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As a necessary substance tomaintain the body's normal life activities, metal ions are ubiquitous in organisms

and play a major role in various complex physiological and biochemical processes, such as material

transportation, energy conversion, information transmission, metabolic regulation, etc. Their abnormal

distribution/accumulation in cells can interfere with these processes, causing irreversible physical

damage to cells or activating biochemical reactions to induce cell death. Therefore, metal ions can be

exploited against a wide spectrum of cancers with high efficiency and without drug resistance, which

can effectively inhibit the growth of cancer cells by triggering biocatalysis, breaking the osmotic balance,

affecting metabolism, interfering with signal transduction, damaging DNA, etc. This perspective

systematically summarizes the latest research progress of metal ion-based anti-tumor therapy, and

emphasizes the challenges and development directions of this type of therapeutic strategy, hoping to

provide a general implication for future research.

1. Introduction

Metal ions have a very important impact on life systems, and

they play a necessary role that other chemical molecules cannot

replace.1 Some of them are used as signal factors and co-catalytic

factors for biological macromolecules, and some are important

structural components of biological macromolecules, partici-

pating in a variety of chemical reactions and signal transduction

in life systems and other important physiological activities.2 The

various properties of cells will be affected by the types and

distribution of metal ions. Excess, deciency, and abnormal

distribution of metal ions will seriously affect various physio-

logical properties of cells. Therefore, stimulating tumor cells

with exogenous metal ions or interfering with the function of

their endogenous metal ions can effectively affect the activity of

cancer cells. Compared with traditional chemotherapy drugs,

most metal ions can be exploited against a wide spectrum of

tumors with high efficacy and without drug resistance.3 More-

over, most metal ion therapy does not depend on external

energy, and can effectively avoid radiation damage caused by

therapies such as radiotherapy.4 However, tumor cells can adjust

the abnormal distribution of ions through a self-regulating

mechanism to maintain their physiological homeostasis.
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Therefore, how to achieve effective ion enrichment in tumor cells

is a key problem of exogenous metal ion-based therapy.

The emergence of nanotechnology has brought great hopes

for this. Unlike ions and small molecules, nanomaterials can

enter the cell through special methods, such as endocytosis and

large pinocytosis.5 In response to specic stimuli, they can

quickly release excess metal ions that exceed the self-regulation

threshold, causing sudden changes in the distribution of

intracellular and extracellular ions, imbalances in osmolarity

and redox, and inactivation of functional proteins. Additionally,

interfering with endogenous metal ions is also an effective

strategy, which not only can trigger cell oxidative stress, but also

further affects cell metabolism. For example, using the intra-

cellular labile iron pool to trigger biocatalysis,6 or interfering

with mitochondrial copper to affect cell metabolism.7,8 There-

fore, these nanomedicines that contain metal ions or can

regulate the function of endogenous metal ions greatly promote

the therapeutic effect of metal-ion therapy and make it show

good application potential.

This perspective article will start from the regulation of

endogenous and exogenous ions, and systematically summarize

the latest research progress and development trends of anti-

tumor therapy based on metal ions, specically including the

following ve aspects (Fig. 1): (1) metal ion therapeutic strategy

based on biocatalysis; (2) metal ion therapeutic strategy based

on osmolarity; (3) metal ion therapeutic strategy based on

metabolism; (4) metal ion therapeutic strategy based on signal

transduction; and (5) metal ion therapeutic strategy based on

cell replication and transcription.

2. Metal ion therapeutic strategy
based on biocatalysis

With the increasing development of nanotechnology, some

nanocatalysts based onmetal ions have been successively used in

the eld of biomedicine, which can change the chemical micro-

environment by triggering the specic catalytic reaction in the

lesion site, thereby realizing effective treatment of some major

diseases, such as cancer, Alzheimer's disease, myocardial

infarction, stroke, and wound infection, etc.9–13 Biocatalysis is

mainly attributed to the redox ability of nanomaterials or metal

ions under external physical or chemical stimuli.9 By generating

or eliminating reactive oxygen species in specic physiological

areas, it can achieve local regulation of oxidative stress, and

ultimately realize the regulation of physiological functions of

cancer cells or normal cells. At present, biocatalytic treatment

based onmetal ions ismainly achieved through the following two

ways: (1) delivery of exogenous metal ions to specically trigger

the therapeutic effect at the tumor site; (2) regulation of endog-

enous metal ions at the tumor site to achieve catalytic therapy.

2.1 Exogenous ion biocatalysis

Compared with normal tissues, solid tumors have a specic

tumor microenvironment (TME), such as hypoxia, weak acidity,

Fig. 1 A schematic overview of metal ion-based therapeutic strategy.
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excessive hydrogen peroxide (H2O2) and glutathione (GSH),

etc.14 Therefore, TME not only provides a suitable environment

and nutrition for tumor development and metastasis, but also

provides a “gate” for selective and effective cancer therapy.15 The

use of biocatalysts to in situ generate toxic molecules in tumors

through biocatalysis may be an ideal way for highly specic and

selective tumor treatment. Although H2O2 is a strong oxidant, it

is not very reactive with most biomolecules. However, H2O2 can

be activated by many catalysts to become more reactive

oxidants, leading to severe oxidative stress and cell death. Fe2+,

Cu+, Mn2+, and other transition metal ions can catalyze the

excessive low oxidizing H2O2 in the TME to highly oxidizing and

toxic hydroxyl radicals (cOH) through Fenton or Fenton-like

reaction, which can disturb the intracellular redox balances

state, eventually leading to cell apoptosis.16–19

As an exogenous chemical-stimuli-driven therapeutic

modality, chemodynamic therapy (CDT) based on transition

metal ions confers cancer treatment with high specicity, effi-

cacy, and biosafety.20–22 Currently, a large number of nano-

materials based on transition metal ions have been reported for

CDT, such as Fe(0), Fe3O4, CuFe2O4, Fe2O3, FeS2, CuO2, Cu-Cys

NPs, and MnO2, et al.
23–30 Our research group synthesized one-

dimensional ferrous phosphide (Fe2P) nanorods (FP NRs) by

a high-temperature method and further modied them by

PTMP-PMAA to improve their hydrophilicity and biocompati-

bility.31 FP NRs can be ionized into Fe2+ in an acidic microen-

vironment, and then catalyze H2O2 to generate highly toxic cOH,

realizing Fe2+ ion interference anti-tumor therapy. Moreover,

this Fe2+-based CDT effect can be signicantly enhanced under

photothermal and ultrasound stimulation (Fig. 2a–d). Under

the laser irradiation, the reaction rate of the Fenton reaction

and ionization process could be promoted as the temperature

rises. And under the ultrasound irradiation, the conversion rate

of Fe3+ to Fe2+ could be accelerated. Although Fe2+-based metal

ion therapy strategies have been extensively studied, the

amount of generated ROS is not enough to effectively kill the

cancer cells since they needmuch lower pH conditions (pH¼ 3–

4) than that in TME (pH ¼ 6.5–6.9).32 Therefore, the main

challenge for the future development of iron-based ion therapy

is to improve the biocatalytic activity of iron-based nano-

materials. In addition, Overholtzer's group demonstrated for

the rst time that iron-containing nanoparticles can kill cancer

cells through ferroptotic pathway.33,34 Ferroptosis is an iron-

dependent programmed cell death that is different from

apoptosis, cell necrosis, and autophagy. It is closely related to

oxidative stress, cystine metabolism, and accumulation of lipid

peroxidation products.35 It has also been reported that iron

oxide nanoparticles can inhibit tumor growth by inducing pro-

inammatory macrophage polarization in tumour tissues.36

Because the biocatalytic efficiency of Fe-based nanomaterials

is limited by the weakly acidic TME, our group further devel-

oped a metal ion therapy strategy based on Cu+. We reported

a cuprous phosphide (Cu3P) Fenton-like agent (CP NCs) with

the synergistic therapeutic effect of CDT and photothermal

therapy.37 Similar to Fe2+-based biocatalysis, CP NCs can be

ionized into Cu+ in an acidic TME, and then catalyze H2O2 to

generate cOH, realizing Cu+ ion interference anti-tumor

therapy. The Cu+-based catalytic reaction is faster than the

Fig. 2 (a) Schematic illustration of the FP NRs for multimode imaging-guided PTT and ultrasound/PT-enhanced CDT. (b and c) Photothermal

and ultrasound enhanced Fenton properties. (d) Tumor volume curves of mice after different treatments. Reproduced with permission from ref.

31. Copyright 2019, John Wiley and Sons.
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Fe2+-based catalytic reaction, and it is more suitable for the

actual pH value of the weakly acidic TME. Moreover, the effi-

ciency of the Fenton-like reaction will be further enhanced as

the temperature rises. In addition, excessive GSH in TME will

further reduce Cu2+ produced by Cu-based Fenton-like reaction

to Cu+, further enhancing the Cu+-based CDT therapeutic effect.

Recently, Li's group has constructed a variety of multifunctional

metal–DNA hybrid nanospheres through the coordination-

driven self-assembly strategy, such as Fe–DNA nanospheres

and Cu–DNAzyme nanohybrids.38,39 Cu–DNAzyme nanohybrids

can effectively transport DNAzyme and Cu2+ into cancer cells for

synergistic catalytic therapy. The released Cu2+ can be reduced

to Cu+ and catalyze endogenous H2O2 to produce cOH, while

DNAzyme can cut vascular endothelial growth factor receptor 2

(VEGFR2) mRNA and activate gene silencing for gene therapy.39

Although Cu-based nanomaterials have a good therapeutic

effect on tumors, their high biocatalytic properties also bring

non-negligible toxicity to normal cells. Therefore, the simulta-

neous consideration of biosafety and high biocatalytic proper-

ties is of great signicance for the further development of Cu-

based nanoagents. In addition, Chen's group reported that

manganese dioxide (MnO2) has Fenton-like and GSH depletion

properties, and can be used as an intelligent CDT agent for

Mn2+-based metal ion therapy (Fig. 3a–c).30 This work not only

shows that multifunctional MnO2 with enhanced biocatalytic

properties has great potential in cancer diagnosis and therapy,

but also provides an example for the design of metal-based

nanoagents with the ability to consume intracellular GSH.

These metal ion-based nanomaterials that can generate ROS

through biocatalysis to kill tumor cells provide a highly specic

and efficient treatment strategy for cancer therapy, which

greatly promotes the development of inorganic nanomedicine

in the eld of biomedicine. However, most metal ion-based

nanomaterials are metal compounds and nanoagents loaded

with metal ions. Most metal compounds are relatively stable,

and their biocatalytic effects are not satisfactory due to their

limited ion release and fewer catalytic sites on the surface.

Moreover, the biological environment is complex and very

different from the experimental environment, which leads to

the use of in vivo biocatalysis may not be able to achieve the

expected precise and efficient therapy. In addition, although

various investigations have been conducted to reveal the long-

term fate of these inorganic nanocatalysts, the partial biodeg-

radation of transition metal ions may lead to potential metal

homeostasis and related side effects. Therefore, how to

suppress the unfavorable catalytic process to reduce the side

effects remains to be extensively studied.

2.2 Endogenous ion biocatalysis

Iron is the most abundant transition metal in biological

systems and plays a vital role in many cell metabolism

processes.40 Especially, a small part of free or loosely bound

intracellular Fe2+, called labile iron pool (LIP), has redox activity

and can participate in Fenton-type reactions in cells to produce

ROS.41,42 Since the LIP level of cancer cells is higher than that of

normal cells, the intracellular LIP of tumor cells can be used as

a source of Fe2+ for Fenton reaction. Based on this, Chen's

group reported a new CDT method that generates free radicals

mediated by LIP.6 By simulating the metabolic processes of

intracellular peroxygen compounds (H2O2, peroxides (R
0OOR0),

Fig. 3 (a) Schematic illustration of the MnO2-coated mesoporous silica nanoparticles (MS@MnO2 NPs) for GSH-depletion enhanced CDT. (b)

The Fenton-like properties of MS@MnO2NPs under different concentrations of GSH. (c) Tumor volume curves of mice after different treatments.

Reproduced with permission from ref. 30. Copyright 2018, John Wiley and Sons.

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 12234–12247 | 12237
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hydroperoxides (R0OOH), and endoperoxides) (Fig. 4a), they

found that the reaction of R0OOH with LIP can generate more

free radicals than other molecules. Therefore, they prepared

a pH-responsive polymer cascade reaction nanomedicine con-

taining encapsulated linoleic acid methyl hydroperoxide and

LIP enhancer to achieve efficient CDT (Fig. 4b–d). This work not

only paved the way for the use of endogenous metal ions for

cancer treatment, but also provided a model for exploring CDT

agents activated by LIP. However, since LIP only accounts for

a small part (<5%) of the total cell iron (20–100 mM),43 the bio-

catalysis induced by LIP may not be enough to cure tumors, and

combination with other treatment strategies may be an effective

way to improve the effect of ion therapy.

3. Metal ion therapeutic strategy
based on osmolarity

The asymmetric ion gradients inside and outside mammalian

cells are critical to cell function and drive basic cellular

processes.44 If the concentration of extracellular Na+ or K+ is

reduced, it will cause damage to the cytoskeleton, cell cycle

arrest, and cell lysis. Elevating intracellular osmotic pressure

can also cause similar effects.45,46 Therefore, changing the

intracellular and extracellular ion concentration of tumors is an

effective strategy to kill tumors. However, owning to self-

regulation mechanisms of tumors, this seemingly simple idea

is difficult to achieve. The emergence of nanotechnology has

brought great hopes for this. Unlike ions and small molecules,

nanomaterials can enter the cell through special methods such

as endocytosis and large pinocytosis without being detected

through the relevant ion pumps/channels.5 Based on this, Xie's

group successfully prepared relatively stable NaCl nanoparticles

(SCNP), which can directly enter tumor cells through endocy-

tosis.47 Then, SCNP will dissolve in tumor cells to release a large

amount of Na+, and these ions will be restricted inside the cell

owing to the reverse osmotic gradient across the plasma

membrane, ultimately resulting in effective suppression of

cancer cells. In addition, this treatment can also trigger

immunogenic cell death (ICD) and activate the anti-tumor

immune response. Similarly, our group reported

phospholipid-coated Na2S2O8 nanoparticles (PNSO NPs) as

a new type of Na+ delivery agent and ROS generation agent

Fig. 4 Schematic illumination of (a) factors influencing LIP-mediated CDT efficacy of ROOR and (b) methyl linoleate hydroperoxide (MLH) and

erastin (Era)-loaded poly(ethyleneglycol)-block-poly(diisopropylaminoethyl methacrylate) (PEG-PDPA) nanoagents (MLH/Era-loaded PEG-

PDPA NPs) for enhanced CDT. (c) Schematic illustration of the synthesis of MLH/Era-loaded PEG-PDPA NPs nanoagents. (d) Tumor volume

curves of mice after different treatments. Reproduced with permission from ref. 6. Copyright 2020, American Chemical Society.

12238 | Chem. Sci., 2021, 12, 12234–12247 © 2021 The Author(s). Published by the Royal Society of Chemistry
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(Fig. 5a–d).48 PNSO NPs could be degraded into Na+ and S2O8
2�

in cancer cells, and then S2O8
2� will be further converted into

toxic cSO4
� and cOH. Meanwhile, PNSO NPs can send a large

amount of Na+ into cells through endocytosis, causing a surge

of osmotic pressure and rapid cell rupture. Moreover, PNSO NPs

also can activate the systemic anti-tumor immune response,

effectively inhibiting tumor metastasis and recurrence. There-

fore, transporting a large amount of Na+ and K+ through

nanomaterials is an effective strategy to break the ion balance of

cells. Interference with ion balance can effectively kill cancer

cells without causing systemic side effects and drug accumu-

lation. However, due to the relatively short half-life of NaCl and

PNSO NPs in aqueous solutions, the current form of these

nanoagents are not suitable for systemic cancer treatment.

Therefore, improving the stability and specicity of this type of

nanomaterials is the main challenge before its clinical

application.

In addition to transporting metal ions into cells through

nanocarriers to cause cell osmotic pressure change, interfer-

ence with ion channels by drugs can also affect the cell osmotic

homeostasis. Ion channels are pathways for passive transport of

various inorganic ions across membranes, and they are also

involved in the malignant phenotype of cancer cells.49 In many

tumor types, K+ channels exhibit high variability and frequent

expression changes, so K+ channels can be used as potential

targets for cancer treatment.50 It is reported that barium ions

(Ba2+) can prevent the outow of K+ by strongly binding to K+

channels, thereby affecting cell membrane potential and

osmotic balance, and ultimately inducing cell proliferation and

death.51 Therefore, Ba2+-based nanoagents have great potential

in metal ion-based anti-tumor therapy. However, its acute and

chronic toxicity caused by its common channel targeting in

normal tissues should be concerned. Based on this, Bu's group

designed chelator-modied barium peroxide nanoparticles (GL-

BaO2NPs), which can achieve controllable cancer cell killing

ability with the assistance of X-ray (Fig. 6a–c).52 The modica-

tion of the N,N-bis(carboxymethyl)-L-glutamic acid tetrasodium

salt (GLDA) chelator can strongly bind to the leaked free Ba2+,

thereby alleviate its side effects in vivo. However, cOH produced

by BaO2 NPs under X-ray irradiation can destroy the structure of

chelators and achieve effective release of Ba2+. The released Ba2+

will bind to K+ channels to further affect the cell membrane

potential and osmotic homeostasis, and forming a good

synergistic promotion effect with radiotherapy. This work ach-

ieved precise and effective control of the biological properties of

exogenous metal ions through external stimulation, and

provided a safe and referential strategy for the anti-tumor

application of exogenous ions.

4. Metal ion therapeutic strategy
based on metabolism

Copper is a transition metal with redox activity, which is

essential for most organisms.53 As a catalytic cofactor of

enzymes, copper plays a vital role in antioxidant defense, iron

homeostasis, cell respiration, and various biochemical

processes.54 Many human tissue abnormalities and diseases are

Fig. 5 (a) Illustration of therapeutic mechanism of PNSO NPs. (b) The ability of PNSO NPs to generate ROS at the cellular level. (c) Increased

intracellular Na+ concentration caused by PNSO NPs. (d) Tumor volume curves of mice after different treatments. Reproduced with permission

from ref. 48. Copyright 2020, American Chemical Society.

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 12234–12247 | 12239
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related to the decrease or increase of copper levels. Therefore,

all life forms can maintain copper homeostasis through

a conserved and exquisite copper metabolic systems.55 In many

tumor tissues and serum, the concentration of copper is higher

than that of normal tissues. Especially in breast cancer patients,

the mitochondrial copper chaperone and cochaperone proteins

COX17 and SCO2 were up-regulated, showing that breast cancer

cells have higher requirements for copper transport to mito-

chondria.56,57 The mitochondrial copper enzyme cytochrome c

oxidase (COX) is a complex IV of the electron transport

chain,58,59 which mainly matures in the mitochondrial

membrane space, and its activity is affected by the supply of

mitochondrial copper.60 Therefore, limiting the supply of

copper can effectively affect the metabolism of cancer cells that

require a large amount of copper. Rao's group developed

a copper-depleting nanoparticle (CDN) to consume the copper

in tumors with minimal side effects on healthy tissues.61 CDN

consists of two parts: a copper depletion part (CDM) and

a semiconducting polymer nanoparticle (SPN). The positive

charge on the surface of CDN facilitates its accumulation in

mitochondria and further depletes mitochondrial copper. Aer

treatment with CDN, the metabolism of triple negative breast

cancer (TNBC) cells changes from mitochondrial oxidative

phosphorylation (OXPHOS) to glycolysis, which in turn reduces

the production of adenosine triphosphate (ATP). Under the

combined action of metabolic remodeling, damaged mito-

chondrial membrane potential, and increased oxidative stress,

TNBC cells will be effectively killed. Although most tumor cells

obtain energy through glycolytic metabolism, it is increasingly

recognized that certain cancer cell types depend on mitochon-

drial OXPHOS, including breast cancer, metastatic ovarian

cancer, prostate cancer, and glioblastoma.62–66 Fatty acids

ingested from adjacent adipocytes are their main source of

energy. Mitochondrial copper consumption can reshape cell

metabolism and reduce energy production, which is effective

for cancer types that rely on OXPHOS. At present, most of the

metal ion therapy strategies that regulate metabolism by

interfering with endogenous ions use ion chelators. However,

most of these ion chelators have poor selectivity and will inev-

itably interfere with the metabolism of normal cells when

treating tumor cells, resulting in unavoidable biological toxicity.

Therefore, the targeted transport and specic release of ion

chelators should receive further attention.

5. Metal ion therapeutic strategy
based on signal transduction

Cells are the basic structure and functional unit of a living body,

which receive various signals from inside and outside the cell at

all times. Cell signal transduction is a basic and important way

of life activities. Ca2+ is an important intracellular messenger

that exists widely in cells.67–70 Almost all the physiological

activities of cells are regulated by Ca2+, such as the contraction

of muscle cells, the release of neurotransmitters from neurons

and astrocytes, the activation of fertilized eggs, the healing and

metabolic processes of liver and pancreas wounds, and cellular

maturity, differentiation, death, etc.71–74 In addition, Ca2+ also

has signicant regulatory effects on tumor growth, develop-

ment, invasion, and metastasis.75 Under normal circumstances,

cells have an extremely strict regulation mechanism on the

concentration of Ca2+. However, under oxidative stress, due to

the abnormal function of cellular calcium channels, it is diffi-

cult for cells to regulate Ca2+ homeostasis, resulting in calcium-

overload-induced cell death.76–78 Therefore, destruction of

tumor cellular Ca2+ homeostasis through calcium overload is

expected to be one of the potential means for anti-tumor

therapy.

Similar to Ca2+, zinc element also can act as a signal mole-

cule in the cell in the form of free ions and plays an important

regulatory role in cell signal transduction through the inuence

Fig. 6 (a) Schematic representation of the radiation-assisted metal ion therapy by GL-BaO2 NPs. (b) Cell viability detection under different

concentrations of GL-BaO2 NPs and different radiation doses. (c) Tumor volume curves of mice after different treatments. Reprinted with

permission from ref. 52. Copyright 2019, The Royal Society of Chemistry.

12240 | Chem. Sci., 2021, 12, 12234–12247 © 2021 The Author(s). Published by the Royal Society of Chemistry
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of multiple key links, such as extracellular signal recognition,

second messenger metabolism, protein kinase, phosphatase

activity, and transcription factor activity.79–82 It plays an impor-

tant role in a variety of physiological and pathological events,

including cellular immunity, proliferation, apoptosis, differen-

tiation, and invasion. Zn2+ has the function of regulating many

ion channels, such as L-type Ca2+ channel and K+ channels, and

Zn2+ as a second messenger also can cross-communicate with

Ca2+ signaling pathways.83–86 Pan's group found that Zn2+ can

selectively prevent the growth of esophageal cancer cells

without affecting normal esophageal epithelial cells.87 They

revealed for the rst time the anti-cancer mechanism of Zn2+:

Zn2+ can inhibit the over-activated Ca2+ signal in tumor cells,

while normal cells do not show over-activated Ca2+ signals. In

addition, destroying intracellular Zn2+ homeostasis is also an

effective way to kill tumor cells.88 A variety of Zn-based nano-

materials that can release Zn2+ at tumor sites have been devel-

oped for tumor therapy, such as ZnO, ZnO2, and etc.89,90 The

release of excessive Zn2+ can induce the depolarization of

mitochondrial membrane potential, activate caspase-3, and

lead to cell apoptosis and lactic dehydrogenase release. At the

same time, Zn2+ can also enhance the generation of endogenous

ROS by inhibiting the mitochondrial electron transport

chain.88,90

Therefore, the design and preparation of degradable nano-

particles containing Ca2+ or Zn2+ are of great signicance for

Ca2+ or Zn2+-based metal ion anti-tumor therapy. These nano-

materials can transport ions into cells through endocytosis, and

further release large amounts of free ions through degradation.

The excessive amount of messenger ions in the cell will

immediately activate the intracellular storage mechanism,

signicantly enhance mitochondrial respiration, increase the

production of free radicals, cause oxidative damage to DNA and

functional proteins, and ultimately lead to irreversible death of

cancer cells. Bu's group cleverly used ultra-small calcium

peroxide (CaO2) to activate tumor cells to produce a unique

“calcium overload” biological effect, and for the rst time

proposed a new type of tumor treatment strategy based on the

“calcium death” of tumor cells: ion interference therapy (IIT)

(Fig. 7a–c).91 CaO2 can quickly decompose to produce H2O2 and

free Ca2+ in the acidic TME. Due to the down-regulation of

catalase expression in tumor cells, the H2O2 produced by the

decomposition of CaO2 accumulates in tumor cells in large

quantities, which induces tumor cells to produce oxidative

stress. Oxidative stress further leads to the dysfunction of Ca-

related ion channels, thereby causing Ca2+ overload in tumor

cells. Ca2+ overload further induces metabolic and functional

disorders of tumor cells, thereby inducing cell death. In addi-

tion, Dong's group reported a nanoscale covalent organic

framework (COF)-based nanoagent, namely CaCO3@COF-

BODIPY-2I@GAG (boron dipyrromethene-2I (BODIPY-2I) as

photosensitizer and glycosaminoglycan (GAG) as targeting

agent).92 This nanomedicine shows a good therapeutic effect on

colon tumors through the synergistic treatment of photody-

namic therapy (PDT) and 1O2-triggered Ca2+ overload (Fig. 8a–

e). Although it can effectively inhibit the growth of cancer cells

by interfering with the intracellular Ca2+ or Zn2+ homeostasis,

the poor stability of Ca/Zn-based nanomedicines such as CaO2,

CaCO3, ZnO in the physiological environment leads to the

premature release of Ca2+ or Zn2+, which makes the therapeutic

Fig. 7 (a) Schematic illustration of SH-CaO2 NPs for Ca
2+ overload therapy. (b) Increased intracellular Ca2+ concentration caused by SH-CaO2.

(c) Tumor volume curves of mice after different treatments. Reprinted with permission from ref. 91. Copyright 2019, Elsevier.

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 12234–12247 | 12241
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effect unsatisfactory. Moreover, these nanomaterials lack spec-

icity and targeting in the regulation of ions homeostasis, and

their impact on normal cells need to be further investigated.

6. Metal ion therapeutic strategy
based on DNA damage

Metal drugs show excellent performance in the diagnosis and

treatment of diseases and play an indispensable role in the

stage of drug development. Among them, as the most widely

used metal anti-tumor chemotherapy drugs, platinum (Pt)-

containing drugs represent one of the major achievements in

the eld of medicinal inorganic chemistry.93 Pt-containing

drugs are cell cycle non-specic drugs, including cisplatin,

carboplatin, oxaliplatin, etc., which are currently widely used in

diseases, such as gynecological and digestive system

tumors.94–96 Such drugs can enter the cell nucleus and act on

DNA molecules to form Pt–DNA compounds, which can deform

the DNA structure and hinder its replication and transcrip-

tion.97 However, Pt-containing anti-tumor drugs have disad-

vantages, such as high system toxicity, easy induction of cell

resistance, low selectivity to tumor tissues, and low bioavail-

ability.98 For example, the combination of Pt drugs and proteins

in the blood will cause most drugs to be inactivated before

reaching the lesion, which not only causes some toxic side

effects, but also reduces the bioavailability.99 In addition,

traditional Pt drugs mainly target DNA, but tumor cells have the

ability to repair DNA damage, so cancer cells are prone to

developing resistance to Pt drugs.100 Designing Pt complexes as

Pt(IV) prodrugs is an effective way to overcome the side effects of

cisplatin drugs. Compared with Pt(II) anti-tumor drugs, Pt(IV)

complexes are more stable due to their kinetic inertia.101

Moreover, the two additional ligands introduced by the octa-

hedral metal center provide many possibilities for improving

pharmacokinetic parameters, including enhancing molecular

targeting.102 Since Pt(IV) must be reduced to Pt(II) in the cell to

exhibit cytotoxicity, the Pt(IV)-based prodrug provides a better

method for tumor-targeted delivery of cisplatin or its analogs.

Based on this, Lin's group developed a multifunctional nano-

platform based on Pt(IV) prodrug loaded NaYF4:Yb,Tm upcon-

version nanoparticles (UCNPs), followed by coating a layer of

dimethyl-maleic acid (DMMA) and mPEG-COOHmodied poly-

(allylamine) (PEG–PAH–DMMA) polymer (UCNs-Pt(IV)@PEG–

PAH–DMMA).103 The ultraviolet light emitted by UCNPs under

near-infrared (NIR) light irradiation and the GSH in TME can

effectively activate Pt(IV) prodrugs into highly cytotoxic Pt(II),

realizing efficient chemotherapy (Fig. 9a–e). In addition,

disguising the cytotoxic Pt(II) ions into inert Pt(0) atoms is also

Fig. 8 (a) Synthesis process of CaCO3@COF-BODIPY-2I@GAG. (b) Molecular structure of 2,5-dimethoxyterephthalaldehyde (DMTP), 1,3,5-

tris(4-aminophenyl)benzene (TPB), BODIPY-2I, GAG, and TPB-DMTPCOF. (c) Schematic illustration of CaCO3@COF-BODIPY-2I@GAG for PDT

and intracellular Ca2+ overload therapy. (d) Schematic diagram of in vivo treatment strategy. (e) Tumor weight of mice after various treatments.

Reprinted with permission from ref. 92. Copyright 2020, John Wiley and Sons.
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an effective strategy to improve the selectivity and biocompati-

bility of Pt-containing drugs. Helma Wennemers's group

developed peptide-stabilized platinum nanoparticles (PtNPs),

which showed signicantly greater cytotoxicity to liver cancer

cells (HepG2) than to other cancer cells and normal cells.104 This

is mainly because the high oxidation environment of HepG2

cells can oxidize inert Pt(0) into cytotoxic Pt(II), which in turn

triggers the effective treatment of cancer cells by Pt nanoagent.

In short, Pt prodrugs that can specically produce toxicity at the

tumor site not only effectively reduce the biological toxicity of Pt

drugs, but the discovery of some new targets also improves their

drug resistance. However, some Pt drugs still have shortcom-

ings such as narrow anti-tumor spectrum, short duration, cross-

resistance, and side effects. Therefore, the design and synthesis

of high-efficiency, broad-spectrum, low-toxicity, and long-

lasting Pt drugs is still the direction of current efforts.

Due to the antibacterial properties of silver ions (Ag+), silver

nanoparticles (AgNPs) have become one of the most attractive

commercial nanomaterials in the eld of biomedicine.105

Recently, the therapeutic application of AgNPs has attracted

widespread attention, especially in cancer therapy. Ag+ can kill

cancer cells by inducing DNA damage, oxidative stress, and

autophagy.106–108 Huang's group reported a nanomedicine

(AgNC–GOD) combining glucose oxidase (GOD) and silver

nanocubes (AgNC), which can achieve a synergistic treatment of

starvation therapy and metal ion therapy.109 Intratumoral

glucose can be oxidized by GOD into gluconic acid and H2O2,

which can further promote the dissolution of AgNC into Ag+:

GlucoseþO2 þH2O ������!
GOD

gluconic acidþH2O2 (1)

2Ag + H2O2 + 2H+
/ 2Ag+ + 2H2O (2)

However, since the released Ag+ has certain skin, liver, and

lung toxicity, etc., improving the targeting and specicity of Ag-

based nanoagents is a concern for the future development of Ag-

based nanoagents.

7. Conclusions and perspectives

Cancer therapeutic strategies based on metal ions are mainly

based on the rational regulation of functional ions/ion clusters

in cells by nanomaterials, which are used to interfere with or

hinder the physiological processes of tumor cells, such as

metabolism and proliferation, etc. In a broad sense, regulating

the interaction between multiple types of biologically active

ions and the physiological processes of tumor cells can induce

tumor cell metabolism disorders, thereby inhibiting tumor

Fig. 9 (a) Schematic illustration of the preparation of UCNs-Pt(IV)@PEG–PAH–DMMA. (b) Schematic illustration of UCNs-Pt(IV)@PEG–PAH–

DMMA for upconversion luminescence (UCL) and computed tomography (CT) imaging dual-modality imaging and near-infrared triggered

cancer treatment. (c) Tumor volume curves and (d) photographs of mice after different treatments. (e) Hematoxylin and eosin (H&E) stained

images of tumor tissues after different treatments. Reprinted with permission from ref. 103. Copyright 2017, Elsevier.

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 12234–12247 | 12243
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growth and metastasis. We summarized and discussed the anti-

tumor mechanism of nanomedicine through exogenous ion

stimulation and endogenous ion interference as follows: (a)

activating biocatalysis at the tumor site; (b) changing cell

osmolarity; (c) affecting cell metabolism; (d) interfering with

cell signal transduction; and (e) active targeting intracellular

DNA. Although many anti-tumor agents based on metal ions

have been synthesized and optimized in the past few decades,

exception of some Pt-containing anti-tumor agents, other

agents are still in the early stages. Before using such nano-

materials in actual clinical applications, many problems need

to be analyzed and resolved.

(1) For metal ion therapy based on biocatalysis, improving

the efficiency of biocatalysis is crucial. The unsaturated coor-

dinating atoms on the surface of the nanocatalyst are the active

sites of catalysis, so controlling the size, morphology, and

crystal face of the nanocrystals to adjust the distribution and

structure of the atoms on the catalyst surface can improve the

catalytic performance. In addition, it is also a reasonable way to

prepare heterogeneous metal-based catalysts with multiple

active sites by introducing defects and single atoms. The exis-

tence of defects will cause the redistribution of the surface

charge of the catalyst, which can not only promote the decom-

position efficiency of the substrate, but also accelerate the

circulation of metal ions between their respective high and low

valence states.110 Due to the exposure of a large number of

atomic active sites on the surface, single-atom catalysts have

excellent catalytic properties.111 Therefore, the development of

degradable nanocatalysts, defect-rich nanocatalysts, and single-

atom nanocatalysts is of great signicance for metal ion therapy

based on biocatalysis.

(2) For metal ion therapy based on osmotic pressure, it is of

great signicance to improve the stability and specicity of this

type of nanoagents. Through effective regulation of nano-

material composition, degradation properties, and targeting

ability, a variety of ion delivery nanoagents that can disrupt the

balance of Na+ and K+ in cells can be derived. In addition, it is

also of great signicance to destroy the balance of Na+ and K+ in

cells by other methods, such as selective ion absorption,

responsive ion release, and cell autoregulation inhibition, etc.

(3) For metal ion therapy based on metabolism and signal

transduction, due to the poor selectivity of most ion chelators

and messenger ions, they will inevitably interfere with the

metabolism and signal transduction of normal cells while

treating tumor cells, resulting in unavoidable biological toxicity.

Therefore, the targeted transport and specic release of ion

chelators and messenger ions should receive further attention.

The unique TME provides an effective trigger mechanism for

the specic release of drugs. The design and synthesis of TME-

responsive nanocarriers can effectively solve the non-specic

problems of drugs. In addition, drawing on the design ideas

of prodrugs can also effectively hide the toxicity of drugs. Using

specic stimulation or bio-orthogonal approaches to “on-

demand” activate prodrugs can achieve safe and specic

treatments.

(4) For metal ion therapy based on DNA damage. Metal-

based anti-tumor agents represented by Pt-containing agents

play a very important role in cancer therapy because of their

chemical structure diversity and anti-tumor activity. However,

Metal-based anti-tumor agents that target DNA are prone to

cause drug resistance and systemic toxicity. Therefore, to

reduce the systemic toxicity of drugs and overcome the drug

resistance of tumor cells, it is necessary to develop a new

generation of Pt-containing agents and discover new targets or

pathways. The discovery of new proteins or signal pathways

related to themechanism of Pt drugs throughmolecular biology

can provide a theoretical basis for the development of new Pt

agents. In addition, nding some drug adjuvants that can

activate or inhibit related signal pathways to sensitize tumor

cells is also an effective way.

(5) It is important to understand the potential response

mechanism of metal ion-based agents at the specic tissue,

single cell, and molecular level. Therefore, it is necessary to

develop more advanced analytical techniques or sensitive

probes to reveal the specic working mechanism of these metal

ion-based agents in cells and even subcellular organelles intu-

itively or quantitatively. In recent years, multifunctional optical

probes have been extensively developed and can be used to

detect the concentration and distribution of specic biochem-

ical substances in the biological environment. It is expected that

these diagnostic agents may help to accurately characterize the

biocatalytic process and osmotic pressure/metabolic changes

induced by metal ions in vivo.
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