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Recent studies found that unbalanced copper homeostasis affect tumor growth, causing irreversible
damage. Copper can induce multiple forms of cell death, including apoptosis and autophagy,
through various mechanisms, including reactive oxygen species accumulation, proteasome inhibition,
and antiangiogenesis. Hence, copper in vivo has attracted tremendous attention and is in the research
spotlight in the field of tumor treatment. This review first highlights three typical forms of copper’s
antitumor mechanisms. Then, the development of diverse biomaterials and nanotechnology allowing
copper to be fabricated into diverse structures to realize its theragnostic action is discussed. Novel copper
complexes and their clinical applications are subsequently described.
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Copper, a transition metal and a vital trace element, plays an essential role in every living organism. In 1928,
scientists first took the importance of physiological copper seriously [1]. In the 1960s, the antitumor activity of Cu-
TSC (thiosemicarbazones) complexes was described, introducing a new era of cancer therapies using copper [2,3].
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Researchers then became aware of copper’s ability to covalently combine with certain anticancer drugs (e.g., camp-
tothecin [CPT] and doxorubicin [DOX]) to promote DNA cleavage, designing a series of Cu-drug compounds
for enhanced cytotoxicity [4,5]. Other fascinating features of Cu, such as superoxide dismutase-like activity and
proangiogenic effects, also attracted researchers to determine their value and apply them in clinical trials [6,7]. Into
the 21st century, inspired by the Fe-induced Fenton reaction, the Cu-based Fenton reaction gradually proved a hot
topic and further enriched the studies on reactive oxygen species (ROS)-mediated oxidative stress, elevating the
stature of Cu in cancer treatments [8,9].

Copper ions are absorbed from the diet in the intestine. Copper bound with serum albumin in the bloodstream
is then delivered to all organs in human bodies, primarily deposited in the liver; it is ultimately excreted via the
biliary pathway [10–12]. Cu is involved in catalyzing redox reactions as a catalytic cofactor in the cell because of the
accessible conversion between Cu+ and Cu2+ two valance states. Many critical intracellular proteins and enzymes,
including superoxide dismutase (SOD), cytochrome c oxidase (CCO) and lysyl oxidase (LOX), also harness this
property to achieve their physiological functions [13].

In tumor cells, the critical role of Cu ions should not be ignored. Many studies have demonstrated that Cu
levels in serum and tumor tissue of cancer patients are higher than in healthy subjects [14]. Cu is involved in three
essential processes of cancer progression: cell proliferation, angiogenesis and metastasis [15,16]. Hence, abnormal Cu
levels become a new target for cancer treatment. There are two main strategies for treating tumors by affecting Cu
homeostasis in vivo [17]: increasing the concentration of Cu in tumor cells via Cu-containing compounds or Cu
ionophores [18] and decreasing the Cu concentration in tumor cells by Cu chelators [19,20], such as tetrathiomolybdate
(TM) [21], d-penicillamine (d-pen) [22] and trientine [23].

Disturbance of Cu homeostasis can induce cell death through multiple approaches, including Cu-induced
apoptosis, autography and paraptosis, among others. Of note, Cu-induced cell death through ROS accumula-
tion and mitochondrial dysfunction is different from ferroptosis. Ferroptosis is an iron-dependent, nonapop-
totic form of cell death controlled by system Xc

--glutathione (GSH)-GPX4-dependent antioxidant defense path-
way [24–26]. In contrast, Cu-induced cell death capitalizes on the Fenton reaction to generate ROS and then
upgrade the expression of apoptosis-related genes or cause mitochondrial dysfunction to induce the apoptosis
pathway.

Here, we surveyed and summarized several typical Cu-induced tumor cell death mechanisms. The first of these
is oxidative stress: Cu-mediated Fenton reaction or antioxidant molecule depletion leads to elevated ROS levels,
which in turn causes mitochondrial dysfunction and accelerates apoptosis. Second, we considered proteasome
inhibition: Cu binds with proteasome subunits, bringing about ubiquitinated protein accumulation. Third, we
surveyed antiangiogenesis: Cu depletion will inhibit the formation of new vessels and further cut off the nutrient
supply to the tumor tissue. These anticancer mechanisms all lead to inevitable tumor growth inhibition and even
cell death. With the advantages of Cu in cancer therapies, the potential biomedical applications of Cu deserve to
be widely exploited. Therefore, we subsequently highlighted the applications of Cu in the field of chemodynamic
therapy (CDT), chemotherapy (CT), phototherapy (PT) (Table 1) and bioimaging. The graphical summary of this
review is shown in Figure 1.

Antitumor mechanisms of copper
Oxidative stress
As an effective tumor-killing method, increasing Cu concentration in malignant tissues produces its tumoricidal
effect mainly depending on oxidative stress triggered by excess Cu ions. Oxidative stress can be defined as disturbance
in the oxidant–antioxidant balance, manifested by steady-state ROS concentration is transiently or chronically
enhanced. ROS are the by-product of normal oxygen metabolism and are chemical species with one unpaired
electron derived from molecule oxygen [53,54]. Although a low or medium level of ROS serves many essential
cellular functions, high concentrations of ROS are detrimental to both normal and tumor cells [55]. Therefore,
elevating malignant tissue cellular ROS can be a practical approach to treat disparate cancers. Fenton reaction is
one of the most common metal-mediated catalysis reactions to produce ROS. The metal catalysts in this reaction
usually are transition metals, such as iron (II), Cu (I), chromium (III), cobalt (II) and nickel (II). Cupric (Cu2+)
is also vulnerable to reduction to cuprous (Cu+) by Haber–Weiss reaction, which offers Cu the ability to mediate
the Fenton reaction to produce the most active hydroxyl radicals (OH·). In particular, the Cu-based Fenton reaction
can react over a broader pH range, and its reaction rate dramatically increases (k = 1.0 × 104 M-1 s-1) compared
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Figure 1. Schematic of the antitumor mechanisms and applications of copper.
ROS: Reactive oxygen species.

with other metal-based Fenton reactions [56,57].

Haber − Weiss reaction Cu2+ + ·O2 → Cu+ + O2

Cu − based Fenton reaction Cu+ + H2O2 → Cu2+ + OH− + OH·

Apart from the Fenton reaction, oxidative stress can also be triggered via the depletion of antioxidants. GSH, a
γ-glutamyl-cysteinyl-glycine tripeptide, is one of the specific antioxidants. GSH related antioxidant defense system
(ADS) exhibits a potent scavenging effect on the highly reactive hydroxyl to protect cells against injurious agents [58].
Remarkably, copper can oxidize reduced GSH to oxidized glutathione disulfide (GSSG) to achieve GSH depletion,
further interfering with ADS to make cells more sensitive to harmful stimuli [59], while this reaction will not harm
normal cells because of the commonly higher GSH concentration in the tumor milieu [60].

Cu2+ + GSH → Cu+ + GSSG

A high concentration of ROS induced by Cu is also lethal to mitochondria, the power station of the cell in
the maintenance of respiration and ATP production. The anticancer mechanism of the clinical antitumor drug
elesclomol has been demonstrated to be related to selective transport of Cu to mitochondria and an increase in
their local ROS [61]. Moreover, Liu et al. [62] also proved that baicalein, a natural flavonoid derived from traditional
Chinese herbs, exerts its anticancer effect by affecting redox recycling of Cu ions to provoke OH production and
induce mitochondrial apoptosis. Further, Cu can alter mitochondrial membrane permeability, regulate various gene
levels involved in apoptosis and cause DNA cleavage, thereby realizing mitochondrial-mediated apoptosis [63–65].
In addition, Cu homeostasis is crucial because Cu is a vital cofactor in mitochondrial respiratory-chain-related
enzymes [66]. Cui et al. [67] proved depletion of mitochondrial Cu could alter cell respiration patterns, giving rise
to depressed oxidative phosphorylation (OXPHOS) and increased glycolysis, which is lethal to some cancer types
that are dependent on OXPHOS (e.g., triple-negative breast cancer) because of insufficient power supply. Shao
et al. [68] found that vital regulator p53 was overexpressed under Cu-induced oxidative stress stimuli and caused
a series of proapoptosis processes. In addition, the Cu complexes ([Cu(ttpy-tpp)Br2]Br, (CTB) they designed can
also activate mitochondrial fission-related Drp1 protein, which is in the mitochondrial outside the membrane
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Figure 2. Copper-induced oxidative stress causes damage to mitochondria and DNA. (A) Illustration of the
mechanism of CTB subunit-induced apoptosis in SMMC-7721 cells. (B) Western blot analysis of cleaved Parp-1 after
incubated with 1 mM of ligands (L1, L2 and L3) and Cu (II) complexes (C1, C2 and C3) in HeLa cells for 24 h. Cu (II)
complexes can increase cleaved Parp-1; however, ligands treatment cannot change the cleaved Parp-1.
CTB: [Cu(ttpy-tpp)Br2]Br; ROS: Reactive oxygen species.
(A) Reproduced with permission from [68], licensed with CC BY 4.0. (B) Reproduced with permission from [69], C© 2018
Elsevier Masson SAS.

and can interact with Bax or Bak to disturb the mitochondrial out membrane potential (MOMP), prompting
mitochondrial dysfunction (Figure 2A).
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Studies have revealed that Cu complexes can cause DNA damage by inserting into DNA and then using the
hydroxyl radicals generated by the Cu-based Fenton reaction to oxidize and decompose the DNA helix [70,71].
Additionally, Qi et al. [69] discovered that after incubating HeLa cells with Cu complexes, the expression of cleaved
Parp-1 was significantly increased, implying that the DNA repair process has been hindered, which can expedite
the apoptosis (Figure 2B). Further, Cu-induced oxidative stress can activate oncogenes and a large amount of
harmful lipid peroxides generation, which can produce toxic secondary messengers and biomacromolecules damage
(e.g., DNA and proteins), contributing to multiple pathological phenomena and apoptosis [72,73].

Except for apoptosis (type I programmed cell death [PCD]), Cu and Cu-induced ROS are also active participants
in activation of the cell autophagy pathway (type II PCD) and necrosis [74,75]. Tsang et al. [76] proved that Cu could
directly interact with autophagic kinases ULK1 and ULK2 to activate ULK1/2-dependent signaling and the
formation of autophagosome complexes. For those tumor types that rely on autophagy to sustain tumor growth,
for instance, KRASG12D-driven lung adenocarcinoma, Cu-chelation therapy will be an effective way. Moreover,
Cu complexes could evoke the upregulation of autophagy-assisted proteins such as LC3 and p62 to promote
autophagy-dependent cell death [77]. Meanwhile, Kang et al. [78] suggested that Cu complexes could simultaneously
induce apoptosis and autophagy via oxidative-stress-mediated mitochondrial dysfunction. Although these results
highlighted the pivotal role of Cu complexes in cancer treatment, the cell death pathway mediated by the Cu complex
is different for diverse cancer cells. Further research is needed to better understand Cu-induced cell death.

Proteasome inhibition
The proteasome is a multiprotein complex located in the cytosol and nucleus. It mainly plays a role in degrading
redundant or useless proteins and regulating cellular processes such as proliferation, apoptosis and metastasis.
Research has confirmed that proteasome inhibition could inspire cytochrome c into cytosol and activate the caspase
cascade, further provoking apoptosis in the tumor [79]. Interestingly, studies showed cancer cells are more dependent
on proteasome for their rapid proliferation, which means they are more sensitive [80]. Moreover, studies have verified
that some complexes containing transition metals, such as Cu, Mn and Au, showed excellent ability to inhibit
proteasome [81]. Santoro et al. [82] confirmed that Cu (II) ions could exert the function of inhibiting proteasome
by directly binding and partial redox effects in cell-free conditions or HeLa cells. More recently, except for specific
proteasome inhibitors (PIs) such as bortezomib and carfilzomib, many Cu complexes were developed as PIs for
cancer treatment, including clioquinol (CQ)–Cu, 8-hydroxyquinoline (8-OHQ)–Cu, disulfiram (DSF)–Cu and
Schiff Base–Cu complexes [83].

In eukaryotic cells, the 26S proteasome consists of one 20S core particle and two 19S regulatory particles.
Further, the 20S proteasome core exerts caspase-like, trypsin-like and chymotrypsin-like (CT-like) activities, con-
sisting of β1, β2 and β5 subunits. In particular, the β5 subunit is regarded as pivotal apoptosis-inducing inhibitory
sites, and only the inhibition of CT-like activities is adequate stimulus for apoptosis. Cater et al. [84] delivered
bis(thiosemicarbazonato)–Cu complexes into prostate cancer cells and confirmed that increasing intracellular
bioavailable Cu concentration could effectively kill the cancerous cells by inhibiting proteasomal CT-like activ-
ity mechanistically. Oliveri et al. [85] demonstrated a 22-fold increase in cytotoxicity and proteasome inhibition
ability of 5-aminomethyl-8-hydroquinoline in the presence of Cu, which will be an excellent proteasome in-
hibitor, overcoming tumor cell’s resistance to bortezomib. Zhou et al. [86] clarified that the Schiff-Base–Cu complex
they synthesized, Cu(a4s1), can selectively inhibit the β2 subunit from achieving proteasome inhibition. They
confirmed that Cu(a4s1) could be buried deeper in the β2 subunit structure than in the β5 subunit. Further, the
amounts of hydrogen bind between Cu(a4s1) and β2 subunits are more than that in β5 subunits.

Proteasome inhibition and ubiquitinated protein accumulation can further cause activation of endoplasmic
reticulum (ER) stress. Chen et al. [87] synthesized Cu diethyldithiocarbamate (Cu(DDC)2) nanoparticles (NPs) for
treating drug-resistant prostate cancers. To further study the anticancer mechanism of Cu(DDC)2 NPs, they used
a bright-field microscope to observe the morphology of DU145-TXR cells treated by Cu(DDC)2 NPs (Figure 3A).
Clearly, some cytoplasmic vacuoles originated in the ER. This result demonstrated that Cu(DDC)2 NPs can cause
paraptosis, a PCD mechanism featured in cytoplasmic vacuolation.

Antiangiogenesis
Angiogenesis is the initial process of both tumor proliferation and metastasis. A mass of nutrients supplied from
blood vessels can feed an expanding tumor larger than 1–2 mm. Tumor tissues are generated on or around an
existing vessel to form a perivascular cuff [89]. Angiogenesis depends on the action of multifarious small molecules,

future science group www.futuremedicine.com 307



Review Jiang, Huo, Qi, Zuo & Wu

Copper depletionb) c)

Control

Cu(DDC)
2

Paclitaxel

a) Ultrasmall lmi-OSi nanochelators

Function 1:

antiangiogenesis

‘Dispersed’ state during circulation

‘Aggregated’ state in tumor tissue

Function 2:

vessel obstruction

Copper/phosphate responsive aggregation

N N

N
N

N N
N N

N N N N N

N N

N
Cu2+

Cu2+ Cu2+ Cu2+-O

O

O-P

OH

Figure 3. Copper is a vital element during proteasome inhibition and angiogenesis. (A) Cu(DDC)2 nanoparticles (NPs) induced paraptosis
manifested by cytoplasmic vacuolation resulted from dilated endoplasmic reticulum (ER). (DU145-TXR cells were treated with blank
polyethylene glycol–polylactic acid, polyethylene glycol–polylactic acid/Cu(DDC)2 NPs, and paclitaxel for 8 h and stained with ER-ID green
dye and Hoechst 33342. Right panel: Merged fluorescence and bright field images. (B) Scheme of the antiangiogenesis functions of
Imi-Osi (imidazole and organosilica) nano-chelators.
Cu(DDC)2: Cu diethyldithiocarbamate.
(A) Reproduced with permission from [87], C© 2018 American Chemical Society. (B) Reproduced with permission from [88], C© 2019 American
Chemical Society.

including VEGF, essential bFGF and IL-1. Studies have reported that Cu is a pivotal element that can promote
angiogenesis and can not only link to HIF-1 to activate these crucial factors mediating angiogenesis, but also
binds to angiogenin to stimulate the formation of blood vessels and influence endothelial progenitor cells to foster
angiogenesis. Furthermore, Cu has been shown to directly motivate endothelial cell migration and proliferation and
fibronectin synthesis, both essential in angiogenesis [90,91]. Copper depletion can turn off the ‘angiogenic switch,’
block the endothelial cell proliferation process and halt the cell cycle in the G0 phase. In addition to direct capture
of cellular Cu ions, inhibition of Cu transporters or chaperones (e.g., ATOX1 and CTR-1) is another way to realize
Cu imbalance and antiangiogenesis [92–94].

Several traditional Cu chelators are used to suppress angiogenesis by decreasing the Cu concentration and
downregulating the factors associated with vascular growth, such as penicillamine, tetrathiomolybdate (TM),
captopril and trientine [95]. Among these, TM has been used in Wilson’s disease as a Cu depletion agent for
decades [96]; recently, its antineoplastic efficacy was explored and studied in early clinical trials as a novel cancer
therapy for metastatic cancers [97,98]. Today, the research and development cost of new anticancer drugs is prohibitive.
The concept of ‘new uses for old drugs’ reduces the investment in drugs dramatically and brings new inspiration for
treating disease. The anticancer mechanism of TM can be explained by the formation of a stable tripartite complex
consisting of TM, Cu and proteins that trigger out-of-balance Cu homeostasis in tumor cells, further suppressing
VEGF and other growth factors, resulting in obstruction of the angiogenesis pathway [99].

The Cu-mediated antiangiogenesis effect is a substantial leap forward. Still, when combined with other cancer
therapies or new vessel-targeting mechanisms, the tumoricidal impact can be further amplified. For example,
immunotherapy has shown potent anticancer effects, but its implementation is mired by a short action time and
it is only effective for a minority of patients. With the help of Cu’s antiangiogenesis property, immunotherapeutic
drugs combined with Cu chelators will be a novel curative system for cancer [100]. In addition, Sun et al. [101]

designed a micellar carrier CPLP-X for codelivery of DOX and Probe X (as a Cu chelator and tracer) to achieve a
synergistic effect containing antiangiogenesis and CT. CPLP-X affects angiogenesis by chelating Cu ions like crabs
grabbing food. On the other hand, the disequilibrium of Cu homeostasis will also destroy other basic cell growth
processes and antioxidant defense systems, which can enhance DOX-involved chemotherapeutic effects.

Certainly, vessel-targeting therapy involves not only antiangiogenesis but blocking the vessels with ‘blood clots’
to cut off the nutrient supply for tumor tissues. For example, a dual-function nanoscale Cu chelator, Imi-Osi,
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which consists of imidazole and organosilica, can exert excellent Cu-capturing ability (Figure 3B). After chelating
with Cu ions to cause Cu deficiency and vessel inhibition, these NPs transition between ‘dispersed’ and ‘aggregated’
states. Thrombi that are formed will lead to vessel obstruction under the stimulation of elevated Cu and phosphate
levels to reinforce tumor vasculature-targeted therapy [88].

Antitumor applications of copper complexes
Chemodynamic therapy
With the overwhelming upsurge of nano-catalysts, CDT, owing to its tumor-specificity and relative safety, has
received considerable attention in the field of tumor therapy. Cu-based CDT induces apoptosis by using the Fenton
reaction, producing a high concentration of toxic ROS and further increasing oxidative stress and biomacromolecules
damage [102]. For instance, self-assembled Cu–amino acid mercaptide NPs (Cu-Cys NPs) could react with local
GSH and reduce Cu2+ to Cu+. Subsequently, the generated Cu+ would react with H2O2 to increase ROS level.
Overloaded ROS would activate a continuous oxidative stress response leading to cell apoptosis [27]. Copper–
thiosemicarbazones (Cu–TSC) complexes are another famous Cu-containing family to achieve ROS accumulation
and enhanced cytotoxicity of TSC for treating cancers [103]. It is worth mentioning that inflammation in the body can
induce carcinogenesis and promote cancer metastasis. Hence, some Cu (II) complexes containing nonsteroidal anti-
inflammatory drugs (NSAIDs) are emerging to treat inflammation for preventing and treating cancer. Boodram
et al. [104] proved Cu–NSAID complexes could induce ROS accumulation, DNA damage and COX-2 activity
inhibition in breast cancer stem cells (CSC)-like cells.

Moreover, Cu complexes with subcellular targeting properties can engender more precise strikes to combat cancer
cells. Kaur et al. [105] reported that a Cu (II) complex with a Schiff base ligand and a polypyridyl ligand could enter
the ER and elevate the ROS level in situ to induce ER stress, further evoking immunogenic cell death mode in breast
CSCs. Given the elevated Cu levels and redox vulnerability in cancer cells, Cu-involved pro-oxidative anticancer
agents (PAA) are developed to target this particular feature. The 3-hydroxyflavone-inspired Cu pro-ionophore
(PHF) is the effective PAA, which can simultaneously influence GSH, Cu and ROS levels to target the vulnerable
redox balance of cancer cells [106].

However, although the CDT of Cu-involved nano-catalysts has been widely tested and made noticeable advances
in cancer therapies, it also faces many challenges that can impair the CDT performance, such as insufficient en-
dogenous H2O2 level, overexpressed GSH and the hypoxia tumor environment [107,108]. Despite the concentration
of H2O2 in tumor cells surpassing that in normal cells, it cannot meet the requirement for producing enough toxic
ROS in situ [109]. To address this dilemma, many novel approaches have been considered, and many other therapeu-
tic strategies have been integrated into synergistic therapies to enhance the efficacy of Cu-mediated CDT [110,111].
Wang et al. [28] found that the Fenton-like catalytic performance of copper sulfide (CuS) is relevant to the surface re-
action sites. Thus, they compared the CDT efficacy of hollow and solid Cu9S8 NPs by evaluating hydroxyl radicals’
generation by methylene blue (MB) assay and ROS fluorescence probe test. Under the same temperature condition
(298 and 316 K), hollow Cu9S8 NPs can reach 46 and 95% MB degradation separately, whereas solid Cu9S8 NPs
only obtained 37 and 67% degradation rates (Figure 4A & B). This result is consistent with the 4T1 cell viability
test that indicated hollow Cu9S8 NPs exhibit better CDT effects. Currently, metal-organic frameworks (MOFs),
with their high porosity, large surface area and tunable functionality, are emerging carriers for Cu delivery [112–114].
Tian et al. [29] used trimesic acid to synthesize Vk3@MOF-199, which integrated Cu ions and Vk3. Vk3 can use
the high expression of NQO1 to achieve the tumor-specific H2O2 amplification, and the elevated H2O2 level can
enhance Cu-based Fenton reaction-induced CDT (Figure 4C).

Except for copper ions, other transition metals also possess Fenton or Fenton-like catalytic ability. On this basis,
combining Cu and other metal complexes will improve single Cu-mediated CDT. Wang et al. [30] designed an
innovative nanostructure, PCN-224(Cu)-GOD@MnO2. The addition of MnO2 can aid in the production and
accumulation of H2O2. Meanwhile, Cu2+-TCPP can deplete excess GSH to reduce antioxidant activity. Those two
mechanisms of PCN-224(Cu)-GOD@MnO2 improve the CDT effect. Moreover, although as the classical Fenton
reaction catalyst, the reaction pH range of Fe-mediated reaction is too narrow to match the actual weak acidic
condition of the tumor. Thus, for sufficient ROS generation, Cu ferrite nanospheres (CFNs), which have two redox
repairs (Fe2+/Fe3+ and Cu+/Cu2+), were designed, and this CFN showed good tumor inhibition performance
with the help of near IR (NIR) irritation [31]. Surprisingly, the chemotherapeutic drug DOX also has the ability to
increase the efficiency of Fenton’s reaction. Cao et al. [32] co-loaded DOX in the bovine albumin (BSA)–Cu structure
to form DOX@BSA-Cu. They confirmed that DOX at low concentration is nontoxic to cells but can reduce O2 to
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Figure 4. The chemodynamic therapy effects induced by copper complexes. (A & B) Colorimetric analysis of the
hollow and solid Cu9S8 Fenton-like reaction of methylene blue decolorization at 298 K and 316 K separately at
1–9 min under dark conditions. (C) Scheme of the synthesis of Vk3@MOF-199 NPs and the chemo-dynamic therapy.
GSH: Glutathione; MOF: Metal-organic framework; NP: Nanoparticle.
(A & B) Reproduced with permission from [28], C© 2019 Elsevier B.V. (C) Reproduced with permission from [29], C© 2020
Elsevier Inc.

O2
- through electrons transfer between anthracene and semiquinone structures and ultimately increase the content

of H2O2 for enhanced CDT.
In addition to enhancing the efficacy of the Fenton reaction, Cu complexes can also be fabricated into carriers or

combined with other therapies for advanced anticancer effects. Pinho et al. [33] proved that Cu(II)-phenanthroline
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complexes loaded in pH-sensitive long-circulating liposomes can amplify their anticancer activity in colon cancer
treatment. Copper/manganese silicate nanospheres (CMSNs) were coated by MCF-7 cancer cell membranes
(designated as mCMSNs) for improving the biocompatibility and homotypic targeting ability of nanoparticles.
This well-defined Cu silicate could achieve CDT and release O2, which will relieve oxygen deficiency in PDT.
Meanwhile, light stimuli such as UV-Visible (UV-Vis) or NIR laser irradiation could also improve ROS generation
efficiency in Fenton reactions [115]. These mechanisms work together to impair the antioxidant defense of cancer
cells and make the cells more sensitive to ROS, resulting in excellent inhibition effect on tumors.

Phototherapy
Most common phototherapies contain photodynamic therapy (PDT) and photothermal therapy (PTT). PDT is
a noninvasive therapy for premalignant and neoplastic diseases. High spatiotemporal precision, controllability and
tumor targeting have helped promote PDT in various cancer treatments. Three factors are indispensable for
realizing PDT: photosensitizer (PS), light source and molecular oxygen. Cu and other transition metal complexes
possess outstanding photophysical characteristics, making them ideal PS candidates [116]. Cu (I) bis-phenanthroline
complex displayed in vitro photocytotoxicity and DNA damage ability in A549 cancer cells upon blue light
excitation [117]. However, the visible light is not highly penetrating. Veeranarayanan et al. [34] fabricated a bimetal
chalcogenide nanocrystal, Cu3BiS3 NC, which can respond to ultra-low NIR laser power; this led to complete
tumor regression without damage to the skin. Except for UV-Vis light, due to the high penetration rate of x-ray, it
is also used for photosensitizer activation. Cu–cysteamine nanoparticles (Cu–Cys NPs) conjugated with a pH-low
insertion peptide (pHLIP) could be excited by x-ray for enhancing the PDT efficacy and tumor treatment [35].

PTT is another kind of anticancer treatment regimen using light. It has aroused broad research interest, exhibiting
unique advantages including noninvasiveness, high specificity, short treatment time and intense tissue penetration.
PTT realizes tumor irradiation through hyperthermic ablation irradiated by an NIR laser. Hyperthermia heats
tumor cell temperature to exceed the cytotoxic threshold (42.5◦C), inducing cell death in tumor tissue and
ensuring the survival of surrounding normal tissues [118]. Coincidently, Cu chalcogenides have strong absorption
in the NIR wavelength range, so they are often used as typical photothermal agents [119,120]. Cu@CPP-800,
comprising porous carbon polyhedral with Cu incorporated, showed excellent photothermal conversion properties.
Under 808-nm NIR irradiation, the photothermal conversion efficiencies (η) of Cu@CPP-800 reached 48.5%,
and the temperature in the tumor site reached 64.6◦C after 10-min irradiation following intravenous injection
of Cu@CPP-800 (Figure 5A) [36]. Although Cu-mediated PTT has shown excellent irradiation effects on tumors,
residual tumor cells will trigger tumor recurrence after insufficient ablation [121]. More precise or organelle targeting
Cu-mediated PTT effects are needed. For instance, nucleus-targeting moiety helps Cu complexes destroy genetic
substances, strengthening the Cu-mediated PTT efficacy and avoiding overheating normal tissues [122]. PDA is
a widely explored photothermal conversion agent, and it can be used as a coating for Cu complexes to enhance
hyperthermia because of its excellent adhesion property [37]. In addition, after PTT treatment, tumor cells may release
antigens to surrounding tissue. Wang et al. [38] thus synthesized a Cu-doped hybrid nano-enzyme that exhibited
immunotherapy, starvation and photothermal functions to effectively inhibit tumor growth and metastasis.

However, a single phototherapy cannot completely eliminate the tumor. An important factor contributing to
the efficacy of PDT is sufficient oxygen concentration to generate enough ROS, whereas the tumor hypoxia
microenvironment cannot satisfy this condition. Further, inadequate PTT will promote tumor metastasis [123,124].
Hence, to avoid these side effects and improve the efficiency of anticancer treatment, many studies combined PDT
with PTT to achieve tumor eradication and metastasis inhibition. Black phosphorus (BP) nanosheets possess a
high surface-to-volume ratio so that it can be used as a novel drug-delivery platform and is itself a next-generation
water-dispersible inorganic photosensitizer. CuS nanodots and folic acid (FA) can be modified in the BP nanosheets
to fabricate high biocompatibility phototherapy agents designed as BP–CuS–FA (Figure 5B), which have promising
potential for synergistic PDT–PTT cancer treatment [39]. Curcio et al. [40] combined iron oxide nanoflower-mediated
magnetic hyperthermia (MHT) with CuS-mediated PDT–PTT to achieve an image-guided tritherapeutic tumor
strategy. Usually, however, the effects of PDT and PTT are often activated by two different lasers, respectively. Girma
et al. [41] synthesized BSA-functionalized chalcopyrite CuFeS2, which can have an antitumor role under a single
671-nm laser irradiation to address this dilemma and simplify the treatment procedure. Some studies also clarified
that noble metal materials could enhance the photothermal performance of CuS NPs based on the localized surface
plasmon resonance effect. For instance, under NIR irradiation, Au–CuS yolk-shell nanoparticles could inhibit
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Figure 5. Copper complexes exhibit remarkable photothermal therapy and photodynamic therapy effects. (A) Near
IR (NIR) thermal images of HeLa tumor-bearing mice at other time points 6 h after intravenous injection of a
Cu@CPP-800 dispersion or PBS under NIR irradiation (808 nm). (B) Schematic illustration of the preparation of
BP–CuS–FA nanoconjugate for photoacoustic-imaging-guided and tumor-targeted synergistic
photodynamic–photothermal therapy in cancer treatment.
BP: Black phosphorus; FA: Folic acid; GSH: Glutathione; PBS: Phosphate-buffered saline.
(A) Reproduced with permission from [36], C© 2019 WILEY-VCH Verlag GmbH & Co. (B) Reproduced with permission
from [39], C© 2020 American Chemical Society.

markedly tumor growth, further expanding the feasibility and application of CuS-induced phototherapy in tumor
inhibition [42].

Cu-enhanced CT
Clinical CT is defined as using one or chemotherapeutic drugs to treat cancer. These drugs are considered a
‘double-edged sword’ because they all have large cytotoxicity to normal as well as malignant cells, resulting in
unexcepted side effects such as inhibited growth of hair, bone marrow and gastrointestinal tract cells. Therefore,
CT possesses the most effective therapeutic effect among various therapies, but its applications remain limited [125].

As early as 1983, Kimito et al. [126] proved that Cu complexes could increase the antitumor effect of ascorbate; these
authors obtained a good survival rate in an Ehrlich ascites tumor mice model after intraperitoneal administration
of ascorbate and Cu glycylglycylhistidine complexes. Given that Cu and its complexes can be molded or integrated
into other nanoplatforms to form various shapes quickly, Cu complexes have received much attention as CT drug
carriers. The structures of Cu-involved drug vectors can be divided into three main types. First, Cu complexes
with a center hole can provide a reservoir for drug molecules. For example, hollow CuS (HCuS) has a mesoporous
structure with a large surface area and high internal cavity for anticancer drug-loading. Furthermore, it is also an
excellent phototherapy and imaging contrast agent [127]. Second, Cu complexes are hybridized into other hollow
or porous frameworks for drug-loading. Third, Cu can be combined with CT drugs to form infinite co-ordination
polymer or MOF to achieve synergistic anticancer effects.

Dong et al. [43] used hollow CuS nanoparticles as drug-delivery systems to confer high stability, distinctive
photothermal conversion and hydrophilicity to load the hydrophobic anticancer drug CPT to increase the low
solubility of CPT and enhance 980-nm laser-triggered tumoricidal efficacy with a lower drug dose. Further, because
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Cu2+ and CT drugs must be accurately accumulated in tumor cells to avoid toxic side effects, Feng et al. [44] used
FA to augment hollow mesoporous CuS NPs loaded with the anticancer drug bleomycin (BLM). They chose L-
menthol (LM) as the drug leak-blocking agent. Because CuS NPs can absorb light and change it to heat, temperature
rise during NIR irradiation will activate the ‘solid–liquid’ phase transition of LM. Meanwhile, benefiting from
the tumor-targeted feature of FA, this intelligent NIR-responsive nanostructure can realize controlled drug release
in situ. To promote the specific targeting ability of drug-loaded Cu complexes and avoid the immune system,
cell-membrane-coated technology is a feasible and emerging approach to endow NPs with good biocompatibility.
Hence, after encapsulating DOX with hollow CuS, using hybrid membrane consisting of red blood cells (RBCs)
and melanoma cells (B16-F10 cells) to camouflage drug-loaded nanoparticles and finally compose DCuS@[RBC-
B16] NPs (Figure 6A). These membrane camouflaged NPs can interfere with melanoma tumor growth, with a
nearly 100% inhibition rate and enhanced homogeneous targeting ability, improving the PTT efficacy of CuS and
reducing damage to surrounding tissue [45].

In addition to the hollow structure of the Cu complex itself, Cu can be integrated into other hybrids. For instance,
Zhang et al. [46] connected CuS NPs and mesoporous silica platform loaded DOX with two complementary DNA
sequences to construct a NIR/thermal-triggered drug-delivery system. Recently, Cu-doped layered double hydroxide
(LDH) nanosystem as a multimodal delivery carrier came up views. Liu et al. [47] introduced a novel Cu-based
nanoplatforms for skin-tumor treatment consisting of three components: Cu-doped LDH as the primary scaffold,
indocyanine green as the PTT/PDT agent along with Cu and BSA-DOX as the acid-responsive prodrug. This
multifunctional nanodrug could combine PDT, PTT and CT to lower the doses of CT drugs and systemic toxicity.

Moreover, because Cu can form coordination bonds with drugs or various donor ligands and formed Cu
coordination complexes are also biologically active agents in disease therapies [128]. For instance, metformin (Met),
is an antidiabetes agent; Cu coordination complex Cu–Met NPs can be used as a novel nanoscale vehicle to load
DOX for fabricating DOX@Cu-Met NPs. Cu2+ offers the Met-based drug-delivery system stability to prevent
premature drug leakage. Moreover, Met and DOX in this system as mitochondrial respiration inhibitors and CT
drugs, respectively, can release from nanostructures under GSH and acid stimuli to relieve the intratumoral hypoxia
and promote H2O2 accumulation together. Consequently, Cu-induced CDT efficacy can be enhanced [48]. Shen
et al. [49] were inspired by this property and designed a dual-drug-loaded carrier-free nanomedicine. They chose
CT drugs AQ4N and gossypol and used their plentiful hydroxyl and aldehyde group to coordinate with Cu2+ to
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synthesize HA@AQ4N-Cu(II)-gossypol NPs. This versatile carrier-free nanomedicine could be accumulated at the
tumor site through three targeting properties, and Cu2+ in this structure can not only serve as a connecting agent
but also enhance the antitumor effect. This nanomedicine could significantly decrease the dose of CT drugs with
the use of only one-fiftieth of AQ4N and half the gossypol of general clinical doses.

Beyond traditional CT drugs, some marketed drugs can also combine with Cu-induced CDT to achieve
previously unattainable anticancer activity. DSF is commonly used as an anti-alcoholism drug but has become a
hot topic recently due to its surprising anticancer activity. DSF–Cu can augment ROS levels and arrest cell cycle
progression at the G0/G1 phase [129]. Studies have clarified that this unexpected tumor-lethality activity of DSF–Cu
comes from the Cu-DDC complex consisting of DSF’s metabolites DDC and Cu [130]. Hence, delivering the
Cu(DDC)2 directly to the tumor site becomes a feasible strategy to enhance DSF–Cu-mediated anticancer efficacy.
Said Suliman et al. [50] chose cyclodextrin to encapsulate Cu(DDC)2 for increased apparent solubility and stability
against the chemo-resistant triple-negative cancer cells. Hartwig et al. [51] tested the antitumor activity of liposomal
Cu(DDC)2 in both 2D and 3D cell models. Especially in neuroblastoma 3D spheroids, Cu(DDC)2 liposomes
showed significant cytotoxicity, making its in vivo antitumor effect more credible. In addition, the application of
Cu2+-enriched hollow mesoporous Prussian blue (HMPB) as a drug carrier is gradually emerging. It can also be
used as a pH-responsive carrier to load DSF. An acidic environment can destroy this nanostructure, and DSF and
Cu2+ are released simultaneously to form Cu(DDC)2 via DSF-Cu2+ chelating reaction (Figure 6B & C). Further,
the PTT effect induced by Cu-HMPBs upon NIR irradiation will augment the anticancer effects of DSF–Cu.
The weight of the tumor after DSF@PVP/Cu-HMPB and laser treatment is obviously smaller than other groups,
indicating that DSF@PVP/Cu-HMPB offers a promising capability for cancer treatment [52].

Bioimaging
Magnetic resonance imaging

MRI is an essential imaging method to detect cancer due to its excellent soft-tissue contrast and unlimited
penetration depth. MRI uses radiofrequency pulse in an external magnetic field to excite the spin of protons in
human bodies and generate NMR signals to form images at the cellular and subcellular levels [131]. Because of
unpaired electrons in its outermost orbital, the Cu complex is regarded as an alternative MR contrast agent [132,133].
Liu et al. [134] invented an intriguing Cu (I) phosphide nanocrystal (CP NCs) as an in situ-generated MRI
contrast agent by using a redox reaction between diamagnetic Cu (I) and paramagnetic Cu (II). The CP NCs
can avoid the poor target-to-background MRI ratios. Nowadays, scientists coalesce Cu with other transition
metals to assemble hybrid coimaging agents for enhanced MRI intensity. For example, bimetallic gold/copper
nanostructured composites were synthesized for contrast-enhanced dual-modal x-ray computed tomography (CT)
and MRI, which can increase flexibility and replaceability of radiotherapy system [135]. Wang et al. [136] constructed
ternary chalcogenide CuxFeySz with Cu and Fe, which takes advantage of the excellent NIR photoabsorption
property of FeS2 and photothermal effect of CuS. Finally, they chose Cu5FeS4 with the optimal Cu/Fe ratio for
MR imaging, and the MRI scans showed strong ability to locate tumors (Figure 7A). Sang et al. [137] synthesized
Ni3S2/Cu1.8S nano-heterostructures and found Ni and Cu ions in this system are commonly used in MR images
due to the spin single electrons and the paramagnetic ability. Undoubtedly, Ni3S2/Cu1.8S showed considerable
capability in therapy and real-time monitored imaging in vivo. Radiotherapy (RT) was also found to help enhance
Cu-mediated MRI sensitivity. Fan et al. [138] used low-dose RT treatment 3 days before intravenous injection of
G5.NHAc-Pyr/Cu (II) complexes. The results of a quantitative analysis of tumor MR signal-to-noise ratio (SNR)
at different time points (Figure 7B) indicate that the treatment with RT had significantly higher SNR than that
without RT, indicating that RT treatment does enhance MRI intensity and prolong imaging time of Cu complexes.

Photoacoustic imaging

Photoacoustic imaging (PAI) is a novel technology that uses optical excitation and ultrasonic detection. PAI uses
a nanosecond-pulsed laser beam to irradiate biological tissues; after molecules in vivo absorb light, thermal energy
induces pressure jump, which can launch ultrasonic waves. Acoustic detectors then receive these ultrasonic impulse
signals and form images [141].

In oncology, some specific overexpressed endogenous molecules (e.g., GSH) can aid in tumor diagnosis. Detection
of those biomarkers by PAI requires the PAI agent to recognize abnormal signals and then switch to a detectable
state. To address this issue, an Fe-Cu@PANI (iron-copper co-doped polyaniline) nanoparticle was synthesized.
Cu2+ in this system can react with GSH to produce protonated PANI, which can generate heat under NIR
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Table 1. Summary of copper complexes and their therapeutic applications.
Copper complexes Therapy Tested model Remark Ref.

Cu-Cys NPs CDT MCF-7R-bearing NOD-SCID
mice

In situ glutathione-activated and H2O2-reinforced CDT [27]

Hollow Cu9S8 NPs CDT 4T1 tumor-bearing mice Enhanced CDT due to the increased number of active sites and
photothermal performance compared to solid Cu9S8 NPs

[28]

Vk3@MOF-199 CDT 4T1 tumor-bearing mice NQO1 catalyze Vk3 to produce sufficient H2O2 for amplified CDT [29]

PCN-224(Cu)-GOD@MnO2 CDT U14 tumor-bearing mice O2 and H2O2 supplied by MnO2 and GOD enhance the Cu-mediated
Fenton reaction efficacy

[30]

CFNs CDT/PDT/PTT U14 tumor-bearing mice Photo-enhanced CDT with TME-modulating capacity [31]

DOX@BSA-Cu CDT 4T1 cells and MCF-7 cells DOX improves the H2O2 content and hydroxyl radical generation for
enhanced CDT

[32]

mCMSNs CDT/PDT MCF-7 tumor-bearing mice Target-cell-specific GSH depletion-enhanced CDT; hypoxia-relieved PDT [33]

Cu3BiS3 NCs PDT MCF-7 tumor
xenograft-bearing mice

Cu3BiS3 nanocrystals realize complete tumor regression by using an
ultra-low dose NIR laser

[34]

pHLIP-Cu-Cy PDT CRL-2116 tumor-bearing
mice

Cu-Cy NP-induced PDT can be activated by X-ray leads to improved
penetration depth and tumor treatment effect

[35]

Cu@CPP-800 PTT HeLa tumor-bearing mice Cu@CPP-800 possess outstanding photothermal conversion efficiency
of 48.5% at 808-nm laser irritation and excellent tumor ablating ability

[36]

CuO-NPs@PLGA/PDA/PEG PTT Cal-33 cells PDA shells enhance the NIR absorption of CuO NPs [37]

CuCo(O)/GOx@PCNs PTT/IMT/starvation
therapy

4T1 tumor-bearing mice Oxygen supply, glucose consumption and photothermal ablation can
be achieved by CuCo(O)/GOx@PCNs; immune response effect can
further inhibit metastasis and recurrence of tumor

[38]

BP-CuS-FA PDT/PTT 4T1 tumor-bearing mice A biocompatible and photodegradable CuS carrier can achieve a
single laser-activated PDT/PTT process

[39]

IONF@CuS nanohybrid PDT/PTT/MHT PC-3 tumor bearing nude
mouse

This all-in-one nanohybrid provides a cumulative heating and novel
tri-therapeutic tumor strategy

[40]

Ce6:CuFeS2@BSA-FA PDT/PTT HeLa and HepG2 cells Synergistic PDT–PTT of Ce6:CuFeS2@BSA-FA can be induced by a single
laser

[41]

Au-CuS YSNPs CDT/PDT/PTT 4T1 tumor-bearing mice Au-CuS YSNPs enhance the PDT/PTT efficacy due to localized surface
plasmon resonance effect

[42]

CPT@CuS CT H22 cells-bearing mice CuS NPs improve the solubility and increase the biocompatibility of
CPT; Cu-induced PTT further increase synergistic performance

[43]

FA-HMCu2-xS/BLM/LM CDT/PDT/PTT/CT MCF-7 tumor-bearing mice NIR-response drug release and further initiated BLM activation to
induce DNA cleavage

[44]

DCuS@[RBC-B16] NPs CDT/PTT/CT melanoma-bearing mice Membrane camouflages prolong the lifetime and enhance the
homogeneous targeting ability of DCuS@[RBC-B16] NPs

[45]

MSN-DNA-CuS PTT/CT HeLa and MCF-7 cells Photothermal controllable and GSH response drug release [46]

ICG/Cu-LDH@BSA-DOX PDT/PTT/CT B16F0 tumor-bearing mice pH sensitive drug release and achieve high tumor elimination rate
with a low dose

[47]

Dox@Cu-Met NPs CDT/CT Breast-tumor-bearing mice pH and GSH in the TME dual-stimuli responsive drug release and
mutually enhanced CT/CDT

[48]

HA@AQ4N-Cu(II)-gossypol
NPs

CT PC-3-tumor-bearing nude
mouse

Ultra-high drug loading content; multiple tumor targeting ability;
excellent synergistic antitumor effect; negligible side effects

[49]

Cyclodextrin DDC-Cu
inclusion complexes

CT MDA-MB-231 cells Cyclodextrin increase the solubility and toxic effect of DDC-Cu [50]

Cu(DDC)2 liposome CT Kelly and SH-SY5Y cells Cu(DDC)2 liposome showed effective cytotoxicity in both 2D and 3D
neuroblastoma cell models

[51]

DSF@PVP/Cu-HMPB CT 4T1 tumor-bearing mice TME-triggered Cu2+ release for in situ anti-cancer complex CuL2

generation; NIR irradiation further augment the anti-cancer activity
[52]

BLM: Bleomycin; BP: Black phosphorus; BSA: Bovine serum albumin; CDT: Chemodynamic therapy; CFN: Copper ferrite nanosphere; CPT: Camptothecin; CT: Chemotherapy; DDC:
Diethyldithiocarbamate; DSF: Disulfiram; DOX: Doxorubicin; FA: Folic acid; GOD: Glucose oxidase; GSH: Glutathione; HMPB: Hollow mesoporous prussian blue; mCMSN: Mesoporous
copper/manganese silicate nanosphere; MOF: Metal-organic framework; NIR: Near infrared; NP: Nanoparticle; pHLIP: pH-low insertion peptide; PT: Phototherapy; RBC: Red blood
cell; TME: Tumor microenvironment; YSNP: Yolk-shell nanoparticle.

laser irradiation, offering NPs the possibility to achieve tumor-microenvironment-responsive PA imaging [142].
CuS itself is also a characteristic PAI contrast agent applied to detect tumor proliferation and metastasis [143].
Bindra et al. [144] developed a self-assembled nanosystem (SCP-CS) consisting of a semiconducting polymer (SCP)
and CuS nanoparticles. With the help of CuS, the PA signal of SCP-CS in the tumor was 5.2-fold higher than
the pure SCP-treated group. To obtain a sufficient SNR of CuS-mediated PAI, Santiesteban et al. [145] chose
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Figure 7. Imaging capabilities of copper complexes. (A) MR images of mice after intravenous injection of Cu5FeS4.
(B) Quantitative analysis of tumor MR signal-noise ratio at different time points after injection of G5.NHAc-Pyr/Cu (II)
complexes with and without radiotherapy treatment. (C) Photoacoustic imaging of the KB-HFAR and KB-LFAR after
injection of the Gd/CuS@PEI-FA-PS NGs before and at 60 and 120 min. (D) Transaxial (top panel) and volume-rendered
(bottom panel) positron-emission tomography–computed tomography images of [64Cu]atezolizumab uptake in
CHO-hPD-L1 (red arrow, high PD-L1 expression) and CHO (white arrow, low PD-L1 expression) tumors (n = 3) confirm
PD-L1-mediated uptake of the radiotracer.
KB-HFAR: KB-tumors with high-level folic acid receptor expression; KB-LFAR: KB-tumors with low-level folic acid
receptor expression.
(A) Reproduced with permission from [136], C© Elsevier Inc. (B) Reproduced with permission from [138], C© 2019
American Chemical Society. (C) Reproduced with permission from [139], C© 2020 American Chemical Society. (D)
Reproduced with permission from [140], C© 2016 American Chemical Society.

perfluorocarbon nanodroplets (PFCnDs) to enhance the photoacoustic contrast of CuS. Combining the two PS
agents miraculously compensated for each other’s limitations and together provided an encouraging development
for clinical tumor diagnostic applications. Zhang et al. [139] developed a novel nanogel (NG) Gd/CuS@PEI-FA-PS
for MRI/PAI-guided tumor-targeted PTT. After a 60-min intravenous injection of Gd/CuS@PEI-FA-PS NGs,
the PA signals reached the maximum value in the transplanted KB tumor model, demonstrating this nanogel has
tumor-specific distribution characteristics and good retention capacity (Figure 7C). Although PAI has great value
in clinical practice, most PAI employs a 2D imaging modality. The biodistribution and anatomic information of
the NIR probe in vivo cannot be fully understood. Hence, NIR-II 3D PAI is a necessary stage for developing and
optimizing PAI technology. Tests show CuS NPs can retain their superior imaging performance in NIR-II 3D PAI
as a contrast agent [146].
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Positron emission tomography imaging

Positron emission tomography (PET) is a topical imaging method that relies on collisions of the positron and
a negative electrons in tissues. Currently, Cu-based radionuclides have received attention as positron-emitting
radionuclides because of their positron energies, long half-life and excellent coordination chemistry. 64Cu (half-life:
T1/2 = 12.7 h; decay characteristics: β+, 0.653 MeV[17.8%]; β-, 0.579 MeV[38.4%]) make it an ideal PET tracer
and a novel drug component in RT [147].

64Cu is often integrated into various NPs or biomaterials via different chelators to form PET imaging agents
applied to detect the biodistribution of nanomedicine or precise tumor imaging [148]. However, the physicochemical
properties, pharmacokinetics and biodistribution of these Cu NPs conjugated with chelators were distinct from
those of unchelated Cu NPs, thus making the data obtained useless. Therefore, Shi et al. [149] developed 64Cu-PPF
(64Cu-porphyrin-peptide-folate) and successfully gained PET images of tumors. Surprisingly, they found PPF, as
the Cu chelator moiety, did not affect pharmacokinetics and biodistribution, providing a promising application
as PET imaging probes for cancer theragnostics. Furthermore, some studies also verified that 64Cu its ionic form
64Cu2+ is a considerable PET agent without high cost and complicated radiolabeling steps for diagnosing [150].
Zhou et al. [151] tried to integrate positron emitter 64Cu into the core structural component to form radioactive
[64Cu]-CuS NPs, which is more suitable for PET imaging. In the PET images, the tumor is clearly visible, proving
PEG-[64Cu]-CuS NPs are excellent PET agents. This will help determine how the drug accumulates at the tumor
site. Further, the deposition of radioactivity in the bladder and gastrointestinal tract also reflects that Cu complexes
possess biosafety and capability, which could be excreted by renal and hepatobiliary tract. Moreover, 64CuCl2-PET
is another approach to assess intracranial and other extrahepatic metastasis of hepatocellular carcinoma and improve
the prognosis of patients with this cancer by tracking Cu metabolism [152].

64Cu-labeled probes without chelators have been extensively studied due to their unique PET imaging property
and more realistic pharmacokinetics parameters in vivo. Lesniak et al. [140] used 64Cu-labeled atezolizumab for
quantifying the dynamic expression of PD-L1 in tumors to evaluate the response to immune modulation therapies.
PET–CT images illustrated that 64Cu-labeled atezolizumab could significantly accumulate in the CHO-hPD-L1
tumors (high PD-L1 expression) compared with CHO tumors (low PD-L1 expression) and other peripheral tissues
(Figure 7D). Detection and dynamic monitoring at the cellular level can be achieved by labeling molecules that can
be specifically recognized by cells with 64Cu. Kim et al. [153] capitalized on 64Cu-labeled polyglucose nanoparticles
(Macrin) for quantitative PET imaging of tumor-associated macrophages (TAMs). The retention rate of therapeutic
nanoparticles in TAM-rich tumors is more than 700 times that of TAM-deficient tumors. Visualization of TAMs
through 64Cu-mediated PET will act as a guide for patient selection into nanomedicine trials and exert therapeutic
outcomes prediction effect for prognosis of solid cancers. Shi et al. [154] labeled graphene nanomaterials with 64Cu
by the electron transfer between 64Cu2+ and π-bond on the surface of graphene nanosheets (RGO). Then PEG
was decorated on the 64Cu-RGO for prolonged blood circulation time. Compared with the chelator-loaded 64Cu
PET contrast agent (64Cu-NOTA-RGO-PEG), this chelator-free contrast agent 64Cu-RGO-PEG showed a superb
tumor uptake and excellent in vivo radiostability with negligible 64Cu detachment in 4T1 tumor-bearing mice.

Conclusion
As one of the most crucial microelements in our bodies, Cu not only exerts essential functions, but, as ongoing
research shows, it is also a novel target and a new drug in anticancer therapies. Scientists have found Cu-mediation
can significantly increase ROS levels via the Fenton reaction. This discovery solved the inadequate Fe-based Fenton
efficacy and has created a new field for Cu complexes. The imbalance of Cu homeostasis causes devastating damage
to cancer cells, such as insufficient nutrient and proteasome inhibition. Moreover, abnormal Cu levels cause
organelle damage, as seen with Cu-induced mitochondrial dysfunction. These results indicate that Cu treatment is
a potential anticancer strategy; with the help of emerging biomaterials, Cu has increased functions and properties
to efficiently kill cancer cells. In addition, excellent imaging properties and photothermal conversion abilities made
Cu complexes excellent imaging and PT agents for diagnosing tumors and preventing tumor relapse. In summary,
Cu-involved cancer application is an open field and worthy of further exploration.

Future perspective
With rising concern about metal drugs, multifunctional Cu complexes have become appealing therapeutic and
diagnostic tools that have gradually become substitutes for the common transition metal complexes, such as iron
or manganese complexes, in cancer therapies. However, a new idea is usually accompanied by premature theories
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and preliminary experiments. As a novel anticancer strategy, the first challenge Cu-involved therapies face is
biocompatibility and biosafety. Although research has proved the tumoricidal ability of Cu complexes, long-term
stability and biosafety tests are indispensable steps in drug development. In this review, we have discussed four
typical anticancer mechanisms of Cu complexes. However, different cancer types possess diverse characteristics,
which means scientists should consider the pertinence and specificity in the drug design process. Further, there
are still many Cu transporters, metallochaperones and cupric enzymes as new anticancer targets that have not
been explored. Moving forward, when Cu complexes enter the scale-up stage, whether their nanostructures remain
original properties depends on more intensive study. It is responsible to believe that Cu and its complexes will bring
about a new era for cancer treatment, with strong theragnostic ability and fewer side effects.

Executive summary

Background
• The copper (Cu) level in the tumor cells is higher than in normal cells. Hence, disturbance of copper homeostasis is

a novel strategy for cancer treatment. Both increasing and decreasing the Cu level can lead to tumor cell damage.
• Cu can cause multiple tumor cell death forms, including apoptosis, autophagy and necrosis, through various

mechanisms, including reactive oxygen species (ROS) accumulation, mitochondrial dysfunction, proteasome
inhibition and antiangiogenesis.

• Cu can be involved in diverse cancer therapies, such as chemodynamic therapy, phototherapy and chemotherapy.
It can also be used as an imaging agent for theragnostic applications.

Mechanisms
• Cu can mediate the Fenton reaction to generate ROS, thus increasing ROS levels in tumor cells and further

inducing oxidative stress, mitochondrial dysfunction and DNA cleavage.
• Cu can bind with proteasome to inhibit their activities and further induce apoptosis or paraptosis.
• Cu is a vital element for promoting angiogenesis. Hence, its depletion will interfere with angiogenesis and block

the proliferation of endothelial cells.
Applications
• Cu induces chemodynamic therapy through the Fenton reaction, which can produce a high concentration of toxic

ROS.
• Due to the excellent photophysical and photothermal conversion properties of Cu chalcogenides, they can

respond to light stimuli and cause ROS accumulation or hyperthermic ablation, resulting in tumor damage.
• Cu complexes can be shaped or integrated into other nanostructures as drug carriers to load chemotherapeutic

drugs and enhance the toxicity of chemotherapy.
• Cu and its complexes possess great imaging characteristics, allowing for various imaging technologies, such as

MRI, photoacoustic imaging and positron emission tomography, for tumor visualization and location.
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