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Despite continuous advances in oncology, there remains a pressing need for tumour-specific therapies that can adapt to the
unique tumour microenvironment while maintaining high efficacy and low systemic toxicity. Inspired by the critical role of
ionic homeostasis in cancer cell survival, ion interference therapy has emerged as a strategy that exploits intracellular ions

as cytotoxic effectors to selectively disrupt tumour viability. In particular, nano-engineered platforms enable precise

manipulation of ion fluxes through ion-releasing nanomaterials, artificial nanochannels, and transporter-modulating

systems, and can be readily integrated with conventional therapeutic modalities. By responding to specific tumour

microenvironment and metabolic imbalances, nano-enabled ion interference offers spatially confined and stimulus-

responsive cytotoxicity, providing a promising framework for precision nanomedicine.

1. Introduction

A wide range of tumour treatments have been developed,
including the development of new oncology drugs and research
into new therapies. Current cancer therapies using
nanotechnology include chemodynamic therapy (CDT),?
photodynamic therapy (PDT),2 photothermal therapy (PTT),3
sonodynamic therapy (SDT)* and imaging-assisted therapies.>
Although there have been many reviews that have summarized
these therapies, there is a lack of presentation on the roles and
mechanisms of the therapeutic influence of ions presented. In
fact, these therapies may be triggered by small molecule drugs,
macromolecular polymers or ions. We believe that a
classification of the “initiators” of these therapies will help us to
clearly understand the advantages and disadvantages of using
various substances to initiate CDT, PDT, PTT, and SDT. From an
ionic perspective, we have summarized the most recent
advances in ion-initiated therapies.

The development of nanotechnology has significantly expanded
the possibilities for ion-based tumour therapy. Nanoscale
materials can accumulate in tumours, enter cells more
efficiently,® and release ions in a more controlled manner
compared with bulk materials. Their surface properties and
structural tunability also allow them to respond to tumour-
specific conditions such as acidity or redox imbalance. In this
way, nanomaterials serve not only as delivery vehicles, but also
as active platforms for modulating ionic homeostasis.” Viewing
ion interference through the lens of nanoscale engineering
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therefore helps to better understand both its mechanistic basis
and its therapeutic potential.

In addition to endless arrays of proteins, nucleic acids and other
biomolecules contained within cells, ions also play a part in
sustaining biological activity. A wide variety of ions perform a
diverse range of roles within the cell, including maintaining
osmotic pressure, participating in cell signalling, engaging in
intracellular chemical reactions and acting as structural
substances. Based on these aspects, therapies have been
developed which are collectively known as ion-based therapies.
These therapies regulating intracellular ion osmolarity (using
ion flux or controlling ion channels), interfering with the
signalling pathways, disrupting the balance of intracellular
chemical reactions, or triggering CDT, PDT etc., can be very
effective in treating tumours. lon interference therapy is one of
the homeostatic strategies used to treat disease, while the
regulation of homeostasis also involves metabolic interference,
redox regulation and cellular interactions, which are
interrelated, but each has its own strengths.® Here, ion
interference refers to therapeutic strategies that disturb ionic
homeostasis in tumour cells. This can occur through specific
mechanisms, such as regulating ion channels or transporters, or
through less specific processes, including membrane disruption,
ion leakage and interfacial ion redistribution.® 10 Some systems
also function by releasing ions intracellularly or triggering ion-
dependent reactions, which further amplify ionicimbalance and
cell damage. The ion therapies readily utilize the intratumoural
environment and substances within the cell itself to produce a
reasonable stimulation of tumour cells, which exhibits
significant anti-tumour activity while avoiding general toxicity.
Based on these ideas, some groups have developed CDT-
enhanced tumour therapies using FeZ*, Mn2* and Cu?* ions, 11-16
all with good experimental results; others have attempted to
alter intracellular Ca?*, Zn?* and H*17-21 some by directly
increasing through
nanoparticles (NPs) and others by modulating cellular ion

intracellular ion concentrations
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Figure 1 Mechanism-based framework of ion interference in tumour therapy. lon interference disrupts intracellular ionic homeostasis through non-specific mechanisms (e.g.,

membrane disruption and ion leakage) and specific mechanisms (e.g., modulation of ion channels and transporters). Intracellular ion processes, including ion overloading, depletion,

and release, further amplify ionic imbalance. lon-mediated reactions such as Fenton chemistry generate reactive oxygen species (ROS), ultimately leading to mitochondrial

dysfunction, DNA damage, and apoptosis. Nanoscale systems enable controlled ion modulation and improve therapeutic outcomes.
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been developed to date, highlight some of the tumour
treatment strategies that are promising and the difficulties that
remain, and conclude with an outlook on possible new

applications or strategies that may emerge in the future.

2. lon interference as primary therapy

As summarised in Figure 1, ion interference therapies are
designed to disrupt intracellular ionic homeostasis, thereby
inducing tumour cell dysfunction or death. Mechanistically,
these approaches can be categorised into three main modes: (i)
direct modulation of intracellular ion levels, (ii) non-specific
processes such as membrane disruption and ion leakage, and
(iii) specific regulation of ion flux via ion channels, transporters,
or pumps. These mechanisms collectively lead to a range of
biological outcomes, including oxidative stress, mitochondrial
dysfunction, DNA damage, and apoptosis.

2.1. Regulating intracellular ion levels

Various ions present in the cell maintain a dynamic equilibrium
process while assuming unique and important roles, and that is
a macroscopic manifestation of intracellular ionic homeostasis.
Typically, taking the ions Na*, K*, and Cl- as examples, they
maintain a stable concentration gradient inside and outside the
cell, and it is this concentration gradient that plays a crucial role
in maintaining the cytoskeletal structure and physiological
processes.2224 This is due to the fact that, from our current
knowledge, Na*, K*, and ClI- are key ions in the regulation of
cellular osmolarity.2> When the balance of these ions in and
around cells is disrupted, for example, the disturbance of the
cytoskeleton, cell cycle arrest, or even cell lysis and death could
result from the imbalance of the osmotic pressure between the
interior and exterior of cells.26 27 Some intracellular ions, such
as CaZ* and the trace elements Zn2* and Cu?*, are also in dynamic
equilibrium (homeostasis) within the cell as well as in the
tissues. Deviations from the normal intracellular concentration
thresholds of Ca?*, Zn2* and Cu?* can disrupt key physiological
processes. Whether these ions increase or decrease beyond
their normal ranges, such imbalance may affect cellular
signalling, chromosome replication,?® and osmotic homeostasis.
In the next section, we discuss therapeutic strategies that
exploit these ion-dependent processes as targets.

2.1.1. lon overloading strategies

The intracellular homeostasis of ions is not only related directly
to various ions per se, such as Na*, K*, Cl, and Ca?*, but also
indirectly to the ion channels or ion transporters. Hence, the
intracellular ion
indirect

of artificial intervention in
be divided
interventions. Direct intervention is the

methods
into direct and
“insertion” of a target
ion into the cell by means of drug delivery, thereby disrupting
the ion and
consequently causing cell lysis. This means of forcing the target
in 2012
reported the use of nanodiamonds (NDs) to deliver large
induced

homeostasis can

intended intracellular homeostasis of the

ions into the cell is until it overloaded. Zhu et al.
amounts of Na*

into cells, which successfully
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Figure 2 Nanomaterial-enabled ion overloading strategies for therapeutic intervention.
(A) Cell viability of HelLa cells after incubation with nanodiamonds (NDs) in phosphate
buffered saline (PBS), RPMI-1640, and complete culture medium, indicating medium-
dependent cytotoxicity. (B, C) Optical microscopy images of Hela cells after 2 h
incubation with NDs in cell culture media (B) and PBS (C). (A-C) Reproduced with
permission.?® Copyright 2012, Wiley-VCH GmbH. (D) Transmission electron microscopy
(TEM) images showing the progressive degradation of phospholipid coated NaCl
nanoparticles (PSCNPs) in water over 24 h, with surface cavity formation (yellow arrows),
fragmentation (red arrows), and complete dissolution. (E) Na* and CI~ ion release profiles
from PSCNPs in ammonium acetate buffers at pH 7.0 and 5.5, monitored by Na*-selective
electrode and MQAE fluorescence. (F) Intracellular adenosine triphosphate (ATP)
depletion and reactive oxygen species (ROS) elevation after 6 h treatment with increasing
PSCNP concentrations (*p < 0.05). (G) Western blot analysis of mitogen-activated protein
kinase (MAPK) signalling [c-Jun NH 2 -terminal kinase (JNK), extracellular signal-regulated
kinase (ERK), and p38] in PC-3 cells treated with PSCNPs (160 pug mL™),
PBS, NaCl, and pre-degraded PSCNP controls. (D-G) Reproduced with permission from.3>
Copyright 2019, Wiley-VCH GmbH. (H) Schematic showing the function of SH-CaO, NPs
in acidic tumour environments: decomposition into Ca?*

compared with

and H,0; leads to calcium
overload and ROS accumulation, triggering cancer cell death and potential tumour
calcification. Reproduced with permission.3” Copyright 2019, Elsevier.

intracellular osmotic pressure and a subsequent series of
intracellular oxidative stress responses, demonstrating good
tumour therapeutic effects (Figure 2A-C).2° Here, they used
nano-diamonds as an adsorbable “sponge” to successfully
target the release of excessive Na* into tumour cells, causing
cell swelling and ultimately cell destruction. This cleverly
designed work illustrates for the first time how to implement a
strategy for the rapid accumulation of intracellular ions to “kill”
cells and its feasibility. This work provides an opportunity to
overcome a barrier to ion delivery, namely the principle of
electroneutrality, which has previously confused how to “cram”
highly charged ions into cells.3% 31 Similarly, some metal ions
have been reported to be adsorbed by NDs, and the same group
developed NDs-Cu?* complexes in 2015 and demonstrated
potent tumour cytotoxicity by releasing Cu?* upon acidic
stimulation of lysosomes.32 Although other ions have not been
biologically validated, this approach does represent an effective
means of inserting ions into cells. In fact, this method of ion
delivery, in which the entire delivery process takes place in ion
form, is technically difficult because the charged material is
more likely to attach to proteins during circulation and form a
protein corona, or to be bound to other ions or molecules of

J. Name., 2013, 00, 1-3 | 3
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opposite charge, leading to the failure of the ion targeting.33 34
It is often easier to adopt a “pro-drug” strategy for delivery, as
the nanosystem remains in a non-ionic state until it enters the
cell, making it much less likely to be removed or rejected and
reducing the difficulty of delivering the drug to the destination.
In contrast, the delivery process of pro-drug strategy is
smoother, but this is accompanied by the requirement for a
more refined design of the material structure, in terms of 1) a
suitable substrate for ion release, 2) an optimized response
mode, 3) a refined toxicity of the material's system, etc., while
delivery efficiency and therapeutic efficacy are also under
consideration for evaluation. In this scenario, Xie's group
prepared a phospholipid coated NaCl NPs (PSCNPs),3> a
common electrolyte that has rarely been previously developed
for tumour therapy without taking ion homeostasis strategies
into account (Figure 2D). The reported NPs bypass ion
regulatory and transport proteins before entering the cell and
rapidly dissolving, causing a surge in osmotic pressure and
subsequent cell lysis. Intriguingly, and thanks to the relatively
low levels of sodium in normal cells, the group found that
PSCNPs avoided serious damage to them. By using a seahorse
mitochondrial stress assay on PSCNPs-treated cells, the
researchers examined changes in mitochondrial oxygen
consumption and respiration rates and found that both were
reduced to 47.9% and 91.0%, respectively, which also
decreased intracellular adenosine triphosphate (ATP)
production and increased phosphorylation levels of c-Jun NH 2
-terminal kinase (JNK), extracellular signal-regulated kinase
(ERK), and p38, shown as Figure 2F-G. Thus, it was found that
the abrupt imbalance of intracellular ions was not only related
to osmotic pressure but also profoundly affected cellular
metabolism and expression levels of proteins involved in several
pathways, such as pyroptosis and apoptosis. Similarly, work on
intracellular delivery of ions using compounds as prodrugs has
also focused in the last two years on ion-disrupting therapies
using calcium-related compounds. Because Ca2* is ubiquitous in
cells and mediates many important physiological processes,
from cell proliferation to cell death,3® it is of great interest to
develop tumour therapies based around Ca?*, so-called
which exploit the rapid
accumulation of calcium ions in cells to kill tumours. In 2019,

“calcium overload therapies”,

the Bu group first explored calcium accumulation-mediated
tumour therapies, using calcium peroxide (CaO;) NPs to react
with the H* in the acidic environment of the tumour to generate
Ca2*and H,0,, thereby inducing simultaneous CaZ* overload and
oxidative stress.3” Compared with microscale counterparts,
nanoscale CaO, enables improved tumour accumulation,
enhanced cellular internalization, and more controllable
release, thereby facilitating
therapeutic effects and reducing off-target toxicity. The
synthesized pH-sensitive sodium-hyaluronate-modified calcium
peroxide (SH-CaO,) NPs can initiate calcification and reactive
oxygen species (ROS) burst in cells, as shown in Figure 2H. In this
work, the choice of CaO; as a substrate material is a wise idea.
Since CaO; not only rapidly responds to the acidic tumour (pH
5.0) microenvironment but also provides CaZ* plus H,0;
simultaneously, it is a very concise and effective nanosystem.

intracellular ion localized

4| J. Name., 2012, 00, 1-3

Several independent groups have subsequently.deyeloped
nano-delivery systems using CaO, as a carpielr B840 I650\GPHEse
nanosystems enable the self-supply of H,O, and the sustained
release of ROS, and combine ion overload therapy with PTT, PDT
and acoustic therapy to achieve enhanced effects in multi-
modal therapy. Similar calcium overload strategies were carried
out by Chen et al.,*! Pan et al.,*?2 Li et al.*3 and Wang et al.** to
treat cancers based on different carriers, such as CaCl,, CaP,
CaCOs, and aminocyclopropane-1-carboxylic acid (ACC), with
good therapeutic results. However, it is evident that CaO; is
preferred by researchers as a delivery pro-drug for Ca2*
interference therapy.*>-#8 These approaches suggest promising
applications for Ca2* related ion therapies. Also in the Bu group,
they constructed an up-conversion nanoparticle (UCNP@MIL-
88B@PA) that can transiently boost H* in tumour cells in order
to enhance CDT and anti-metastasis.1” In addition, Zn?* and Cu?*
can have similar effects in exacerbating ion disorders and
oxidative stress in cells.*® And the Zn-based and Cu-based NPs,
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Figure 3 lon sequestration and redistribution strategies for disrupting tumour cell
viability. (A) Molecular dynamics simulation showing ion redistribution near the cell
membrane induced by crumpled Al(OH); nanosheets (Aloohene). Cations and anions
exhibit distinct spatial distributions in the extracellular region adjacent to the Aloohene
domain. (B) Concentration profile Ci(z) of cations (red) and anions (blue) as a function
of distance z from the cell membrane, relative to their unperturbed levels Cio(z). Inset
illustrates a magnified segment of the Aloohene-membrane interface with detailed
colour coding for membrane and Aloohene components. (A, B) Reproduced with
permission.9 Copyright 2018, American Chemical Society. (C) Synthesis scheme of
PEGylated fourth-generation PATU dendrimer (PATU-PEG) from BMAITC and CA. Only
one dendron arm is shown; key synthetic steps are indicated (1-3). (D) Ultraviolet—
visible spectra of PATU-PEG (10 uM) in the presence of varying concentrations of CuCl,,
after subtracting unbound CuCl; absorbance. Inset shows high copper selectivity of
PATU-PEG over other trace metals (Mn?*, Fe?*, Zn?*) at 20 uM concentration, each
metal at 20 mM. (E) Cytotoxicity of PATU-PEG in different cancer cell lines after 48 h
treatment, assessed via 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. (F) Colony formation assay showing reduced clonogenic survival after 10
d culture with PATU-PEG (200 pg mL-"); colonies with more than 50 cells were counted.
(C-F) Reproduced with permission.61 Copyright 2018, Springer Nature.
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in the form of Zn0,3° Zn0,,5! and CuZ*,1> Cu-complexes,>? have
been developed to act as a modulator of intracellular ZnZ* or
Cu?* and as an initiator of oxidative stress. These works either
use ion overloading or cause redox imbalance to force cell
destruction.>3-3> Predictably, to our knowledge, although no
current work on K* overload has been reported, K* has the same
potential as Na*, ClI, and Ca?* as an entry point for the
development of new therapeutics due to its equal importance
as Ca?* in maintaining intracellular osmolarity and other
physiological functions.>®

2.1.2. lon sequestration or depletion strategies
Chelator-based approaches can regulate
availability by sequestering or redistributing specific ions, which

intracellular ion

has been explored in clinically relevant contexts.5” In addition to
chelation, ionic homeostasis can also be disrupted through
adsorption or immobilisation processes, in which targetions are
captured or complexed and thereby prevented from
functioning in their free ionic forms. Most of these methods
lead to changes in the structure and morphology of the cell,
which seems easier to understand when you think of it as
pumping the gas out of a balloon until it dries up. Lerner et al.®
reported in 2018 that a crumpled aluminium hydroxide
nanosheet (Aloohene) can selectively adsorb extracellular
anions (e.g., CI), thereby inducing severe ionic imbalance
(Figure 3A). The two-dimensional nanosheet morphology
provides an exceptionally high surface area and extensive
interfacial contact with the cellular membrane, which enhances
electrostatic interactions and anion adsorption efficiency
compared with bulk or particulate counterparts. Molecular
simulations further supported that such ion redistribution
disrupts membrane potential homeostasis and ultimately leads
to cell death (Figure 3B). The tumour growth inhibitory ability of
Aloohene was demonstrated in four cell lines, MCF-7, UM-SCC-
14C, Hela, and PyMT, presumably because Al3* promotes the
production of intracellular ROS and the subsequent oxidative
stress damage. Although the Cu?* overload strategy has been
experimentally proven to have a favourable anti-tumour
effect,® Cu?* deficiency may lead to neurological or
haematological disorders, which then inhibit tumour growth to
a large extent.5? %0 In this context, Shao et al. ¢ devised a novel
dendrimer that has a strong affinity for Cu?* and thus
immobilizes bioavailable copper to form a complex, which in
turn has the effect of inhibiting angiogenesis and cell
proliferation, as both of these impairments allow for a
significant inhibition of tumour growth (Figure 3C-F). This also
validates our view that deviations from normal values of
intracellular ions, in whatever way, affect the physiological
processes of tumour cells.

In terms of strategies to overload or exhaust intracellular ions,
future work could go beyond the conventional thinking about
carriers and develop supramolecular loading materials based on
three-dimensional (3D) mesh structures. On the one hand,
these 3D cross-link materials have a good loading capacity for
drug molecules or metal ions and can achieve a continuous
release of ions; on the other hand, due to their natural
adsorption capacity, some 3D materials can be transformed into

This journal is © The Royal Society of Chemistry 20xx
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Figure 4 Modulation of ion channels or transporters to disrupt cancer-associated
signalling pathways. (A) Fluorescence-based quantification of intracellular Ca?*
concentrations in A549 and Jurkat cells after treatment with HAMLET. Rapid and specific
ion fluxes were observed, while control treatments (a-lactalbumin, oleic acid, PBS) had
no significant effects (n = 4, *p < 0.05). (B) Confocal microscopy images showing
internalization of Alexa-568-labelled HAMLET (35 uM, 1 h) into tumour cells. HAMLET
localized peri-nuclearly and within nuclei. Internalization was inhibited by amiloride or
BaCl,, leaving HAMLET at the membrane surface. Red: HAMLET; blue: nuclei (Drag5);
green: membranes (WGA); scale bar = 10 um. (C) Dose- and time-dependent activation
of the p38 MAPK pathway in lung carcinoma cells treated with HAMLET. Phosphorylation
was assessed by western blot and normalized to total p38 and GAPDH. (A-C) Reproduced
under the terms of the CC-BY license.'® Copyright 2013, Storm et al. (D) Schematic
illustration of intracellular supramolecular channel formation. In the presence of
intracellular GSH, monomer T is activated and assembles into T,:n supramolecular
membrane. (E) of a 2,4-
nitrobenzenesulfonyl (DNS)-protected 2-hydroxyisophthalamide derivative (1.0 uM). iii.)
GSH levels were quantified in MCF-7 cells by 'H NMR before and after treatment.

channels within the cell Functional validation

Immunofluorescence staining of cytochrome c (green) shows its mitochondrial release
upon ii.) treatment with compound (1.0 pM), compared to i.) untreated cells. Phalloidin
(red) was used for cell boundary staining. iv.) Immunoblot analysis further confirmed
activation of the apoptotic pathway via detection of cleaved caspase-9 and cleaved/full-
length PARP-1 after 24 h incubation. Statistical significance was assessed using Tukey’s
HSD test (*p < 0.05, **p < 0.01, ***p < 0.001). (D, E) Reproduced with permission.”?
Copyright 2020, Wiley-VCH GmbH. (F) Schematic of a sonogenetic nanosystem-based
cancer immunotherapy. Iron alginate nanogel (FeAlg)/ polyethylenimine (PEl)/
mechanosensitive ion channel of large (MSCL) hydrogel NPs were injected into primary
tumours, enabling cellular uptake, endosomal escape, and MSCL plasmid release. After
48 h, MSCL ion channels were expressed, followed by local ultrasound triggering.
Tumour cell apoptosis and debris release enhanced dendritic cell maturation and
systemic immune
Reproduced with permission.” Copyright 2020, Elsevier.

responses, suppressing both primary and distant tumours.
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ion adsorption “sponges” for the purpose of depleting
intracellular ions, and these efforts are worth trying.

2.2. Modulating ion channels/transporters to interfere with signal
transduction

In addition to biological ion channels, artificial ion channels have
also been developed to modulate transmembrane ion flux,
offering a synthetic approach to disrupt ionic homeostasis.®? In
contrast to strategies that directly alter intracellular ion
concentrations, ion interference can also be achieved through
the specific modulation of ion channels and transporters, which
govern ion influx and efflux across cellular membranes.®3 It has
been recognised since the 1980s that ion channels are closely
associated with abnormal cell proliferation and are therefore
strongly linked to tumour development.®* Most notably, Ca2*
and K* channels are known to regulate cell proliferation and
apoptosis.®® lon channels are not only involved in the regulation
of intracellular ion homeostasis and exchange but also have a
role in initiating and participating in cellular signal regulation.?*
The various ion channels include voltage-gated channels, which
are regulated by membrane potential to transport certain
specific ions, and ligand-gated channels, which are regulated by
ligand to transport some common ions.%¢ Other reviews®’-71
have summarized in detail the relationship between these ion
channels and tumours, from tumorigenesis to tumour
progression to migration and invasion, and immune cell
activation as well. To gain a better understanding of the
important role that ion channels play in tumour development,
we strongly recommend that readers refer to these well-
rounded reviews. Today, various new approaches are also being
developed for the regulation of ion channels in the hope of
achieving tumour growth inhibition and, more promisingly,
tumour cure. Considering that the ion channels or transporters
that control ion influx and efflux are like the valves that control
gas in and out a balloon, an indirect way to interfere with
intracellular ion homeostasis is to interfere with the ion “valves”
that are used to transport or regulate intracellular ion
homeostasis thereby affecting the inward and outward flow of
ions. Typically, Na*, K*, Cl-, and Ca2* channels are used as targets
to further activate the immune response or directly kill tumour
cells.

As highlighted in Figure 4A-C, Stor et al.1% investigated human
alpha-lactalbumin made lethal to tumour cells (HAMLET), which
induced non-selective ion flow-induced tumour cell death, the
main strategy of which was to induce rapid Ca?* flow through
over-activated ion channels, causing substantial disruption of
various physiological processes within the tumour cells. In
addition, exposure to HAMLET induces tumour cell morphology,
transcriptomic alterations, and abnormal MAPK signalling. The
HAMLET shows rapid membrane perturbation while activating
a non-selective cation current. It is known that the rapid ion
flow, both into and out of the cells, has a significant impact on
the cells. On a more related level, a more interesting attempt
was made by Talukdar's group (Figure 4D), who devised an
artificial ion channel dependent on glutathione (GSH) activation
that could release high levels of GSH to ion transporters and

6 | J. Name., 2012, 00, 1-3

thus cause apoptosis by disturbing the balance of.anionsand
cations.”2 Changes in intracellular ions aR&®k¢edATEEMEABYESA
increase in intracellular ROS and a decrease in GSH (Figure 4E i),
as well as the release of cytochrome c caused by altered
mitochondrial membrane permeability and PARP cleavage,
which ultimately leads to the cell entering the apoptotic process
(Figure 4E ii-iv). This work assessed the differences in cell
viability induced by an intracellular imbalance between metal
ion-related (M*) and CI-, suggesting that the approach to ion
channel manipulation has a dramatic impact on a range of ion
homeostasis within the cell. Similar work was demonstrated by
Han et al.”3in 2008 on ovarian tumour cells using the K* opener
NS1619, the involvement of which makes imbalance in K*
homeostasis an important indicator of tumour cell killing. As
schematized in Figure 4F, He et al.”* recently reported an
ultrasound-responsive  nanosystem that activates the
mechanosensitive channel of large conductance (MSCL). This
activation induces sustained intracellular CaZ* accumulation,
which subsequently triggers programmed apoptosis in tumour
cells. Experimental results further showed that this strategy can
enhance immune responses against tumours. This work is very
similar to, but not identical to, the Ca?* overload strategy
described in the previous section; the former involves the direct
delivery of Ca?* or its precursors into the cell, whereas the latter
involves the manipulation of ion channels to affect ion flow or
intracellular ion reservoirs for the purpose of disrupting cellular
physiological processes. Overall, a large body of work has shown
that targeting ion channels through either small-molecule drugs
or antibody molecules can also cause changes in ion flow to
inhibit tumour growth.”>77 There is no doubt that an increase
or decrease in intracellular ions (by whatever means, direct or
indirect) not only affects cellular osmolarity homeostasis but
also causes changes in other physiological processes, such as
signalling, as will be briefly discussed in the next section.

The relationship between ion channel proteins and intracellular
ion homeostasis was mentioned in the previous section. Still, in
fact, intracellular imbalance of these ions is only one of the
results of interference with ion channels or transporters, which
have been shown to be closely related to intracellular signalling.
lon channel interference, with certain signalling pathways, has
become an effective tool in tumour therapy. The more
important intracellular ion channel is those related to Ca2* and
K* transport, which are involved in several signalling processes,
such as CaZ* signalling and cell cycle, which have been
summarized in other reviews, and we refer the readers to the
literature.”® 70

Thus, in summary, we can see that interfering with ion channel
proteins has the dual effect on 1) intracellular ion homeostasis
and osmotic pressure homeostasis and 2) intracellular
signalling, and therefore therapeutic strategies that use ion
channel as targets for tumour therapy are gradually receiving
widespread attention and laying the foundation for their
application in clinical treatment.

2.3. lon-binding leads to altered DNA/protein function

Platinum ion (Pt2*)-related compounds have been in clinical use
for many years as broad-spectrum anticancer agents. In this

This journal is © The Royal Society of Chemistry 20xx
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case, the therapeutic effect arises from direct interactions
between metal ions and biomolecular targets, such as DNA or
proteins, which represents another form of ion-mediated
biological interference. The anti-cancer mechanism of platinum
(Pt)-containing drugs is similar in that they all tend to bind to
the guanine residue of DNA to form a Pt-DNA adduct, which
then forms inter- or intra-molecular cross-links between DNA
molecules, thereby disrupting the DNA double helix structure
and impeding the polymerase process.&° Based on this idea, the
very first-line anti-cancer drug cisplatin has been developed.
Specifically, the cisplatin molecule enters the cell and first
undergoes a hydrolysis process to produce the highly active
platinum complex [Pt(NH3),CIH,0]*. This complex then binds to
the N7 atom on the guanine or adenine residues of DNA. The
remaining chloride ligand is then further hydrolysed to create a
vacancy allowing Pt to bind to a second nucleotide base.81 This
thus makes the DNA double helix structure kinked.
Conventional Pt-based chemotherapeutic agents, such as
cisplatin, disrupt DNA replication and transcription mainly
through the formation of covalent Pt-DNA adducts. However,
these adducts are usually recognized and repaired by the
nucleotide excision repair (NER) pathway, thus limiting efficacy.
A new strategy has been proposed by researchers to combat Pt
resistance by simultaneously exploiting the ion-binding ability
and catalytic activity of Pt-based nano-enzymes. In Figure 5A, Li
et al.82 designed nuclease-mimetic platinum nanozymes
(NMPNSs) capable of inducing dual-mode DNA damage. These
nanostructures not only form stable Pt-DNA adducts but also
generate ROS in situ through their oxidase- and peroxidase-like
activities. Importantly, this ROS production results in oxidative
cleavage of DNA strands adjacent to the Pt binding sites,
fundamentally altering the DNA conformation necessary for
NER protein recruitment. This impairs DNA bending and blocks
DNA repair, causing the adducts to persist and accumulate,
ultimately leading to tumour cell apoptosis. In vivo studies
demonstrated that NMPNs significantly suppressed tumour
growth in mouse models, outperforming cisplatin in both
efficacy and biosafety. Moreover, PtZ* acts as both structural
binders and biochemical effectors, anchoring DNA lesions while
simultaneously disrupting repair pathways through oxidative
cleavage. These nanozymes offer a promising path forward for
overcoming the limitations of conventional DNA-targeting
agents. The study demonstrates the potential of ion-driven
therapy to progress beyond the limitations of passive drug
delivery, thereby entering the domain of active biological
modulation. There are many more similar systems for Pt
delivery, which can be found in other literatures.83 84

However, despite Pt's indelible contribution to the history of the
fight against cancer, it has to be pointed out that each of these
Pt drugs is only effective against individual tumours and,
because they are not tumour-specific, their use is associated
with serious side effects. It has also been shown that Pt can bind
not only to DNA but also to proteins. The formed Pt-protein
complexes will no longer have a significant anti-cancer effect,8>
which is understandable as binding to proteins is only an
interim, not a finale. In terms of Pt-based chemotherapy, the
tumour activity can still be maintained if the DNA that encodes

This journal is © The Royal Society of Chemistry 20xx
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Figure 5 lon binding induces changes in DNA/protein function through structural
interference or signalling disruption. (A) Schematic illustration of the synthesis and
therapeutic mechanism of nuclease-mimetic platinum nanozymes (NMPNs). i) Pt
nanoclusters (PtNCs) were sequentially modified with Polyethylene glycol (PEG) and
trans-activator of transcription (TAT) peptides to produce NMPNs, enabling enhanced
tumour targeting. Under mildly acidic conditions, TAT peptide exposure promotes the
nuclear accumulation of NMPNs, where they induce DNA platination and in situ ROS
generation. The oxidative cleavage of DNA disrupts the structural basis required for
nucleotide excision repair (NER), preventing the recruitment of repair proteins such as
xeroderma pigmentosum group A and F (XPA and XPF), thereby effectively inhibiting the
NER pathway and enhancing therapeutic efficacy against platinum-resistant tumour
cells. ii) Cell viability assays showed that NMPNs significantly reduced the survival of
cisplatin-resistant Huh7 cells (n = 4 independent experiments). iii) Representative
bioluminescence imaging confirmed superior tumour inhibition in the NMPN-treated
group compared with controls, cisplatin, and Pt NPs across multiple time points.
Reproduced under the terms of the CC-BY license.?? Copyright 2022, Li et al. (B)
Characterization and biological evaluation of AgNPs in triple-negative breast cancer
(TNBC) and non-malignant breast epithelial cells (MCF-10A). i) TEM imaging confirmed
the uniform size and morphology of AgNPs. ii) The cytotoxic effects of AgNPs and silver
ions (AgNO;) were assessed by MTT assay after 48 h exposure, showing a concentration-
dependent reduction in cell viability in MDA-MB-231 cells, while MCF-10A cells remained
largely unaffected. iii) Further MTT analysis after 24 h treatment demonstrated selective
toxicity of AgNPs toward TNBC cells over non-malignant cells. iv) Confocal microscopy of
3D cultured S1 acini revealed that AgNP treatment did not significantly disrupt tight
junction integrity, as indicated by ZO-1 staining. v) DNA damage quantification by 53BP1
immunostaining showed a dose-dependent increase in DNA damage foci in MDA-MB-
231 cells treated with AgNPs, comparable to the damage induced by ionizing radiation
(3 Gy), confirming that AgNPs promote genotoxic stress in cancer cells without severely
affecting non-malignant cells. Scale bars = 10 um. Reproduced under the terms of the
CC-BY license.® Copyright 2019, Swanner et al.
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the tumour-related protein has not been directly targeted. In
this way we can understand the significance of using
nanosystems to deliver Pt drugs, 1) to refine their targeting
capability and reduce side effects; 2) to reduce their loss in
circulation and increase their efficacy; and more crucially 3.) to
use nanosystems to assist in providing an important practical
basis for their combination with other therapies. Based on the
above, in recent years, there have been several attempts to find
other ions to replace Pt-containing drugs in tumour therapy.
Silver NPs have thus been found to be of substantial exploratory
value. Some silver complexes have also succeeded in attracting
attention due to their lower side effects compared to Pt, their
higher activity, and the fact that they are less likely to become
drug resistant. The anticancer activity of Ag* is mainly due to
interference with topoisomerases, and some studies have
shown that silver complexes have more potent anticancer
properties than 5Fu and exhibit low toxicity to other cells; other
silver compounds interfere with DNA replication by inhibiting
Topol DNA relaxation activity; others interfere with important
enzymes such as thioredoxin, reductase and topoisomerase,
leading to DNA damage. When it comes to DNA damage, also
known as genotoxicity, caused by Ag* has been verified by
numerous works. AshaRani et al.8’ systematically investigated
the cellular effects of silver nanoparticles (AgNPs), including
cytotoxicity, oxidative stress, and DNA damage. They found that
AgNPs induce mitochondrial dysfunction and G2/M cell cycle
arrest, primarily through ROS accumulation caused by Ag*-
mediated disruption of the respiratory chain. DNA damage was
dose-dependent and may result from direct interactions of Ag*
with nucleic acids, leading to structural deformation, functional
loss, and reduced intracellular ATP levels.

A similar investigation was carried out by Swanner et al.,®8 who
treated triple-negative breast cancer (TNBC) cells with PVP-
coated AgNPs and observed a significant increase in bulky DNA
adducts (Figure 5B). They hypothesized that this was primarily
driven by Ag*-induced ROS generation, a mechanism supported
by the reduction in cytotoxicity upon antioxidant treatment.8°
% Further studies revealed that intracellular degradation of
AgNPs released Ag* ions, which not only promoted oxidative
DNA damage but also disrupted redox homeostasis and
triggered endoplasmic reticulum stress. This led to S-phase cell
cycle arrest and apoptosis in TNBC cells, while sparing non-
malignant breast epithelial cells. The released Ag* acted as an
active disruptor of genomic integrity; their interaction with DNA
resulted in conformational changes and impaired repair
processes, amplifying cytotoxic effects. The marked
upregulation of DNA damage markers such as 53BP1 further
confirmed the direct genotoxic role of Ag*. This study
demonstrates how ions released from NPs can selectively
exploit the weaknesses of cancer cells, providing a promising
direction for the development of ion-based targeted therapies.
In addition to this, there has been a lot of research work on gold
and copper complexes as anti-cancer drugs.’® Most of these
complexes follow the principle of binding to important enzymes
or proteins in the cell, causing the blockage of specific cellular
physiological processes and thus killing the cell. This is still
somewhat different from the mechanism of action of Pt, but

8| J. Name., 2012, 00, 1-3

each pathway has its significance to try, and these gptiens bold
great promise. It is undeniable, howevePOthiat1eR_IOHRE 43087
1,000 metal complex drugs in clinical research, only 30 or so Pt
drugs are approved for patient use, so for the time being, the Pt
and its derivatives have an irreplaceable place in oncology
treatment.

3. lon-based therapies

In addition to directly disrupting ionic homeostasis (Section 2),
ions can also participate in catalytic or metabolic processes that
amplify tumour-killing effects. These ion-assisted strategies
often function in combination with other therapeutic
modalities. Importantly, such combination approaches are
typically driven by clear mechanistic complementarity. For
instance, ion-mediated processes can enhance ROS generation,
perturb redox balance (e.g., GSH depletion), or sensitise tumour
cells to external stimuli such as heat, light, or ultrasound,
thereby amplifying therapeutic responses. Recent studies
demonstrate their roles in driving Fenton or Fenton-like
reactions, disrupting tumour metabolism, and enabling
synergistic, multi-modal therapies. Through smart
nanoplatforms, ion dynamics can be precisely controlled to
enhance oxidative stress, interfere with survival pathways, and
improve treatment selectivity.

3.1. lon-initiated chemo-dynamic therapies

The French chemist Fenton, who originally discovered the
Fenton reaction, could not have imagined that today, more than
100 years later, people are actively using such an important
chemical reaction to defeat tumours. Interestingly, the Fenton
reaction appears particularly suited for tumour therapy because
the solid tumour microenvironment is characterised by high
acidity, elevated GSH levels, hypoxia, excess H,0,, and physical
anti-drug barriers associated with tumour mass formation.
Although these features generally represent obstacles to
conventional therapies, they can be strategically exploited in
Fenton-based and ion interference approaches to induce
selective oxidative damage in tumour cells.?2 However, the two
key reactions of the Fenton reaction: Fe2* + H,0, = Fe3*+ OH- +
HO- and Fe3* + H,0, = FeZ* + HOO- + H* take advantage of the
excess H,0, in the tumour to produce -OH with a strong
oxidative killing effect, while alleviating the lack of oxygen
situation in the tumour microenvironment.?® The Fenton
reaction has therefore been explored as the focus of research
in CDT. Ironions, FeZ* and Fe3*, play a key role in these reactions,
and therefore, this is a practical application of iron ion
interference therapy. Although iron ions are commonly
described as catalysts in the Fenton reaction, this is not strictly
accurate, since the redox cycling between Fe?* and Fe3* is not
fully symmetrical during the process. It is these natural
advantages of the Fenton reaction that have compelled
researchers to extensively investigate the use of the Fenton
reaction in the treatment of tumours over the past decades,
leading to the development of an increasing number of NPs and
nanoplatforms, mostly using environmentally responsive
strategies that take advantage of the acidic, reducing and
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enzymatically responsive nature of the NPs developed to
implement tumour therapies that include the generation of
strong oxidative radicals or the delivery of toxic drugs.

3.1.1. Fe-induced Fenton Reaction

Early tumour Fenton therapy mainly relied on iron oxide
nanoparticles, including FesO4 and o-Fe;0s, which generate
reactive oxygen species such as -:OH under the acidic conditions
of tumour cells. The intrinsic biocatalytic properties of magnetic
FesO4 NPs were first reported by Gao et al.* Experiments
showed that Fe3O, could mimic the peroxidase to oxidize
organic substrates. And the activity of this catalytic reaction is
dependent on H,0,, pH, and temperature. However, the limited
‘OH production capacity of iron oxide NPs alone greatly
hampers their therapeutic efficacy, so multiple modes of
Fenton reaction triggered by iron ions have been developed. For
example, Li et al.?> addressed the insufficient ROS level in
tumour cells by loading H,0, into polymersomes to construct
H,0,/Fe304- poly (lactic-co-glycolic acid) (PLGA) NPs (Figure 6A),
which serve as an internal oxygen and ROS source. In this
system, Fez04functions as the Fenton catalyst, as confirmed by
the -OH generation shown in Figure 6B. The more common
strategy is to adopt a co-delivery model with spectroscopic
chemotherapeutic agents in combination with other blockers,
including catalytic enzymes,®® %7 or to adopt a combination
strategy with chemotherapy and other therapies, such as PTT,
PDT, and SDT.%8 In addition, the development of novel iron ion
precursors is also actively being pursued. In Figure 6C, Liang et
al.? reported that a porous yolk shell nanostructure of Fe/Fe30,

ARTICLE

(PYSNPs), promoting Zero-valent (FeO)-catalysed, feptop
chemistry in the tumour microenvironméi! f&r Ea19¢ertRetapsy
The PYSNPs were effective in inhibiting the growth of HepG2
cells with an 1Cso of approximately 20 pg/mL. A different
strategy was demonstrated in Figure 6D by Ding et al.1% who
developed a nanoplatform mesoporous polydopamine (MPDA)
using hydroxy iron oxide (FeOOH) as an iron reservoir to
continuously stimulate the production of -OH from H;0; in
tumour cells to achieve a sustained tumour killing effect in the
condition of weakly acidic, low H,0, homeostasis. The FeZ* and
Fe3* from this NP are constantly interchanged within the cell
and therefore sustainably catalyse the Fenton reaction. The
results suggest that all these strategies overcome, to some
extent, the difficulties of tumour treatment due to the weakly
acidic and low H,0, homeostasis conditions in the tumour
microenvironment.

3.1.2. Cu, Zn, and Mn induced Fenton-like reaction

In anticipation of the widespread use of Fenton reactions in
tumour therapy, researchers have also rationally designed
nanoplatforms based on ions other than iron ions (e.g. Cu?,
Mn2*, Ti3*, Co%*) that can generate strong oxidative radicals,
which we refer to as Fenton-like intracellular redox reactions.
These reactions are very similar to those mediated by Fe-based
NPs in cells, mainly by triggering H,O, to generate lethal ROS;
and the creation of a ZnO,-based nanoplatform by Chen's
group>! (Figure 7A) and Zhang's group19! (Figure 7B), where Zn2*
inhibits the electron transport chain (ETC), triggers an enhanced
oxidative stress response, with a rapid rise in ROS causing
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Figure 6 Fe-based Fenton reaction systems for enhanced ROS generation and therapeutic intervention. (A) Schematic representation of H,0,-loaded, Fe;O4s-embedded poly (lactic-
co-glycolic acid) (PLGA) polymersomes (H,0,/Fe30,—PLGA), fabricated via a double emulsion method. These nanostructures were designed to co-deliver Fe and H,0, for local Fenton
reaction activation. (B) Time-dependent fluorescence intensity corresponding to -OH generation during Fenton reactions under various conditions, including H20, H,0- alone, and
combinations of Fes0,@PLGA NPs with H,0; in the presence or absence of a tetrasodium pyrophosphate (TSPP) stabilizer. Enhanced -OH production was observed in Fe304/H,0,
systems, indicating effective catalytic activity. (A, B) Reproduced with permission.95 Copyright 2016, American Chemical Society. (C) Schematic illustration of the pH-responsive Fe
release behaviour of porous yolk shell nanostructure of Fe/Fe304 (PYSNPs) and the resulting intracellular ROS burst, highlighting the acidic tumour microenvironment as a trigger
for catalytic Fenton reaction. Reproduced with permission.99 Copyright 2020, Elsevier. (D) Diagram depicting the synthesis of MPDA/FeOOH@CaP NPs through FeOOH precipitation
and CaP biomineralization. The particles exhibit long-lasting Fenton-like catalytic activity in the tumour environment, enabling sustained ROS production and therapeutic efficacy
through a synergistic catalytic-therapeutic mechanism. Reproduced with permission.100 Copyright 2021, Wiley-VCH GmbH.
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systemic immune activation. The cascade proceeds without external stimulation, offering potent inhibition of both primary and distant tumour progression. Reproduced under
the terms of the CC-BY license.1%! Copyright 2021, Yang et al. (C) Schematic representation of the synthesis and therapeutic mechanism of GOx-MnCaP-DOX NPs. The system
integrates Mn?*-mediated Fenton-like chemodynamic therapy (1), glucose oxidase (GOx)-induced starvation therapy (Il), and doxorubicin (DOX)-based chemotherapy (Ill), enabling
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multimodal and MRI-monitored antitumor effects. Reproduced with permission.1% Copyright 2019, American Chemical Society.

significant damage to tumour cells. In the work of Chen's group,
Zn0O; was used as the primary antitumour agent, while in the
work of Zhang's group, Zn0O, was used in combination with CaP,
where Zn2* stimulated H,0, to produce superoxide anions (-0
) in addition to stimulating co-encapsulating bis[2,4,5-trichloro-
6-(pentyloxycarbonyl)phenyl] oxalate (CPPO)-mediated
chemiexcited photodynamic therapy, as well as Ca2* to enable
calcium overload therapy. It is worth mentioning that in
addition to its catalytic function, similar to that of iron ions,
extensive experiments have shown that Zn is also involved in
protein structure, transcriptional regulation, and zinc signalling,
and Zn-based tumour therapies developed based on these
physiological processes are emerging.102. 103 Thijs suggests that
the dynamic balance of Zn ions is also a target with great
potential for development. Another ion (Mn2Z*) has good
biocompatibility and high spin number and therefore can also
mimic the Fentonian response of Fe and Zn ions in the tumour
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environment. Some work has indeed utilized MnZ* to catalyse
the production of -OH from H,0, in vivo as a Fenton-like
reaction or CDT.104 Fu et al. achieved cascade cooperative
cancer treatment using MnZ* and glucose oxidase (Gox), via
Mn2*-mediated Fenton response and GOx-mediated starvation
therapy, shown in the Figure 7C.195 Moreover, the high valence
state of manganese itself acts as a storage pool for H,O,
providing an abundant ROS source for CDT, solving the problem
of inefficiency due to the shortage of reactants for CDT. In
summary, the various cases above are all tumour-killing
mechanisms based on ion-triggered Fenton or Fenton-like
reactions, but these strategies are not completely disconnected
from each other, meaning that homeostatic regulation may also
be involved in triggering CDT, regulating intracellular ion
homeostasis while also blocking certain intracellular signalling.
Taken together, these therapeutic tools can only be additively
effective.

This journal is © The Royal Society of Chemistry 20xx
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3.2. lons as biocatalysts for fuel and H* /GSH consumption

Interestingly, some ions can act as scavengers in addition to
initiating chemical reactions in the cell, such as the Fenton
reaction. These ionic bullets with specific properties can use
GSH, H*, and tumour nutrients as targets. On the one hand, the
removal of the strongly reducing GSH from tumour cells can
lead to an inability to scavenge oxidative free radicals and
increase their killing capacity, which is a beneficial adjunct to
CDT. On the other hand, the removal of H* has a very important
role in alleviating the acidic tumour microenvironment, as the
reduction of H* can cause the tumour microenvironment to
deviate from its original state; in other words, we can also view
such strategies of depleting GSH and H* as a disruption of the
homeostatic balance of the tumour. Needless to say, reduced
GSH in tumour cells can be used well for triggering, thus
minimizing damage to normal cells. However, on further
reflection, there must be a reason why GSH is present in greater
amounts in tumour cells than in normal cells. Therefore,
disruption of the GSH balance in tumour cells, i.e., GSH
deprivation, can affect cellular physiological processes. Many
efforts have been made to develop compounds of Mn, Fe, Cu,
and Pt ions that can be used to oxidize and deplete GSH.1% |t is
important to note that GSH triggering and GSH deprivation
strategies are to some extent interlinked, and in most cases, the
process of GSH triggering nanosystems is also a depletion
process. Obviously, this is a similar strategy to the one
presented in section 2.1, whereas 2.1 focused on smaller
chemical-physical processes within the cell, the one presented
larger picture, such as the tumour
modulation of the

ions can essentially affect the

here focuses on a
clump/tissue. This
microenvironment using

tumour

sensitivity of the tumour to drugs or other therapeutics,
because a tumour cell's steady state is disturbed (as it struggles
to restore its homeostatic balance). This approach gives a
combinatorial treatment strategy. In addition, the maintenance
of the physiological activity of tumour cells also depends on the
metabolism of nutrients to produce energy, so seeking to block
the source of nutrients to tumour cells is also a reliable strategy.
Current efforts to block tumour energy supply based on
depleting the
substrates glucose and glutamine or blocking the mitochondrial
energy metabolic chain. All
strategies are based on the biocatalytic capacity of ions; in other
words, we can think of these ions with some catalytic capacity
as biocatalysts.

In fact, the glucose removal tumour starvation treatment
strategy has achieved better efficacy. Various groups, including
Han,197 Huang% and Xiang et al.,19° have used GOx to convert
one of the energy sources of tumour cells, glucose, to metabolic
waste in order to cut off their energy source; Shi's group used
2-deoxy-D-glucose (2DG) as an antiglycolytic agent to restrict
the glucose metabolism of tumour cells to achieve a similar
effect in tumour therapy (Figure 8A).110 In Shi’s work, a
glycolysis inhibitor was combined with black phosphorus (BP)
nanosheets to achieve synergistic metabolic suppression. The

influencing metabolic pathways include

of these tumour treatment

This journal is © The Royal Society of Chemistry 20xx

Nanoscale

two-dimensional morphology of BP nanosheets,, facilitates
intimate membrane interaction and [ffidie3oiracedtiar
internalisation, while their large
accelerates degradation under physiological conditions. Upon
degradation within tumour cells, BP nanosheets release PO43-
species that accumulate in lysosomes and consume protons,
forming HPO,% and thereby perturbing intracellular pH
homeostasis. The nanosheet structure is critical for maximising
interfacial reactivity and degradation kinetics, which in turn
amplifies the ion-mediated energetic deprivation effect.
However, it can actually be seen that a number of ions that can
be used to detect glucose have been developed as glucose
detection reagents.111

On the other hand, these complexes show good glucose binding
ability, so the development of drugs based on these ions with
the ability to detect and deplete at the same time is just around
the corner, and undoubtedly, the associated toxicological and
pharmacological experiments will have to be carried out. The
energy source for tumour metabolism is not only glucose but
also relies on glutamine; however, to date,' tumour therapies
targeting glutamine depletion or targeting glutamine have not
been fully developed and explored, but the prospects for
therapeutic approaches to truncate glutamine should not be
overlooked.112.113 Some small molecules, such as 6-diazo-5-oxo-
L-norleucine (DON),114 have been used to explore glutamine
blocking therapies with promising results, and we believe that
truncation therapies using ion interference with glutamine will
be developed soon. A great deal of work has also focused on the
use of high GSH in the tumour microenvironment as a trigger
switch, triggering a number of subsequent responses. At the

reactive surface area

same time, GSH can also be depleted, which is also a form of
depletion therapy. The use of ion interference to achieve
depletion of intracellular nutrients continues to be investigated.
Zhang et al.'’> have designed a polyvinyl pyrrolidone (PVP)-
modified magnesium silicide (Mg,Si, MS) NP, shown as Figure
8B, that deprive tumours of oxygen (essential for tumour
thereby
effectively implementing tumour starvation therapy. The Mg,Si

growth and angiogenesis) within the tumour,
NPs remove oxygen from the tumour and generates SiO;
aggregates to block capillary generation, forming a sealed, self-
consuming system. The results show that even at a very low
dosage of Mg,Si NPs (2 mM), the proliferation of cells can be
inhibited by up to 50% within 24h, and this only occurs when
very low levels of cellular hypoxia are induced. Liu's group
adopted the strategy of oxygen and glucose dual deprivation
and achieved a good growth inhibition effect on 4T1 cells
(Figure 8C).116 The team used banoxantrone dihydrochloride
(AQ4N) to activate tumour hypoxia, while GOx was used to
further block glucose assimilation and thus oxygen deprivation,
achieving a synergistic and enhanced anti-tumour effect. In
addition to oxygen, the proton (H*) has been identified as a
crucial component of the tumour microenvironment, serving as
a viable target to develop therapeutic interventions. Some work
has used H* depletion to alleviate the acidity of the tumour
microenvironment, indirectly altering the stable environment
for tumour growth, resulting in a decrease in tumour cell
viability or drug tolerance, and achieving good tumour

J. Name., 2013, 00, 1-3 | 11
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therapeutic effects. AlImost the same strategy was used by Yu’s
team,!” with the difference that the group went further by
combining GSH elimination to achieve a cross-linking of the
three modalities. Overall, ion-based strategies for depriving
tumours of various key substances are of great research
interest.

3.3. Synergistic therapy

Synergistic therapy is where two or more therapies
complement and enhance each other to overcome the
unfavourable microenvironment within the tumour tissue. This
strategy is now widely adopted and generally involves a
combination of two therapies or multimodal therapies. As
mentioned earlier, many therapies involving ions are CDT
involving the Fenton reaction; generally, one adopts a strategy
in combination with PDT, acoustodynamic therapy, or emerging
immunotherapy.

3.3.1. Two-modal combined therapy

st margins

Journal Name

The ions produced by the transition metal oxides (gspegciatyiin
the highly oxidized state, e.g., Mn4*, Cu2*)MaveQl9GBRg\EaalEe
capacity for the Fenton reaction, which reduces H,0; to
produce ROS through the gain or loss of their own electrons.
Molybdenum-based (Mo5*/6*) NPs have an interesting
intracellular interconversion between the two valence states,
allowing CDT and PDT to be synergized. As illustrated in Figure
9A, Liu et al.l2® reported a Mo,C-derived polyoxometalate
(POM) CDT agent in which Mo5>* was oxidized to Mo®* by H,0,
and accompanied by a large amount of singlet oxygen (10,)
production; Mo®* is reduced by GSH to Mo®* in an environment
with sufficient GSH in tumour cells, achieving a “green
chemistry”-like outcome. What is more interesting is that Mo>*
will produce PTT under near-infrared (NIR) irradiation, thus
enabling a combined PTT/CDT therapy. The common Fe(ll) can
also shine in a different light when combined with two-
dimensional (2D) nanomaterials. Many 2D nanomaterials have
good photothermal conversion capabilities according to current
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Figure 8 Representative strategies leveraging ions or ionic materials as biocatalysts to promote fuel consumption or interfere with cellular reductive environments (H*/GSH) to
induce metabolic disruption or starvation in tumours. (A) Schematic illustration of autophagy inhibition-augmented starvation therapy. Cancer cell glycolysis is blocked by 2-deoxy-
d-glucose (2DG), inducing energy deprivation, while black phosphorus (BP) nanosheets inhibit protective autophagy, cutting off the compensatory nutrient supply and ultimately
triggering apoptosis. Reproduced under the terms of the CC-BY license.!® Copyright 2020, Bowen Yang et al. (B) Schematic representation of acidic tumour microenvironment-
responsive Mg,Si nanoparticles (MS NPs), which produce reactive silanes for in situ oxygen consumption and generation of silica (SiO.) clots in tumour vasculature, thereby preventing
reoxygenation and sustaining deep tumour hypoxia. Reproduced with permission.> Copyright 2017, Springer Nature. (C) Design of a liposome-based co-delivery platform integrating
glucose oxidase (GOx) and hypoxia-activated prodrug banoxantrone dihydrochloride (AQ4N). This nanoplatform synergistically induces starvation and enhances therapeutic efficacy
under hypoxic conditions by consuming glucose and oxygen within tumours. Reproduced with permission.!'® Copyright 2018, Elsevier.
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research, which provides excellent opportunities for PTT.119
Titanium carbide (TisC;) used by Wu et al.120 has an extinction
coefficient of 24.82 L/g-cm when loaded with Fe, which is
superior to Au nanocluster and graphene oxide, and can reach
45 degrees after 600 s of irradiation with 808 nm light (1.5
W/cm?); moreover, the loaded FeZ* can catalyse the Fenton
reaction, constituting a two-mode synergistic nanoplatform. A
large number of combined 2-modality cancer therapies are
suggested in this review.121

Immunotherapy is currently of considerable interest, and ion-
involved enhanced immunotherapy has been developed in
succession. Some have adopted the strategy of using ions to
induce immunogenic death, with Sun et al.122 using loaded Mn?2*
(Figure 9C) to catalyse the production of free radicals from H,0,,
thereby inducing tumour-associated antigen presentation and
recruiting T cells to enrich at the tumour site. Others have
targeted tumour-associated macrophages (TAMs). For example,
Gu et al.l2? used iron ions to regulate the mitochondrial
metabolism of TAMs, thereby causing a paradigm shift in
intracellular free radical metabolism from oxidative
phosphorylation to glycolysis, and demonstrated that iron ion-
induced ferroptosis stress can drive TAMs to mount a powerful
attack on tumour cells (Figure 9D).

3.3.2. Multi-modal therapy

Further additions of response modes to a nanosystem are
emerging, which form the so-called “all-in-one” model. Wang et
al.124 adopted a strategy of PDT in combination with CDT and
then SDT (Figure 9B). The synthesized Janus nanocomplex
upconversion NPs (UCNPs), denoted as UPFBs, can be driven by
ultrasound and 808 nm NIR to produce SDT and PDT, while CDT
is induced by iron ion-containing ferrous zirconium porphyrin
metal organic framework [PCN-224(Fe)]. Specifically, they have
constructed UPFBs a core@shell@shell architecture comprising
NaYF4: 20%Yb, 1%Tm@NaYF4: 10%Yb@NaNdF4 and MOFs
[PCN-224(Fe)]. UCNPs can convert NIR light into Ultraviolet—
visible light to stimulate MOFs [PCN-224(Fe)] to produce PDT,
while Fe2*in MOFs [PCN-224(Fe)] catalyses the Fenton reaction
to generate ROS, and this process can be enhanced by
ultrasound stimulation of SDT. The results show that in vitro cell
viability decreases to 16.7% under the combined PDT/SDT/CDT
treatment; tumours are also eliminated in mice, and no
systemic toxicity is observed. In fact, combining multiple
therapies is challenging. It requires not only a clear
understanding of the strengths and weaknesses of the various
therapies but also the creation of appropriate systems to ensure
that the individual therapies are mutually reinforcing, and this
will require further research.

4. lons for imaging-guided therapy

Imaging-guided ion-based therapies have attracted increasing
attention due to their potential to improve treatment precision
and enable real-time monitoring. In these systems, imaging
components are often integrated with ion-mediated
therapeutic processes, allowing visualisation of treatment
localisation, ion release behaviour, or downstream biological
responses. Importantly, in most cases, ion interference remains

This journal is © The Royal Society of Chemistry 20xx
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Figure 9 Representative nanoplatforms for synergistic cancer therapies integrating
photothermal therapy (PTT), chemodynamic therapy (CDT), sonodynamic therapy
(SDT), immunotherapy, ferroptosis, and photodynamic therapy (PDT). (A) Schematic
illustration of the synthesis and mechanism of Mo,C-derived polyoxometalate (POM)
nanoclusters as a dual-functional PTT/CDT agent. Under mildly acidic tumour conditions,
POM self-assembles, enhancing NIR-II absorption (1060 nm) and enabling deep tissue
photothermal conversion. Oxidation of Mo®* to Mo®* generates cytotoxic singlet oxygen
('0,) via the Russell mechanism, while CDT is enhanced through photothermal effects
and GSH depletion. NIR-II photoacoustic imaging guides precise therapy, achieving
effective tumour ablation and preventing recurrence. Reproduced with permission.!18
Copyright 2019, Wiley-VCH GmbH. (B) Schematic illustration of the multifunctional of
Janus nanocomplex nanoplatform (denoted as UPFB) for synergistic cancer therapy. The
Janus-structured NPs, composed of upconversion nanoparticles (UCNPs) and porphyrin-
based MOFs (PCN-224(Fe)), are surface-modified with biotin for tumour targeting. Upon
NIR (808 nm) laser irradiation, the UCNPs activate the MOFs to initiate Type Il PDT, while
catalase-like activity of PCN-224(Fe) decomposes endogenous H,0, to O,, relieving
tumour hypoxia. The system also enables SDT under ultrasound (US) and multimodal
imaging, including fluorescence and T,-weighted MRI. GSH depletion further amplifies
ROS generation, collectively promoting apoptosis and potent antitumor effects.
Reproduced with permission.'?* Copyright 2021, American Chemical Society. (C)
Schematic diagram of PEGylated Au@HMnMSNs (hollow mesoporous silica-coated, Mn-
doped gold nanoparticles) loaded with doxorubicin (DOX) and Aspirin (ASA), functioning
as immunogenic cell death (ICD) nanoinducers. These cascade nanoreactors consume
GSH to release Mn?* for Fenton-like -OH generation. The gold core exhibits GOx-mimetic
activity, converting glucose into gluconic acid and H,0,, which is then further used to
generate O,, enhancing catalytic activity. This multi-step cascade promotes dendritic cell
maturation and synergizes with immunotherapy. Reproduced with permission.1?
Copyright 2021, Wiley-VCH GmbH. (D) Schematic representation of MIL88B/RSL3-
mediated metabolic reprogramming of tumour-associated macrophages. The MIL88B
(iron MOF) and ferroptosis inducer RSL3 synergistically induce lipid peroxidation and
mitochondrial  disruption, shifting macrophage
phosphorylation to glycolysis. This transition counteracts M2 polarization signals and
activates M1-associated transcription factors, leading to potent tumoricidal effects
including phagocytosis and metastasis suppression. Reproduced with permission.??
Copyright 2021, American Chemical Society.

metabolism from oxidative

the primary therapeutic mechanism, while imaging serves as a
complementary tool for guidance and evaluation. For example,
nanoplatforms designed for Fenton or ion-release-based
therapies can incorporate imaging functionalities to monitor
tumour accumulation and therapeutic progression. In some
systems, imaging primarily provides auxiliary support, whereas
the ion-mediated processes drive the therapeutic outcome.
Overall, the integration of imaging and ion interference offers a
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imaging (PTl). Reproduced with permission.126 Copyright 2024, American Chemical Society. (B) Schematic illustration of MS@MnO, nanoparticles as multifunctional agents for MRI-
guided CDT. i) MnO, nanoparticles are reduced by intracellular GSH, leading to GSH depletion and the generation of Mn?* ions. The impairment of the cellular antioxidant defence
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radicals that induce cell death. ii) The effectiveness of CDT is increased when MS@MnO, NPs cause GSH depletion upon endocytosis by tumour cells. The released Mn?* also enables
T-weighted MRI for real-time diagnosis and treatment monitoring. Additionally, the nanoplatform allows for controlled drug release in response to the tumour microenvironment.
Reproduced with permission.!3¢ Copyright 2018, Wiley-VCH GmbH. (C) Schematic representation of PEG/lanthanide-doped NP (LDNP)@Cu/Mn silicate nanosphere (CMSN)
nanoplatforms for tumour microenvironment- and NIR laser-responsive multimodal cancer theranostic. i) Stepwise synthesis involves LDNP core formation, mesoporous silica
coating, Cu**/Mn?* loading, and PEGylation to enhance biocompatibility. i) Upon accumulation in tumour tissue via the enhanced permeability and retention (EPR) effect, the
nanoparticles are internalized by tumour cells. Within the tumour microenvironment (TME), elevated levels of H,0, and GSH trigger the release of Cu and Mn ions, initiating two
therapeutic pathways: Hypoxia-relieved PDT and GSH-triggered CDT. In addition to synergistic PDT/CDT effects, the system supports NIR-II fluorescence imaging, tumour
microenvironment-enhanced MRI, and CT imaging, enabling precise diagnosis and treatment monitoring. Reproduced with permission.'#* Copyright 2020, American Chemical

Society.

promising strategy to enhance treatment accuracy without
altering the fundamental mechanism of ion-induced tumour
suppression.

4.1. Au NP for fluorescence image

While ion intervention or ion modulation-based tumour
therapy represents a rapidly expanding field with great
potential, ion-assisted imaging technologies have also advanced
significantly. Gold-based nanomaterials, for instance, have been
widely explored as contrast agents for computed tomography
(CT), photoacoustic, and surface-enhanced Raman scattering
(SERS) imaging, and can also serve as fluorescent or NIR probes
when functionalised with suitable dyes. These ion-assisted
visualization methods have provided important assistance in
the early diagnosis and real-time monitoring of various
diseases, particularly tumours, and have become an important
part of modern tumour therapy.

Au NPs are good PPT initiators, and enormous Au nano-PTT
initiation platforms from NIR(l) to NIR(lll) have been
developed.1?> It is because of its ability to produce a
temperature different from that of normal tissue when
stimulated by light (photothermal conversion effect) that its
therapeutic effect at the tumour site can be monitored in real
time by means of a temperature measurement instrument.
Exploiting this photothermal tunability, Xue-Hui et al.126
developed plasmonic-fluorescent Janus Au-PbS NPs with dual-
modality NIR-IIb fluorescence/CT imaging and PTT capabilities
(Figure 10A). Crucially, their mechanistic study revealed that
electron transfer from Au to PbS quantum dots in the Janus
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architecture stabilizes NIR-IIb fluorescence while preserving the
photothermal efficiency of Au, thus overcoming the inherent
competition between optical emission and thermal conversion
in conventional hybrid systems. This electronic synergy enabled
real-time tumour tracking and optimized ablation under
multimodal guidance. In addition, Janus magneto-plasmonic
nanostructures, such as Au-Fes0, systems, have been
developed to integrate magnetic guidance with photothermal
therapy, enabling enhanced tumour targeting and improved
treatment efficiency.1??

Using Au NPs as a short imaging time, low nephrotoxicity CT
contrast agent, Kim et al. demonstrated on prostate cancer
LNCaP cells that the cells treated with PEG-coated Au NPs had
more than 4-fold higher CT intensity compared to the control
group.128 As the gold surface is more easily modified by thiol
groups,12? some fluorescent groups have also been modified on
Au NPs, which has achieved the effect of fluorescent probes.130
131 Attributed to the fact that Au NPs are a hyper-efficient
quencher, the trajectory of the drug in vivo can be dynamically
represented by the lighting and quenching of fluorescent
molecules. Zhang’s group developed a rhodamine B-
conjugated, caspase-responsive peptide—gold NP construct (RB-
DEVD-AuNP-DTP) that integrates dual targeting and pro-
apoptotic functions. Owing to its surface-engineered
fluorescence resonance energy transfer (FRET) property, this
nanosystem enables simultaneous induction of apoptosis and
real-time visualization of the apoptotic process.132

In a related study, a matrix metalloproteinase (MMP)—
responsive FRET system combining gold nanoparticles (AuNPs)

This journal is © The Royal Society of Chemistry 20xx
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and quantum dots (QDs) was developed to monitor tumour
microenvironments in real time.133 Under MMP-rich conditions,
AuNPs and QDs were induced to form clusters through enzyme-
triggered coupling, bringing the particles into close proximity
and resulting in fluorescence quenching of the QDs via FRET.
The extent of fluorescence change was found to correlate
strongly with MMP activity, tumour burden, and growth stage,
enabling non-invasive tracking of tumour progression in vivo.
This work exemplifies how the optical and electronic
characteristics of gold-based nanostructures can be exploited
not only for tumour imaging but also for dynamic feedback on
therapeutic responses, reinforcing the role of ion-derived
nanomaterials in imaging-guided therapy.

4.2. lons for MRI

MR is currently a widely used imaging technique for identifying
and localizing tumours. This monitoring treatment of tissue in
the body relies significantly on well-formulated contrast agents.
Among them, IONPs serve as effective T, contrast agents, in
addition to their function as “ion bullets” described in Section
3.1.1. Typically 5-12 nm in diameter, these NPs can be further
encapsulated in glucan to prolong their in vivo circulation.133, 134
Moreover, Mn?* is an effective T MRI contrast agent owing to
its five unpaired electrons, which provide strong
paramagnetism and short electron relaxation time, resulting in
positive signal enhancement.135> Recent studies have exploited
this property by incorporating Mn?* into multifunctional
nanoplatforms that enable simultaneous therapy and MRI
monitoring of critical therapeutic parameters such as drug
targeting and tumour regression. For instance, Lin et al.13¢
demonstrated that Mn?* can act as both a Fenton-like catalyst
and a T; MRI contrast agent, achieving synergistic therapeutic
and diagnostic benefits (Figure 10B). This integration of
diagnostic and therapeutic functions represents a key trend in
modern nanomedicine, as the absence of real-time feedback
often limits treatment efficacy.

In addition, barium-based nanomaterials (e.g., barium titanate,
BT) have been developed as second-harmonic generation (SHG)
nanoprobes, offering narrow emission spectra and resistance to
signal saturation-advantages not attainable with conventional
agents.137.138  Cu2*-assisted
tomography (PET) imaging further enables in vivo real-time
quantitative tracking of therapeutic processes.1> Interestingly,

imaging positron  emission

when several metal ions are integrated into a single
nanocomposite, multiple imaging modalities can be
simultaneously achieved by harnessing their individual

physicochemical properties.13%141 QOther ions such as Gd3*
complexes® and Zn?*-based probes!42 143 3|so enhance MRI
signals or contrast ratios, providing valuable tools for precise
tumour localization.

4.3. NIR-Il fluorescence imaging-guided ion therapy

NIR-II (1000-1700 nm) can provide a deeper-tissue penetration
than light in other wavelengths, as well as higher spatial
resolution. The use of NIR Il probes can reduce the occurrence
of photon scattering and autofluorescence. As Figure 10C

This journal is © The Royal Society of Chemistry 20xx
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clearly shows, Xu et al.!** synthesized coppe/mangangse
silicate  nanosphere  (CMSN)-coated®©!: 18aatRARdERBHEd
nanoparticles (LDNPs@CMSNSs). The core-shell structure of the
LDNPs is doped with four ions, Yb3*/Er3*/Tm3*/Ce3*, enabling a
transition of the excitation pattern from NIR to UV-Blue. This NP
loaded with multiple ions showed a significant improvement in
light utilization efficiency and anti-tumour effect. The NIR Il
emission of the NPs was increased by 12.3-fold with Ce3*
doping; in 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assays showed a decrease
in cell viability to 8.6% after NP application and light irradiation,
and a significant inhibition of tumour growth in mice. Some ions
are preferred as NIR Il imaging probes, such as Er3* and Nd3+.145
146 |t has to be said that the current approach to NIR ll-assisted
tumour therapy is developing rapidly, and this field will also
provide new paths for tumour visualization therapies.

vitro

Conclusions

lon interference therapy is a promising tumour treatment
strategy that acts by perturbing intracellular ionic homeostasis,
enhancing Fenton or Fenton-like reactions, regulating
intracellular signalling pathways, and in some cases enabling
imaging-guided therapy. Although various ions, such as Ca?*,
Na*, Fe2*/Fe3*, Cu?* and MnZ*, have been widely explored for
tumour therapy, further in-depth investigations are still
required to minimise systemic side effects and improve
biosafety. We believe that future tumour suppression strategies
may increasingly utilise endogenous cellular components,
particularly ions, as therapeutic effectors. Importantly, the
diverse roles of ions in cellular metabolism should not be
overlooked.

While some studies have begun to explore metabolic pathways
as targets for ion interference, this strategy remains relatively
underexplored compared with other emerging modalities such
as immunotherapy and gene editing. From a translational
perspective, ion interference offers several distinctive features
established Unlike
conventional chemotherapy, which often relies on systemic

compared with clinical treatments.
drug exposure, ion-based strategies can exploit tumour-specific
microenvironments (e.g., acidity, redox imbalance) to achieve
Compared with
radiotherapy, which induces damage through external energy
input, operates through
biochemical disruption. These characteristics highlight the
unique potential of ion interference as a complementary
therapeutic strategy.

To fully realise the potential of ion interference therapy, future
research should focus on several key areas. First, the
development of multifunctional ion-based systems integrating
imaging, drug delivery, and therapeutic functions will be
important for improving treatment specificity and efficacy. In
addition, the integration of stimulus-responsive nanocarriers
and bio-inspired delivery systems, such as exosomes, holds
considerable promise for enhancing targeting capability.
Second, deeper mechanistic understanding is required,
particularly regarding ion-regulated metabolic pathways and

more localised and responsive effects.

ion interference intracellular
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signalling cascades. Third, the roles of ions beyond tumour cells
should be further explored, including their effects on the
immune system, intercellular communication, and the tumour
microenvironment.

In summary, ion interference represents a promising and
versatile strategy in the evolving landscape of cancer treatment.
By integrating advances in nanotechnology with a deeper
understanding of ion-regulated biological processes, nano-
enabled ion interference strategies are expected to play an
increasingly important role in the development of next-
generation precision therapies.
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