
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has drawn much attention. Currently, metal nanoparticles
such as copper (Cu), iron (Fe), manganese (Mn), gold (Au),
silver (Ag), and gadolinium (Gd), are extensively studied for
their roles in tumor theranostics. [ 2 ]. The advantages and
disadvantages of these nanoparticles are listed in Table 1 .
Among them, copper-based nanoparticles (Cu-based NPs)
rsity.

sevier B.V. This is an open access article under the CC BY-NC-ND 

https://doi.org/10.1016/j.ajps.2024.100948
http://www.sciencedirect.com/science/journal/18180876
http://www.elsevier.com/locate/AJPS
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ajps.2024.100948&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:qinfuzhao@syphu.edu.cn
https://doi.org/10.1016/j.ajps.2024.100948
http://creativecommons.org/licenses/by-nc-nd/4.0/


2 Asian Journal of Pharmaceutical Sciences 19 (2024) 100948 

Table 1 – Comparison between metal-based theranostic agents. 

Metal-based 
theranostic agents Advantages Limitation Ref. 

Cu 1. Cheap and widely used 
2. Multifarious anti-tumor effects: PTT, PDT, CDT, SDT 

and immunotherapy 
3. Imaging function including PAI, PET, SPECT, FL and CT 
4. Cuproptosis 

1. Clinically transformed difficultly 
2. Low biodegradation rate 
3. Insufficient selectivity and targeting 

ability 

[ 3 ,4 ] 

Fe 1. Superparamagnetism for MRI and magnetic particle 
imaging 

2. Targeted delivery and separation of biomolecules 
3. Fenton-like/photothermal/magnetic hyperthermia 

therapy agents 
4. Ferroptosis 

1. Inflammation and destruction of redox 
balance 

2. Dysregulation of systemic iron 
metabolism 

3. Insufficient targeting ability 

[ 5 ,6 ] 

Mn 1. Nanocarriers for TME-activated cargos delivery 
2. Activate host’s immune system to trigger tumor 

immunotherapy 
3. Enhance the T1-weighted MRI signal 
4. CDT and generated O2 for combined therapy 

1. Undesirable physiological stability 
2. Manganism and causing nerve damage 
3. Drug resistance 

[ 7 ,8 ] 

Ag 1. PTT, PDT, RT and PAI 
2. Causing oxidative stress and damaging DNA 

3. Antiangiogenic effect 
4. Lower production cost 

1. Neurotoxicity and nephrotoxicity 
2. Insufficient targeting specificity 
3. Easily oxidized and changing properties.

[ 9 ,10 ] 

Au 1. TME regulating 
2. X-ray attenuation property for cell imaging and CT 

imaging in vivo .
3. Inducing the increase of ros level 
4. PTT and PDT 

1. Affecting the genomic stability and DNA 

repair 
2. Easily oxidized and complicated 

preparation process 
3. Higher cost 

[ 11 ,12 ] 

Gd 1. Contrast agent for MRI due to good T1-weighted 
imaging 

2. Radiosensitizers for radiation therapy 
3. Delivery agent for neutron capture therapy 
4. Assistant agent for FL, PAI, PTT, PDT and 

chemotherapy 

1. Systemic toxicity and long-term and in 
vivo deposition 

2. Short blood circulation 
3. Fast electronic relaxation 

[ 13 ,14 ] 
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ave drawn extensive attention due to their low cost, easy 
vailability, simple synthesis and wide application. 

Cu has transformed from being a crucial metabolic 
ofactor to a signaling transducer and metalloallosteric 
egulator, highlighting its potential applications in tumor 
heranostics. The complex interplay between Cu and cancer 
nderpins the understanding of Cu’s potential therapeutic 
enefits. As an essential trace element, Cu mediates various 
ritical physiological processes, including angiogenesis,
itochondrial respiration, antioxidant defense, and the 

iosynthesis of hormones and neurotransmitters [ 15 ].
dditionally, Cu is closely linked to cancer through various 
ignaling pathways, such as the PI3K-AKT, MEK-ERK, and 

TK pathways. Therefore, Cu dyshomeostasis can lead to 
xidative stress, cytotoxicity, and even tumor development.
igh levels of Cu can inhibit the activity of proteasome and 

nduce apoptosis of human cancer cells. Cu deficiency has 
een associated with neutropenia, anemia, cardiovascular 
eficits, acquired perforating dermatosis, osteoporosis,
nd retinal degeneration, while Cu overload contributes 
o liver failure and neurodegeneration primarily due to 
he production of reactive oxygen species (ROS) through 

he Fenton and Haber–Weiss reactions [ 16 ]. Conversely,
anipulating Cu contents in tumor cells may provide novel 
ancer treatment strategies. Cuproptosis, a newly recognized 

ell death caused by excessive Cu, offers inspiration for cancer 
reatment. Compared with normal cells, tumor cells require 

ore Cu to maintain the energy requirements of rapid cell 
ivision, but it is still insufficient for cuproptosis. Therefore,
arious methods of supplementing Cu ions to reach the 
hreshold of cuproptosis for treating tumors and the existing 
hallenges are thoroughly discussed. Similarly, studies have 
emonstrated the angiogenesis-promoting effect of Cu ions.
herefore, reducing Cu concentration will inhibit blood vessel 
ynthesis and starve cancer cells to death. Cu chelators can 

ecrease Cu ion concentrations in cells, and Cu deficiency 
nduced by tetrathiomolybdate can inhibit angiogenesis, thus 
estraining tumor growth [ 17 ]. 

Inorganic nanomaterials are thriving and equipped 

ith exceptional thermal, optical, catalytic, electrical,
umor-targeting, and magnetic properties. As outstanding 
hotosensitizers and carriers owing to eminent drug- 

oading capacity and optical characteristics, the inorganic 
anomaterials largely fill the gap in biomedicine [ 18 ].
herefore, it is not surprising to witness the thrive of 
ascent Cu-based NPs, given their earth-abundance,
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inexpensiveness, photothermal-conversion performance,
antimicrobial activity, biocompatibility, and surface activity
[ 19 ]. Here, commonly used forms of Cu-based NPs, including
monoatomic Cu materials, Cu metal derivatives, Cu
complexes, and Cu-MOFs, are examined to provide a broad
view of the characteristics and potential uses of Cu-based
nanoparticles. Moreover, Cu-based NPs are widely applied in
tumor imaging, and exhibit the following characteristics: (1)
excellent photothermal conversion efficiency and high signal-
to-noise ratio for photoacoustic (PA) imaging; (2) existence
of unpaired electrons and the proper relaxation efficiency
for magnetic resonance (MR) imaging; (3) β-ray emitting
ability of 64 Cu for positron emission tomography (PET)
imaging; (4) high specific activity, high radionuclide purity,
and sufficient quantity of 67 Cu for single-photon emission
computed tomography (SPECT) imaging; (5) prominent X-ray
attenuation behavior of Cu for computed tomography (CT)
imaging; (6) stable, controllable, and highly luminous Cu-
metal nanoclusters (CuNCs) for fluorescence (FL) imaging.
Furthermore, Cu-based NPs exhibit potential in various
cancer therapies, including photothermal therapy (PTT),
photodynamic therapy (PDT), chemodynamic therapy (CDT),
sonodynamic therapy (SDT), and immunotherapy. Single
therapy is often insufficient for efficient cancer treatment,
while combination of these therapies shows more satisfactory
anti-tumor results. 

With the increasing diversity and expansion of Cu-
based tumor theranostics, a systematic overview of Cu-
based tumor theranostics is urgently needed [ 20 ]. Here, we
review Cu homeostasis and the impact of disrupting Cu
homeostasis (cuproptosis and Cu chelation) on cancer,
providing a systematic summary of cancer therapies
that target Cu homeostasis. We also identify current
challenges and propose strategies to improve treatment
outcomes. We then summarize Cu-based nanoparticles
that may be used for cuproptosis and different cancer
treatments, analyzing the advantages and disadvantages of
various materials, which can provide guidance for selecting
nanomaterials and designing delivery platforms in future
research. Finally, we review recent advancements in Cu-
based nanoparticles for tumor theranostics and discuss
potential key challenges and future opportunities for Cu-
based cancer therapies. In conclusion, this review provides
a clearer framework for comprehensively studying Cu-based
tumor theranostics and proposes new ideas for the clinical
translation of Cu-based tumor theranostics. The schematic
illustration of Cu-related tumor theranostics is exhibited in
Fig. 1 . 

2. The relationship between Cu and cancer 

Cu is an essential trace element as well as important
cofactor for all organisms, occupying an important position
in maintaining enzyme activity and transcription factor
function. Importantly, the relation between Cu and cancer has
long been verified, and many studies have shown that tumors
have a higher demand for Cu than normal tissue. Cu promotes
tumor angiogenesis, leading to tumorigenesis, growth and
metastasis. 
2.1. Pharmacokinetics of Cu 

The processes of ADME (absorption, distribution, metabolism
and excretion) are crucial for maintaining Cu homeostasis in
the body: 

Absorption: Cu normally enters mammals through the
alimentary tract. Dietary Cu is absorbed primarily in the small
intestine, with some absorption occurring in the stomach. Cu
uptake in the intestine epithelium is mainly facilitated by
the high-affinity Cu transporter, CTR1. Following uptake, Cu
is transferred through chaperone ATOX1, which delivers the
metal ion to Cu-ATPases, ATP7A [ 21 ]. In intestinal epithelial
cells, ATP7A traffics towards the basolateral membrane,
facilitating the absorption of dietary Cu into the bloodstream.

Distribution: Once absorbed, Cu is bound to albumin,
transcuprein, and amino acids in the blood, with the majority
of the Cu ion being transported by ceruloplasmin. The
absorbed Cu is transported to the liver through portal venous
circulation and stored, then distributed to various tissues,
including the brain, kidneys, and heart, where it is utilized.
Within cells, the concentration of Cu is tightly regulated, and
its distribution is controlled by metallothioneins, glutathione
(GSH), and metallochaperones, which ensure proper delivery
to cuproenzymes while avoiding toxic free Cu ions [ 22 ]. 

Metabolism: Cu is incorporated into cuproenzymes,
such as cytochrome c oxidase, superoxide dismutase, and
ceruloplasmin, during their biosynthesis. This process
involves several metallochaperones that transfer Cu to
specific proteins, such as COX17 for cytochrome c oxidase
and CCS for Cu/Zn-superoxide dismutase. In addition to
cytosolic enzymes, Cu is also incorporated into secretory
pathway cuproenzymes via ATP7A or ATP7B, which are
embedded in the trans-Golgi network [ 23 ]. 

Excretion: Excess Cu is primarily eliminated through the
liver via the bile, while only a little fraction is excreted through
the kidneys in the urine. The excess Cu in the hepatocytes
is transported through endolysosomal vesicles containing
ATP7B into lysosomes, which subsequently release Cu across
the canalicular (apical) membrane into the bile for excretion
[ 24 ]. 

2.2. Cu signal pathway 

2.2.1. Cancer-associated signaling pathways 
Accumulating studies have proved that Cu is involved in the
tumorigenesis of various cancers by modulating multiple
signaling pathways. This section will discuss the interplay
between Cu and cancer-associated signaling pathways,
focusing on the PI3K-AKT and MEK-ERK signaling cascades. 

1) PI3K-AKT signaling pathway: Cu facilitates tumorigenesis
through activating the PI3K-AKT oncogenic signaling
pathway, thereby facilitating tumorigenesis. Specifically,
Cu binds 3-phosphoinositide-dependent protein kinase 1
(PDK1), promoting its interaction with its downstream
substrate AKT and subsequently activating AKT [ 25 ]. In
this way, depleting CTR1 or applying Cu chelators can
diminish AKT signaling, therefore reducing tumorigenesis.
Abnormally elevated CTR1 levels have been observed in
breast cancer, which is subject to negative regulation by
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Fig. 1 – Schematic illustration of regulating Cu homeostasis and Cu-based nanoparticles for tumor theranostics. The 
mechanisms of cuproptosis and Cu chelation, classification of Cu-based NPs, and application are involved. 
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the NEDD4-like E3 ubiquitin-protein ligase. Therefore, this 
protein ligase exhibits tumor-inhibitive ability through 

inhibiting the CTR1-AKT signaling pathway [ 26 ].
2) MEK-ERK signaling pathway: ERKs are serine/threonine 

protein kinases that transmit mitogenic signals and serve 
as downstream targets for various growth factors. Studies 
have demonstrated that increased Cu ion concentrations 
lead to elevated expression levels of phosphorylated ERK,
indicating that Cu ions can induce ERK phosphorylation 

within cells, thereby promoting cell proliferation [ 27 ]. Cu 

ions can bind MEK in an antioxidant 1 Cu chaperone 
(ATOX1)-dependent manner, subsequently activating the 
MEK-ERK signaling pathway. The absence or mutation of 
CTR1 in cells can reduce MEK1′ s ability to phosphorylate 
ERK, suggesting that MEK1-ERK interactions require Cu ion 

involvement [ 28 ].

.2.2. Other signaling pathways 
n addition to its involvement in cancer-associated signaling 
athways, Cu also plays a role in other cellular signaling 
rocesses. 

1) Hypoxia: Adaptation to hypoxia is a driving force for 
tumor development. Hypoxic stimuli can induce the 
expression of lysyl oxidase (LOX), which is a secreted 

Cu-dependent amine oxidase that promotes tumor cell 
migration and adhesion. ATP7A is required for LOX 

activity, and the activity is reduced upon cytoplasmic 
Atox1 silencing. Therefore, Cu ions can influence the 
ATOX-ATP7A-LOX pathway, thereby promoting cancer cell 
metastatic expansion [ 29 ]. In addition, hypoxia-inducible 
factor-1 (HIF-1) regulates the expression of the vascular 
endothelial growth factor (VEGF), a process requiring Cu 

participation [ 30 ].
2) Autophagy: Cu ions can trigger autophagy, a protective 

mechanism that allows cells to survive a variety of stress 
conditions such as nutrient deprivation, hypoxia and DNA 

damage. Cu can produce ROS through Fenton or Fenton- 
like reaction, which will trigger autophagy pathway to 
enhance cellular defense. However, the overactivated 

autophagy may accelerate cell death. In addition, Cu 

can induce autophagy through increasing expression of 
autophagy-related proteins and regulating the AMPK- 
MTOR pathway. For instance, Cu directly binds to and 

activates the autophagic kinases ULK1 and ULK2 to induce 
autophagy [ 23 ]. The loss of the Cu exporter ATP7B or Cu
imbalance can also lead to autophagy. Moreover, Cu can 
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induce autophagic degradation of glutathione peroxidase
4 to promote ferroptotic cell death [ 31 ].

3) Inflammation: Inflammation is a kind of defensive
response to harmful stimuli and is a precursor to several
diseases, including cancer. The high expression of CD44
on macrophages is usually a marker of inflammation,
while CD44 mediates the endocytosis of Cu bound
hyaluronates in cancer cells [ 32 ]. The upregulation of
CD44 will result in macrophage activation and increase
of mitochondrial Cu2 + . Chemically reactive Cu2 + largely
exists in the mitochondria of inflammatory macrophages,
which catalyzes NAD(H) redox cycling by reacting with
H2 O2 . To overcome this dilemma, supformin (LCC-12), a
dimer of metformin, was designed to target mitochondrial
Cu2 + , induce a reduction of the NAD(H) pool, and lead to
macrophage deactivation [ 33 ].

In conclusion, Cu is crucial in various signaling pathways
involved in cancer and other cellular processes. The interplay
between Cu and these signaling pathways contributes to the
complexity of cellular responses in different contexts. 

2.2.3. Toxicological study of Cu 

Owing to the regulation mechanism of Cu metabolism, Cu
toxicity is relatively low in human body. The concentration
of Cu in tissues or body fluids is relatively constant, with
a range of less than 50 μg/g. When the intake of Cu in
drinking water reaches 6 mg/L [equivalent to 0.14 mg/kg
per day (bodyweight)], obvious gastrointestinal reactions can
be observed, such as nausea and vomiting [ 34 ]. To compare
the toxicity of Cu-based NPs with bulk Cu, CuO NPs and
CuSO4 were investigated. Results showed that LD50(14) of CuO
NPs was 400 mg ·b ·wt/kg, threefold higher than of CuSO4 .
Moreover, compared with CuSO4 , CuO NPs ( ≥5 mg ·b ·wt/kg)
induced greater oxidative stress, disrupt blood brain barrier
(BBB) and coax toxicity in liver, kidney and spleen [ 35 ]. In
addition, exposure to CuO NPs at dose concentrations of 200,
133.3 and 100 mg/kg body weights leads to different degrees
of developmental deformities in mice [ 36 ]. NPs have distinct
physicochemical properties, such as high surface-to-volume
ratio and various surface morphologies, resulting in unique
reactivity and toxicological mechanisms owing to abundant
reactive sites. Studies have shown that smaller Cu-based
NPs had higher surface reactivity and facilitated intracellular
transport. The respiratory tract is the most common route
for Cu-based NPs exposure, gastrointestinal tract and affected
skin are other potential ways [ 37 ]. 

Ionic Cu has been proved to be a carrier of electrons
along the mitochondrial electron transport chain. The
addition of Cu ions can interfere the electron transmission
in the mitochondria to cause mitochondrial damage, and
trigger perturbation of cellular cation homeostasis and ROS
production, which lead to break of DNA strand and hinder
of transcription. Upon Cu-based NPs exposure, MAPK and
RTK pathways are activated, resulting in a pro-inflammatory
cascade [ 38 ]. Moreover, Cu ions can chelate atoms in
active regions and deactivate biomolecules, thus impeding
physiological processes [ 39 ]. 

Surface modification is a potential method to control
toxicity of NPs. For instance, CuO NPs treated with 8-
mercaptooctanoic acid exhibited substantial ROS activity
[ 40 ]. Tween-20-modified Cu2 S NPs showed improved
biocompatibility and physiological stability, and
chemotherapeutic drug Dox can be loaded owing to the
modification [ 41 ]. In addition, Cu can decrease the toxicity
of chemo-drugs. Cu-based preparations can generate oxygen
radicals to deactivate cell-free chromatin particles (cfChPs),
a substance that can cause chemotherapy toxicity, so as to
realize decreased toxicity of docetaxel-based chemotherapy
[ 42 ]. 

2.3. Effects of Cu homeostasis on cancer 

The intrinsic redox properties of Cu make it a double-edged
sword to cells. Cu2 + and Cu+ are the two oxidation states
of Cu, in which Cu+ is considered to be the main form in
the cellular cytosol-reducing environment. Meanwhile, the
dysregulation of Cu concentration can lead to oxidative stress
and cytotoxicity. Cu is also involved in the different stages
of the cancer. Cu at high levels inhibited the activity of
proteasome in human cancer cells. It is well known that Cu
levels in the human body need to be maintained in a narrow
range. From this point, intentionally raising or lowering Cu
levels in tumors may be a new strategy for treating tumors. 

In past studies, Cu can cause apoptosis, pyroptosis,
and even drive ferroptosis [ 43 ]. Moreover, the behavior of
promoting Cu accumulation in tumors can affect the tumor
cells and even induce cell death. However, the underlying
mechanism of excess Cu-induced cell death has not yet
been revealed, and cuproptosis as an emerging form of
cell death offers an acceptable explanation. Studies have
shown that cuproptosis relies on mitochondrial respiration.
By directly binding to lipoylated proteins in the TCA cycle, Cu
ions cause abnormal aggregation of lipoylated proteins and
interfere with iron-sulfur cluster proteins in the respiratory
chain complex, resulting in a protein-toxic stress response
and, ultimately, cell death. FDX1 and six genes involved in
protein lipoylation are key genes that promote cuproptosis,
which are essential for mitochondrial aerobic metabolism [ 44 ].
While excess Cu accumulation can be life-threatening, a more
concentrated increase in intracellular Cu can selectively kill
cancer cells. At present, Cu ionophores provide the most direct
way for the cuproptosis, and the development of Cu-based
nanomaterials has also broadened the way for the discovery
of new Cu ionophores [ 45 ]. 

Cu is required to meet the energy demands of rapidly
dividing cells because mitochondrial cytochrome c oxidase
requires Cu as a cofactor. Thus, cancer cells have a higher
Cu requirement owing to their strong cell division ability. In
addition, the high Cu content is also related to angiogenesis in
tumor tissue. Therefore, Cu can promote tumor angiogenesis,
leading to tumorigenesis and metastasis [ 46 ]. The blood
vessels in the tumor are undoubtedly the highways that
provide a steady stream of nutrients to support the rapid
proliferation of tumor cells. With this as an entry point,
reducing Cu in tumors may become a viable strategy to inhibit
tumor growth. Cu chelators play a central role in this strategy,
which was first used to treat a progressive Cu transport
disorder called Wilson’s disease. The Cu secretion into bile
is reduced, which leads to Cu depletion in the liver. In the
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reatment of Wilson’s disease, Cu chelators bind excess Cu 

nd promote Cu excretion in the urine. The mechanism of 
u chelators in tumor treatment is highly similar to that of 
ilson disease. In fact, many studies have reported novel 

umor-involved Cu chelators [ 47 ]. 
To achieve a better therapeutic strategy, it is more desirable 

o see a unilateral killing of tumor cells. Therefore, both Cu 

onophore, which triggers various modes of cell death by 
ncreasing the Cu content, and Cu chelator, which inhibits 
umor growth by decreasing the Cu content, require good 

electivity and targeting. Cu ionophores can be designed to 
elease Cu through a TME-responsive mode. Moreover, the 
oncept of pre-chelators is proposed [ 48 ], which appear non- 
oxic in healthy cells, because the chelation is selectively 
erformed in tumor cells. Furthermore, desirable size of Cu 

onophores and Cu chelators can realize selective retention in 

umors. 

. Cuproptosis—“increasing Cu” to kill cancer 

s an essential trace element, Cu is involved in cell 
roliferation and cell death [ 23 ]. In vivo , Cu is mainly 
ransported by binding to ceruloplasmin. Ceruloplasmin 

as an enzymatic activity and participates in various 
mportant biological processes, including antioxidant defense,

itochondrial respiration, and the biosynthesis of pigments,
ormones, and neurotransmitters [ 20 ]. Cu is involved in 

lmost all stages of cancer development, and undoubtedly Cu 

omeostasis exists in tumors [ 45 ]. When the concentration 

f Cu2 + /Cu+ in cells exceeds the threshold of maintaining 
he Cu homeostasis mechanism, cytotoxicity appears [ 49 ].
uproptosis provides evidence that increasing the amount of 
u in tumor tissue kills tumor cells. In addition, cuproptosis 
as broadened the field of cancer therapy. 

.1. Mechanism of cuproptosis 

uproptosis is a novel mechanism different from the currently 
nown cell death mechanisms, which is verified through 

xclusive methods [ 44 ]. At present, the discovered mechanism 

f ferroptosis is through depletion of GSH, the decrease of GSH 

eroxidase (GPX4) activity and cellular antioxidant capacity,
hich results in lipid peroxidation, metabolic dysfunction,

nd the increase of lipid ROS, thereby causing ferroptosis [ 50 ].
nlike ferroptosis, cuproptosis affects cancer cell death more 
t the mitochondrial respiration level during the TCA cycle. 

The mechanism is as follows [ 44 ]: First, Cu binds to the 
ipoylated proteins in the TCA cycle, leading to an aberrant 
ligomerization of the lipoylated proteins. Protein lipoylation 

s a highly conserved post-translational modification of a 
ysine that regulates protein function by attaching lipoic 
cid groups to the lysine residues of the substrate protein.
herefore, the binding of Cu to lipoylated protein leads to 

he cell toxicity. A genome-wide CRISPR-Cas 9 loss-of-function 

creen is performed to identify specific metabolic pathways 
ediating Cu toxicity. Studies show that the seven related 

enes, including FDX1, which encodes a known reductase 
hat reduces Cu2+ to Cu+ , and lipoyl transferase 1, lipoic 
cid synthase (LIAS), dihydrothiocenamide dehydrogenase,
ihydrothiocenamide S-acetyltransferase (DLAT), pyruvate 
ehydrogenase E1-al subunit and β subunits, are the key 
enes to promote cuproptosis. Knockdown of the above 
enes rescues the cells from Cu toxicity. Knockdown of FDX1 
epresses the expression of the lipoylated proteins in the 
ells and exhibits a marked TCA cycle inhibition. Such results 
onfirm that FDX1 is an upstream regulator of proteolipid 

cylation. Thus, FDX1 and proteoliylation are key regulators 
f cuproptosis. 

The above findings are not only verified in the ionophore 
lesclomol (ES) application experiment, but also can be proved 

sing CuCl2 . Biochemical CuCl2 supplementation also leads 
o decreased expression of mitochondrial respiratory protein 

ipodylated protein (DLAT, DLST) and Fe-S cluster protein 

FDX1, etc.) in A673 cells. Both FDX1 and LIAS knockdown 

eversed CuCl2 -induced cell death, and depletion of GSH by 
u chelators promoted CuCl2 -induced cell death. 

Thus, cuproptosis occurs through the direct binding of 
u to the lipoylated components of the TCA cycle, via 
ggregation of lipoylated proteins and subsequent loss of Fe-S 
lusters, causing proteotoxic stress and eventual cuproptosis 
 Fig. 2A ) [ 44 ]. In addition, cuproptosis kills cancer cells by
ffecting mitochondrial respiration. However, not all tumor 
ells perform mitochondrial respiration. Warburg effect shows 
hat the main pathway for most tumor cells is glycolysis.
xidative phosphorylation, on the other hand, provides 
 smaller portion of the energy supply. Therefore, it is 
peculated here that cuproptosis is more effective in tumor 
ells that use more oxidative phosphorylation capacity. 

Since the concept of cuproptosis was proposed, dozens 
f genes related to cuproptosis have been discovered so 
ar. Moreover, the study of the role of different genes in 

ifferent cancers has gradually been enriched. For example,
iu et al. [ 51 ] performed genomic analysis on samples from 

ore than 9000 cases of over 30 cancer types. In different 
ypes of cancer, the cuproptosis genes that play a role may 
e different. Among them, brain cancer may be more affected 

y cuproptosis. Conversely, genes associated with cuproptosis 
re less expressed in some other types of cancer, such as clear 
ell carcinoma of the kidney, where cuproptosis’s activity is 
ower. 

As the study deepened, more in-depth excavations of 
uproptosis genes appeared. More and more studies are 
onducted to predict cancer prognosis using cuproptosis 
odels. For example, Liu et al . [ 52 ] applied a set of

ioinformatics tools to probe the expression of cuproptosis 
enes in lung adenocarcinoma and analyze prognostic results.
fter analyzing the data of different lung adenocarcinoma 
atients, 9 genes were found to had prognostic value.
ubsequently, the five cuproptosis models constructed are 
erified and evaluated, which could be well classified. The 
ore important finding was that features associated with 

uproptosis might influence tumor prognosis by influencing 
umor immunity. The method of predicting small molecule 
ompounds based on differentially expressed genes provides 
 feasible solution to improve the poor prognosis of high-risk 
roups. With the deepening of research, the identification of 
uproptosis-related genes and the construction of risk models 
or some cancers with high malignancy and poor prognosis 
ave also emerged. For example, Li et al. [ 53 ] tested the
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Fig. 2 – Mechanism and application of cuproptosis. (A) Mechanism illustration of cuproptosis [ 44 ]. Copyright 2022, Science. 
(B) The preparation process of Au @ MSN-Cu/polyethylene glycol /DSF and its cuproptosis and other functions in tumor 
treatment [ 54 ]. Copyright 2022, Wiley . (C) The synthesis of nonporous GOx@[Cu(tz)] and starvation enhanced cuproptosis 
and photodynamic therapy [ 55 ]. Copyright 2022, Wiley . (D) The synthetic process and anticancer mechanism of CuET NPs 
[ 56 ]. Copyright 2022, the Royal Society of Chemistry . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

cuproptosis gene for ovarian cancer and constructed a risk
model based on the cuproptosis genes. Through evaluating
the prognostic value and therapeutic sensitivity, specific
molecular subtypes were found to have excellent prognostic
potential. 

The mechanism of cuproptosis is being further studied,
and the related genes are still being proposed. For the
identification of relevant gene expression, the role of different
genes in different cancers is summarized and classified,
which is beneficial for personalized, safe and effective tumor
theranostics. 

3.2. Cu2 + /Cu+ ionophores —the method for cuproptosis 

Cuproptosis enriches the pathways for inducing tumor cell
death, and also encourages research to deeply explore new
treatments for cuproptosis to kill tumors. Although tumor
cells contain more Cu than normal cells, the Cu content
in tumor cells has not yet broken through the threshold
of cuproptosis, thus requiring exogenous Cu intake. The
upregulation of Cu ions in tumor cells is critical. Cu2 + /Cu+

ionophores as anti-cancer agents may have great potential
in cuproptosis [ 57 ]. They can deliver Cu into cancer cells, so
that the concentration of Cu2 + /Cu+ in cancer cells exceeds
the threshold to initiate and participate in the cuproptosis
process. 
At present, different kinds of Cu ionophores have already
existed as anti-cancer agents such as dithiocarbamates,
bis(thiosemicarbazone) ligands, 8-hydroxyquinolines (HQs),
flavones, etc. Among them, the most widely studied are
pyrrolidine dithiocarbamate and diethyldithiocarbamate
(DTC). DTC is the active form of the better-known disulfiram
(DSF). Studies have shown that DSF is an excellent anti-cancer
drug against many types of cancer cells. The combination of
DSF and Cu significantly increased the anticancer effect [ 58 ].
Multiple studies have shown that increased Cu concentration
results in greater toxicity of DSF. This provides the basis for
promoting cuproptosis in cancer cells. Mounting evidence
has demonstrated that Cu-DSF has several targets, including
ROS levels, the ubiquitin-proteasome system (UPS), NF- κB
and NPL4 [ 59 ]. 

Cu2 + /Cu+ ionophores break cellular Cu homeostasis and
increase Cu levels in tumor cells. This non-selective drawback
can cause Cu overload in normal tissues, which in turn leads
to the killing of healthy cells. Therefore, improving their
selectivity and targeting ability has become a top priority
[ 60 ]. To solve the above problems, Zhou et al. [ 54 ] constructed
a mesoporous silica-coated gold nanorod functional carrier
doped with Cu ions loaded with DSF, which released Cu2 + and
DSF under photothermal trigger for the controlled conversion
of non-toxic materials to toxic drugs. The photothermal
trigger not only controlled the in-situ release of Cu2 + and DSF
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n the cell, converted Cu2 + and DSF to generate toxic Cu+ 

nd CuET, but also promoted the cuproptosis and apoptosis 
f cancer cells. Moreover, by rising the local temperature of 
he tumor, synergistic treatment was achieved ( Fig. 2B ). 

The application of cuproptosis is still in the less mature 
tage, and the treating effect of cuproptosis alone has 
ot achieved satisfactory results, while combination with 

ther therapies may be the solution. A glucose oxidase 
GOx) engineered non-porous Cu+ 1,2,4-triazolidate ([Cu(tz)]) 
oordination polymer (GOx@[Cu(tz)]) was developed and 

sed for starvation therapy enhanced cuproptosis and 

hotodynamic synergistic therapy [ 55 ]. The GOx was inactive 
efore entering cancer cells and only after being stimulated 

y GSH in cancer cells would it be “turned on” to efficiently 
onsume glucose, resulting in starvation. The depletion of 
lucose and GSH sensitized cancer cells to GOx@[Cu(tz)]- 
ediated cuproptosis, producing aggregation of lipidized 

itochondrial proteins, which were targets for Cu-induced 

oxicity. Intracellular H2 O2 levels increased further as glucose 
as oxidized, activating type I PDT for GOx@[Cu(tz)] ( Fig. 2C ). 

Furthermore, cuproptosis could also be applied to reverse 
he problem of drug resistance. The coordination compound 

f Cu and disulfiram, Cu diethyl dithiocarbamate(II) (CuET),
ad an inert GSH response-ability and its carcinostatic activity 
as almost unaffected by the high GSH concentration in 

ancer cells, and could also effectively reverse cisplatin 

esistance by inducing cuproptosis in cancer cells, providing 
deas for apoptotic tolerance of tumor treatment [ 61 ].
uET had a low reduction potential and GSH response 

nertia, and was not disturbed by high levels of GSH in 

549/DDP-resistant cells, thus exhibiting high anticancer 
ctivity in cisplatin-sensitive and drug-resistant cancer cells.
he toxicity of cisplatin in A549/DDP cells was greatly 
educed, and GSH levels in drug-resistant cancer cells were 
ignificantly reduced. Lu Yao et al. [ 56 ] prepared bovine serum 

lbumin-stable CuET nanoparticles (CuET NPs). In this way,
he solubility and bioavailability of CuET were obviously 
mproved. CuET NPs could increase the Cu level in A549/DDP 
ells and decrease the expression of FDX1. This indicated 

hat CuET NPs can induce cuproptosis in A549/DDP cells and 

ffectively reverse cisplatin resistance ( Fig. 2D ). 
It is urgent to develop safe and more efficient Cu 

onophores for cancer treatment. The first strategy is that 
onophores can be protected into proionophores. In this 
trategy, the ionophores exist in the form of proionophores 
n ordinary cells, thus reducing the killing effect on ordinary 
ells [ 60 ]. GSH highly expressed and H2 O2 heavily produced 

umor cells can be the trigger condition for proionophores.
he redox effect of GSH promotes the release of Cu within 

ells. Excess GSH in cancer cells can activate proionophores,
nd the resulting product, ionophores, promote cancer cell 
eath through the accumulation of Cu, GSH depletion and ROS 
roduction. In addition, H2 O2 can take part in the activation of 
 proionophore. While activating cuproptosis, Cu2 + released 

y the transformed Cu ionophores could also react with 

SH to obtain Cu+ , which triggered a Fenton-like reaction to 
roduce ROS, thus killing tumor cells [ 57 ]. 

In addition to the above method, differences in the types 
nd amounts of enzymes in cancer cells and healthy cells 
an be utilized to improve the targeting of ionophores.
he cell malignant transformation may change some 
nzymes’ functions and cellular localization [ 62 ]. These also 
rovide ideas for improving targeting ability. In addition, the 
ehavioral characteristics of cancer cells provide inspirations.
o speed up proliferation, cancer cells take up more glucose 
han healthy cells and enhance glycolysis, which is one of the 
allmarks of cancer called “Warburg effect” [ 63 ]. From this,
lycol-conjugation also has the potential to improve targeting 
bility. 

The occurrence of cuproptosis depends on Cu 

ccumulation. However, the selectivity of Cu ionophores 
nd the problem of metal overload in the human body still 
eed to be considered [ 60 ]. Although high levels of Cu can
e observed in tumor cells, the efflux mechanism and high 

xpression of Cu transporters reduce retained Cu in tumor 
ells. Therefore, simultaneous inhibition of efflux operation 

nd increase of uptake as well as retention of Cu in tumor 
ells could be a way to achieve safe cuproptosis and effective 
reatment for cancer. 

Cu2 + /Cu+ ionophores are Cu-based nanomaterials. With 

he development of Cu-based nanomaterials, the type,
unction and size of Cu2 + /Cu+ ionophores may be enriched.
urrent Cu-based nanoparticles are not commonly used in 

uproptosis-based therapies. In the future, it is hoped that 
uproptosis can be widely applied in tumor treatment. 

. Different forms of Cu-based nanoparticles 

u-based NPs are promising antitumor agents, which are 
pplied in PTT, PDT, CDT and SDT [ 64 ]. Various forms of
u nanoparticles have been explored in tumor therapy. It is 
ell known that both the single-atomic Cu and the ionic 

orm of Cu can hardly break through the potential energy 
arrier in the body to reach the target point. Intracellular 
u homeostasis, as well as efflux mechanisms, inhibit 
xogenous Cu intake, which is precisely the main obstacle 
f cuproptosis. Nowadays, the continuous progress and 

evelopment of nanomaterials have gradually overcome these 
ilemmas. Currently commonly used Cu-based nanoparticles,
uch as monoatomic Cu materials, Cu metal derivatives, Cu 

omplexes, Cu-MOFs and other Cu-based nanocomposites,
re discussed in this section, and their applications are listed 

n Table 2 . 

.1. Monoatomic Cu materials 

onoatomic Cu nanoparticles, characterized by low quantity 
nd high efficiency, are mainly used in biocatalysts in 

anocatalytic medicine [ 65 ]. They can greatly reduce the use 
f Cu elements, which guarantees biosafety. Zhu et al. [ 66 ] 
lso successfully prepared Cu monoatomic nanoenzyme 
ith peroxidase-like activity by high-temperature 

arbonization method for self-enhanced nano-catalytic 
umor treatment. The PPS was prepared by combining single- 
tom nanoenzymes with proton pump inhibitors (PPIs) and 

latelet membrane vesicles. PPIs could regulate the levels of 
+ , H2 O2 and GSH in tumor at the same time. 



Asian Journal of Pharmaceutical Sciences 19 (2024) 100948 9 

Table 2 – Different kinds of Cu-based nanoparticles and their application. 

Classification Structures Composition Therapeutic profiles In vivo Ref. 

Monoatomic 
Cu materials 

Cu-JMCN N-doped mesoporous carbon 
nanomotors coordinated with Cu 
single-atom catalysts 

Enhanced uptake and penetration through 
self-thermophoretic motion triggered by NIR light and 
catalyzed H2 O2 into • OH for CDT with the tumor 
inhibition rate of 85%, higher than group without NIR 
light (63%) 

MCF-7 [ 93 ] 

HA-NC_Cu HA-functionalized single Cu atoms 
dispersed over Zn (II) boron 
imidazolate framework-derived 
nanocubes 

Efficient sonothermal energy conversion ability and 
pH/H2 O2 /GSH tri-activated • OH generating ability for 
sonothermal–catalytic synergistic therapy with 
improved tumor inhibition rate (86.9%) and long-term 

survival rate (100%) 

MDA-MB- 
231 

[ 94 ] 

Cu-HNCS Hollow N-doped carbon sphere 
doped with a single-atom Cu 
species 

Catalysts with excellent Fenton activity to produce O2 
• −

and • OH at a low metal concentration, achieving 
relative tumor inhibition rate of 93% of and elevated 
mice survival rates for over 48 d, better than 34 d of 
control groups 

4T1 [ 95 ] 

Cu metal 
derivatives/ 
Cu oxides 

LIPSe@CuO2 

&DHA 

Liposomal nanosystem for 
co-deliver of CuO2 and 
dihydroartemisinin (DHA) 

Catalyzed DHA to generate cytotoxic C-centered 
radicals, depleted GSH and produced • OH through 
Fenton-like reaction with the strongest tumor growth 
suppression rate of 85.9% compared with other groups 

4T1 [ 96 ] 

DOX@MSN@ 

CuO2 

CuO2 -coated and DOX-loaded 
mesoporous silica nanoparticles 

Decomposed into Cu2 + and H2 O2 for GSH depletion and 
ROS generation for combined CDT and chemotherapy 

4T1 [ 97 ] 

PEG-CuO@ 

DSF@MTO 

DSF and mitoxantrone were 
embedded into PEGylated 
mesoporous CuO 

In situ complexation and coordination of Cu2 + with DSF 
and MTO for combined CDT and chemotherapy, 
achieving the best tumor inhibition rate of 91.27% 

H22 [ 98 ] 

CBGP NPs GOx and cationic copolymer 
PEG2k -PEI1.8k coated 
CuO-deposited BSA 

H2 O2 self-supplied and glucose consumption-based 
tumor-selective CDT 

C6 [ 99 ] 

Lipo- 
ART@CPNs 

A composite liposomal 
nanosystem co-loading CuO2 

nanodots and artemisinin 

ROS generated by breakage of ART endoperoxide bridge 
and self-supplying H2 O2 promoted autophagy-induced 
ferroptosis with the tumor inhibition rate of 86%, better 
than group without NIR light (76%) 

LLC [ 100 ] 

Cu@P-B Poly amino acids as a platform to 
bind the DSF prodrug and 
encapsulate CuO2 NPs 

A cascade ROS overproduction and DTC activation 4T1 [ 101 ] 

64 Cu- 
Cu@CuOx - 
ECL1i-Gem 

Reconstructed 64 Cu radiolabeled 
and gemcitabine loaded Cu@CuOx 

with ECL1i 

Targeted PET imaging, desirable biodistribution, rapid 
systemic clearance, and substantial tumor inhibition 
with a statistical difference in tumor size 

KPC [ 102 ] 

HSCPs Integrated sulfasalazine into 
hydroxyethyl starch-doxorubicin 
conjugates stabilized Cu peroxide 
nanoparticles 

Self-supplied H2 O2 for • OH generating, biosynthesis 
blocking and depletion of GSH, superior stability, longer 
circulation half-life, and promising tumor inhibition 
rate of 67.4%, significantly outperforming 
poly(vinylpyrrolidone) (PVP)-stabilized Cu peroxide 
(55.5%) 

4T1 [ 103 ] 

CuO2 /DDP@ 

SiO2 

Silica-coated CuO2 nanoparticles 
loaded with cisplatin 

TME modulation for cuproptosis/chemotherapy/CDT 
with the tumor volume of 299.1 ±94.9 mm3 , better than 
the CuO2 @SiO2 (757.3 ±154.6 mm3 ) and 
DDP@SiO2 (629.4 ±116.0 mm3 ) 

H22 [ 104 ] 

CuS-Melanin- 
FA 

Folic acid (FA) modified CuS 
nanodots using melanin as a 
template 

Extended storage time, enhanced PA imaging 
performance and PTT efficacy with completely 
inhibited tumor growth, while tumor recurred and kept 
growing up to around 20-times of the original one in 
other groups 

4T1 [ 105 ] 

Cu metal 
derivatives/ 
Cu sulfide 

DOX/PA- 
Cu/Cu2-x S 
NPs 

In-situ vulcanization of PA-Cu 
complex followed by loading DOX 

Fenton-like activity to generate • OH for down-regulating 
the expression of HSPs to realize combined mild 
PTT/CDT/chemotherapy with a tumor inhibition rate of 
92.1%, higher than the 15.3% of PA-Cu/Cu2-x S; 52.0% of 
DOX/PA-Cu/Cu2-x S NPs, and 75.4% of PA-Cu/Cu2-x S + NIR 

CT26 [ 106 ] 

Tf-DSF/CuS Transferrin (Tf)-modified and 
DSF-loaded hollow CuS 
nanoparticles 

Chemo-photothermal combined therapy with glioma 
targeting ability 

C6 [ 107 ] 

( continued on next page ) 
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Table 2 ( continued ) 

Classification Structures Composition Therapeutic profiles In vivo Ref. 

CuS@PDA- 
TDHP 

Polydopamine 
(PDA)-functionalized CuS 
nanosheets loaded with three DNA 

hairpin probes 

FL quenching properties and signal amplified capacity 
for distinguishing cancer cells and realizing enhanced 
PTT 

MCF-7 [ 108 ] 

COPIRS&Dox 
@PDP NPs 

Carbonyl manganese modified CuS 
NPs and Dox were encapsulated in 
thermal-responsive PDP 

Combination of sensitized chemotherapy and 
penetration-enhanced PTT with severely suppressed 
tumor volume compared with other groups 

4T1 [ 109 ] 

CuS-BSA NPs BSA as a biological modifier to 
synthesize sheet-like NPs 

Induced necrosis and up-regulated apoptotic proteins 
with a lower dose of 600 μg/kg at 980 nm NIR 

H22 [ 110 ] 

CuS/AIPH@ 

BSA 

Encapsulate alkyl radical initiator 
in hollow mesoporous CuS and 
coated with BSA 

Oxygen-independent enhanced free radical treatment 
with the most prominent tumor cell necrosis 
manifestation (karyopyknosis, karyorrhexis, and 
karyolysis) compared with other groups 

4T1 [ 111 ] 

Cu complexes Cuphen Cu(1,10-phenanthroline)Cl2 Long-circulating liposomes inhibited AQP3-dependent 
glycerol permeation and impaired cell migration with 
the lowest relative tumor growth compared to other 
groups 

CT-26 [ 26 ] 

[Cu2 (HL)2 Br2 ] 

3 A 

Binuclear acylhydrazone Cu (II) 
complexes 

Induced cell cycle arrest in G1 phase and apoptosis with 
excellent anti-cell migration activity, biocompatibility, 
and lower systemic toxicity 

A549 [ 112 ] 

9-PMAH-Cu Condensation of 9-anthraldehyde 
and 2-hydrazinopyrimidine, 
followed by mixing with 
CuCl2 ·2H2 O 

Arrested the cell cycle at G2/M phase and induced 
apoptosis, and retained coordination state in human 
serum albumin with no apparent losses in the body 
weight and other side effects of the tested mice 
compared with that of cisplatin 

T24 [ 28 ] 

CTB Tri-phenyl-phosphine reacted with 
Cu-terpyridine complex 

Inhibition of aerobic glycolysis and cell acidification, 
dissipation of mitochondrial membrane potential, 
activation of mitophagy, and induction of mitochondrial 
fission. 

HCC [ 113 ] 

CPT8 A phenanthroline Cu complex 
modified with an alkyl 
chain-linked 
triphenylphosphonium group 

Induced mitophagy and inhibiting angiogenesis and 
vasculogenic mimicry with a decreased volume of 
tumor tissue (241.71 mm3 ), far below that of a 
saline-treated mouse (428.77 mm3 ) 

MDA-MB- 
231 

[ 114 ] 

C4 Trinuclear Cu 
thiophene-2-formaldehyde 
thiosemicarbazone complexes 

Induced autophagy and apoptosis of cancer cells and 
inhibited tumor angiogenesis 

T24 [ 115 ] 

Cu-MOFs CuS@Cu- 
MOF/PEG 

In situ vulcanization to grow CuS 
nanodots on/in the pore structure 
of Cu-MOF 

Fenton-like reaction for CDT, increased NIR 
photoabsorption for PTT, and PA imaging with desired 
tumor volumes compared with the group without NIR 
light 

4T1 [ 116 ] 

MPDG Disulfiram prodrug-loaded and 
GOx conjugated Cu (II)-based MOF 

Catalyzed H2 O2 generation under high glucose 
concentration to activate disulfiram prodrug for 
CDT/chemotherapy with a high tumor inhibition rate of 
86.2%, much higher than that of glucose oxidase-loaded 
(63.7%) and prodrug-loaded (69.8%) groups 

4T1 [ 117 ] 

Cu- 
BTC@DDTC 

Nanoscale MOF Cu-BTC loaded 
with DDTC 

Triggered ROS production, increased the lipid 
peroxidation accumulation and induced ferroptosis in 
tumor cells 

B16F10 [ 118 ] 

GOx@Cu MOF Self-assembly of Cu ion and 
4,4′ -azobisbenzoic acid in the 
presence of GOx 

GOx induced self-supply of H2 O2 and cascade 
biocatalysis triggered ROS generation for pyroptosis 
with a tumor suppression down to around 20% of 
PBS-injected controls 

HeLa [ 119 ] 

Cu@CPP-800 Pyrolysis of Cu-BTC at 800 °C under 
an Ar atmosphere 

Biocompatible phototherapeutic agent for PTT and 
photoacoustic bioimaging 

Hela [ 120 ] 

n
a
k  

p

C
a
i
g
e  
However, the issues of biocompatibility and safety still 
eed more attention. How to reduce the amount of Cu and 

chieve a better tumor suppression effect has become the 
ey to the breakthrough. For another example, Lu et al.
repared carbon spheres (Cu-HNCS) doped with monatomic 
u [ 67 ]. Cu-HNCS could catalyze the conversion of H2 O2 

nd O2 into ·OH and O2 •
−without relying on external energy 

nput, and oxidize biomolecules in cells to enhance tumor 
rowth inhibition. Moreover, a low dosage of Cu could achieve 
xcellent antitumor effect, guaranteeing the biological safety.
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Despite the progress and prospects, shortcomings still
exist. For example, the loading rate and biocompatibility of
Cu atoms still need to be considered. In the future, increasing
the load rate and biocompatibility and ensuring biological
safety may be the key to promoting the wider application of
monoatomic Cu nanoparticles [ 68 ]. 

4.2. Cu metal derivatives 

In addition to the single atomic form, another widely used
type is the Cu metal derivatives. Moreover, the Cu metal
derivatives that can be used in tumor theranostics are in
various forms, rich in production, cheap and easy to obtain
[ 64 ]. The main forms of Cu metal derivatives, such as Cu
oxides, Cu sulfide, and Cu peroxides, are discussed below. 

4.2.1. Cu oxides 
As the most common Cu metal derivative, Cu oxide has made
dramatic advances in the antitumor field with the support
of nanotechnology. For example, Benguigui et al . [ 69 ] have
demonstrated that CuO NPs can target tumor-initiating cells,
generate, accumulate ROS and promote the development
of oxidative stress. CuO NPs have been synthesized using
Cu acetate and sodium hydroxide at high agitation. PANC1
cells have been implanted subcutaneously into the 7-week-
old non-obese diabetic severe combined immunodeficient
mice, and treated with intravenous CuO NPs for 7 sequential
days. The CuO NPs treatment delayed the tumor growth
significantly. Immunofluorescence staining of tumor sections
showed that the number of tumor initiation cells decreased
significantly. It also suggests that CuO NPs can target tumor-
initiating cells to inhibit tumor growth. In addition, CuO NPs
synthesized using the extract of Phaseolus vulgaris showed
strong cytotoxicity on HeLa cell lines [ 70 ]. Cu oxides also
play a very important role in PTT and CDT. For example,
the modified carbon nanospheres (CuO@CNSs) loaded with
biocompatibility and photothermally enhanced Cu oxide
have been constructed by Jiang et al. [ 71 ]. After CuO@CNSs
reached the tumor site, ·OH could be generated by Fenton-
like and Haber-Weiss reactions, which induced tumor cell
apoptosis. Adsorbing DOX on the surface of this nanosphere
could achieve the anticancer effect of pH response release
and NIR laser stimulation response. CuO nanoparticles have
also been widely studied in the field of pharmacology.
Pandurangan’s [ 72 ] research on anti-human cervical cancer
cells also suggested the potential anti-tumor effect of CuO
nanorods. After exposing the human cervical cancer cells
to CuO, the cell shape changed, and the expression of p53
mRNA, ROS and caspase-3 activities in the cells increased
significantly. 

4.2.2. Cu sulfide 
Cu sulfide nanomaterials have excellent photothermal
properties and, therefore, can be applied to PTT [ 73 ]. Moreover,
the Cu ion valence state transition in Cu sulfide can catalyze
the Fenton-like reaction, which also provides the necessary
conditions for its participation in CDT. At the same time,
Cu sulfide nanomaterials can also be applied to tumor
imaging. Cu sulfide nanoparticles have the advantages of
low production cost, small size and low cytotoxicity. Most
importantly, CuS can generate heat and cause cell damage
under NIR irradiation. For example, He et al. [ 74 ] proposed
a photothermal agent for imaging-guided PTT, namely
CuS-deferritin-MBA. It enabled fluorescence imaging and
PTT at isolated light wavelengths. Experiments showed
that combining CuS-deferriferrin-MBA with 808 nm laser
irradiation could ablate tumors. Cu sulfide can also be
indirectly involved in PDT as a photothermal agent. Cu sulfide
can be used as a heat-triggered switch in the system through
strong photothermal effect. Li et al. wrapped drug DOX and
photosensitizer Ce6 with PCM and loaded them into hollow
mesoporous Cu sulfide nanoparticles [ 75 ]. This platform
was called the H-CuS@PCM/ DOX/ Ce6 (HPDC) NPs. Under
NIR irradiation, Cu sulfide exhibited a strong photothermal
effect. After a large amount of heat melts, PCM, Ce6 and DOX
were released, thus killing tumors. The limited penetration
depth and energy of NIR light require new strategies. Nie
et al. [ 76 ] developed the CuS-Fe@polymer NPs to enhance the
CDT effects by co-delivering Cu sulfide and iron-containing
prodrugs. As a catalyst, CuS accelerated the transformation
from Fe3 + to Fe2 + , so as to continuously provide a higher
concentration of Fe2 + . This accelerated Fe2 + to catalyze H2 O2 ,
thus improving the efficiency of CDT. However, excessive use
of Cu may lead to the overload in human body and endanger
human health. Therefore, exploring both safe and effective
synergistic therapy based on CuS becomes the key to solve
the problem. Wang et al. [ 77 ] developed a multifunctional
nano platform (CuS@COFs-BSA-FA/DOX). The DOX loaded by
this platform enhanced the efficiency of CDT in vivo , and the
local hyperthermia induced by PTT further improved the CDT
efficiency. This enabled the synergy of PTT, chemotherapy,
and chemical kinetic therapy. 

4.2.3. Cu peroxide 
Metal peroxides (CuO2 , CaO2 , MgO2 , ZnO2 , etc.) are usually
composed of metal ions and peroxide groups, and can be
decomposed into O2 , H2 O2 and metal ions under acidic
TME, which have received extensive attention in anti-
tumor application. The first preparation case of Fenton-
type metal peroxide nanomaterial was the CuO2 nanodot,
which exhibited excellent ROS production ability and
initiated subsequent flourishing of Cu peroxides [ 78 ]. For
instance, Lin et al. [ 79 ] constructed DMOS@CuO2 /ICG-HA
(DCI) nanocomplexes, in which the loaded CuO2 could
be decomposed at tumor site into O2 , H2 O2 and Cu2 + in
response to acidic TME. Meanwhile, the released Cu2 + acted
as a T1-weighted magnetic resonance imaging reagent,
achieving MRI-guided anti-tumor effects. Problems exist
as the theranostic nanoplatforms often lack specificity. To
precisely control the diagnostic signal and therapeutic effect,
TMB-CuO2 @PLGA@RBCM (TCPR) NPs were fabricated, in
which 3,3′ ,5,5′ -tetramethylbenzidine (TMB) owned excellent
photothermal efficiency in the NIR-II region after being
activated by ·OH. Tactfully, as discussed above, the CuO2 was
decomposed into H2 O2 , and subsequently, Cu+ and H2 O2 

initiated a Fenton-like reaction to generate ·OH, while the
generated ·OH can tactfully oxidize TMB for promoting the
application of photothermal effect and NIR-II photoacoustic
imaging. CuO2 can provide H2 O2 and Cu+ for ·OH production,
while Cu2 + generated by Fenton-like reaction can deplete GSH,
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hus avoiding the elimination of ·OH. Foreseeably, the facile 
ntegration of CuO2 with other metal peroxides may bring 
bout a better therapeutic effect. Liu et al. [ 80 ] modified CaO2 

nd CuO2 with hyaluronic acid and combined them to prepare 
aO2 –CuO2 @HA NC. Hyaluronic acid specifically bound CD44 
rotein on tumor cells, thus enhancing permeability and 

uddenly releasing Ca2 + , Cu2 + and H2 O2 . Undoubtedly,
OH originated from CuO2 effectively killed tumor cells.
n addition, overloaded Ca2 + caused serious damage to 

itochondria. The synergy of CuO2 and CaO2 combined both 

enton-like reaction and mitochondrial dysfunction, thus 
nspiring new ideas for tumor treatment. 

.2.4. Other derivatives 
he above metal derivatives of Cu are widely studied and 

ommonly utilized in tumor treatment. Although other 
opper metal derivatives are less frequently used, they also 
old significant potential for cancer therapy. For example, Hu’s 

eam [ 81 ] built bimetallic nanoparticles based on ruthenium 

nd Cu, which showed catalase and peroxidase actions to 
roduce O2 and ROS. In addition to increasing ROS production 

n tumor tissue, reducing ROS consumption is another viable 
trategy for cancer treatment. GSH is one of the most 
ommon antioxidants in the antioxidant system of cancer 
ells, and strategies that deplete GSH can enhance the 
fficacy of ROS-based therapies by decreasing ROS clearance.
uo et al. [ 82 ] reported an ultra-thin single-point bimetallic 

Cu hexacyanocobaltate) nanosheet (CuCo NS). CuCo NSs 
onsumed GSH overexpressed in tumors and performed CDT 

hrough Fenton-like reaction. While the discovery of such 

erivatives has a significant contribution to cancer treatment,
heir safety remains to be investigated. For example, the 
mpact of different metal intakes on human tissues and 

rgans, as well as their effects on normal physiological 
unctions, needs careful evaluation. Luan et al. [ 83 ] developed 

 pH-responsive reversible self-assembly Cu2-x Se-BSA, which 

electively accumulated in the lysosomes of tumor cells,
ausing lysosomal rupture through swelling and increased 

ysosomal membrane permeability. Notably, after exerting its 
ffects, aggregated Cu2-x Se-BSA dissociated and subsequently 
eft the acidic tumor microenvironment. In conclusion,
iverse metal derivatives of Cu are widely used in cancer 
herapy, serving as effective PAs for PTT and Fenton reagents 
or CDT, etc. However, the stability and systemic toxicity of 

etal derivatives are still worth discussing. The relatively 
xposed Cu metal derivatives in the blood circulation may 
ead to ion leakage. To avoid this, researchers often modify 
r package Cu metal derivatives. Nonetheless, overly tight 
odification or encapsulation may also pose issues, such 

s failing to release or activate at the target site, resulting 
n reduced or lost functionality. Therefore, future research 

hould focus on enhancing the efficacy of new copper metal 
erivatives while ensuring their safety. 

.3. Cu complexes 

lthough Cu complexes are currently in the early stages of 
evelopment, they have great potential for treating cancer.
hen et al. [ 84 ] constructed a polymer nanoparticle (GCT NPs) 
ased on phosphorus tree-containing polymer-Cu2 + complex 
1G3-Cu) and toyocamycin (Toy) on a surface coated with 

ancer cell membrane (CM). GCT@CM NPs were stable under 
hysiological conditions, and rapidly dissociated in tumor 
icroenvironment, consuming GSH and releasing drugs,

hus inhibiting tumor growth. The feasibility of the idea of 
onverting Cu2 + to Cu+ , accelerating the Fenton reaction and 

enerating a large amount of ROS while consuming GSH 

emains to be tested. Jia et al. [ 85 ] designed and synthesized 12
ovel complexes, Cu(L1 )2 -Cu(L12 )2 , to improve their chemical 

herapeutic performance. Cu(L4 )2 and Cu(L10 )2 showed robust 
umor suppression capacity in the T24 xenograft model.
mong them, Cu(L4 )2 and Cu(L10 )2 were reduced by GSH 

epletion to Cu+ , and the generated Cu+ catalyzed excess 

2 O2 to produce ·OH. Meanwhile, Cu(L4 )2 and Cu(L10 )2 reduced 

atalase activity to inhibit the transfer of H2 O2 to H2 O, thereby 
nhancing CDT. 

In addition, Cu complexes can also function as proteasome 
nhibitors to treat cancer. Proteasome inhibition can 

nduce cytochrome c into the cytosol, activate the caspase 
ascade and further induce apoptosis. Interestingly, the 
apid proliferation of cancer cells is more dependent on 

roteasome, which means that they are more sensitive.
tudies have confirmed that Cu2 + inhibits the proteasome 
hrough direct binding and partial redox action [ 86 ]. The 
biquitin-proteasome system (UPS) is a protein catabolic 
echanism in the body that maintains the quality and 

uantity of cellular proteins. Copper complexes, such as 
uET and CuHQ, represent a significant class of metal-based 

nticancer agents. These complexes inhibit the UPS, leading 
o an imbalance in protein levels and quality within tumor 
ells, ultimately resulting in the selective killing of cancerous 
issue. [ 87 ]. 

However, Cu complexes also have some drawbacks.
nhancing their selectivity will be crucial for advancing 
his field in the future. Thus, the development of novel Cu 

omplexes that can selectively target cancer cells is highly 
esirable. It is also important to note that the long-term use of 
u complexes may disrupt the homeostasis of alkali metals,
otentially leading to unpredictable adverse effects. Currently,
here is a need to improve the selectivity of Cu complexes to 
chieve more precise targeting effects. 

.4. Cu-MOFs 

etal-organic frameworks (MOFs) are composed of metal ions 
nd organic ligands. Because of the high porosity, regular and 

djustable pore size, MOFs possess a large specific surface area 
hile maintaining a low density [ 88 ]. Most importantly, the 
etal ions and ligand structures within MOFs can be modified 

s needed. Modification of MOFs will result in multifunctional 
aterials. The unique characteristics make MOFs candidates 

or flexible and efficient drug loading. For instance, in Cheng’s 
ork [ 89 ], Cu2 + was incorporated into precursor of ZIF-90 to 
repare nano-scale Cu/Zn-MOF. Heating the MOF resulted in 

 Cu+ /Cu2 + -coexisting hollow porous structure, which was 
sed to load ICG to form a therapeutic diagnostic platform.
wing to the limited anticancer activity of most MOFs (like 
IF-8), it’s urgent to develop MOFs with intrinsic anticancer 
ctivity. Epigenetic alternation leads to DNA methylation,
hich contributes to the influence on tumor progression and 
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metastasis. Li et al. [ 90 ] designed nanoMOF (Cu-Olsa), in which
oxalazin acted as a bioactive ligand for coordination with
Cu and DNA hypomethylating agent for epigenetic therapy.
Besides, COX-2 expression was down-regulated by Olsa and
its organic complex with Cu2 + . Cu-Olsa realized efficient
production of ·OH and resulted in redox dyshomeostasis.
Catechol is a kind of organic ligand that can form a complex
with transition metals as well as generate ROS by one-
and two-electron oxidation. Interestingly, the coordination
of catechol with metal ions results in shielding of ROS
production ability. In order to realize TME-responsive ROS
generation, Liu et al. synthesized a nano Cu-based MOF
(CuHPT) by one-step self-assembly of catechol ligand HPT and
Cu2 + [ 91 ]. The Cu2+ could be specifically reduced under high
GSH concentration at tumors, accompanied by disassemble
of CuHPT and release of catechol ligands and Cu+ , which
triggered and maintained ROS production. 

In the process of tumor therapy, the high level of
GSH and insufficient H2 O2 in tumor cells seriously weaken
the efficiency of tumor therapy. To tackle this dilemma,
functional core-shell MOFs are widely used as new porous
materials. Dong et al. [ 92 ] used functional small molecules
(aminotriazole, 3-AT) as ligands, and synthesized Cu-MOF
by hydrothermal method to prepare the core. Further, a
porous silica (bis[3-(triethoxysilyl)propyl]tetrasulfide) layer
was grown on the core to obtain Cu-MOF@SMON. After DOX
loading, as well as surface modification with hyaluronic acid,
a functional core-shell MOF (Cu-MOF@SMON/DOX-HA) was
successfully prepared. The MOFs aggregated in cancer cells
owing to the specific binding between hyaluronic acid and
overexpressed CD44 receptor on cancer cell membranes and
then released DOX, Cu2 + and 3-AT in response to GSH and
acidic pH. Cu2 + was reduced by GSH to Cu+ , which catalyzed
the decomposition of overexpressed H2 O2 in cancer cells. 

Cu-based nanomaterials with rich variety also pave the
way for accurate design towards different tumors. However,
some Cu-based nanomaterials have poor safety and lack of
selectivity, which is the biggest challenge. Combining Cu-
based nanomaterials with different therapies may achieve
the purpose of safety, high efficiency and low toxicity.
This multimodal combination therapy may be the future
development of Cu-based nanomaterials. 

5. Cu-based nanoparticles for cancer 
treatment 

5.1. Cu-based nanoparticles for PTT 

PTT is a crucial method in tumor treatment, and photothermal
agents (PTAs) are a crucial component of PTT. On irradiation
by an NIR laser, PTAs can be rapidly switched from the ground
state to the excited state and then back to the ground state
with energy dissipation in the form of heat to raise the
local temperature and thus ablate tumor cells [ 121 ]. After
being injected intravenously into the body, PTAs target and
accumulate in the tumor to exert treatment effect. 

Metal nanomaterials can act as PTAs through the localized
surface plasmon resonance effect, in which Cu-based NPs
show great potential owing to their high near-infrared
absorbance and good biocompatibility. For instance, Cu-
doped CDs synthesized through an eco-friendly, simple, cost-
efficient method exhibited excellent PTT effect [ 122 ]. 

Surface modification of Cu-based NPs can achieve many
purposes, such as the targeting of Cu-based NPs. CuS
nanoparticles are cost-effective agents for PTT, which can
strongly absorb NIR light and transform it into heat,
thus displaying remarkable photothermal properties. Wu
et al. [ 123 ] constructed the surface-modified CuS NPs with
mitochondrial targeting moiety. In this way, CuS NPs targeted
tumor mitochondria and accumulated in tumor mitochondria
in large quantities. Modification of the Cu-based NPs could
also improve the photothermal efficiency. Wang et al. [ 124 ]
reported a kind of 2D CuFe2 S3 nanosheet obtained by
vulcanizing ultra-thin CuFe-LDH NSs. CuFe2 S3 -PEG modified
by PEG showed cracking photothermal conversion efficiency
under laser irradiation of 1064 nm. Cu+ and Fe2 + generated
by the reaction of CuFe2 S3 -PEG with GSH triggered Fenton
reaction and generated a large number of ROS, thus achieving
efficient CDT ( Fig. 3A ). 

Incorporation of Cu-based nanomaterials into other
PTAs may also enhance the photothermal properties. Liu
et al. [ 125 ] combined the Cu metal organic framework
(Cu-BTC) with polydopamine (PDA) to build the Cu-
BTC@PDA nanocomposite material. Density functional theory
calculations showed that Cu enhanced the photothermal
properties of PDA. Moreover, Cu2 + consumed GSH and the
resulting Cu+ -initiated Fenton-like reaction promoted the
production of large amounts of ROS ( Fig. 3B ). 

Although PTT has shown promising results in cancer
treatment, the therapy still has non-negligible drawbacks. For
instance, the thermal diffusion caused by high-temperature
ablation may seriously damage adjacent normal tissues, and
the hyperthermia stimulus would activate the synthesis of
heat shock proteins (HSPs), which may cause heat tolerance
[ 127 ]. Thus, more gentle methods that can relieve the side
effects caused by high temperature during PTT are desired.
Fortunately, Chang et al. designed Cu SAZs(CuL) containing
licofluoxine for mild PTT induced by HSP silencing [ 128 ].
Licofluoxine effectively blocked the synthesis of HSPs in
cancer cells. In addition, CuL produced a large number of
ROS and damaged the existing HSPs in cancer cells. CuL
not only inhibited the production of HSPs at the source, but
also inhibited the activity of HSPs already existing in cancer
cells. The degradation of PTAs has long plagued the wide
application of PTT. PTAs with high photothermal stability
can be rapidly degraded after use are currently needed. Hu
et al. [ 126 ] incorporated Cu2 + into black phosphorus (BP)
to prepare a BP@Cu nanosystem. The addition of Cu2 + not
only accelerated the degradation rate of BP, improved the
photothermal stability of BP@Cu system, and introduced CDT,
but also realized PET imaging with 64 Cu2+ ( Fig. 3C ). 

To enhance the efficacy of PTT, combined therapy
is necessary, which can provide a broader prospect.
Chemotherapy is one of the most effective as well as
major means of cancer treatment. However, the growing
chemoresistance becomes the main cause of tumor
recurrence; therefore, conventional chemotherapy is
insufficient for killing resistant cancer cells and may
even bolster the unwanted resistance through activating
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Fig. 3 – Cu-based nanoparticles for PTT. (A) Application of CuFe2 S3 nanoplates in synergistic NIR-II PTT and CDT [ 124 ]. 
Copyright 2021 Elsevier. (B) Application of Cu-BTC in the treatment of melanoma by enhancing the PTT and CDT 

characteristics of PDA [ 125 ]. Copyright 2023 Elsevier. (C) Application of BP@Cu in PET-guided PTT cancer treatment [ 126 ]. 
Copyright 2020 Nature Communications. 
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lternative pathways. Fortunately, Liu et al . [ 91 ] created 

 Cu/catechol-based MOF (CuHPT), which exploited high 

SH content in drug-resistant cancer cells as a trigger to 
enerate ROS, superior to the general GSH-depleting tactic.
eanwhile, GSH could reduce Cu2 + to Cu+ and Cu+ further 

atalyzed H2 O2 to generate toxic ·OH to kill tumor cells. The 
electivity of CuHPT on drug-resistant cells complements 
hemotherapeutic drugs’ selectivity on drug-sensitive cells,
hus completely eliminating tumors. 

Further, the limitation of chemotherapy paves the way 
or chemotherapy combined with PTT. DSF has been proved 

o have outstanding antitumor activity, which degrades into 

DTC and then combines with Cu ions to form Cu(DDTC)2 ,
eading to tumor apoptosis. Tang et al. [ 129 ] fabricated CuS–
DTC NDs nanoplatform, which tactfully combined and 

mplified therapeutic effect of PTT and chemotherapy. The 
nsufficient Cu in human body limited the therapeutic effect 
f DSF, and the barrier was overcome by introducing CuS 
Ds as Cu source. The complicated multi-step preparation 

f nanoplatforms and the low drug loading efficiency are 
bstacles to PTT. To break through the current predicaments,
an et al. [ 130 ] constructed a facile and tunable nano-system,
n which the in-situ synthesis of CuS and Cu(DTC)2 was 
ealized through mixing Cu2 + , S2−, DTC solution, followed by 
oading with a biocompatible nanocarrier BSA. The system 

ealized flexible synergy of PTT and chemotherapy through 

djusting ratio of S2−/DTC in case of fixed Cu2 + . 
In current PTT, the absorption range of many PTAs belongs 
o the first NIR I region (750–1000 nm). The limited penetration 

epth regrettably results in insufficient thermal ablation at 
eep tumors. The laser with deeper tissue penetration in 

IR II region (1000–1350 nm) has solved this problem to 
ome extent. Zhu et al. [ 131 ] constructed PEG@Cu2-x S@Ce6 
anozymes (PCCNs). Under the irradiation of 1064 nm laser,
CCNs showed good photothermal conversion performance,
aving the way for further exploration of NIR II. 

.2. Cu-based nanoparticles for CDT 

s a tumor treatment method depending on ROS, CDT 

ntroduces transition metals through Fenton or Fenton-like 
eaction to react with excessive H2 O2 produced in TME,
nd the generated ·OH can effectively kill tumors [ 68 ]. The 
ey point of CDT is to find a suitable material, which can 

ffectively convert H2 O2 to ROS. Cu+ /Cu2 + can exhibit brilliant 
enton-like activity and can be applied in strong acidity, while 
lassical ferric ion shows unsatisfactory catalytic activity 
nder low pH. Basked in the glory of lower redox potential,
u+ /Cu2 + engaged H2 O2 catalysis is more efficient than 

e2 + /Fe3 + [ 132 ]. Pi et al. [ 133 ] synthesized natural carrier- 
ree injectable hydrogel consisted of Cu2 + -mediated self- 
ssembled glycyrrhizic acid and norcantharidin through an 

asy, green and economical method, which showed CDT effect 
nd TME regulating ability via apoptosis, cuproptosis and anti- 
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inflammation. However, the high intracellular free Cu will
bring serious side effects. To 5 free Cu, Hu et al. [ 134 ] chelated
GSH and Cu ions to produce Cu-GSSG NPs, which could shield
the toxicity of Cu and generate ROS in high-level H2 O2 tumor
cells. 

Moreover, CDT is highly dependent on H2 O2 to kill
tumors, and the limited H2 O2 in the TME seriously limits its
therapeutic effect. Meng et al. [ 135 ] reported biodegradable
Dox@Cu-Met NPs, in which Met reduced O2 consumption,
and Dox helped convert the accumulated O2 into O2 •

− and
later into H2 O2 by superoxide dismutase (SOD). Then, H2 O2 

was converted into ·OH by Fenton-like reaction based on
Cu+ . By exogenous supplementation of H2 O2 , increasing ·OH
production is a good approach. However, most methods of
improving the efficiency of CDT depend on the participation
of oxygen to some extent, and the hypoxia of tumors
hinders the realization of this method. He et al. [ 136 ]
developed a self-assembled metal-organic coordination
nanoparticle Cu-OCNP/Lap. The Cu-OCNP/Lap was prepared
by Cu2 + binding ligands 1,4,5,8-tetrahydroxyanthraquinone
and banonoanthraquinone dihydrochloride and loading β-
rapanone ( β-Lap). Under the NIR-II irradiation, Cu-OCNP/Lap
generated heat, thus speeding up blood circulation, providing
sufficient oxygen for tumors, strengthening the β-Lap
circulation reaction and generating a large amount of H2 O2 .
Sufficient H2 O2 enhanced the efficiency of CDT and inhibited
the growth of tumors ( Fig. 4A ). 

In addition, the efficiency of CDT was also blocked by the
high acidity requirement, which resulted in the insufficient
release of catalytic ions. The pH value of TME is higher
than the optimum pH value of Fenton reaction. Fortunately,
the pH value of lysosomes is suitable for CDT. To maximize
the utilization of lysosomes, the escape of nanomaterials
from the lysosomes should be inhibited. In order to achieve
more accurate and effective treatment, CDT also needs to be
sensitive to the low pH value of tumor microenvironment. Hu
et al. [ 137 ] designed a layered double hydroxide (CuFe-LDH)
by immobilizing natural glucose oxidase (GOD) in Cu-based
layered double hydroxide. Under acidic tumor conditions,
GOD/CuFe-LDH nanosheets converted glucose into ·OH. At the
same time, GOD/CuFe-LDH nanosheets also exhibited good
photothermal conversion efficiency in acidic environment
( Fig. 4B ). 

The high expression of antioxidant molecules and
enzymes in TME will reduce the effect of existing CDT.
GSH is the most typical antioxidant in TME, and the excessive
expression of GSH greatly limits CDT. Therefore, Wang et al.
[ 138 ] constructed DOX@Cu2 + /ZIF-8@PDA, in which GSH was
consumed by reducing Cu2 + . The generated Cu+ produced
ROS through a Fenton-like reaction. Thioredoxin reductase
(TrxR) can also inhibit CDT by ·OH depletion. In order to break
the limitations of GSH and TrxR, Chen et al. [ 139 ] designed
self-assembled Cu-selenocysteine nanoparticles (Cu-SeC
NPs). Cu2 + in Cu-SeC NPs consumed GSH, and the generated
Cu+ activates Fenton-like reaction, resulting in production of
toxic ·OH. At the same time, selenocysteine in Cu-SeC NPs
inhibited TrxR activity and reduced its antioxidant effect
on ROS ( Fig. 4C ). Breaking the redox balance of TME and
increasing the number of oxidative molecules can increase
oxidative stress and correspondingly improve the curative
effect of tumor treatment. Liu et al. [ 140 ] developed BCHN,
a nanoplatform of BiOCl doped with Cu2 + bismuth. BCHN
provided H2 O2 , generated ·OH, realized oxidative stress and
enhanced CDT effect. In addition, the TME ray-blocking
property of bismuth was crucial for enhancing radiotherapy.
BCHN was expected to effectively inhibit the proliferation of
tumor cells ( Fig. 4D ). 

Further, the strategy of in situ drug synthesis is beneficial
for improving targeting ability and enhancing the therapeutic
effect of CDT. The Cu-catalyzed azide–alkyne cycloaddition
(CuAAC) reaction shows potential in prodrug activation and in
situ drug synthesis. You et al. [ 141 ] developed biocompatible
Cu-based NPs for CuAAC reaction. The valence state of
Cu in Cu-based NPs was adjusted by ROS induced by NIR.
However, the limited tissue-penetrating depth restricted the
therapeutic effect, therefore, it’s urgent to exploit endogenous
control of the valence change. In this way, a DNAzyme-
augmented catalyst was constructed. Under the condition of
high local concentration of H2 O2 , DNAzyme produced active
free radicals and promoted the valence transformation of Cu
on Cu-based NPs surface. This greatly enhanced the biological
orthogonal catalytic activity and activated the in-situ prodrug.

5.3. Cu-based nanoparticles for PDT 

PDT is another emerging cancer treatment method.
It uses light with appropriate wavelength to irradiate
photosensitizers (PSs) and react with oxygen molecules
to produce ROS, which is labeled as the “tumor killer”, thus
leading to apoptosis and necrosis of targeted cells. PDT is
equipped with less invasion, low systemic toxicity and high
selectivity [ 142 ,143 ]. The process is as follows: Firstly, PS
molecule absorbs light to switch from the ground state to the
first excited singlet state (S1). The PS in S1 state may undergo
intersystem crossing to excited triplet state (T1), which has
a relatively long lifetime compared to S1, and is necessary
for photosensitizer to produce ROS. PSs in T1 undergo two
mechanisms: Both the Type I and Type II reactions involve
the energy transfer to molecular oxygen in the ground state.
The Type I reaction results in the formation of reactive free
radicals that cause cellular damage. Type II reaction involves
the direct formation of 1 O2 , which reacts electrophilically
with biomolecules such as lipids, proteins, and DNA, leading
to oxidative damage and cell destruction. In addition, dead
cells caused by photodynamic effects will produce a series
of effects in the later stage. In tumor tissue, the irregular
distribution of blood vessels makes it difficult to supply
oxygen. The high oxygen consumption caused by the rapid
proliferation of tumor cells further aggravates the tumor
hypoxia. Oxygen is necessary for PDT; thus, hypoxia inhibits
its efficacy. To tackle this problem, Cai et al. [ 144 ] constructed
CuTz-1-O2 @F127, which simultaneously relieved hypoxia by
acting as photosensitizer to generate O2 as well as adsorbed
GSH to promote the efficacy of PDT. 

The ROS generated by PDT can also be used as a switch
to regulate the efficacy of chemotherapy. Cu(DTC)2 can be
used for cancer treatment, but can also cause severe systemic
toxicity. To avoid unwanted toxicity, DTC and Cu should
be separated during preparation and selectively chelated in
tumor cells to produce Cu(DTC)2 . Herein, Chen et al. [ 145 ]
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Fig. 4 – Cu-based nanoparticles for CDT. (A) Mechanism of Cu-OCNP/Lap’s abundant H2 O2 supply enhancing CDT [ 136 ]. 
Copyright 2021, Elsevier. (B) Schematic illustration of tumor-specific therapeutic mechanism of GOD/CuFe-LDHs [ 137 ]. 
Copyright 2021, the Royal Society of Chemistry. (C) Application of Cu-SeC nanoparticles in strengthening CDT [ 139 ]. 
Copyright 2023, American Chemical Society. (D) Schematic illustration of BCHN’s synergistic therapy combined with CDT 

and RT [ 140 ]. Copyright 2021, Elsevier. 
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eveloped a self-amplifying prodrug nano-agent activated by 
OS. The ROS-cleavable HA-DQ responsively released DTC in 

umor cells of high-level ROS, while remaining no response 
n normal cells of low-level ROS. Cu(DTC)2 was generated 

y the released DTC and Cu2 + in MOF. Meanwhile, the 
riginal shielding of photosensitizer Zn-TCPP was unfrozen 

o exert the PDT effect owing to MOF dissociation, which 

romoted the generation of ROS and further strengthened 

he ROS-responsive DTC release. In this way, a virtuous circle 
as formed to achieve the combined therapeutic effect of 

DT/chemotherapy. 
Another worth noting issue is that ultraviolet, visible light 

nd NIR-induced PDT have the characteristics of low tissue 
enetration and quick energy attenuation, which penalizes 
DT efficacy in treating deep tumors [ 142 ]. X-ray owns a 
trong penetrating ability because of its short wavelength 

nd high energy, paving the way for the thriving of X-ray- 
nduced PDT, which destroys deeply located tumors and 

educes damage of radiation on the healthy tissues. Chen’s 
roup [ 146 ,147 ] constructed Cu-cysteamine complex (Cu-Cy) 
Ps, which were novel photosensitizers that could produce 
OS not only under ordinary ultraviolet but also under 
ltrasonic, X-ray, microwave, and cancer-specific pH/elevated 
2 O2 levels. Moreover, the excellent penetration ability 
f X-ray indicated that Cu-Cy could be applied in both 

uperficial and deep tumors, ensuring its ability to promote 
he PDT effect. However, these are insufficient for the clinical 
ranslation of X-PDT-based Cu-Cy. In Chen’s study, pork layer 
as used to mimic deep-seated tumor and a clinical linear 

ccelerator represented an X-ray generator. Interestingly, ROS 
ay contribute to tumor cell migration, and Cu-Cy NPs 

roduce abundant ROS that kills tumors [ 148 ]. Therefore,
xtra attention and efforts were paid to clinical investigation.
nversely, no negative effect was observed, and Cu-Cy even 

howed the ability to inhibit migration and proliferation,
emonstrating that ROS produced by X-PDT was conducive 
o cancer treatment. These results further prove the bright 
ntitumor future of Cu-Cy. 

In addition, Cu-Cy-X (X = F, Cl, Br, I) with adjustable 
uminescence, increased chemical stability and reduced dark 
oxicity were found, among which Cu-Cy-I showed better 
erformance. This is because the cuprous ion in Cu-Cy 
elongs to soft acid, while chloride ion belongs to hard base,
esulting in weak Cu-Cl covalent bond and reduced stability 
f Cu-Cy, while soft base I- contributes to higher stability and 

tronger 1 O2 production capacity. These new PSs open up a 
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Fig. 5 – Cu-based nanoparticles for PDT. (A) Application of CuCy NPs to enhance PDT of type I photosensitizer NS-STPA with 

AIE activity [ 150 ]. Copyright 2022, American Chemical Society. (B) Application of mCMSNs with GSH depletion and hypoxia 
relief in the synergetic therapy of PDT and CDT [ 151 ]. Copyright 2019, American Chemical Society . (C) Application of J-MOPs 
in enhancing environmental stability and PDT efficiency [ 152 ]. Copyright 2019, the Royal Society of Chemistry . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

new way for photodynamic therapy. Recently, the combination
of Cu-Cy NPs and KI was proven to enhance the efficacy of PDT,
possibly through producing 1 O2 , I3−, and H2 O2 , offering a novel
Cu-Cy anti-cancer strategy [ 149 ]. 

Cu can also generate ·OH through Fenton reaction to
enhance PDT of other PSs. This is the case with Cu-Cy, as
mentioned above. Yang et al. [ 150 ] designed a nano platform
(NSCuCy) assembled by type I photosensitizer NS-STPA and
Cu-Cy. This platform generated O2 

− by irradiation of 660 nm
laser and further reacted with Cu+ to generate ·OH ( Fig. 5A ).
It is also a good means to catalyze the decomposition
of endogenous H2 O2 into ROS in TME. Liu et al. [ 151 ]
designed mesoporous Cu/manganese silicate nanospheres
(mCMSNs) coated with biodegradable cancer cell membranes.
Under the irradiation of 635 nm laser, mCMSNs produced
1 O2 . Cu+ and Mn2+ triggered Fenton reaction to catalyze
endogenous H2 O2 to produce ·OH ( Fig. 5B ). Adding Cu can
improve the stability of PSs and the efficiency of PDT. Zhang
et al. [ 152 ] designed new Janus nanoparticles (J-MOPs) based
on BPQD and tetrahydroxycyanoquinone (THQ)- Cu metal-
organic particles (MOPS). BPQD was encapsulated in J-MOP
and P-Cu bonds. In this way, BPQD was well separated from
air and water, and occupied P solitary pairs, thus enhancing
the stability of BPQD. Under the irradiation of 670 nm laser,
J-MOPs’ strong electron-hole separation and migration ability
improved their reactivity to O2 , thus improving the generation
of 1 O2 for cancer. At the same time, Cu2 + produced ·OH
from H2 O2 , which enhanced the anti-tumor effect of J-MOPs
( Fig. 5C ). 

5.4. Cu-based nanoparticles for SDT 

SDT is another non-invasive tumor treatment strategy. While
PTT and PDT offer several advantages, their effectiveness is
often limited by the relatively poor penetration of NIR light. On
the other hand, CDT has the benefit of minimal side effects,
but its implementation requires stringent conditions, . The
main medium of SDT is ultrasound,which has a strong ability
to penetrate biological tissues and is widely used as a guiding
tool in various treatment methods. Due to its deep penetration
in organizations, SDT can be a promising approach [ 153 ].
Sonosensitizers are a key element of efficient SDT. SDT mainly
relies on the generation of ROS and cavitation effects caused
by ultrasonic irradiation to destroy tumor tissue. Combining
the two principles for tumor treatment can achieve better
results. Cu-Cy can be activated not only by light, X-ray or
microwave, but also by ultrasound as a sonosensitizer of
SDT. Wang et al. [ 154 ] used ultrasound to activate Cu-Cy
and proved that even a small dose of Cu-Cy successfully
produced ROS and obvious cavitation. With the progress of
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Fig. 6 – Cu-based nanoparticles for SDT. (A) Schematic illustration of anti-tumor SDT mediated by FA–L–CuPP [ 155 ]. 
Copyright 2022, Multidisciplinary Digital Publishing Institute. (B) Schematic illustration of synergistic SDT and CDT of 2D 

Ti3 C2 /CuO2 @BSA nanosheets under ultrasound [ 156 ]. Copyright 2022, American Chemical Society. (C) Schematic illustration 

of SonoCu’s effective combination of SDT and cuproptosis in the treatment of cancer [ 157 ]. Copyright 2023, American 

Chemical Society. (D) Schematic illustration of H-Cu9 S8 @CCM NPs synergistic PTT-SDT [ 158 ]. Copyright 2023, Elsevier. (E) 
Schematic illustration of antitumor mechanism of PCPT [ 159 ]. Copyright 2019, American Chemical Society. 
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aterials science, new Cu-based acoustic sensitizers have 
lso been put into the study of SDT. A sea urchin-shaped Cu- 
ased metalloporphyrin liposome nanosystem (FA-L-CuPP) 
as constructed [ 155 ]. The results showed that FA-L-CuPP was 

n excellent ultrasonic sensitizer, which produced a variety of 
OS under the irradiation of ultrasound, such as 1 O2 and ·OH.

n this process, ROS production and obvious cavitation effect 
ere observed. The above combination killed 4T1 tumor cells 
nd achieved the purpose of inhibiting the growth of tumor 
issue ( Fig. 6A ). 

SDT has advantages such as desirable treatment depth and 

ow cost. However, the common problem of SDT at this stage 
s the insufficient yield of ROS, which seriously affects the 
reatment effect [ 153 ]. The amount of ROS produced in CDT 

s considerable, and Cu-based materials can catalyze Fenton- 
ike reactions to produce ROS. Therefore, a combination of 
he above two therapies may achieve better results. The 
ombination of Cu-based Fenton agents and sonosensitizer 
s delivered to the tumor tissue, and under ultrasound 

xcitation conditions, a large amount of ROS is generated,
hich induces tumor cell death. Zhang et al. [ 156 ] prepared a 
ollective called Ti3 C2 /CuO2 @BSA. Ti3 C2 was oxidized to TiO2 

y H2 O2 in TME. TiO2 was a well-effective inorganic acoustic 
ensitizer. At the same time as ultrasound irradiation, the 
u-excited Fenton-like response was further enhanced. In 

his process, a large amount of ROS was generated, achieving 
he purpose of synergy. It is important to note that, unlike 
raditional SDT, where the sonosensitizer is delivered directly,
he sonosensitizer in this study was generated in situ in TME.
his avoided the degradation of the acoustic sensitizer during 
elivery in traditional SDT. In the nude mouse xenograft U87 
umor model, Ti3 C2 /CuO2 @BSA had good anti-tumor effect 
nd significantly inhibited tumor growth ( Fig. 6B ). 

The inherent permeability of SDT presents significant 
dvantages for the ablation of deep tumors, but the limited 

roduction of ROS constrains the overall efficacy of SDT.
mproving the hypoxic environment within the tumor is the 
ey to solving the problem. Chen et al. [ 157 ] prepared a
anorobot named SonoCu consisting of a carrier-coated Cu 

oped material, perfluorocarbons, and a sonosensitizer. This 
ystem improved tumor cell uptake and enhanced oxygen 

upply within the tumor. The efficacy of SDT was further 
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amplified by the cuproptosis mechanism, and Cu+ catalyzed
the formation of ROS to achieve synergy. Notably, this system
had low toxicity to normal cells and exhibited good tumor
targeting and selectivity ( Fig. 6C ). 

Additionally, combining SDT with PTT has proven to
be a more effective anti-tumor strategy. Zhao et al. [ 158 ]
developed the hollow nanospheres of haipofen-Cu9 S8 . Cu9 S8 

nanospheres were loaded with haipofen sonosensitizers,
and then the haipofen-Cu9 S8 nanospheres (H-Cu9 S8 )
were disguised by CCM. H-Cu9 S8 @CCM nanospheres had
extensive light absorption in the range of 700–1100 nm.
H-Cu9 S8 @CCM nanospheres showed good photothermal
conversion performance under the irradiation of 1064 nm
laser. In addition, the loaded propofol generated 1 O2 and
activated SDT under ultrasonic excitation ( Fig. 6D ). Without
the help of O2 , the efficacy of SDT is still unsatisfactory.
Liang et al. [ 159 ] developed a new Pt-CuS Janus made up
of platinum and hollow CuS. Hollow CuS had a large inner
cavity and was loaded with sound sensitive molecule TAPP
to realize SDT. Pt catalyzed the decomposition of endogenous
overexpressed H2 O2 to O2 . This improved tumor hypoxia
and produced ROS, thus effectively making cancer cells
apoptosis. Importantly, under the irradiation of 808 nm laser,
Pt-CuS Janus generated heat. The catalytic activity of Pt was
significantly enhanced, and the O2 production was greatly
increased, further promoting SDT ( Fig. 6E ). 

However, the selection of appropriate sonosensitizers
remains a critical challenge in SDT. The development of
new sonosensitizers requires addressing several key criteria:
they should exhibit relatively low toxicity, have prolonged
retention time in vivo , possess a relatively simple and
well-defined structure, and demonstrate improved targeting
capabilities with sufficient ROS production potential. 

5.5. Cu-based nanoparticles for immunotherapy 

Cancer immunotherapy involves leveraging immune cells
for cancer treatment, primarily by bolstering immune
cell function or alleviating immune cell inhibition. The
integration of Cu materials in immunotherapy was
first carried out by labeling immunoconjugates for
pharmacokinetic examination. As early as 2002, Novak-
Hofer et al. systematically reviewed the application of
67 Cu in radioimmunotherapy. This review described the
application of 67 Cu-labeled antibodies, elucidated quality
control methodologies, and discussed relevant clinical data
[ 160 ]. Compared to traditional radioactive iodine labeling
methods, 67 Cu-labeled antibodies show higher and longer
lasting tumor absorption. However, 67 Cu still has some
problems with radioactivity. Suzuki et al. [ 161 ] proposed to
label antibody fragments with 64 Cu. Antibody fragments
labeled with 64 Cu reduced the level of renal radioactivity
through urine excretion. This approach solved the problem of
high radioactivity level to some extent. 

Immunotherapy usually activates the anti-tumor immune
response to kill tumors. The process in which tumor cells
undergo death by external stimuli and change from non-
immunogenic to immunogenic and mediate the body’s
anti-tumor immune response is called immunogenic cell
death (ICD) [ 162 ]. Cu sulfide nanoparticles (CuS-OMVs)
were developed for synergistic application in systemic
photothermal immunotherapy [ 163 ]. With advantageous
traits such as robust photothermal conversion efficiency and
potent tumor-targeting capability, CuS-OMVs demonstrated
substantial anti-tumor efficacy under NIR-II light irradiation.
Moreover, CuS-OMVs induced robust ICD in tumor cells
while concurrently promoted the maturation of DCs and
subsequent activation of CD8 + T cells. ( Fig. 7A ). 

With the rise of CDT, the exploration of Cu+ catalyzing
the Fenton reaction tot produce ROS by Cu materials has
gained traction increase in the study of immunotherapy. Li
et al. [ 164 ] developed a covalent organic backbone carrier with
Cu+ and Cu2 + at the same time. In this carrier, Cu+ catalyzed
H2 O2 into ·OH and 1 O2 . One of the important inducers of ICD
was intracellular ROS. This system combined CDT and ICD,
which significantly inhibited many types of tumor cells, such
as CT26, HeLa and other tumor cells, showing a strong anti-
tumor effect ( Fig. 7B ). 

However, the intricate TME remains a formidable obstacle
impeding the efficacy of immunotherapy. The development
of an immunosuppressive microenvironment is a progressive
consequence of sustained tumor antigen stimulation and
immune activation. The substances or cells in TME are
exhausted, and the related functions cannot be activated,
or even the malignant characteristics of tumors cannot be
promoted. Du et al. [ 165 ] devised BMS-SNAP-MOF, which
encapsulated the immunosuppressant enzyme IDO inhibitor
BMS-986205 and NO donor. BMS-SNAP-MOF accumulated
in tumor tissues through EPR effect. After internalization
in tumor cells, enough GSH reacted with MOF, which
decomposed and rapidly released BMS-986205 and produced
rich NO. Therefore, IDO inhibitor and NO synergistically
regulated the microenvironment of immunosuppressed
tumor, and produced effective immunotherapy by increasing
CD8 + T cells and reducing Treg cells ( Fig. 7C ). 

The discovery of cuproptosis provides another feasible
way for Cu materials to participate in immunotherapy. Guo
et al. [ 166 ] co-embedded selenophenol (ES) and Cu into ROS-
sensitive polymer (PHPM), and the prepared nanoparticles
were called NP@ESCu. These nanoparticles were triggered
by ROS in cancer cells, releasing Cu and ES. NP@ESCu
nanoparticles effectively transported Cu and induced
cuproptosis. In addition, NP@ESCu nanoparticles were
further combined with αPD-L1 for combined immunotherapy
( Fig. 7D ). 

In the latest study, the mechanism of Cu’s involvement in
immunotherapy has been rationally explored and discussed.
Hesemans et al. [ 167 ] designed a series of Cu-doped TiO2

systems with different proportions to explore the role of Cu
in immunotherapy. Cu-doped TiO2 nanoparticles contributed
to promoting the effect of immunotherapy. The 10 % Cu-
doped TiO2 system increased tumor-infiltrating lymphocyte
levels compared with normal. The 33 % Cu-doped TiO2 system
increased the levels of tumor-infiltrating lymphocytes and
tumor-associated macrophages. Notably, 33 % Cu-doped TiO2 

had a significant activating effect on dendritic cells. 
Over years of immunotherapy practice, numerous cases

have demonstrated favorable outcomes. These successful
cases highlight several advantages, such as a relatively rapid
onset of action and a low probability of side effects.Despite
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Fig. 7 – Cu-based nanoparticles for immunotherapy. (A) Schematic illustration of CuS-OMVs cooperating with PTT and 

immunotherapy for cancer [ 163 ]. Copyright 2022, Elsevier. (B) Schematic illustration of the preparation of Cu-COF and ICD 

induced by enhanced Fenton-like effect [ 164 ]. Copyright 2023, Wiley. (C) Schematic illustration of the preparation of 
BMS-SNAP-MOF and synergistic enhancement of anti-tumor immunotherapy by IDO inhibition and NO combination 

therapy [ 165 ]. Copyright 2022, Wiley. (D) schematic illustration of the preparation of NP@ESCu and inducing Cu death for 
enhancing cancer immunotherapy [ 166 ]. Copyright 2023, Wiley. 
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hese benefits, immunotherapy has not yet become a 
ainstream cancer treatment. This is primarily because 

ts effectiveness varies greatly among patients, with some 
xperiencing minimal benefits. In addition, the effects of 
mmunotherapy may take longer to manifest compared 

o more aggressive interventions like chemoradiotherapy.
lthough immunotherapy drugs can act quickly, the overall 

reatment duration is often prolonged, which may prevent 
chieving immediate cancer control.Moreover, effector cell 
xhaustion is another factor that can impact the effectiveness 
f immunotherapy. In order to suppress the excess immune 
esponse, effector cells may become depleted. Enhancing 
mmunity while simultaneously preventing effector cell 
xhaustion could be a strategy to improve the efficacy of 
uture immunotherapiesAlthough immunotherapy is not a 
ne-size-fits-all cancer treatment program, its emergence has 
ointed out a new alternative path for the field of cancer 
reatment. And immunotherapy can indeed improve the 
rognosis of some cancers, and some old treatment options 
annot achieve the effect, so it is still worth studying and 

eveloping. 
.6. Combined cancer therapy 

urrently, there are numerous cancer treatment options,
ith traditional chemotherapy still playing a significant role.
owever, due to the adverse side effects associated with 

hemotherapy, there has been a growing interest in new 

herapies in recent years. Despite this, each therapy has its 
wn limitations and may not be fully effective when used 

lone. Therefore, combining different therapies could become 
n effective approach to cancer treatment in the future.
his strategy seeks to maximize the strengths and minimize 

he weaknesses of various treatments, ultimately leading to 
aster and more effective tumor eradication with fewer side 
ffects. 

The combined application of PTT and CDT is common 

n synergistic therapy. CuAl-LDH@DOX@PDA nanocarrier 
as constructed, and it showed enhanced absorption at 

10 nm, thus having excellent photothermal efficiency 
 168 ]. Meanwhile, with the consumption of GSH, Cu2 + was 
educed to Cu+ , which realized the combination of CDT 

nd PTT. Overcoming endogenous H2 O2 deficiency and 
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Fig. 8 – Cu-based nanoparticles for combined cancer therapy. (A) Schematic illustration of GOx@CMPB-HN NPs for in-situ 

amplification of PTT, CDT and hunger therapy [ 169 ]. Copyright 2023, American Chemical Society. (B) Schematic illustration of 
O2-Cu/ZIF-8 @ Ce6/ZIF-8 @ F127 for synergistic therapy of PDT and CDT [ 170 ]. Copyright 2019, American Chemical Society. 
(C) Schematic illustration of synthesis process of CuPP nanoenzyme and its application in PTT, CDT and immunotherapy 

[ 172 ]. Copyright 2022, Wiley. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

high GSH concentration in TME is one of the keys to
solving the combination therapy. Therefore, Liang et al. [ 169 ]
designed and constructed a nano-platform consisting of GOx
encapsulated by Cu-doped mesoporous Prussian Blue (CMPB)
and hyaluronic acid (HA) encapsulated by NO donor (HN).
GOx@CMPB-HN nanoparticles realized CDT, PTT and hunger
therapy. Cu2 + consumed intracellular GSH in TME. In addition,
the by-product Cu+ acted as a substrate to activate the Fenton-
like reaction of CDT. In addition, H2 O2 enhanced CDT by
increasing the intracellular glucose consumption caused by
GOx loaded with nanoparticles and further enhancing the
acidity of TME. In addition, Cu2+ doping greatly improved
the photothermal conversion performance of mesoporous
Prussian Blue (MPB), and the resulting temperature increase
accelerated the CDT catalysis ( Fig. 8A ). 

In CDT, endogenous H2 O2 in tumors is catalyzed to toxic
·OH, which is superior to conventional chemotherapy owing
to the site-specific ROS generation. It is possible to obtain
better therapeutic effects by using different ways to obtain
ROS, such as integrating CDT with PDT or SDT. PDT has been
applied in the clinic while SDT is in its infancy. Therefore,
the combination of CDT and PDT is worth in-depth study
and has promising prospects for clinical application. Cu-
based nanoparticles possess GSH oxidase-like and catalase-
like activities, which are beneficial to intensifying oxidative
stress and relieving hypoxia in cancer cells. However, high
Fenton-like reaction activity requires the reduction of Cu2 + to
Cu, and the integration of Cu-based Fenton-like agents with
photosensitizers inevitably requires a complicated chemical
modification process to prepare porous nanocarriers. Hou
et al. [ 132 ] loaded cisplatin (CDDP) and ICG on the surface
of Cu2 O nanoparticles modified by hydrazide hyaluronic acid,
and obtained a nano-platform named HCCI. HCCI showed a
rapid acid reaction dissociation behavior, releasing ICG, Cu
and CDDP. ICG transformed O2 into 1 O2 under NIR radiation,
and CDDP inhibited cell proliferation by cross-linking DNA
molecules. Cu consumed GSH, accelerated the production
of O2 and ·OH and inhibited ROS clearance. Therefore,
HCCI realized efficient PDT, CDT and chemotherapy. Over-
expression of GSH and hypoxia in TME seriously hinder
CDT. Therefore, Xie et al. [ 170 ] developed a therapeutic
system named O2 -Cu/ZIF-8@Ce6/ZIF-8@F127(OCZCF). OCZCF
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as biodegradable and realized GSH consumption and O2 

ntensive combined therapy. Introducing Cu2 + into the system 

mproved O2 reserves of ZIF-8, thus improving the PDT 

fficiency of Ce6. When GSH was consumed by Cu2 + , the 
educed Cu+ would trigger an effective Fenton-like reaction 

o produce ROS, thus realizing CDT ( Fig. 8B ). 
PDT can trigger ROS storms in cancer cells, which further 

nduce an immunogenic cell death cascade to initiate the 
ntitumor immune response. A nano-enzyme-assisted PDT 

ano-platform HA@Cu(OH)2 -ICG(nHACI) was constructed,
hich could realize efficient ICD by starting ROS storms 

 171 ]. Among them, Cu2 + was reduced to Cu+ , thus depleting 
SH, enhancing the efficacy of PDT and amplifying ICD. ROS 
ontributes to the enhancement of tumor immunogenicity 
nd reverse of immunosuppressive TME [ 132 ]. To sum up,
ombining immunotherapy with ROS-based therapy provides 
 feasible strategy for cancer treatment. Moreover, this non- 
nvasive cancer treatment has fewer side effects. 

The good photothermal properties of Cu-based 

anoparticles suggest another approach for synergistic 
mmunotherapy. The combined application of nanocatalytic 
herapy, immunotherapy and PTT has also been successfully 
mplemented in practice. The novel Cu-doped polypyrrole 
anoenzyme (CuP) had three similar enzyme activities 
f catalase (CAT), GSH peroxidase (GPx) and peroxidase 

POD), which can specifically promote the elevation of O2 

nd • OH in the TME [ 172 ]. PEG-modified CuP nanoenzyme 
CuPPs) effectively reversed the immunosuppression TME by 
vercoming tumor hypoxia and polarizing macrophages 
rom the former tumor M2 phenotype to the anti- 
umor M1 phenotype. What’s more, CuPPs showed high- 
emperature enhanced enzyme, simulated catalysis and 

mmunomodulatory activity. This led to a strong immune 
esponse, and by further combining with αPD-L1, the tumor 
as almost completely inhibited. CuPPs achieved a high 

egree of accumulation at the tumor site, and tumor hypoxia 
evels were significantly alleviated after 1064 nm laser 
rradiation ( Fig. 8C ). 

. Cu-based nanoparticles for cancer imaging 

ancer imaging is indispensable in the detection, treatment 
nd prognosis of cancer. Traditional contrast agents (CAs) 
re less sensitive, accumulate less on the target, and 

ack specificity for cancer [ 173 ]. Therefore, ingenious 
anomaterial-based CAs are urgently needed. Cu-based 

anoparticles can provide precise anatomical and functional 
nformation to determine the stage of cancer. At present, a 
ariety of Cu-based nanoparticles have been applied to cancer 
maging. This section mainly introduces the characteristics 
nd applications of Cu-based nanoparticles in photoacoustic 
PA) imaging, ultrasound imaging, resonance (MR) imaging,
ositron emission tomography (PET) imaging, single- 
hoton emission computed tomography (SPECT) imaging,
uorescence (FL) imaging and computed tomography (CT) 

maging. Additionally, this section also introduces some 
u-based nanomaterials that can be applied to multimodal 
ombined imaging. 
.1. Cu-based nanoparticles used for cancer unimodal 
maging 

A imaging, as a noninvasive modality, is characterized by 
xcellent contrast, spatial resolution, high penetration and 

ensitivity to tissues. The released heat causes the local 
emperature to rise, thus resulting in thermal expansion 

nd generating pressure waves, which are the photoacoustic 
ignal. For better PA imaging, the new type of Cu-based 

anoparticles can be designed as CAs. There are many 
ypes of contrast agents for photoacoustic imaging, including 
mall-molecule organic dyes, organic nanocomposites, carbon 

anomaterials, and inorganic nanomaterials. Among them, in 

ddition to gold nanoparticles in inorganic nanomaterials, Cu 

ulfide has become more and more important in recent years.
hotoacoustic imaging is characterized by its ability to provide 
eep imaging depth and high spatial resolution. The results 
how that Cu sulfide has high photothermal conversion 

fficiency and photoacoustic imaging contrast with high 

ignal-to-noise ratio. Therefore, Cu sulfide is increasingly 
ppearing as a contrast agent in photoacoustic imaging. For 
xample, Ouyang et al. [ 174 ] wrapped Cu sulfide nanoparticles 
n functional tree-like molecules (Cu sulfide DENPs) and 

ovalently linked to 1,3- propanesulide and arginine-glycine- 
spartic acid (RGD) peptide. Functional RGD-CuS DENPs were 
pplied to PA imaging and inhibited tumor growth and tumor 
etastasis. In addition, the functional RGD-CuS DENPs had 

ood absorption capacity and good photothermal conversion 

fficiency. 
MRI relies on the principle of nuclear magnetic resonance.

RI is accurate, fast and harmless to human body. Nuclear 
agnetic resonance contrast agents themselves do not 

roduce resonance signals. These are paramagnetic or 
uperparamagnetic substances, usually containing an ion 

enter containing unpaired electrons, which can interact 
agnetically with hydrogen nuclei, by changing the relaxation 

ime of hydrogen nuclei in local tissues in vivo and contrasting 
ith surrounding tissues, so as to achieve the purpose 
f contrast. Common NMR contrast agents include iron 

xide, manganese oxide, etc. Relaxation efficiency is one 
f the key indicators of MRI contrast agents. The unpaired 

lectrons of Cu also meet the requirements for MRI, and 

he relaxation efficiency is not low. Therefore, research on 

u-based nanomaterials as contrast agents has also been 

arried out gradually. Li et al. [ 175 ] reported ultra-thin 

u tetraketone (4-carboxyphenyl) porphyrin (Cu-TCPP) MOF 
anosheets. The D-d band transition and ultra-thin properties 
f Cu2 + translated into excellent photothermal properties,
aking it suitable for PTT. The photosensitive properties 

f TCPP made it suitable for PDT. Cu’s unpaired three- 
imensional electrons were applied to MRI. Cu-TCPP MOF 
anosheets could be applied to the treatment of PTT and PDT,
nd their MRI could be guided simultaneously. 

The basic imaging principle of PET is to label a substance 
ith radionuclides and inject them into the human body 

o detect its flow and the degree of aggregation in different 
laces, so as to achieve the purpose of imaging. PET is a 
uclear imaging technique that can show metabolic processes 

n the body, providing highly sensitive and quantitative 
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Fig. 9 – Cu-based nanoparticles involved in cancer imaging. (A) PEG-coated 64 CuS NPs for PET imaging of U87 xenograft 
tumor [ 176 ]. Copyright 2016, American Chemical Society . (B) In vivo CT imaging of mice using Cu2-x S:Pt(0.3)/PVP NPs [ 179 ]. 
Copyright 2018, the Royal Society of Chemistry. (C) Application of RGD-CuS-Cy5.5 NPs in fluorescence and CT dual-mode 
cancer imaging in vivo [ 183 ]. Copyright 2018, Elsevier. (D) Application of CuCD NSs in photoacoustic and fluorescence 
dual-mode cancer imaging [ 184 ]. Copyright 2018, American Chemical Society. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

radiotracer readings. PET imaging is an imaging technology
that can show the metabolism of biomolecules, receptors and
neurotransmitter activities in vivo . It has the advantages of
high safety, high sensitivity, high specificity and good whole-
body imaging ability. PET imaging is an imaging technique
utilizing β+ decay. There are isotopes of β+ decay that can
theoretically act as contrast agents. For example, Shah et al.
[ 176 ] directly added 64 Cu into the matrix of Cu sulfide NPs
to design radioactive NPs without chelators. Because of the
small volume of [64 Cu] CuS NPs coated with PEG, they showed
high uptake and retention in U87 xenograft tumor cells, and
performed well in PET imaging ( Fig. 9A ). 

Another imaging technique that can be applied to
radioactive Cu is SPECT imaging. Unlike PET imaging, SPECT
imaging applications utilize γ decay. Its characteristic is
that it can reflect information on blood perfusion and
material metabolism of tissues and organs. 67 Cu has recently
made a breakthrough in SPECT imaging, with high specific
activity, high radionuclide purity, and sufficient quantity.
Hao et al. [ 177 ] marked pertuzumab with 67 Cu and realized
SPECT imaging. All tumors imaged by SPECT were also
clearly visualized with the 67 Cu-labeled pertuzumab at Day
5 after injection. This also demonstrated the potential of
67 Cu radiopharmaceuticals for SPECT imaging. However, its
disadvantages are also relatively obvious. For example, the
resolution of SPECT imaging is low, and the anatomical
structure cannot be clearly displayed, which makes it difficult
to locate the lesion. Therefore, SPECT imaging can be
combined with other high-resolution, structurally accurate
imaging techniques, such as CT imaging. 

CT imaging is another anatomical imaging method. It
is a sublimation of X-ray technology, and tomography is
more three-dimensional. The density resolution of CT display
is obviously better than that of X-ray images. However, it
is uncertain whether it is harmless to human body. The
sensitivity of CT imaging to CAs is low. However, heavy
metal elements can solve this problem to some extent
because of their X-ray attenuation characteristics. The most
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rominent feature of CT imaging is the fast scanning 
ime and clear images [ 178 ]. The contrast agent for CT 

maging must have good X-ray attenuation behavior. A Cu 

ulfide nanoparticle targeting gastric cancer demonstrated 

ts good CT imaging effect. Dong et al. [ 179 ] constructed 

u2−x S:Pt(0.3)/PVP nanoparticles for CT imaging by adding 
u and platinum elements. In tumor cells, Cu2−x S:Pt(0.3)/PVP 
anoparticles released Pt4 + by 808 nm laser irradiation. Under 
uch conditions, not only GSH reduced Pt4 + to Pt2 + for 
hemotherapy, but also due to the addition of Cu, PTT was 
lso achieved. This also realized the synergy of CT imaging,
hemotherapy and PTT ( Fig. 9B ). However, the disadvantages 
f CT imaging cannot be ignored. For example, during the 
xamination, radiation will be exposed to the body, and when 

he radiation accumulates to a certain dose, it will cause 
ertain damage to the body [ 178 ]. 

FL imaging is a common functional imaging method. FL 
maging has allowed Cu-based nanoparticles to act as CAs.
he advantages of fluorescence imaging are high sensitivity,
on-invasive, and real-time. Fluorescent metal nanoclusters 
ith relatively suitable sizes are a good choice for fluorescent 

maging contrast agents. There are many types of such metal 
lusters, such as gold, silver and Cu [ 180 ]. Among them,
u is relatively abundant and readily available. The optical 
roperties of Cu nanoclusters are similar to those of gold 

anoclusters and silver nanoclusters. The main thing is that 
u is more biocompatible and environmentally friendly than 

old and silver. For example, Xia et al. [ 181 ] prepared water- 
oluble and functional Cu nanoclusters (CuNCs). CuNCs had 

nique photoluminescent properties that could be used for 
umor imaging. CuNCs emitted bright red fluorescence in 

eLa cells, and with the increase of culture time (1–24 h),
t was found that the total fluorescence of cells showed 

n increasing trend. However, fluorescence imaging also has 
ertain disadvantages, and the significant disadvantage is that 
he detection depth is relatively low. 

Cu-based nanoparticles can also be involved in ultrasound 

maging to improve the imaging effect. Ultrasound imaging 
s a non-invasive, convenient, portable, and cost-effective 
maging technique. After receiving and processing the signal 
eflected by the ultrasonic beam scanning the human body,
mages of the internal organs can be obtained [ 182 ]. A 

easonable combination of Cu-containing nanoparticles and 

ltrasound imaging contrast agents can obtain ultrasound- 
esponsive therapeutic nanoagents that can be used for 
ifferent applications. CuS nanoparticles were decorated on 

erfluoropropane aerated microbubbles (MBs) prepared from 

 micelle solution composed of Span 60 and Tween 80 (CuS- 
T68 MBs). After administration in rabbits, CuS-ST68 MBs 
xhibited good ultrasound imaging functions. Experiments 
howed that the renal imaging of rabbits was significantly 
nhanced. This proved that CuS-ST68 MBs effectively enhance 
he contrast of ultrasound imaging. 

.2. Cu-based nanoparticles used for cancer multimodal 
maging 

here are many cancer imaging methods in which 

u participates, and each method has advantages and 
isadvantages in different aspects. Therefore, the advantages 
f combining and complementing each other may be more 
easonable and acceptable. To better improve diagnostic 
ccuracy, multimodal imaging has become a general trend,
ccupying an increasingly important position and gaining 

ncreasing applications in cancer imaging [ 185 ]. Multimodal 
maging refers to imaging modalities that combine multiple 
maging to acquire multiple parameters. Because various 
maging modalities vary in principle and reflect information,

ultimodal imaging is complementary in applications. An 

ncreasing number of Cu-based nanoparticles are being 
eveloped as CAs. 

Combining two or more imaging methods may be the 
est of both worlds. For example, as a functional imaging 
ethod, PET has the advantages of high sensitivity and 

apid imaging. However, its imaging spatial resolution is 
oor, which prevents it from providing a clear anatomical 
eference frame. The combination of PET and CT imaging can 

chieve complementary advantages. Comprehensive PET/CT 

xamination has been widely accepted and applied in tumor 
iagnosis, prognosis, treatment planning and treatment effect 
valuation. Based on preclinical results, 64 CuCl2 has been used 

or PET/CT imaging of bladder cancer and prostate cancer.
hus, due to these complementarities, increasing amounts 
f Cu involved in multimodal imaging have been developed.
hi et al. [ 183 ] developed RGD-CuS-Cy5.5 nanoparticles, which 

ade it possible to perform bimodal imaging and PTT 

n lymph node metastatic gastric cancer. RGD-CuS-Cy5.5 
anoparticles emitted CT and fluorescence signals under NIR 

rradiation. After injection of RGD-CuS-Cy5.5 nanoparticles,
hey tended to aggregate in sentinel lymph nodes (SLNs) 
nd entered metastatic gastric MNK45 tumors. Subsequently,
he tumor tissue was eliminated by using the photothermal 
ffect produced by 808 nm laser irradiation ( Fig. 9C ). With 

he further development of bimodal imaging, the advent 
f trimodal imaging also became possible. Bao et al. [ 184 ] 
eveloped Cu/carbon dots cross-linked nanosheets (CuCD 

Ss). CuCD NSs are small in size and have good photothermal 
onversion performance and photothermal stability. After 
aser irradiation at the in-situ tumor site, the tumor 
ccumulation of CuCD NSs was significantly enhanced. When 

uCD NSs were coated with fluorescent molecules, multi- 
ode (PA, PTT and FL) imaging-guided cancer treatment was 

ealized ( Fig. 9D ). 

. Cu chelators —"reducing Cu" for killing 

ancer 

helators are ligands with multiple donor atoms (Lewis 
ases). Theoretically, metal cations (Lewis acids) can interact 
ith chelating agents to form metal chelates. Under ideal 
hysiological conditions, this metal complex is relatively 
table and does not dissociate easily [ 48 ]. Cu chelators can 

educe Cu levels by chelating Cu ions. Cu ions play an 

mportant role in the formation of angiogenesis. Reducing 
u levels in cancer cells can reduce angiogenesis in tumor 

issues, block the supply of nutrients to the tumor, and limit 
umor growth. 
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Fig. 10 – Cu chelation for killing cancer. (A) Schematic illustration of PSP-2 chelating Cu ions in tumor, which leads to the 
obvious decrease of blood vessel density in tumor and tumor [ 186 ]. Copyright 2022, Multidisciplinary Digital Publishing 
Institute. (B) Schematic illustration of PY-TBDP chelates Cu ions and shows high photothermal properties [ 187 ]. Copyright 
2022, the Royal Society of Chemistry. (C) Schematic illustration of a proposed model of the important role of Nedd4l-CTR 1- 
Cu -PDK1-AKT signaling pathway in tumorigenesis [ 188 ]. Copyright 2021, Wiley. (D) Schematic illustration of the 
preparation of targeted micelles assembled by CPLP/PLP/ probe X/DOX and tumor therapeutic diagnostic mechanism of 
targeted drug delivery [ 189 ]. Copyright 2022, Elsevier. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

7.1. Application and development of Cu chelators 

Cu chelators are mainly used to treat Wilson’s disease and
other diseases caused by excessive Cu ion concentrations.
D-penicillamine is currently the most commonly used
Cu chelators. It is the first Cu chelator introduced to the
clinic and the longest used Cu chelator. Tristrigraphite and
tetrathiomolybdate are anti-cancer drugs developed after
the discovery of d-penicillamine. They act as substitutes
when patients are manifestly intolerant to d-penicillamine,
and both show good anti-cancer ability. Research proved
that d-penicillamine, trientine and tetrathiomolybdate all
exhibited the ability to inhibit new blood vessel formation
(angiogenesis). In a mouse model of BNL hepatocellular
carcinoma, d-penicillamine and trientine successfully
inhibited tumor growth [ 48 ]. 

The effect of Cu chelators in inhibiting tumor growth
and metastasis is studied. Shi et al. [ 47 ] synthesized a new
thieno [3,2- c] pyridine compound. This compound, called
JYFY-001, has an acetamide moiety that can chelate Cu ions.
The research showed that the growth of cancer cells was
obviously inhibited after JYFY-001 was applied. In another
study, a tendency for “starve to death” was observed in
tumors. Heuberger et al. [ 186 ] used a Cu chelator, PSP-2,
to treat H460 human lung cancer cell model transplanted
into chick chorioallantoic membrane. With the progress of
research, the weight and vascular density of tumor tissue
decreased significantly, and the tumor tended to starve
( Fig. 10A ). 

PTT is widely applied in the treatment of tumors.
Combining PTT with Cu chelators may have a better anti-
tumor effect. Therefore, the research on combining Cu
chelators with PTT appeared to improve the curative effect of
Cu chelators. A dye molecule (PY-TBDP) can quickly chelate
Cu ions and has good photothermal conversion performance
[ 187 ]. The anti-tumor effect was enhanced by combining Cu
chelation therapy with PTT ( Fig. 10B ). 

7.2. Cu chelators and signaling pathways 

Cu chelators can inhibit tumorigenesis by affecting signaling
pathways. Cu chelators have further revealed how they
mechanistically affect tumorigenesis by interfering with
signaling pathways. For example, the PI3K-AKT signaling
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athway has a great influence on regulating many different 
ellular functions [ 188 ]. Cu can activate the PI3K-AKT pathway 
nd send out carcinogenic signals, thus promoting the 
ccurrence of tumors. Reducing AKT signaling by using Cu 

helators can reduce tumorigenesis ( Fig. 10C ). 
The TGF- β pathway is another important pathway that 

ffects tumor growth. TGF- β is the key signal factor for 
nducing epithelial-mesenchymal transition (EMT), which can 

ead to the growth and metastasis of cancer cells [ 190 ]. For 
xample, the chelator tetraethylenepentamine (TEPA) inhibits 
MT by reducing Cu. Poursani et al. [ 191 ] used three different 
umor cell lines as models, including neuroblastoma (NB),
iffuse intrinsic pontine glioma (DIPG) and human triple- 
egative breast cancer (TNBC), to study the role of TEPA. The 
esults showed that TEPA obviously inhibited the growth and 

etastasis of tumors. 
The study of the MEK-ERK pathway is relatively more 

xtensive. In the whole pathway, the upstream BRAFV600E 
s phosphorylated first. Then MEK1/2 kinases are activated 

y phosphorylated BRAFV600E and phosphorylated. ERK1/2 
inases are then activated by phosphorylated MEK1/2 kinases 
 192 ]. These processes promote the development of cancer. Cu 

helators can inhibit signaling by reducing Cu. For example,
fter the intervention of Cu chelator tetrathiomolybdate,
elanoma cell lines using BRAF or MEK1/2 inhibitors 

howed obvious growth inhibition [ 193 ]. It was also found 

hat the anti-tumor activity of BRAF or MEK1/2 inhibitors 
as improved to some extent after using the Cu chelator 

etrathiomolybdate. 
Cu can regulate several other pathways, such as receptor 

yrosine kinase (RTK)-signaling pathway. DIPG is a cancer that 
ften occurs in children. Many DIPG patients are characterized 

y altered RTK signaling pathway. Cu is an essential transition 

etal for cell signaling, and Cu chelators reduce brain Cu 

evels. Thus, Michniewicz et al. [ 194 ] proposed a therapeutic 
trategy that applies Cu chelators to target Cu in DIPG. The 
ddition of Cu to the culture medium triggered two RTK- 
ediated downstream signal pathways, and the use of TEPA 

ffected the steady state of Cu and reduced the proliferation 

f DIPG cells. 

.3. Strategies to increase efficiency and reduce toxicity 

espite Cu chelators’ great potential to be one of the anti- 
ancer strategies, it is not advisable to apply Cu chelators 
niversally and directly to patients owing to non-negligible 
ide effects. Like the design of selective iron chelators, one 
trategy is to design selective Cu chelators to achieve the 
ffect of chelating Cu by targeting specific sites in cancer 
ells [ 195 ]. Another strategy is to design pro-chelators based 

n the characteristics of cancer cells [ 196 ]. For example,
t is proposed that pro-chelators be designed that can 

ecognize highly active and expressed enzymes in cancer 
ells. In addition, pro-chelating agents can be designed to 
ake advantage of large amounts of nutrients absorbed by 
ancer cells. Through the above methods, the side effects of Cu 

helators on ordinary cells can be reduced. A poly-l-glutamate 
enicillamine derivative was discovered as a pro-chelator 
 197 ]. It had different degrees of effect on HL-60 leukemia 
ells and MDA-MB-468 metastatic breast cancer cells. In vivo 
oxicological studies in P388 leukemia mice carrying CD2F1 
howed that a 10 mg kg-1 dose level had low systemic toxicity.
his also provided experimental support for the realization of 
helators as anti-cancer means. 

In addition, Cu chelators are helpful in enhancing the 
fficacy of other anticancer drugs ( e.g., platinum-based drugs) 
n the combination of Cu chelators and chemotherapy.
latinum drugs are widely used in cancer chemotherapy.
owever, the impact of resistance to platinum drugs on 

linical efficacy is still worthy of attention. Studies show that 
u transport mechanisms are involved in the transport of 
latinum drugs, such as Cu transporters (hCtr1), Cu chaperone 

Atox1), and Cu exporter (ATP7A and ATP7B) [ 198 ]. These 
roteins help cells expel platinum drugs from cells, allowing 
umor cells to escape platinum drug-induced cell death.
linical studies with Cu chelators (tentonic) in carboplatin 

herapy were performed to reduce cellular Cu bioavailability 
evels by Cu chelators to overcome Pt resistance in part due 
o transport defects. Ryumon [ 199 ] et al. proved that Cu- 
helated ammonium tetramolybdate (TM) could enhance the 
ffect of cisplatin for treating of head and neck squamous 
ell carcinoma (HNSCC). TM inhibited the expression of 
TP7B in HNSCC cells. Cisplatin accumulated more in cancer 
ells and induced apoptosis. In this way, the amount of Cu 

helators is reduced, and the side effects of platinum drugs 
re fully reduced, thus achieving the purpose of efficiency and 

ttenuation. 
In addition, Cu chelators are also used in combination 

ith other chemotherapeutic drugs to have a synergistic 
herapeutic effect on cancer. A peptide-based micelle 
argeting tumor neovascularization was developed. The 
OX and probe X have an “on-off” program with the micelle- 

orming system [ 189 ]. In vivo Cu+ capture events were reported 

n real-time by receiving NIR fluorescence and photoacoustic 
ignals. Through anti-angiogenic components and DOX,
umor suppression was achieved. It was worth noting that 
he toxicity of this system was relatively low and it was a 

ore feasible anti-tumor strategy ( Fig. 10D ). 

.4. The current limitations and future direction of Cu 

helators 

u chelators have been discovered for decades. From the 
eginning, they were considered a new breakthrough in 

he treatment of cancer, but now they are rarely studied 

wing to the curative effects and side effects. It is assumed 

hat a certain Cu chelator has the ability to lower Cu 

evels. The first issue to be discussed is the magnitude of 
u reduction. Insufficient Cu-lowering ability will result in 

o or poor efficacy. Showing strong Cu-lowering ability in 

umor tissue and starving tumors to death is the desired 

utcome. Moreover, examining selectivity and targeting is of 
reat importance [ 200 ]. Although selective Cu chelators have 
een reported, the selectivity and targeting of such chelators 
re generally unsatisfactory [ 48 ]. With poor selectivity and 

argeting of Cu chelators, the Cu level in the body will be too
ow, thus leading to a series of problems. Cu deficiency will 
ot only make blood vessels and bones brittle, but also lead to 
nemia. Cu is also essential for the development of nervous 
ystem, intelligence and body. In addition, there may be many 
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problems in the design of Cu chelators. For example, whether
Cu chelators will chelate other metal ions, such as zinc ions
and iron ions. Another example is whether the chelator or
the post-chelated product will conflict with the endogenous
substances in the body. 

In addition to the above, there are many other factors that
can affect the application of Cu chelators. For example, Cu
homeostasis will stabilize the Cu level in a certain range,
which may regulate the Cu transport mechanism and thus
affect the therapeutic effect. From a microscopic point of view,
it is also necessary to consider the stability of chelators to
transport Cu in tumor tissues in vivo . Although theoretically,
the formed Cu chelate is not easily dissociated. However,
in the complex tumor microenvironment, the interaction of
various conditions can lead to structural dissociation. For
example, Cu2 + -Cu+ redox conversion may affect the stability
of the structure. 

In the future, the development of Cu chelators will
continue to face significant challenges. On the one hand,
ensuring safety is of utmost importance. The toxicity of Cu
chelators and the post-chelation products in the body are
key concerns. On the other hand, achieving efficacy while
ensuring safety is crucial. Designing selective and targeted
Cu chelators or pro-chelators is the optimal solution. It may
also be a feasible approach to design a system with controlled
release of Cu chelators. In short, in the direction of safety and
effectiveness, the development of Cu chelators still has a long
way to go. 

8. Conclusions and outlook 

Cu is one of the earliest metals to be utilized by humans,
serving as an essential trace element with unique
characteristics. It participates in various physiological
processes, including angiogenesis, mitochondrial respiration,
ROS detoxification, antioxidant defense, and biosynthesis
of hormones and neurotransmitters. Maintaining Cu
homeostasis is crucial as both excessive and insufficient
Cu levels in the body can lead to adverse consequences
such as Wilson disease and abnormal cell proliferation.
More importantly, Cu’s involvement in all stages of
cancer highlights its potential application in cancer
treatment. 

This paper focuses on the relationship between Cu
and cancer, the mechanism of cuproptosis and possible
application of Cu ionophores in cuproptosis, as well as
strategies of disrupting tumor homeostasis through Cu
ionophores and Cu chelators for tumor treatment. In
addition, this paper provides a comprehensive summary
of Cu-based nanoparticles and their tumor theranostics
application: (1) multifarious anti-tumor effects: PTT, PDT,
CDT, SDT, immunotherapy and combined therapy, (2) imaging
function including PAI, PET, SPECT, FL and CT. Besides, the
green synthesis approach also provides ideas for improving
safety. 

With research progressing, Cu-based tumor theranostics
has achieved encouraging results. However, there are still
challenges and problems to be addressed during clinical
translation. 
1) It is crucial and fundamental to investigate the safety of
Cu-based nanoparticles. The long-term biocompatibility
and biosafety of Cu-based nanoparticles are of paramount
concern. Currently, there are no established evaluation
principles and standards for the biocompatibility and
biological safety of Cu-based nanoparticles, which poses
a significant challenge. Additionally, many studies have
collected biosafety data over relatively short periods,
which fails to fully demonstrate the safety of long-term use
of Cu-based nanoparticles. Another safety-related factor
is the biodegradation of Cu-based nanoparticles in vivo .
Although organic Cu-based nanomaterials are available,
most Cu-based nanomaterials still appear in inorganic
form. Whether inorganic nanoparticles can be biodegraded
is still a topic of interest. Although most inorganic Cu-
based nanoparticles have been proved to be excreted and
cleared in feces and urine as intact nanoparticles, the low
biodegradation rate and prolonged retention time cannot
be ignored. One strategy to address this issue is to adjust
the size of nanoparticles, enhance their dispersibility,
or perform surface modification. Another strategy is to
develop organic Cu-based nanoparticles that are more
biodegradable than inorganic Cu-based nanoparticles,
which may provide a solution to the problem.

2) Effective and safe synthesis methods of Cu-based
NPs are another noteworthy issue. The classic
synthesis methods include wet chemical reduction,
solvothermal/hydrothermal methods, thermal
decomposition methods, and electrochemical approaches.
However, toxic raw materials, such as sodium borohydride,
are harmful to both experimenters and the environment.
Fortunately, green biological synthesis methods exploiting
plant extracts and microorganisms have been reported.
The phytochemicals in plants can act as reducing,
stabilizing, and capping agents to increase the NPs’
stability, without observed significant toxicity, while
the microorganisms-based methods can relieve drug-
resistance but are restricted by culture contamination
and lengthy procedures. Sonochemical synthesis and
microwave chemistry are also potential green methods,
which can reduce the reaction time by several orders of
magnitude. It is expected that a simple, green method can
be developed to synthesize stable and industrialization-
friendly Cu-based NPs in the future.

3) Cu ionophores and Cu chelators play key roles in the
treatment strategies of “increasing Cu” and “reducing Cu”.
While effective agents exist, the lack of selectivity and
targeting remains a significant obstacle. As Cu is crucial
for the physiological processes of both healthy cells and
cancer cells, the targeting of Cu ionophores and chelators
has become paramount. It is necessary to design agents
that target cancer cells with precision while minimizing
effects on normal cells and tissues. Cu ionophores and
chelators that function as prodrugs or conditionally
gated structures may offer promise in this regard.
Additionally, cuproptosis and Cu chelation mechanisms
remain understudied, with a better understanding of
these processes potentially enabling the design of more
effective therapeutic agents, improving their specificity,
and reducing adverse effects on healthy tissues. Cu
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signaling pathway modulation represents a potential new 

strategy for “increasing Cu” or “reducing Cu” by shielding 
or strengthening signal transmission, but this approach 

requires a more advanced drug delivery system to be 
feasible.

4) The development of photon nanomedicine has further 
solidified the status of Cu-based nanoparticles in tumor 
theranostics. PTT, PDT, and most cancer imaging methods 
all intersect with the field of photon nanomedicine.
Currently, insufficient light penetration is a great challenge 
that severely impedes theranostics for deep-seated 

diseases. Careful tuning of nanostructure, composition,
and physical and chemical properties can extend 

the light response wavelength to the NIR II window,
thereby effectively enhancing light penetration depth.
Additionally, combining photon nanotherapies with 

other treatment modalities may represent a sound 

strategy to improve therapeutic outcomes, overcoming 
the limitations imposed by poor light tissue penetration 

during phototherapy.
5) The transformation from laboratory production to mass 

production represents a significant challenge in the 
clinical translation process, with numerous aspects to 
consider in both the design of drug delivery systems and 

the manufacture of nanoparticles. Diverse functional 
requirements translate into distinct drug delivery 
system designs, while nanoparticles share numerous 
manufacturing considerations. The reproducibility,
transparency, and cost of nanoparticle manufacturing 
have become crucial factors impacting their large- 
scale production. Nanoparticles are complex composites 
where component materials, assembly methods, surface 
properties, ligands, stiffness, and charges each contribute 
to their overall performance. Successful development of 
new, effective nanoparticles hinges on optimizing these 
physical and chemical parameters.

The emergence of Cu-based nanoplatforms has brought 
ncreasing hope to cancer treatment, while their development 
s accompanied by various challenges [201,202]. Current 
tudies have paved the way for more in-depth exploration and 

linical translation. It is expected that in vivo effects of Cu- 
ased nanoplatforms, particularly their safety profile should 

e improved. Classification of Cu-based nanoplatform design 

nd establishment of standards and principles are highly 
ecommended. Different functions require specific designs 
o be realized. Additionally, laboratory research alone cannot 

eet the conditions for clinical translation, with many factors 
equiring control during mass production. The transition from 

nimal to human subjects further increases the difficulty. It 
s hoped that in the future, these challenges will be fully 
ddressed, enabling Cu-based nanoplatforms to shine in the 
eld of cancer treatment. 
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