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Abstract

Metabolic reprogramming of cancer cells has resulted in a preference for aerobic glycolysis over oxidative phosphorylation, leading
to increased energy demand and elevated oxidative stress. Zinc ions and Zn-based nanomaterials show promise in targeting these
metabolic changes and enhancing cancer therapies. Zn-based nanomaterials (e.g., ZnO2, ZnO, ZIF-8, ZnS) disrupt tumor energy
metabolism and induce oxidative stress via Zn?* release in the tumor microenvironment, thereby promoting metabolic
dysfunction, apoptosis, and focal cell death. These materials can also be integrated into multimodal therapies for synergistic effects,
including photodynamic, acoustic, gaseous, and immunotherapy. This review discusses the mechanisms of Zn-based nanomaterials
disrupting tumor metabolism and inducing oxidative stress, their applications in cancer therapy, and future directions for
development. By systematically summarizing the research progress of Zn-based nanomaterials, we aim to provide new ideas and

strategies for cancer therapy.
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Introduction

During the reprogramming of cellular
metabolism, cancer cells preferentially utilize aerobic
glycolysis over mitochondrial respiration to meet
their heightened nutritional and energy demands,
which are associated with rapid proliferation [1]. In
response to changes in the microenvironment, cancer
cells' metabolic flexibility and adaptability allow them
to dynamically transition between aerobic glycolysis
and mitochondrial respiration, guaranteeing an
adequate supply of adenosine triphosphate (ATP) and
vital nutrients [2]. Furthermore, the highly active
energy metabolism characteristic of tumors frequently
leads to the accumulation of reactive oxygen species
(ROS). Elevated hydrogen peroxide (H,0O,) levels can
function as secondary messengers, rapidly
modulating cellular metabolic pathways by oxidizing
cysteine residues in various metabolic enzymes [3].
The remodeled tumor metabolism subsequently
upregulates antioxidants, including glutathione
(GSH), to maintain redox homeostasis and prevent
cell death caused by excessive oxidative stress. This

tight interdependence between metabolic and
oxidative signals establishes a critical metabolic-redox
loop that not only confers survival advantages to
tumors but also strategically presents unique
therapeutic  targets for metal ion-mediated
interventions [4].

Ions (e.g., Zn?*, Ga?*, K*, Na*, Cu?', etc.) are
crucial for numerous biological functions, such as
modulation of intracellular communication,
maintaining stable intracellular osmotic pressure,
immune cell activation, and mediating inflammatory
responses [5]. Recently, significant research has been
done into the effectiveness of metal-based
biomaterials as immunomodulators. These materials
show promise in boosting anti-tumor immune
responses and reversing immune suppression, all
while minimizing adverse effects [6]. For instance,
Mn?-mediated sensitization to cytoplasmic DNA and
STING activation can be integrated with gas therapy,
photothermal therapy (PTT), sonodynamic therapy
(SDT), and drug administration [7]. Ca?* can mediate
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mitochondrial damage and ROS generation, which in
turn activate caspase-3 and cleave GSDME, causing
tumor cell death [8]. While these metal ions exhibit
specific therapeutic effects, Zn?>* stands out due to its
multifaceted and self-amplifying roles in disrupting
cancer metabolism and redox homeostasis, a feature
unmatched by other biologically relevant metals. In
the human body, Zn?* exists as a divalent cation and is
the second most abundant essential trace element as
well as a cofactor for many enzymes [9]. Research has
shown that increased levels of Zn2?" can suppress the
function of critical metabolic enzymes, including
glyceraldehyde-3-phosphate dehydrogenase, phos-
phofructokinase, lactate dehydrogenase (LDH), and
a-ketoglutarate dehydrogenase (a-KGDHC), while
also interfering with the mitochondrial electron
transport chain (ETC) [10-12]. Additionally, Zn?>" has
been found to promote the generation of ROS. This
occurs through mechanisms such as the
single-electron reduction of O, in the ETC, producing
superoxide anions (O;7), or the single- or
double-electron reduction of O, facilitated by
a-KGDHC and nicotinamide adenine dinucleotide
phosphate oxidase, resulting in the formation of H,O,
[13]. Consequently, increasing Zn?* levels offers a
promising approach to targeting the energy-
metabolism-redox loop. Furthermore, elevated Zn?*
levels induce the wupregulation of cysteine-rich
metallothionein (MT), which plays a crucial role in
regulating intracellular Zn?* balance and alleviating
oxidative stress. Consequently, the upregulation of
MT levels attenuates the inhibitory effects of Zn?>* on
metabolism and alleviates oxidative stress-induced
damage [14]. Notably, several studies have
demonstrated that elevated ROS levels can oxidize
MT, disrupt Zn?-cysteine binding, trigger Zn?" release,
and compromise Zn?* homeostasis [15, 16]. Therefore,
upsetting the equilibrium between Zn?* and ROS in
cells can initiate an uncontrollable self-amplifying
loop and significantly impair the ability of tumor cells
to respond to external stimuli.

Leveraging  these  biological  properties,
zinc-based nanomaterials (ZIF-8, ZnO, ZnO,, ZnS)
exhibit TME-responsive characteristics with broad
applications in cancer therapy, including chemo-
therapy, PDT, SDT, piezoelectric therapy,
immunotherapy, and gas therapy [17]. These
nanomaterials can efficiently penetrate tumor cells,
release Zn?*, and disrupt metabolic processes and
DNA replication in tumor cells, ultimately inducing
cell cycle arrest and apoptosis. Additionally, the
photothermal effect of some zinc ion nanomaterials
(e.g., ZnO, ZIF-8) can generate localized heat under
laser irradiation, selectively ablating tumor cells while
preserving  adjacent  healthy  tissues  Their
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photocatalytic activity can generate ROS, which
disrupt the antioxidant defense systems of tumor
cells, thereby potentiating the efficacy of
chemotherapeutic agents [18]. Therefore, Zn-based
nanomaterials hold considerable promise for
enhancing the efficacy of existing cancer therapies
while minimizing adverse systemic effects and
improving their therapeutic precision in practice.

Numerous Zn-based nanomaterials have been
developed and used widely in cancer therapy due to
the special benefits of Zn?* [19-21]. The purpose of this
review is to present an in-depth investigation of the
latest developments in cancer treatment as well as the
uses of Zn-based nanomaterials. First, it outlines Zn2*
signaling mechanisms and associated proteins in both
intracellular and tumor microenvironmental contexts.
The specific mechanisms underlying Zn-induced
tumor cell apoptosis are elucidated through a
thorough analysis of these signaling pathways and
protein functions. Subsequently, it reviews Zn-based
nanomaterials with TME-responsive properties,
including ZnO,, ZnO, ZIF-8, and ZnS, and their
specific applications in various cancer treatment
modalities, such as chemotherapy, PDT, SDT,
piezoelectric therapy, immunotherapy, and gas
therapy, while analyzing the advantages and
mechanisms of each material. Additionally, it
summarizes recent advancements in other Zn-based
materials, encompassing innovations in synthesis
methods, performance optimization, and novel
application exploration. Finally, it provides an
in-depth discussion of the current challenges
associated with Zn-responsive nanomaterials and
proposes prospects and development directions,
aiming to offer valuable insights and guidance for
further research.

Multifaceted Role of Zinc Ions in Cell
Physiology and Pathology

Critical role of zinc ions in cell physiology and
signaling

Zn?*, an essential biological metal ion, is vital for
cellular biochemistry and nutrition, facilitating cell
growth and proliferation. Within cells, Zn?* exists
mainly in two forms: protein-bound zinc and
mobilizable zinc, the Ilatter being linked to
unidentified non-protein ligands [22]. Zn?* is a
cofactor for approximately 300 enzymes, enabling
their catalytic activity, and it stabilizes the structure of
nearly 2000 transcription factors. Furthermore, Zn?*
plays a central role in regulating critical cellular
functions such as energy metabolism, gene
expression, and genome integrity maintenance [23].
However, abnormal Zn?* accumulation induces
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irreversible cytotoxic effects. Vesicular exocytosis,
zinc transport mediated by zinc transporters for entry
or exit from the cell or organelle, and the binding or
dissociation of MTs with zinc are the three primary
sources of zinc signals. Given the absence of dedicated
zinc storage systems, maintaining zinc homeostasis
through regulated intake and excretion is essential.
Two counteracting zinc transporter families primarily
regulate zinc homeostasis. ZnT proteins, which
mediate zinc efflux from the cytoplasm to organellar
lumens or extracellular spaces, are encoded by the
SLC30 family [24]. Conversely, the SLC39 (ZIP) family
mediates zinc influx from extracellular spaces or
intracellular  storage compartments into the
cytoplasm, increasing intracellular zinc levels [25].
MTs serve as primary intracellular zinc storage
proteins, preventing zinc toxicity while maintaining
zinc availability. MTE-1 contains six
cysteine,-histidine, zinc finger domains that mediate
DNA binding. Consequently, in response to zinc
signals, MTF-1 regulates zinc-responsive genes,
including ZnT1, ZnT2, and MT. These MTs,
characterized by high zinc affinity, function as
primary intracellular zinc-binding proteins [26]. Thiol
oxidation to disulfide bonds triggers Zn?' release.
Disulfide reduction restores zinc-binding capacity.
Cytosolic-free  zinc concentrations are tightly
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organelles (ER, Golgi, mitochondria) comprising the
cellular zinc store. Emerging evidence indicates zinc's
dual roles as a neurotransmitter in intercellular
communication and as an intracellular second
messenger, transducing extracellular signals through
diverse signaling pathways [27]. Intracellular zinc
signaling, including early (EZS) and late (LZS) phases,
is activated by downstream pathways that mediate
biological ~ functions, including inflammatory
signaling, and play key roles in the initiation,
progression, and extinction of inflammatory
responses to maintain immune homeostasis (Figure
1A).

Regulation of zinc ions in tumorigenesis and
signal transduction mechanisms

The role of Zn?* in cancer depends on the type of
cancer. Elevated Zn?* levels in certain cancers
correlate with reduced telomere attrition, a major
contributor to chromosomal instability. Additionally,
Zn appears to be protective in maintaining DNA [28].
The regulation of zinc-associated proteins also varies
by type and period of cancer. Dysregulated zinc
homeostasis, exceeding cellular regulatory capacity,
promotes tumorigenesis by supporting malignant
bioenergetic and biosynthetic demands through
mechanisms including zinc transporter dysregulation
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Figure 1. (A) Complex Role of Zinc Signaling in Cellular Processes and Associated Pathways. Zn** as an intracellular second messenger mediates inflammatory signaling and
immune homeostasis by activating downstream pathways via EZS and LZS, whose conductance is dependent on the ZnT, ZIP family, and MT modulation, and which play key roles
in cellular communication and signaling. Zn?* as an intracellular second messenger activates downstream pathways via EZS and LZS and plays a critical role in cellular
communication and signaling. (B) Mechanism of zinc ion-induced apoptosis and pyroptosis in tumor cells. Activation of the caspase pathway through mitochondrial damage
triggers apoptosis, while activation of inflammatory vesicles cleaves Gasdermin proteins to induce pyroptosis, both of which synergistically release inflammatory factors to
enhance anti-tumor immunity. (A) Reproduced with permission from [29], copyright 2025, Springer Nature Limited. (B) Reproduced with permission from [47], copyright 2024,

Chinese Chemical Society.
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Zinc-mediated activation of tumorigenic MAPK
pathways, particularly ERK and JNK signaling, plays
crucial roles in cancer development. These
serine/threonine kinases (ERK, JNK) regulate
tumorigenic  processes including proliferation,
differentiation, and apoptosis [30, 31]. The Snail
transcriptional repressor is activated in late zinc
signaling via STAT3-mediated ZIP6 expression,
which  facilitates  the  epithelial-mesenchymal
transition (EMT) throughout development and tumor
metastasis. Similarly, via the PI3K/Akt signaling
pathway, ZIP4 promotes migration and invasion
linked to EMT in nasopharyngeal cancer.
Furthermore, in ovarian cancer, high ZIP13 levels
activate the Src/FAK pathway, which causes
pro-metastatic genes to be upregulated and tumor
suppressor genes to be downregulated [29, 32]. The
maintenance of cancer cells' invasiveness necessitates
zinc stimulation of oncogenic pathways. For example,
messenger RNA analysis of ZIP and ZnT proteins in
human pancreatic adenocarcinoma shows that all ZIP
proteins are downregulated, except ZIP4, which is
increased [33]. ZIP4 overexpression increases cell
proliferation by activating the CREB pathway and
promoting the silencing of miR-373 target genes,
including PHLPP2, an inhibitor of pancreatic cancer
cell proliferation, leading to cell proliferation and
tumor progression. ZIP4 also decreases the expression
of tight junction proteins, including ZO-1 and
claudin-1, thereby contributing to the progression of
tumors [34]. Numerous studies have confirmed that
dysregulation of zinc transporter proteins causes
changes in different signaling pathways, which in
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turn promote cancer growth, in addition to affecting
cell proliferation and death. Interestingly, it has been
discovered that the lysosomal cation channel
MCOLNT1 plays a critical role in mediating zinc influx
into the cytoplasm, which in turn fine-tunes
oncogenic autophagy in malignant cells [32, 35, 36].
Furthermore, it has been demonstrated that changes
in zinc homeostasis modify the tumor immunological
microenvironment, which has a major impact on
cancer development [37]. In summary, the link
between zinc homeostasis and cancer requires further
research to fully understand how its disruption leads
to carcinogenesis.

Regulation of apoptosis and pyroptosis in
tumor cells by zinc ions

Apoptosis is a programmed cell death process
that maintains tissue homeostasis by activating
caspase proteases. In contrast, pyroptosis is an
inflammatory cell death mediated by gasdermin
proteins, characterized by membrane pore formation,
cell expansion, and content release, triggering
inflammation. Zn?*, a key signaling molecule,
regulates both processes. It modulates apoptosis
through mitochondrial function and caspase
activation and induces pyroptosis by activating
inflammasomes and ROS generation. Its dual role in
these cell death mechanisms makes it a critical target
for studying tumor cell fate [38] (Figure 1B). The
mechanisms of zinc-based nanomaterials for tumor
treatment and  their = combined therapeutic
applications are summarized in Table 1.

Table 1. Comparison table of signaling pathways and molecular mechanisms of zinc ion-induced cell death

Type of Main pathways of action  Key signaling pathways Signal conduction details Core molecule / structure
mechanism
Necrotic Ion homeostasis imbalance, MT-MTF-1 axis, ROS Zn?* displaces MT binding sites, free zinc T Zn?*, MT, MTF-1,
mitochondrial dysfunction, oxidative stress pathway, =~ Mitochondrial ROS 1 — membrane damage, dSDNA  mitochondria, ROS, dsDNA,
and endoplasmic reticulum ER stress pathway. release ER.
stress. PERK pathway activation — cell rupture
Apoptosis Mitochondrial pathway Mitochondrial electron Zinc ions accumulate in mitochondria via ZnT2, Mitochondria, ROS
transport chain damage, inhibiting the electron transport chain — ROS burst — (O?-/H,0,/ OH), Cyt-c,
caspase cascade reaction. mitochondrial membrane damage, releasing Cyt-c —  Apaf-1, caspase-9, caspase-3.
activation of caspase-9/3.
Death receptor pathway TNF-a-mediated exogenous Zinc ions downregulate caspase-8 and activate TNFR1 caspase-8, caspase-3, TNFR1.
apoptotic pathway. — caspase-8 to cut caspase-3 to initiate apoptosis.
Pyroptosis ~ Classical pathway NF-kB pathway, NLRP3 Zinc ion-induced ROS activation, NF-kB — NLRP3 NLRP3, ASC, caspase-1,

(caspase-1/GSDMD) inflammatory vesicle

signaling pathway.

Alternative pathway Mitochondrial apoptotic

(caspase-3/ GSDME) pathway and pyroptosis
switching pathway.

mtDNA-AIM2 c¢GAS-STING pathway,

inflammatory vesicle

pathway signaling pathway.

NOX1-ROS pathway NADPH oxidase signaling

cross-talk pathway.

inflammatory vesicle assembly — caspase-1 cleaves
GSDMD to form membrane pores.

GSDMD, NF-xB.

Zinc ions activate caspase-3 via mitochondrial pathway GSDME, caspase-3, Bcl-2
— cleave GSDME to generate membrane pores
(GSDME-positive cells only).

Zinc ion induces ROS damage to mitochondria to
AIM2 inflammatory vesicle release mtDNA — mtDNA activates cGAS-STING and STING, caspase-1.
binds AIM2 — caspase-1 cuts GSDMD.

Zinc ions upregulate NOX1 — catalyze NADPH
production of O?- — enhance ROS — synergistically

family proteins.

mtDNA, AIM2, cGAS,

NOX1, NADPH, ROS.

activate NF-xB and inflammatory vesicles.
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Multiple pathways mechanism of zinc ion-induced
apoptosis in tumor cells

Zn?* overload induces reactive ROS production
in tumor cell mitochondria, and its mechanism is
mainly realized through two pathways. On the one
hand, Zn2?* enters the mitochondria via ZnT2 and the
mitochondrial calcium wunidirectional transporter,
inhibiting the function of the electron transport chain
and leading to the accumulation of mitochondrial O,
and a decrease in mitochondrial membrane potential
(MMP) [39]. On the other hand, NADPH oxidase 1
causes damage to mitochondria by oxidizing NADPH
to produce O, which is further converted into H,O,
and subsequently into hydroxyl radical (-OH).
Damaged mitochondria release cytochrome c (Cyt-c),
which interacts with apoptosis-activating factor 1 to
form apoptotic vesicles. These vesicles activate
caspase-9, leading to the subsequent activation of
caspase-3, and ultimately initiating the process of
apoptosis. In addition, Zn?* treatment also leads to the
down-regulation of caspase-8 expression, which may
be mechanistically related to the exogenous apoptosis
pathway mediated by tumor necrosis factor-a
(TNF-a). Caspase-8 can directly cleave and activate
caspase-3, which subsequently induces cell apoptosis.
Meanwhile, MMP decline and Cyt-c release due to
mitochondrial injury further activate caspase-9 and
caspase-3, ultimately triggering endogenous
mitochondria-mediated apoptosis [40].

Zn-induced ROS further activates the TBK1-IRF3
signaling cascade and the NF-kB signaling pathway.
The activation of the NF-xB pathway, in turn,
stimulates the production of inflammatory factors,
including TNF-a, IL-6, and IL-13 [41]. These
inflammatory factors not only activate immune cells
but may also indirectly promote apoptosis by
affecting the cellular microenvironment [42]. In
addition, Zn** plays a key role in activating the STING
pathway. Zn?>* overload induces mitochondrial
damage, leading to the release of mitochondrial DNA
(mtDNA) into the cytoplasm. The released mtDNA is
then recognized by cGAS as an endogenous
damage-associated molecular pattern. At the same
time, ROS generated by Zn?>" inhibition of the
mitochondrial electron transport chain can enhance
the binding capacity of ¢cGAS to DNA through
oxidative modification, and the two together
contribute to the generation of the second messenger,
cGAMP, catalyzed by cGAS [43]. cGAMP binds to and
activates STING proteins on the surface of the
endoplasmic reticulum, which recruits the key kinase
TBK1, phosphorylates the transcription factor IRF3,
and activates the STING protein, which recruits the
key kinase TBK1. IRF3 phosphorylates, and activated
IRF3 dimerizes and enters the nucleus, inducing
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transcription of type I interferons (e.g., IFN-8) and

proinflammatory factors (e.g., IL-6), which not only
activate immune cells but may also indirectly promote
apoptosis [44]. Moreover, Zn?" ions may amplify
immune- and apoptosis-related signals by enhancing
cGAS activity and directly activating the STING
pathway [45].

Multiple pathways mechanism of zinc ion-induced
pyroptosis in tumor cells

Zn-induced generation of ROS activates the
NF-xB signaling pathway on the one hand and leads
to mitochondrial damage on the other. Together, these
two act as initiating and activating signals for NLRP3
inflammatory  vesicles. The activated NLRP3
inflammasome further activates caspase-1, which cuts
gasdermin D (GSDMD) to generate its N-terminal
fragment GSDMD-N. The GSDMD-N fragment forms
a pore in the cell membrane, leading to the release of
cellular contents (e.g., IL-1B and IL-18), which in turn
trigger cell death. In gasdermin E
(GSDME)-expressing cells, Zn?* treatment activates
caspase-3, and the activated caspase-3 specifically
cleaves GSDME to generate GSDME-N fragments
[46]. Similar to GSDMD-N, GSDME-N fragments can
form pores in the cell membrane, destroying the
integrity of the cell membrane and inducing cell
death. In addition, Zn-induced ROS damages
mitochondria, leading to the release of mitochondrial
DNA (mtDNA) into the cytoplasm. The released
mtDNA induces the formation of AIM2 inflammatory
vesicles, and activates caspase-1, which cleaves
GSDMD, generating GSDMD-N fragments, and
ultimately induces cell death. During this process, the
released inflammatory factors such as IL-1p and IL-18
not only recruit immune cells and enhance the
immune response, but also further exacerbate the
occurrence of cell death. Zn?* regulates the expression
of Bcl-2 family proteins, up-regulating the expression
of pro-apoptotic Bax and other pro-survival
pathways, down-regulating the expression of
anti-apoptotic Bcl-XL and Bcl-2, and altering the
permeability of mitochondrial membranes. Different
concentrations of Zn?* show biphasic effects on the
regulation of signaling pathways: low concentrations
usually exert anti-apoptotic effects such as inhibition
of caspases and activation of pro-survival pathways
(e.g., PI3K/Akt), whereas high concentrations can
induce oxidative stress, activate pro-apoptotic
pathways (e.g., JNK/p38 MAPK), or cause
mitochondrial dysfunction [47]. Zn?* plays various
roles in immunomodulation. Zn?* can inhibit the
binding of protein tyrosine phosphatase 1 (SHP-1) to
T-cell antigen receptors by increasing intracellular
concentration, maintaining T-cell activation signaling
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and calcium inward flow, and up-regulate the
expression of the co-stimulatory molecules, CD80 and
CD86, which can promote the antigen presentation
and the maturation of dendritic cells. In addition, Zn2*
participates in the phosphorylation of IL-1
receptor-associated kinase and MyD88 signaling
pathway, and promotes the secretion of
pro-inflammatory cytokines such as IFN-y and
TNF-a, and chemokines such as CXCL-5 and
CXCL-10, thus regulating immune response through
multiple pathways [48].

In summary, Zn?* induces apoptosis and
pyroptosis in tumor cells through the aforementioned
multiple pathways. The inflammatory factors
produced during this process, such as IFN-f, TNF-qa,
IL-6, and IL-1PB, play important roles in immune
responses, collectively triggering systemic anti-tumor
immunity and inhibiting tumor growth. Zn?* exhibits
significant anti-tumor potential by inducing
pyroptosis and immune activation, but single
therapies are often difficult to overcome tumor
complexity and drug resistance. Therefore, combining
Zn?* with other therapeutic agents has become an
important research direction.

Zinc Ions in Combination with Other
Therapies

As introduced earlier, Zn?* as a metal ion
induces tumor cell death with its unique advantages.
However, in the face of the complex
microenvironment of tumors, single therapies are
prone to make tumor cells resistant to treatment.
Therefore, a combination of mechanisms is usually
used to enhance the therapeutic effect during research
(Figure 2). When used alone, both acoustic and
photodynamic therapies have a limited ability to
generate ROS [49]. The addition of Zn?" triggers a
mitochondrial ROS burst by inhibiting the
mitochondrial electron transport chain: in acoustic
kinetic therapy, the ultrasound-triggered ROS
generated by the photosensitizer binds to Zn-induced
ROS; in photodynamic therapy, the light-activated
ROS generation works synergistically with the
Zn-induced ROS to dramatically increase the level of
ROS in tumor cells. Specifically, Zn-based
nanomaterials (e.g., ZnO,) release Zn?>* and H,0O, in
acidic tumor microenvironments, and H,O, serves as
a substrate for the photosensitizers (e.g., Ce6) in PDT,
generating more OH and 'O, through Fenton or
photocatalytic reactions, while Zn?* inhibits the
mitochondrial electron transport chain, thereby
increasing electron leakage to oxygen molecules,
further promoting O,- accumulation and forming a
“Zn?*-ROS” positive feedback loop. Elevated levels of
ROS oxidize intracellular lipids, proteins, DNA, and
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other biomolecules, disrupting the function of cellular
structure and greatly increasing the anticancer effect,
leading to tumor cell necrosis or apoptosis [46]. In
addition, Zn?* interferes with the energy metabolism
of tumor cells, blocking key processes such as NAD*
synthesis and glycolysis, so that the energy supply of
tumor cells is impeded, and tumor cells in a state of
metabolic ~ stress are more  sensitive to
acoustic/photodynamic therapy; at the same time,
Zn?* reduces intracellular ATP by inhibiting key
enzymes of glycolysis (e.g.,, LDH). Additionally, O,
produced from the decomposition of ZnO, relieves
tumor hypoxia, overcoming the limitations of the
therapeutic efficacy of PDT in the hypoxic region.
Metabolic disorders induce changes in intracellular
pH and redox potential in tumor cells, further
promoting the production of more ROS by PDT and
SDT, enhancing the efficacy of the combination
therapy [50]. Certain Zn-based nanomaterials (e.g.,
ZnO and ZIF-8), which combine acoustic and
photosensitizing properties, can effectively generate
ROS and induce immunogenic cell death (ICD) to
activate anti-tumor immune responses: Zn?* activates
the cGAS/STING pathway through ROS-mediated
mtDNA release, promotes IFN-p secretion, and
interacts with damage-associated molecular patterns
(DAMPs) released by PDT. DAMPs released by PDT
synergistically enhance dendritic cell antigen
presentation, while Zn?* stimulates the immune
system to promote immune cell infiltration. The
combination of the two therapies can synergistically
activate both intrinsic and adaptive immunity, further
increasing the efficacy of the treatment and
significantly reducing the development of drug
resistance [51].

Chemodynamic therapy (CDT) primarily relies
on the Fenton or Fenton-like reaction, which catalyzes
the conversion of H,O, into highly toxic‘OH to
destroy tumor cells. However, the effectiveness of this
therapy is constrained by the low concentration of
H,O, in the tumor microenvironment [52]. The
introduction of Zn?* can elevate intracellular oxidative
stress by inhibiting the mitochondrial electron
transport chain and promoting the generation of large
amounts of ROS within mitochondria. In addition,
Zn?* can enhance the catalytic activity of Fenton-like
systems by synergistically interacting with metastable
metals (e.g., Fe, Cu) or carbon-based materials to
promote the conversion of HxO2 to ‘OH and increase
the efficiency of hydroxyl radical generation, which
synergistically leads to the accumulation of large
amounts of ROS in tumor cells, resulting in stronger
oxidative damage and inducing apoptosis [53]. Zn?*
depletes intracellular GSH in tumor cells, disrupting
redox homeostasis and enhancing oxidative stress by
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either directly binding to GSH to form a complex or
indirectly catalyzing ROS generation to prompt GSH
oxidation. This not only promotes ROS accumulation
in the CDT but also optimizes the tumor
microenvironment to increase CDT efficiency and
enhance synergistic effects with other therapeutic
strategies.

When acting alone, Zn?* can induce multiple
forms of tumor cell death, including apoptosis and
pyroptosis. In immunotherapy, tumor-associated
antigens released during immunogenic cell death
stimulate the adaptive immune response. Zn**
combined with immunotherapy induces tumor cells
to die in a more immunogenic manner, releasing more
tumor-associated antigens. These antigens are taken
up, processed, and presented by antigen-presenting
cells, which activate T-lymphocytes to generate
specific anti-tumor immune responses and enhance
the targeting and killing ability of immunotherapy on
tumor cells [47]. Zn?* can also neutralize the acidity of
tumor cell Ilysosomes, which interferes with
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autophagy and increases the vulnerability of tumor
cells to immune system recognition and assault. This

modulation of the tumor microenvironment
establishes more  favorable conditions for
immunotherapy, enhancing the infiltration and

activity of immune cells within tumor tissues. Tumor
cells frequently evade immune surveillance and
attack through various mechanisms, including the
overexpression of immune checkpoint proteins. Zinc
ion-based combination immunotherapy can decrease
the expression of these immune checkpoint proteins
in tumor cells, thereby reducing immune escape [54].
On the one hand, Zn?* regulates the process of tumor
cell metabolism and microenvironment, which can
affect the expression regulation of immune
checkpoint proteins; on the other hand, immune
checkpoint inhibitors used in immunotherapy
synergize with Zn?" to restore the immune system's
function of recognizing and killing tumor cells, and
improve the effectiveness of the combination therapy.

Zinc ion in combination with other therapies

Disrupt tumor cell
metabolism

Activate the immune
response

Promote the production
of ROS

Promote tumor cell

© e
@ O

Pyroptosis

Combination therapy
synergistically activates both
intrinsic and adaptive immunity

Metabolic disorder-induced changes
in the intracellular environment of
tumour cells enhance the efficacy of

other therapies
PDT/PTT
‘(

Enhances therapeutic efficacy
by causing stronger oxidative
damage to tumour cells

Generate more ROS in
combination with other therapies

)

Zinc-based
nanomaterials

Zinc ions synergise with other therapies to
fight cancer through multiple pathways

Figure 2. When combined with photodynamic, acoustic, chemodynamic, and immunotherapeutic agents, Zn** enhances ROS generation by inhibiting the mitochondrial electron
transport chain in photo-/acousticodynamic therapy, synergistically promotes reactive oxygen species (ROS) generation from the Fenton reaction with chemodynamic reagents,
and induces immunogenic cell death to activate the anti-tumor immune response, providing a multidimensional strategy for combined tumor therapy. Created with

BioRender.com. (http://biorender.com)
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Table 2. Summary of unique mechanisms and combined therapeutic strategies for zinc-based nanomaterials

Zinc-based Common mechanisms Unique Mechanisms Combination therapy strategies and
nanomaterials applications
Zn0O2 Acidic degradation produces Zn?* and H,O, synergistic Fenton PDT, SDT, immunotherapy (aPD-1), combined

reaction.

photothermal-chemical.

Inhibition of ZnT1 enhances zinc overload.

Zn?* release disrupts tumor
710 energy metabolism.
Induces oxidative stress.
Interferes with zinc
homeostasis and ROS cyclic
self-amplification to induce

effect for ROS enhancement.

Mimicking enzyme activity.

Noble metal modification for broadening the light response.

Concentration-dependent induction of pyroptosis/apoptosis.

Semiconductor photocatalysis for ROS production. Piezoelectric Combined photoacoustic therapy

(PPDT/SDT), gas therapy (catalyzed NO
generation), and photothermal therapy (PDA
coating).

Release of H,S inhibits the mitochondrial respiratory chain and Energy-immunotherapy, microwave

thermotherapy, SDT, light-responsive
nanorobotics.

SDT, photodynamic-chemical combination,
immunotherapy (activation of DC/T cells),
photothermal-ion combination.

Catalytic therapy (e.g., Zn-SAs@BNC1000),

ZnS apoptosis/fibroblastification. - SO L
Activates immune responses, SY"€r8izes with zinc ions to cause energy deprivation.
and Activation of cGAS/STING and Ca?* overload in acidic
modulates pathways such as environments.

ZIF-8 cGAS/STING to enhance pH-responsive release of Zn?*-induced focal death/ICD.
anti-tumor immunity. Porous drug-carrying controlled release.

Surface Zn-N participation in acoustic dynamics.
Metal doping to expand the photoresponse.

Other Zn?* Metal ion synergy (e.g., Zn?* + Cu?*/Ni?").

materials

Ligand self-assembly regulates the immune microenvironment

immune-combination therapy (remodeling
TME), and multimodal cell death induction.

The Application of Zinc Nanomaterials in
Cancer Therapy

Zinc-based nanomaterials have emerged as
promising therapeutic agents based on the unique
role of Zn** in tumor metabolism and
immunomodulation. These materials have greatly
improved the efficacy of tumor therapy by targeting
Zn?* release, inducing oxidative stress, and activating
immune responses. This section will systematically
review the progress of zinc-based nanomaterials (e.g.,
ZnO,;, ZnO, ZIF-8, and ZnS) in different cancer
therapeutic modalities, as well as their innovative
applications in multimodal therapeutic and
combinatorial strategies. Information regarding the
mechanism of zinc-based nanomaterials for the
treatment of tumors and their combined therapeutic
applications are shown in Table 2.

Application of ZnO; in tumor therapy

Nanozyme-mediated chemodynamic therapy
has become a promising strategy due to its tumor
specificity and controllable catalytic activity.
However, a major challenge persists due to the
limited therapeutic efficacy caused by insufficient
H;O; levels in the TME [55]. Currently, the most
effective method is that metal peroxides characterized
by metal ions and peroxy groups utilize the acidic pH
of the TME and trigger the in-situ production of H,O,,
enhancing the oxidative stress of tumor cells.
Additionally, metal ions (e.g., Zn?>'/Fe?") released
from peroxides accumulate in tumor cells, inducing
ionic overload and amplifying oxidative stress in the
TME, thereby enhancing therapeutic efficacy [56].
ZnO, NPs induce tumor-specific Zn?* accumulation
and overload via endocytosis, triggering apoptotic

signaling cascades. In the TME, ZnO, decomposes
into H,O, and Zn?*, disrupting zinc homeostasis
while promoting endogenous ROS generation and
oxidative stress [57]. Sun et al. designed the ZnO.@Pt
platform that generated ROS at the tumor site,
induced apoptosis, and inhibited glycolysis, achieving
89.7% tumor growth inhibition [58]. Therefore, the
combination of ZnO, and CDT offers a highly
tumor-specific therapeutic strategy that can minimize
harm to normal cells while dramatically enhancing
treatment selectivity.

As mentioned above, ZnT1, the sole plasma
membrane Zn?* efflux transporter, plays a critical role
in maintaining cellular zinc homeostasis. ZnT1
suppression significantly enhances intracellular Zn?*
accumulation and overload [59]. Small interfering
RNA (siRNA) exhibits high specificity for target gene
silencing post-transfection. siRNA-mediated gene
silencing has emerged as a promising therapeutic
strategy for cancer and other diseases [60]. Therefore,
inhibition of ZNT1 expression by siRNA could be an
effective method to promote intracellular Zn2?*
accumulation in tumor cells. For example, Shi et al.
[61] developed the UHSsPZH NPs composite
nanoparticles. The surface of synthesized UCNPs was
modified with chrysoidine and mesoporous silica,
followed by adsorption of siRNA, then encapsulation
of ZnO,, and modification of hyaluronic acid. This
dual strategy combines Zn?* efflux blockade through
gene silencing with tumor-targeted ZnO, delivery.
Post-endocytosis, intense green fluorescence from
UHSsPZH NPs and siRNA-FITC in 4T1 cells
confirmed effective siRNA delivery and ZnT1
silencing (Figure 3E). Additionally, Orail, a calcium
channel overexpressed in tumors that promotes Ca?"
oscillations and tumor cell proliferation, was
significantly downregulated in the USsPZH and
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UHSsPZH + Laser groups, highlighting Zn?*
overload-mediated disruption of calcium homeostasis
(Figure 3C). This Zn?-mediated suppression of Orail
not only disrupted calcium homeostasis but also
triggered caspase-dependent apoptosis. Importantly,
the UHSsPZH + laser treatment demonstrated
superior therapeutic efficacy, as evidenced by
significantly prolonged survival in tumor-bearing
animals (Figure 3B and F).

As previously discussed, elevated Zn?* levels
activate the p53 signaling pathway. The tumor
suppressor p53 regulates cancer cell death by
transcriptionally —activating proapoptotic genes,

including Bax. However, wild-type p53 (WTp53)
levels are significantly reduced or undetectable in
many human cancers [69]. Therefore, simultaneously
promoting Mutp53 degradation
represents

and WTp53

stabilization an effective anticancer
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strategy. Recent studies demonstrate that Zn-based
nanomaterials induce substantial oxidative stress
through mitochondrial ETC inhibition [70, 71].
Importantly, elevated intracellular Zn?* and ROS
selectively degrade Mutp53 (both contact and
conformational mutants) via the ubiquitin-
proteasome system (UPS)-mediated degradation,
while sparing WTp53 [21]. Furthermore, Mn?-
mediated ATM-p53 pathway activation enhances
WTp53 accumulation and stabilization. Mn?*
exposure activates ATM through autophospho-
rylation and phosphorylation of downstream targets
(CHK2[T68], H2AX[S139]), leading to  p53
phosphorylation [72]. Chen's team demonstrated that
Mn?*-ZnO, synergistically enhanced ROS generation,
promoting Mutp53 degradation while activating
WTp53 for cancer therapy [73]. However, ZnCl, at
equivalent Zn?* concentrations showed limited
Mutp53 degradation efficacy, likely due to poor
membrane permeability. On the other hand, Zn?* can
enhance manganese-catalyzed ‘OH synthesis by
increasing endogenous reactive oxygen species
generation, and thus the secretion of ATP, to express
tumor-associated antigens (TAAs) and DAMPs, and
to induce an ICD effect [74]. In addition, manganese
ions improve the ability of cGAS to bind to
double-stranded DNA, triggering the cGAS/STING
pathway in antigen-presenting cells. This activation
strengthens tumor-specific T-cell responses and
boosts the production of pro-inflammatory cytokines
and chemokines [75]. Zhou et al. [20] developed
TME-responsive manganese-rich ZnO, nanoparticles
(MOMPs) by doping Mn?* in ZnO,NPs, which could
synergistically enhance anti-tumor immunotherapy
through ICD induction and STING pathway
activation. MONPs alleviate TME immuno-
suppression by reducing regulatory T cells and
polarizing M2 to M1 macrophages, creating an
immunologically  supportive environment for
adaptive immune responses. Thus, combining ZnO,
with Fenton reagents or promoting Fenton-like
reactions can synergistically enhance ZnO,-mediated
anti-tumor efficacy by amplifying ROS generation
and modulating the tumor microenvironment.

ZnO, concentration determines cancer cell death
modalities. High ZnO, concentrations generate
elevated H,O; levels, inducing pyroptotic cell death.
Elevated H,O, activates the NLRP3 inflammasome
and caspase-1, resulting in GSDMD cleavage and
IL-13 maturation. The GSDMD-N forms plasma
membrane pores, triggering cytokine release, immune
activation, and pyroptotic cell lysis. In contrast, low
ZnO, concentrations generate sublethal H,O, levels,
inducing apoptosis without significant cell lysis.
Therefore, pyroptosis elicits stronger immune
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activation and antitumor effects compared to
apoptosis [76]. Zn?* promotes endogenous and
exogenous H,O, generation through multiple
pathways, establishing a Zn2-H,O, self-amplifying
loop. Zn?* inhibits key metabolic enzymes in
glycolysis and mitochondrial respiration, blocking
ATP production. PTT achieves tumor cell ablation at
lower temperatures, minimizing off-target thermal
damage and improving treatment tolerability.
However, heat shock proteins (HSPs) repair
heat-damaged proteins, conferring thermoresistance
and reducing therapeutic efficacy [77]. Because HSPs'
biosynthesis and activity are dependent on ATP,
Zn?-mediated ATP depletion may enhance PTT
efficacy by inhibiting the cytoprotective effects of
HSPs. Based on this, Qiao's team prepared
polydopamine-shell-encapsulated ZnO,
nanoparticles (ZnO,@PDA NPs), aiming to accurately
target the tumor energy metabolism-redox circuit
through the synergistic effects of Zn?* and hydrogen
peroxide (Figure 4A). ZnO,@PDA disrupts cellular
energy metabolism, evidenced by decreased NADH
and ATP levels (Figure 4C). JC-1 probe analysis
revealed mitochondrial depolarization in both
ZnO,@PDA and ZnO,@PDA + laser groups,
indicating mitochondrial dysfunction (Figure 4D).
/n0O,@PDA with 808 nm laser irradiation showed
enhanced HeLa cell toxicity compared to ZnO,@PDA
alone (Figure 4B). This suggests that the inhibitory
effect of ZnO,@PDA on ATP production amplifies the
effect of PDA-mediated mild PTT [78]. Alternatively,
H,O, exerts tumoricidal effects through molecular
dynamic therapy (MDT). MDT is an emerging
therapeutic strategy that utilizes endogenous H,O, to
deplete intracellular GSH, which can neutralize the
effect of GSH on PDT-produced 'O, and thus enhance
the efficacy of PDT [79]. For example, Zhang et al. [80]
constructed a  biodegradable tumor  micro-
environment-responsive nanoplatform, SPS@ZnO,
NPs, by loading sodium porphyrin photosensitizer
(SPS) with ZnO, NPs as a carrier. On the one hand, it
enhances the effect of MDT by depleting GSH, and on
the other hand, it prompts the production of ROS by
SPS to initiate PDT under the irradiation of a 630 nm
laser, which realizes the synergistic treatment of
MDT/PDT. Under 630 nm laser irradiation, these
nanoparticles generate cytotoxic singlet oxygen (1O,)
while enhancing photosensitizer uptake and
intracellular penetration (Figure 4F, H and I). H,O,
generation and cathepsin B release deplete
intracellular GSH, potentiating PDT efficacy (Figure
4G). This expands the therapeutic potential of Zn?*
peroxide-based materials in oncology.
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ZnO, nanomaterials show great potential in
cancer therapy, capable of selectively targeting cancer
cells and reducing damage to healthy tissues.
However, their application still faces many
challenges: Zn?" concentration is difficult to precisely
regulate, hydrogen peroxide supply is insufficient

and the reaction efficiency is low, tumor biological
barriers limit the penetration of the materials, and
photodynamic combination therapy has limited
effects in deep-seated tumors. Specifically, high or
low Zn?* concentration leads to normal tissue toxicity
or insufficient immune activation, respectively; low
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hydrogen peroxide concentration in tumors limits
ROS generation, and the complexity and
heterogeneity of the tumor microenvironment further
hinder therapeutic efficacy. To overcome these
challenges, precisely controlled-release systems can
be constructed and tumor microenvironment-
responsive carriers can be designed to achieve
accurate release of Zn?* and hydrogen peroxide.
Meanwhile, optimizing the response system to
improve the efficiency of ROS generation and
combining it with other therapeutic tools such as
immunotherapy, is expected to enhance the
synergistic therapeutic effect. In addition, the
development of nanomaterials with active targeting
function to break through biological barriers and the
adoption of near-infrared two-region photodynamic
technology to increase the depth of light penetration
will provide new ideas for the application of ZnO, in
deep tumor therapy and promote its further
development in the field of cancer therapy.

Application of ZnO in tumor therapy

Zinc oxide nanoparticles (ZnO NPs) serve as
versatile agents in cancer therapy, functioning as
chemosensitizers to enhance the efficacy of
pharmaceuticals and as photosensitizers to generate
ROS wunder light irradiation, thereby inducing
apoptosis in tumor cells. Beyond these functions, ZnO
NPs serve as targeted drug delivery vehicles and
cancer diagnostic biosensors. Through oxidative
stress modulation, cell cycle regulation, and
mitochondrial targeting, ZnO NPs demonstrate
cancer cell-selective cytotoxicity, offering significant
therapeutic advantages with reduced side effects [81,
82]. ZnO NPs enter lysosomes through autophagy
and dissolve to release Zn?*, leading to cytotoxicity.
On one hand, Zn?** can impair mitochondria and
lysosomes, further disrupting the negative feedback
loop between ROS and mitochondrial autophagy.
This results in mitochondrial dysfunction, ROS
overproduction, and cell death. Additionally, released

n** downregulates [-catenin via the
HIF-1a/BNIP3/LC3B mitophagy pathway,
suppressing tumor metastasis [83]. Table 3

summarizes ZnO's cancer therapeutic applications,
mechanisms, effects, and research progress.

Zn0O, as a semiconductor with a band gap of 3.37
eV and an exciton binding energy of 60 meV at room
temperature, initiates photocatalytic reactions when it
absorbs photons with energy greater than its band
gap. This process is driven by visible or UV light,
which causes electrons to transition from the valence
band to the conduction band, creating electron-hole
pairs. These charge carriers can rapidly recombine or
migrate to the nanoparticle surface to interact with
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surrounding molecules. The conduction band
electrons act as reductants, reducing ambient oxygen
to Oy, while the valence band holes, being potent
oxidants, react with water to produce OH, H>O», and
protonated superoxide radicals (HO:). These
reactions initiate subsequent chain reactions involving
a variety of ROS [84]. The main challenges of PDT
therapy include the restricted penetration depth of
light in tumor tissue and the inadequate production
and accumulation of ROS in hypoxic tumors [85]. ZnO
can emit 401 nm visible light when exposed to 808 nm
near-infrared (NIR) light, thereby offering the
potential to replace 401 nm visible light with 808 nm
NIR light. By leveraging this property, ZnO can be
combined with other photosensitizers to extend the
wavelength range into the NIR region, thereby
improving penetration [86]. Wang et al. [87]
developed zinc oxide-chlorin Ce6 nanoparticles
(ZnO-Ceb NPs) (Figure 5A), 808 nm laser irradiation
of ZnO-Ce6 NPs triggered 401 nm visible light
emission from ZnO NPs, stimulating Ce6 to induce
photodynamic action (Figure 5D). In addition,
ZnO-Ce6 NPs can enhance the decomposition of
H,O, to generate oxygen through the enzymatic
activity of ZnO NPs, supplying ample oxygen for
PDT, alleviating hypoxia, and normalizing tumor
blood vessels. Even without light, ZnO-Ce6 NPs can
induce cell death through ferroptosis (Figure 5B and
C). However, the inadequate harnessing of solar
energy by ZnO, attributed to its wide band gap, leads
to diminished efficiency in photocatalytic hydrogen
generation. In addition, the fundamental deficiency of
UV light in penetrating deeply into tissues, given by
its high absorption rate by the nearby biological
context [88]. The addition of noble metals has been
shown to significantly improve the photocatalytic
efficiency of ZnO. This enhanced photo-
electrochemical activity is attributed to the efficient
transfer of charges from the metal core to the
conduction band of ZnO, which helps reduce the
recombination of electrons and holes [89]. Zhou et al.
[90] investigated the construction of core-shell
nanostructures (M@ZnO) by combining noble metal
nanoparticles (Au, Au@Ag) with mesoporous ZnO in
different shapes (spherical, rod-like). The thickness of
the ZnO shell layer was regulated by the ascorbic
acid-assisted method, and its visible-light-driven
photoelectrochemical water decomposition perform-
ance was systematically investigated. The results
show that the core-shell structure inhibits the
photogenerated electron-cavity pair complexation
and broadens the visible-light response range of ZnO
through effective charge transfer from metal to ZnO.
Among them, Au@Ag@ZnO exhibits higher
photocurrent density than pure Au@ZnO due to a
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lower Schottky barrier and wider visible extinction
range. In addition, the optimal ZnO shell layer
thickness (e.g., 34 nm for Au nanorods@ZnO) exists
for M@ZnO with different metal cores, which can
optimize the photoelectrocatalytic activity. Although
various approaches have been designed to merge
plasmonic metals with ZnO, such as core-shell
structures and coating techniques, the ROS yield of
the composite systems remains limited. Traditional
core-shell structures and encapsulation methods fail
to effectively isolate the spatial distribution of
high-energy electron-hole pairs, thus necessitating the
consideration of other materials' involvement [91].
Graphene offers a strong framework for anchoring
finely dispersed metal or oxide nanoparticles. It acts
as a highly conductive substrate, ensuring efficient
electrical contact and facilitating electron transfer
from the semiconductor's conduction band. This
enhances charge separation efficiency and catalyzes
ROS generation, thanks to its large surface area and
high electron mobility [92]. Dong's team constructed
the Au@ZnO@GQDs/HA (AZGH) nano
heterostructure, integrating GQDs into the AZ
core-shell structure, and successfully used it to
promote tumor clearance through ROS generation
mechanisms. Comparative analysis with AZ
nanoparticles indicates that the synthesized AZG
nano-heterostructures enhance ROS production
under near-infrared excitation. This improved
efficiency in generating 10, and ‘OH is attributed to
the rapid separation of electron-hole pairs.
Additionally, the photocatalytic activity contributes
significantly to combination therapy, and the
decorated HA can target 4T1 cells, increasing the
concentration of AZGH breakdown in 4T1 cells [93].
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Utilizing the piezoelectric effect in ZnO to create an
internal electric field and reduce the recombination
rate of photo-generated carriers may improve PDT
performance [94]. By employing US-induced
vibrations to generate piezoelectric polarization
charges in ZnO nanostructures, catalytic processes
can be modulated through the internal piezoelectric
field. Considering its distinctive amalgamation of
photo-induced, piezoelectric, and mechano-catalytic
characteristics, ZnO possesses the capacity to trigger
dual catalytic reactions or potentially initiate
innovative synergistic catalytic mechanisms [95].
Piezo-photodynamic therapy (PPDT) can dually
activate the electron-hole pairs within nanocomposite
materials through the application of both ultrasound
and ultraviolet radiation. The internally generated
piezoelectric field reduces electron-hole
recombination, significantly boosting the production
of ROS within tumor cells. The PPDT approach
outperforms traditional PDT and SDT, showcasing
synergistic therapeutic effects. Han et al. [96] designed
and prepared Au@PEG-ZnO nanocomposites with
ZnO NRs as the main body to reduce carrier
complexation and enhance ROS generation by
utilizing their piezoelectric and photocatalytic effects.
The Au NPs further promote electron-hole separation
by constructing metal-semiconductor heterojunctions.
This dual activation mechanism enables electron-hole
pair generation from the nanocomposite material
through US and UV stimulation (Figure 5E). In vivo
and in vitro experiments using a preclinical mouse
lung cancer model show enhanced therapeutic results
compared to standalone PDT and SDT treatments
(Figure 5F).

Table 3. Different application areas and mechanisms of action of ZnO-NPs

Application Area Mechanism of Action

Chemotherapy sensitizer Inhibition of P-gp expression
improved cell membrane

permeability

Photosensitizer Induction of ROS generation under
UV irradiation

Drug carrier

Biosensor
Cell cycle arrest

Induction of oxidative stress

Regulation of protein and
gene expression

Regulation of Zn?*
homeostasis

Promotion of mitophagy

Regulation of mitochondrial
membrane potential

Used as a biosensor

Therapeutic Effect Research Progress Ref
Increased intracellular drug accumulation,  Further research is needed to [173]
enhanced chemotherapy efficiency determine effective concentrations
and safety

Attacking cell membranes, facilitating the ~ Further research is needed to verify — [174]
entry of antitumor drugs into cells the efficacy

Targeted delivery of anticancer drugs Improved targeting and therapeutic efficacy Development of various metal oxide [175]
of drugs nanoparticles
Provides new strategies for treating Good antitumor effects were [176]
hematological tumors observed in vitro cell experiments
Inhibition of tumor cell proliferation More large-scale randomized [177]

Preventing cells from entering
mitosis
Generation of excessive ROS

Activation of Caspase, influence on
MT1 gene expression

Dissolution producing Zn?*, affecting
intracellular homeostasis

Activation of
PINK1/Parkin-mediated mitophagy

Decreasing MMP, leading to a decline
in ATP levels

Leading to the apoptosis of tumor cells

Exerting tumor suppressor activity
Leading to mitochondrial dysfunction and
apoptosis

Inducing cell autophagy

Mitochondrial dysfunction

controlled trials are needed
Studying the cytotoxicity of ZnO NPs [178]

Studying the synthesis methods of ~ [179]

ZnO NPs

Studying the biocompatibility of ZnO [180]
NPs

Studying the clinical application of ~ [83]
ZnO NPs

Studying the cytotoxicity of ZnO NPs [181]
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Figure 5. (A) Preparation of ZnO-Ce6 NPs and elaboration of their mechanism of action. (B) Detection of GPX4 protein expression levels by Western blotting. (C) The level
of GSH was detected using the DTNB colorimetric method. (D) Demonstration of excitation wavelength variation in ZnO-Ceé nanoparticles. (E) Mechanism map of ROS
generation by Au@PEG-ZnO NPs under different conditions. (F) The therapeutic effects of Au@PEG-ZnO in vitro and in vivo. (A-D) Reproduced with permission from [87],
copyright 2024, Elsevier B.V. (E-F) Reproduced with permission from [96], copyright 2024, Elsevier B.V.

Relative to the light employed in photodynamic
therapy, ultrasound possesses the benefits of superior
tissue penetration and precise targeting, effectively
overcoming the limitations in tissue penetration and
therapeutic efficacy for deep tumors encountered in

photodynamic therapy. Like the principles of
photocatalysis, in many piezoelectric sonosensitizers,
the inadequate separation of charges hampers the
generation of reactive species. Strategies including
surface modification for defect introduction,
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incorporation of dopants, and creation of
heterojunctions have been devised to boost the
efficiency of reactive species production [97]. Creating
a heterojunction between different semiconductors
forms an interconnected interface that causes band
alignment or a rectifying junction once the Fermi
levels are balanced at the boundary. This process
prolongs the existence of electrons (e —) and holes (h
+), thereby inhibiting their swift recombination.
Therefore, developing a ZnO heterojunction
sonosensitizer represents an effective strategy to
improve SDT [98]. Li et al. [99] rationally designed a
platinum-zinc oxide (Pt-ZnO) sonosensitizer to
significantly improve the efficacy of SDT through its
inherent bandgap structure and dual-enzyme
activities (Figure 6A). The Pt-ZnO features a narrow
bandgap (2.89 eV) and an optimal amount of oxygen
defects, improving the separation efficiency of
electrons and holes and generating ROS under US
irradiation (Figure 6D). Concurrently, the Pt-ZnO
demonstrates dual enzymatic functions, akin to
catalase and peroxidase, which efficiently convert
endogenous H>O» into oxygen O. and lethal OH,
thereby significantly potentiating SDT and catalytic
therapy. Furthermore, the Pt-ZnO exhibits substantial
depletion of glutathione, intensifying oxidative stress.
In the end, the Pt-ZnO realizes a triple amplification
of ROS, with the generation of 1O, and ‘OH increasing
to 859.1% and 614.4%, respectively, leading to an
efficacious sono-catalytic treatment and an impressive
tumor suppression rate of 98.1% (Figure 6B and C).
Nevertheless, in most scenarios, the magnitude of
piezoelectric polarization generated by low-frequency
ultrasonic pulses is inadequate for triggering redox
reactions. Extensive research has enhanced the
piezoelectric properties of ZnO nanomaterials such as
Au@P-ZnO nanorods, Pt-ZnO nanorods, and
ZnO-CdS nanocomposites. However, fine-tuning
their structural and compositional parameters
remains challenging [100, 101]. Xiao et al. constructed
flying saucer-shaped nano-heterojunctions
(CuORZnO) by coating copper oxide (Cu,O) on the
surface of polyethylene glycolic ZnO nanoparticles,
where Cu,O not only participates in forming the
heterostructure that enhances the piezocatalytic effect
but also exhibits a weak Fenton-like reaction,
catalyzing the generation of ‘OH from the excess HO»
produced intracellularly. In vitro, experimental results
indicate that the CuO@ZnO heterostructures can
effectively inhibit the growth of colorectal tumors by
triggering tumor cell apoptosis and ICD, as well as
activating the STING signaling pathway [102].
Additionally, ion doping within the lattice is regarded
as an effective approach to enhance catalyst
performance by altering the electronic structure of the
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catalyst to generate oxygen vacancies (OVs). OVs
serve as charge traps to capture excited-state electrons
and holes, improve charge separation, and act as
electron donors to increase the density of majority
carriers. Certain doped transition metals (such as Fe,
Mn, Cu, etc.) exhibit enzyme-mimicking catalytic
activity activated by TME conditions to produce ROS
[103]. Tian et al. [104] constructed a biodegradable
porous manganese-doped zinc oxide (Mn-ZnO)
nanocluster. Manganese doping leads to lattice
distortion and increased polarization, generating a
wealth of oxygen vacancies (OVs), which enhance
piezoelectric catalytic performance and enzymatic
activity. Mn-ZnO can also promote ROS production
and GSH depletion, significantly facilitating the
accumulation of lipid peroxides and GPX4, thereby
inducing ferroptosis. This study provides more
possibilities for the development of new piezoelectric
sonosensitive agents.

ZnO NPs have emerged as a promising platform
for gas therapy research. ZnO NPs exhibit intrinsic
glutathione peroxidase and glycosidase activities,
enabling catalytic decomposition of endogenous
(S-nitroso glutathione) and exogenous
(B-gal-NONOate) nitric oxide (NO) donors to
generate high NO concentrations without external
donor supplementation [105]. The cascade reaction
between NO and ROS produces more lethal reactive
nitrogen species, enhancing therapeutic efficacy.
Based on this, Wang et al. [106] designed C-Z@CM
nanoparticles by doping Cu-based MOF material
(Cu-MOF) with ZnO to obtain Cu-ZnO and coating
tumor cell membranes on the surface of Cu-ZnO to
obtain C-Z@CM (Figure 6E). The camouflage of cell
membranes prevents C-Z@CM from being cleared
during the blood circulation process, permitting the
C-Z@CM to aggregate at the tumor site through
homologous membrane targeting. The presence of
ZnO catalyzes endogenous GSNO at the tumor site to
continuously produce high concentrations of NO
without the need to introduce exogenous NO donors.
Copper ions in C-Z@CM catalyze Fenton-like
reactions, converting H,O, to ‘OH while depleting
GSH, achieving potent tumor suppression (Figure 6F
and H).

In summary, ZnO nanomaterials have the
potential for multiple applications in cancer therapy,
including PDT, SDT, and gas therapy. They exhibit
selective toxicity towards cancer cells by generating
ROS and disrupting mitochondrial membrane
potential, leading to caspase activation and apoptosis.
However, challenges such as the limited light
penetration depth into tumor tissues, finite ROS
production, wide ZnO bandgap, and insufficient
charge separation efficiency remain. These issues can
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be potentially resolved through advanced strategies
such as surface modification, ion doping, and
heterojunction creation.

Application of ZnS in tumor therapy

Metabolic reprogramming in cancer cells results

in inadequate ATP production, impairing the
transmission of proliferative signals through
downstream  signaling  pathways, since all

kinase-mediated phosphorylation events require ATP
as an essential substrate [107]. The Warburg effect
describes a distinct metabolic phenotype in cancer
cells, characterized by preferential utilization of
aerobic glycolysis over mitochondrial oxidative
phosphorylation (OXPHOS) compared to normal cells
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[108]. Recent research has focused on energy
suppression  strategies  [109]; however, the

identification of metabolic compensation mechanisms
indicates that single-pathway inhibition or partial
energy blockade is insufficient to effectively disrupt
cancer cell energy metabolism for therapeutic
applications [110]. Therefore, simultaneous targeting
of both glycolysis and OXPHOS to achieve
comprehensive energy depletion represents a
promising and innovative therapeutic strategy [111].
ZnS has emerged as an effective energy metabolism
inhibitor in cancer therapy. This section discusses the
tumor-inhibitory mechanisms of ZnS and recent
advancements in related material development.

Homologous targeting
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Figure 6. (A) Diagram of the mechanism of action of Pt-ZnO NPs. (B) Detection of 'O, production of Pt-ZnO NPs in the presence of ultrasound. (C) Tumor growth in different
treatments. (D) The heterogeneous structure of Pt-ZnO improves the separation efficiency of electrons (e”) and holes (h*) under ultrasound irradiation. (E) Schematic
illustration of the multimodal antitumor effects of C-Z@CM. (F) Verify that Cu-ZnO produces NO. (G) The levels of H,O, at different time points after treatment with Cu-ZnO.
(H) Detection of intracellular ONOO™ levels using an ONOO™ probe. (A-D) Reproduced with permission from [99], copyright 2023, Elsevier B.V. (E-H) Reproduced with

permission from [106], copyright 2024, Wiley-VCH GmbH.
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Gas therapy, recognized as an environmentally
friendly cancer treatment modality, has attracted
considerable research interest owing to its synergistic
enhancement of conventional therapies, including
chemotherapy, PDT, immunotherapy, and SDT [112].
H,S, a «crucial gaseous signaling molecule,
demonstrates dose-dependent dual effects. At low
concentrations, H,S promotes tumor cell proliferation,
migration, and other oncogenic processes. However,
at higher concentrations, H,S significantly suppresses
cancer progression by triggering apoptosis, arresting
the cell cycle, and causing uncontrolled intracellular
acidification [113]. As an ETC inhibitor, H,S
suppresses cytochrome c expression and induces
mitochondrial membrane potential disruption,
thereby impairing mitochondrial function, enhancing
cellular glucose uptake, and causing irreversible
acidification [114]. Zn?* effectively downregulates
glycolysis-related genes (GLUT1, HK2, and LDHA)
via the PI3K-Akt-mTOR-HIF-1a signaling pathway,
consequently inhibiting lactate dehydrogenase and
glyceraldehyde-3-phosphate dehydrogenase activity
[115]. Therefore, the Zn?*/H,S combination
demonstrates the potential for dual therapeutic
effects, particularly in tumor growth inhibition.
Recent studies have validated the dual
energy-disrupting capabilities of ZnS [116]. For
example, Liu's team demonstrated that among nine
essential bioactive cations, Zn?* exhibits significant
glycolysis inhibition (Figure 7E). They synthesized
ZnS-PVP nanoparticles and employed immuno-
fluorescence (IF) staining and quantitative real-time
PCR to analyze glycolysis-related gene expression
(GLUT1, HK2, and LDHA). Results revealed
significantly reduced expression of these genes at
both protein and mRNA levels in the ZnS-PVP group
compared to the ZnCl; control (Figure 7F). Treatment
of Patu 8988 cells with NaHS and ZnS-PVP for 24
hours increased JC-1 monomer green fluorescence,
indicating mitochondrial dysfunction (Figure 7G).
Combined with glycolysis inhibition, this establishes a
dual-target therapeutic strategy [117]. Additionally,
H,S specifically inhibits tumor cell catalase activity,
resulting in intracellular ROS accumulation. The
buildup of ROS leads to mitochondrial damage and
the release of mitochondrial DNA, which in turn
activates the cGAS/STING pathway. Intracellular
Zn?* further enhances cGAS catalytic activity and
amplifies cGAS/STING signaling. H,S disrupts
mitochondrial homeostasis, promoting intracellular
Ca?" influx [118]. As Ca?* overload induces oxidative
stress and mitochondrial dysfunction, rapid Ca?"
bursts can alter mitochondrial function, addressing
limitations of H,S gas therapy, including slow onset
and instability [119]. Yang et al. [50]. developed ZnZC
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nanoparticles  capable of inducing triple
mitochondrial damage, dual glycolysis interference,
and multifunctional therapy via acidification and
calcification (Figure 7A). ZnS encapsulation within
ZIF-8 and CaP minimizes acidic solution exposure,
prolonging H,S release duration. JC-1 probe
monitoring revealed that the ZSZC group showed the
most severe mitochondrial membrane potential
disruption among all treatments. H,S's catalase
inhibition ~ characteristic facilitates calcium
overload-induced oxidative stress elevation and
maintenance (Figure 7B). In vivo studies demonstrated
that ZSZC nanoparticle treatment provided the most
significant tumor growth inhibition, indicating that
simultaneous OXPHOS and glycolysis targeting is the
most effective approach (Figure 7C). This energy
blockade strategy offers novel insights for developing
bioenergetic inhibition-based therapies.

ZnS demonstrates potential applications in
microwave thermal therapy (MWTT), an emerging
clinical modality that targets tumors through thermal
effects and antitumor immune response activation.
However, complete tumor ablation is often
unachievable, and post-ablation heat shock protein 90
(HSP90) upregulation can induce thermotolerance in
sublethally = damaged tumor regions  [120].
H,S-mediated mitochondrial dysfunction inhibits
ATP production, consequently downregulating
ATP-dependent HSP90 expression. Furthermore, ZnS
released under acidic and neutral conditions mediates
microwave thermal effects, establishing a foundation
for MWTT applications [121]. Meng's team developed
a ZnS@Ga-tannic acid (ZGT) nanomodulator by
capping a gallium metal-phenolic tannate (Ga-TA)
network on ZnS nanoparticles. This nanomodulator
significantly reduces HSP90 levels and induces
caspase-dependent apoptosis (Figure 8A-C). In vivo
studies demonstrate that ZGT-mediated MWTT
combined with H,S gas significantly inhibits primary
tumor growth (Figure 8D). This gas-compensated
MWTT strategy shows significant potential for
improving tumor ablation therapy outcomes [122].
ZnS NPs produce H,S under acidic conditions.
Beyond its intrinsic mechanisms, H,S gas offers
additional therapeutic potential when combined with
other modalities. While nanoparticles can respond to
various stimuli for targeted delivery, achieving
simultaneous rapid movement and precise deep
tumor penetration remains challenging. To address
these limitations, Wang's team developed the
F127-ZnSDOX@PCN-224 nanorobot. They selected
the zirconium-based porphyrin MOF PCN-224, which
can generate ROS under red light, and used the
heterojunction effect of PVP to couple with ZnS to
prepare ZnS/PCN-224-based Janus mnanoparticles
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(ZnS-PCN 224) via an interface-induced self-assembly
strategy, which were loaded with DOX and then
encapsulated by the amphiphilic biocompatible
polymer Pluronic F-127. (Figure 8E). Under red light
irradiation, negatively charged nanoparticles generate
asymmetric O, production, creating a local electric
field. This field exerts electrostatic forces (F) on
negatively charged nanoparticles, propelling them
away from the light source. In the acidic TME, ZnS
decomposition generates H,S, which synergizes with
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electrostatic forces to propel nanoparticles at
enhanced velocities (Figure 8F). This propulsion
enables nanoparticle migration from tumor surfaces
to deeper regions, enhancing tumor accumulation and
penetration (Figure 8G). Nanoparticle trajectory
analysis reveals enhanced mobility under acidic
conditions with negative phototaxis. This study
expands ZnS applications through innovative
directional transport strategies [123].
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ZnS nanoparticles act as both a sulfur reservoir
for subsequent reactions and a sacrificial template due
to their porous architecture, enabling efficient
nanomedicine loading. Zhang et al. [124] constructed a
Cu-NS@UK@POx nanoplatform, using ZnS as a sulfur
source and template to form a single-atom enzyme

containing Cu-N3S; active site, whose strong oxidase
activity generates reactive oxygen species (ROS),
which, combined with the loaded UK5099 and POx,
targets pyruvate metabolism, triggers pyroptosis, and
reshapes the immune microenvironment to enhance
anti-tumor immune effects. Surface-modified ZnS
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nanoparticles enable precise tumor targeting and
therapy. Mesoporous architectures have been shown
to amplify ultrasound absorption, significantly
enhancing sonocatalytic efficiency. He ef al. [125]
engineered mesoporous ZnS nanoparticles (mZnS)
with  exceptional sonocatalytic = water-splitting
capability. The locally generated H, and O, polarize
tumor-associated macrophages from
immunosuppressive M2 to antitumor M1 phenotypes,
while alleviating hypoxia-induced CD8* T cell
suppression, achieving dual antitumor and immune
activation effects in deep-seated tumors. ZnS is
widely employed as a quantum dot shell material to

improve photostability, quantum yield, and
photoluminescence efficiency. Liang et al. [126]
demonstrated that ZnS-modified CulnS/ZnS

quantum dots (ZCIS QDs) function as an integrated
theranostic ~ platform,  providing  dual-modal
fluorescence  and  multispectral ~ optoacoustic
tomography imaging capabilities. Doping the ZnS
lattice with other metals or nonmetals (e.g., Mn, Cu)
can give it new fluorescence emission properties or
magnetic properties, expanding its potential
applications in  multimodal imaging (e.g.,
fluorescence-magnetic resonance imaging) and thus
improving diagnostic accuracy and sensitivity.

ZnS shows significant promise in cancer therapy,
particularly through energy deprivation strategies.
However, it faces challenges such as rapid
degradation, a single therapeutic mechanism,
biocompatibility issues, and limited synergy with
other treatments. For instance, its fast degradation in
acidic environments results in unsustainable release
of H,S and Zn?*, hindering long-term efficacy. Its
single mechanism struggles against tumor
heterogeneity and may cause immune responses or
harm healthy tissues. Additionally, unclear
synergistic mechanisms with other therapies restrict
its potential in combination treatments. To address
these issues, optimizing material properties, such as
fine-tuning  crystal  structures and  surface
modifications can enhance stability and targeting.
Expanding therapeutic mechanisms by integrating
gene therapy and other approaches could enable

multi-mechanism synergy. Strengthening
combination strategies, systematically studying
synergistic  effects, and developing tumor

microenvironment-responsive nanoparticles could
lead to precise treatment with fewer side effects.
These advancements offer new directions for ZnS in
cancer therapy.

Application of ZIF-8 in tumor therapy

The swift progress in nanotechnology has led to
the emergence of stimulus-responsive nanomaterials
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as effective choices for developing precise drug
delivery systems. Metal-organic frameworks (MOFs),
which consist of organic ligands coordinated with
metal ions or clusters, have become a rapidly
expanding area of research in biomedical
applications. ZIF-8 (Zeolitic Imidazolate
Framework-8) is a type of MOF material, formed by
the coordination of Zn?* ions with 2-methylimidazole
ligands [127]. Its application in cancer therapy is
primarily attributed to its unique physicochemical
properties, including high porosity, tunable pore size,
excellent biocompatibility, and sensitivity to pH
changes. As a carrier, it can deliver chemotherapeutic
drugs to tumor tissues and cancerous regions for
selective release [128]. ZIF-8 has shown its potential
applications in various oncological treatment
modalities (e.g., SDT, PDT).

The thermal stability of ZIF frameworks is
primarily influenced by the chemical composition of
the linker molecules used in their synthesis.
Additionally, the presence of steric hindrance or
electron-withdrawing groups can also affect their
stability. ZIFs' porosity is determined by the
characteristics of their ligands, solvents, metals, and
reaction times. The ligand's structure determines the
pores' size and shape; bulky groups might limit pore
size, whereas hydrogen bond-forming groups result
in smaller pores. Incorporation of polyethylene glycol
(PEG) into ZIF-8 nanoparticles during the synthesis of
ZIF-8 can significantly improve its dispersion,
colloidal stability and loading capacity [129]. ZIF-8
demonstrates good stability under physiological pH
conditions  (~7.4), but undergoes structural
degradation in acidic environments (pH < 6.5). This
pH-responsive property enables targeted drug release
specifically in the acidic tumor microenvironment
[130]. For example, Li et al. [131] constructed
pH-responsive ZIF-8 nanoparticles to deliver the
TLR7/8 agonist IMDQ, which was enriched in the
liver by its liver-targeting property, and released the
drug after uptake by antigen-presenting cells,
activating immune cells and inducing antibody
production, which synergistically cleared HBV and
reduced systemic toxicity. ZIF-8 nanoparticles exhibit
low affinity for drugs that lack abundant
electronegative groups, such as carboxyl and carbonyl
groups, leading to unintended and premature drug
release. Additionally, due to the absence of active
chemical groups in the structure of ZIF-8, its surface
functionalization capability is limited. Using cell
membranes to coat the surface of ZIF-8 drug delivery
nanosystems is a popular and efficient method. By
enabling homologous targeting and achieving
sustained drug release, this approach overcomes the
limitations of small molecule chemotherapeutic
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medicines' poor water solubility and non-targeting,
resulting in localized chemotherapy effects [132]. Xu
et al. [133] constructed (R837 + OXA)@ZIF-8@CCM
(ROZM) nanoparticles. The encapsulation of ZIF-8
achieved effective loading of both drugs, resulting in
drug loading rates of 8.09 £ 0.44% and 19.86 = 0.14%
for oxaliplatin and imiquimod, respectively. The
modification of the cell membrane changed the
surface properties of the nanoparticles, resulting in a
negative charge on the surface of ZIF-8 and improved
stability, and the cell membrane also endowed the
nanoparticles with homologous targeting, and the
cellular uptake experiments showed that the
RhB-labeled ROZM had a higher intensity of
intracellular fluorescence and was better taken up by
the tumor cells in the B16-F10 cells compared with the
unmodified ROZ. Similarly, Sun et al. [134] developed
erythrocyte membrane-camouflaged zinc-phenolate
nanocapsules (RMP@Cap) incorporating
aPD-L1-loaded ZIF-8. The degradation-released zinc
ions activate the cGAS-STING pathway, while
mitoxantrone-triggered =~ pyroptosis  contributes
mitochondrial DNA to amplify this signaling.
Concurrently, the erythrocyte membrane coating
enhances tumor accumulation, and aPD-L1 relieves
T-cell suppression. These coordinated actions create a
STING-mediated cascade that potently amplifies
anti-tumor immunity. Research has revealed that
biomolecules, encompassing amino acids,
nucleotides, and peptides, can engage in competitive
interactions with metal-organic ligands, thereby
offering the potential to adjust the catalytic
performance of MOF@enzyme hybrid systems [135].
A characteristic shared among these biomolecules is
the presence of functional groups such as amines,
phosphates, or carboxylic acids at either the N- or
C-termini. These groups facilitate targeted
interactions with the MOF's constituent blocks,
enabling the expedited assembly of MOFs in aqueous
conditions [136]. For instance, Zhang's team prepared
GHAZIFs nanoparticles by encapsulating enzymes
within MOFs regulated by sulfonic
acid-functionalized signal substrates (Figure 9A). The
sulfonic acid groups of ABTS adsorb Zn?* ions
through charge interactions, forming Zn-O
coordination bonds. This rapidly modulates the
synthesis of MOFs around Gox and HRP, forming
dual-enzyme/substrate and triple-enzyme/substrate
MOFs. The biocatalytic efficiency of these MOFs is 7.4
and 10.2 times higher than that of the free system,
respectively (Figure 9B and C) [137]. ZIF-8
nanoparticles are extensively utilized as drug carriers,
capable of loading molecules, enzymes, DNA, and
proteins while enabling pH-responsive controlled
release. However, their role as carriers is often
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emphasized, overshadowing the intrinsic therapeutic
and immunotherapeutic effects of ZIF-8 itself [138].
ZIF-8 nanoparticles (NPs) inherently trigger apoptosis
alongside necrosis and ICD, effectively initiating in
situ immunization through the rapid release of
inflammatory molecules and DAMPs. ICD is a form of
programmed cell death where dying tumor cells
release DAMPs, such as calreticulin and ATP. These
DAMPs play a vital role in antigen presentation and
can further stimulate a coordinated immune response
[139]. ZIF-8 NPs release pH-sensitive Zn?*, leading to
a sudden increase in ion concentration and
intracellular osmotic pressure, which activates the
caspase-1/gasdermin ~ D-dependent  pyroptosis
pathway. Beyond recruiting immune cells to activate
antitumor immunity, ZIF-8 NPs also reprogram the
immunosuppressive TME by shifting macrophages
from the M2 to M1 phenotype, showcasing their
intrinsic immunostimulatory properties (Figure 9F).
The process can be enhanced by incorporating
modulators into the nanoparticles [140, 141]. For
instance, Lin ef al. [142] loaded the mitochondrial
depolarizer CCCP into ZIF-8 nanoparticles (Figure
9D) and found that it further intensified the
pyroptosis process, accompanied by ICD induction,
pyroptosis activation, and the release of DAMPs
(Figure 9G). Compared to ZIF-8 nanoparticles,
ZIF-8CCCP nanoparticles exhibited a more
pronounced pH-responsive controlled release
process, with a Zn ion release rate of up to 75% within
24 hours under acidic conditions (Figure 9E). This
result might be explained by the swelling effect
induced by the incorporation of CCCP.

ZIF-8 can serve as a photoresponsive
nanomaterial that, upon exposure to UV light,
produces O, facilitating photocatalytic-driven PDT
[143]. Similar to ZnO, ZIF-8's wide bandgap (Eg = 5.1
eV) restricts its photocatalytic activity to the UV range
(A <400 nm), limiting therapeutic applications [144].
To solve this problem, researchers have developed
various doping strategies to adjust the bandgap and
extend the light response range. For example, Fan et
al. [145] introduced Ag-doped ZIF-8 with a bandgap
of 3.06 eV, demonstrating vigorous photocatalytic
activity under visible light (< 490 nm). Similarly, Mai
et al. [146] synthesized Fe-doped ZIF-8 with a
bandgap of 2.2 eV, broadening the spectral response
range of ZIF-8 to the visible light region (< 563 nm).
However, these doping approaches only shift the
excitation threshold of ZIF-8 photosensitizers to the
shorter-wavelength visible light range (< 563 nm),
leaving longer-wavelength visible light unabsorbed
and unused by ZIF-8. Furthermore, while NIR light
penetrates biological tissues more deeply than
UV-visible light, its low photon energy prevents
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direct excitation of ZIF-8 photosensitizers. As a result,
there is a pressing need for light wave conversion
technologies to transform long-wavelength NIR light
into shorter-wavelength UV-visible light for ZIF-8
excitation [147]. Yang et al. [148] developed
lanthanide-doped nanoparticles (LDNPs) coated with
Fe/Mn-doped ZIF-8 (LDNPs@Fe/Mn-ZIF-8) for
second NIR-II imaging-guided synergistic PDT/CDT.
The incorporation of Fe**/Mn?* significantly narrows
the bandgap of the ZIF-8 photosensitizer from 5.1 eV
to 1.7 eV, extending its excitation threshold into the
visible light range (A = 650 nm). Fe/Mn-ZIF-8 can
degrade in the tumor microenvironment, releasing
Fe?* /Mn?* ions that generate ‘OH through Fenton-like
reactions, enabling CDT. At the same time, the
degradation of Fe/Mn-ZIF-8 enhances the
nanosystem's  tumor-specific  NIR-II  imaging
capabilities, offering precise guidance for CDT/PDT.
The doping strategy of graphene quantum dots
(GQDs) can also be applied to ZIF-8. MOF
nanoparticles can be readily modified with various
materials. The epoxy and carboxyl groups on GQDs
enable the functionalization of MOFs, resulting in
MOF/GQD composite nanoparticles that exhibit
photothermal properties. Zhu ef al. [149] developed
DOX-ZIF-8/GQD nanoparticles, which not only
facilitate intracellular drug release in the acidic
environment of cancer cells but also enable
photothermal therapy through the photothermal
effect of GQDs under near-infrared radiation. As a
novel photosensitizer, reduced graphene oxide (rGO)
is also commonly used for MOF doping, which not
only has a higher photothermal effect compared with
GQDs but also provides a better template for the in
situ growth of ZIF-8 nanoparticles. As a larger carrier,
it enhances the intracellular concentration of ZIF-8
NPs, enabling more effective destruction of cancer
cells [150]. Ma et al. [151] designed a multifunctional
nanoplatform of BSArGO@ZIF-8 NSs, in which ZIF-8
NPs were uniformly grown on the rGO surface to
form small-sized and well-dispersed complexes,
which were subsequently modified by reduced
ascorbic acid and bovine serum albumin. Under
near-infrared (NIR) light irradiation, rGO absorbs
light energy and converts it into heat energy, which
increases the local temperature. The experimental
data showed that the photothermal conversion
efficiency of BSArGO@ZIF-8 NSs was about 22.5%
under 808 nm NIR irradiation, and at the same time,
the combination with ZIF-8-mediated ionic
interference therapy (IIT) could produce a synergistic
effect and enhance the therapeutic effect.

ZIF-8 materials also exhibit sonodynamic
properties. The unsaturated zinc-nitrogen (Zn-N)
active sites on the surface of ZIF-8 NCs facilitate
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ligand-enhanced electron transfer to the metal charge
transfer band, transitioning from the highest occupied
molecular orbital (HOMO) to the lowest unoccupied
molecular orbital (LUMO). Under the stimulation of
US irradiation, these sites can activate adsorbed O
and H>O molecules on the surface, converting them
into ROS damaging to tumor cells [152]. In vivo
experiments have shown that ZIF-8 NCs, both
bioactive anticancer agents and sonosensitizers,
demonstrate high tumor suppression efficiency
(84.6%) [153]. Hollow nanomaterials can enhance the
cavitation effect, thereby significantly amplifying the
SDT effect. Recently, Liu et al. [154] designed
MOF-derived double-layer hollow nanoparticles
(DHMS). These nanoparticles were created by fully
etching ZIF-8 in ZIF-8@mSiO, to form DHMS, with
Mn ions grown on both the inner and outer surfaces of
the mSiO, layer. The hollow porous structure of
DHMS enhances the cavitation effect, which amplifies
the SDT effect, while Mn?* is oxidized by holes under
ultrasonic irradiation, which significantly improves
the electron-hole separation and promotes the
generation of ROS. Chen ef al. [155] investigated the
construction of cell-derived nanorobot SonoCu, which
achieved the synergistic effect of SDT and cuproptosis
by encapsulating copper-doped ZIF-8 in macrophage
membranes, effectively inhibiting tumor growth.
ZIF-8 has been found to induce cell death by
modulating the P13K pathway, thereby promoting
autophagy. Conversely, the autophagy process can
also facilitate the degradation of ZIF-8, leading to the
production of Zn?* and ROS [156]. Additionally, ZIF-8
is non-toxic to the human body and features pores
that facilitate the attachment of probes to disease sites.
Consequently, ZIF-8-based composite materials have
been widely utilized in multiple imaging techniques,
such as magnetic resonance imaging (MRI),
photoacoustic imaging (PAI), fluorescence imaging
(FI), and X-ray computed tomography (CT). These
materials improve cancer detection and treatment by
facilitating targeted drug delivery to cancer cells and
enabling more accurate tumor imaging.

In summary, ZIF-8 is a multifunctional
nanomaterial with significant potential in tumor
therapy. However, it faces several -challenges,
including difficulties in controlling pore size,
structural instability during functionalization, poor in
vivo stability, unverified biocompatibility, imprecise
drug release regulation, and insufficient imaging
targeting. Addressing these limitations through
precise synthesis and surface functionalization
techniques could enable better control over pore size,
structure, and functionalization, thereby enhancing
material performance. Additionally, incorporating
protective layers or polymers to improve in vivo
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stability, conducting thorough biocompatibility
studies, optimizing drug-loading efficiency, and
implementing targeted modifications could further
advance its applications in drug delivery and cancer
therapy. With continued research, ZIF-8 holds
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Application of other Zn?* materials in tumor
treatment

Beyond the previously discussed conventional
Zn-based materials, Zn?>* demonstrates therapeutic
potential through alternative modalities. Zn-based
single-atom nanozymes (SAzymes) demonstrate
exceptional  biocompatibility and have been
extensively investigated for their potential diagnostic

and therapeutic applications [157]. The fully occupied
3d° electron configuration of Zn?* imparts enhanced
stability and biocompatibility. However, this
electronic configuration limits Zn?* electron mobility
and catalytic activity in Fenton-like reactions.
Typically, the catalytic center's coordination
environment can be optimized through modification
of the primary or secondary coordination spheres in
metal single-atom sites by incorporating heteroatoms
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or creating carbon vacancies [158]. Furthermore,
synergistic interactions among multiple catalytic
centers significantly contribute to enhanced catalytic
performance. Zhang et al. [159] prepared boron-doped
Zn-based SAzymes (Zn-SAs@BNCx, x=800, 900, 1000,
and 1100 °C) by carbonizing zeolite-like Zn-based
imidazolium-boron skeletons at different
temperatures. (Figure 10A). The formation of B-N
bonds generates a localized electric field, modulates
the d-band center position, and facilitates Zn—N—B
electron transfer, consequently enhancing the Zn?*
oxidation state (Figure 10B). These modifications
enhance H,O, and O, adsorption and activation by
Zn-SAs@BNC1000, thereby boosting its multi-enzyme
catalytic activity. Boron doping enhances the catalytic
efficiency (Kcat/Km) of Zn-SAs@BNC1000, endowing
it with 24.81-, 3237-, and 13.98-fold higher
peroxidase-, oxidase-, and catalase-like activities,
respectively, compared to the undoped counterpart,
compared to the undoped material. Furthermore,
Zn-SAs@BNC1000 demonstrated significant
tumor-killing ability both in vive and ex vivo. (Figure
10C). Li et al. [160] designed an atom pair engineering
of Zn-SA/CNCI-SAzyme by simultaneously
constructing a Zn-N4 site as a catalytic site and a
Zn-N4C(l1 site as a catalytic modulator. The Zn-N,Cl,
catalytic modulator enhances H,O, adsorption and
facilitates Zn-N, catalytic center re-exposure,
consequently accelerating reaction kinetics. This
SAzyme also demonstrates significant peroxidase-like
activity and effectively suppresses tumor growth in
both in vitro and in vivo settings.

Zn?*, owing to its cationic nature, can form
chelation complexes with diverse therapeutic agents.
This chelation not only modulates the spatial
conformation of drug molecules but also improves
their stability and bioavailability, consequently
enabling targeted therapeutic outcomes. Wang et al.
[161] fabricated mnanostructures with distinct
morphologies via coordination-driven self-assembly
of metal ions (Zn?*, Fe?*, Mg?") with l-phenylalanine.
They demonstrated that Ph-Zn nanosheets exhibited
superior cellular uptake efficiency, with significantly
enhanced internalization in dendritic cells (DCs)
following short-term starvation (STS) treatment
compared to other groups. Ph-Zn nanosheets
effectively remodeled the immunosuppressive TME,
increasing tumor-infiltrating DCs and CD8* T cell
populations while elevating intratumoral cytokine
levels (TNF, IFNy, and IL-6), ultimately suppressing
tumor growth and inducing apoptosis. Zn?>* can also
undergo in situ chelation with therapeutic agents
within the tumor microenvironment. Zhang's team
designed  Zn?-doped  disulfide (DSF)-loaded
mesoporous silica nanoparticles (DSF@Zn-DMSN).
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Zn?* and DSF were released simultaneously in the
mildly acidic tumor microenvironment, forming toxic
Zn?* chelates via an in situ chelation reaction. These
complexes induce significant apoptosis, generate
DAMPs, and activate autophagy-mediated DAMP
release, thereby enhancing ICD [162]. Qiu et al. [163]
developed  zinc-liganded lipid nanoparticles
(A-Ca0O,-Zn-LNP), which co-delivered CaO, and the
STING agonist diABZI-2 with a DPA-containing
lipid-liganded skeleton and Zn?* was released to
synergize with calcium overload in inducing
immunogenic cell death while chelating diABZI-2
activates the cGAS-STING pathway, and combines
with CaO, to alleviate the acidity and hypoxia of the
tumor microenvironment, remodels the immuno-
suppressive  microenvironment, and enhances
anti-tumor immunity and long-term memory. Yang et
al. [164] designed zinc cyclic di-AMP nanoparticles
(ZnCDA), which encapsulate the STING agonist cyclic
di-adenosine monophosphate (CDA) through zinc ion
nanocoordination polymers to prolong the CDA cycle
time and target tumors efficiently. ZnCDA can
destroy tumor vascular endothelial cells and enhance
its accumulation in tumor cells, and can also target
tumor-associated macrophages to regulate their
antigen processing and presentation capabilities.
Chelation-based  strategies provide innovative
therapeutic approaches for disease management. In
addition, Zn?" has applications in gene therapy, where
Zn?" stabilizes the catalytic core structure of the
DNAzyme through coordination, binds to the
phosphoric acid backbone or base to neutralize the
negative charge, and facilitates the folding of the
DNAzyme into an active conformation, thereby
enhancing the efficiency of specific cleavage of the
target RNA [165, 166]. Wu et al. [167] used Zn?* to
activate a DNA enzyme capable of cleaving glucose
transporter protein 1 (GLUT1) mRNA to induce
tumor-specific energy depletion through tumor
starvation therapy. Yao ef al. [168] constructed a
Mn/Zn bimetallic MOF (PMZH nanoplatform) that
releases Zn?* under acidic conditions in the tumor
microenvironment to activate the CRISPR plasmid
and reverse T-cell depletion through modulation of
the cGAS-STING pathway, as well as to induce ROS
generation to synergistically kill tumor cells.

Zinc ions demonstrate therapeutic potential not
only as monotherapies but also through synergistic
combinations with other metal ions, yielding
outcomes that surpass their individual effects.
PANoptosis represents a recently identified
programmed cell death mechanism that integrates
features of multiple cell death pathways, including
pyroptosis, apoptosis, and necroptosis. This process
incorporates key elements from multiple cell death
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pathways, and involves diverse molecular activation
events and a complex regulatory signaling network
orchestrated by the PANoptosome complex [169].
This mechanism can initiate a robust inflammatory
response and release DAMPs, consequently activating
systemic anti-tumor immunity [170]. Building on this
concept, Cheng et al. [171] developed hydrated
hyaluronic  acid (HHA)-modified = Zn-CuO:
nanoparticles (HZCO) (Figure 10E). The bioactive
HZCO nanoparticles facilitate targeted delivery of
Cu?" and Zn?*. Cu?* displaces Zn?* from MT, elevating
intracellular free Zn?* levels. This leads to Zn?*
overload and subsequent mitochondrial dysfunction.
In vitro studies demonstrate that this combination
simultaneously cleaves pyroptosis-related proteins
(caspase-1 and GSDMD) and apoptosis-related
proteins (caspase-3/7/8) while inducing
phosphorylation of mnecroptosis-related proteins
(RIPK1 and MLKL). Formation of ASC specks is
observed, with co-localization of RIPK1, caspase-8,
and caspase-1, confirming PANoptosome assembly
(Figure 10F). In wvivo studies reveal enhanced
therapeutic efficacy of the Zn?*/Cu?" combination in
tumor treatment (Figure 10G). In the 4T1 breast cancer
mouse model, Zn?'/Cu?based HZCO nanoparticles
demonstrate superior tumor growth inhibition
compared to Zn?* or CuO; alone, and are evidenced
by reduced tumor cell proliferation (decreased Ki-67
expression) and increased apoptosis (enhanced
TUNEL fluorescence) (Figure 10H). Similar
broad-spectrum antitumor effects are observed in
CT26 and B16F10 subcutaneous tumor models. These
findings demonstrate that coordinated apoptosis-
pyroptosis integration effectively eliminates tumor
cells while eliciting robust immune responses.
Building on similar principles, Cheng et al. [172]
developed zinc-nickel hydroxide (ZnNi(OH),)
nanosheets. Ni?* and Zn?* induce paraptosis and
pyroptosis respectively, and their combination
establishes a paraptosis-pyroptosis positive feedback
loop through synergistic interactions. Ni?* amplifies
Zn?-induced pyroptosis through dual mechanisms: (1)
paraptosis induction reduces cellular resistance to
Zn?-mediated pyroptosis, and (2) increased
intracellular free Zn?>" concentrations trigger
pyroptotic cell death via Zn?* overload. This dual
mechanism effectively eliminates tumor cells and
stimulates robust inflammatory responses, enhancing
antitumor immunity and immunotherapy efficacy.

Conclusion and Prospects

Zn?* plays key roles in cellular metabolism,
signaling and oxidative stress regulation. Their
metabolic regulatory functions are closely related to
the survival and drug resistance mechanisms of
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tumor cells. In this paper, we comprehensively review
the progress of the mechanism of action and
application of Zn?" and their nanomaterials in tumor
therapy. In recent years, Zn-based nanomaterials (e.g.,
ZnQO,, ZnO, ZIF-8, ZnS, etc.) have shown considerable
potential in cancer therapy due to their unique
physicochemical properties and TME responsiveness.
These materials not only target the release of Zn?* to
interfere with tumor energy metabolism, but also
significantly enhance therapeutic efficacy by inducing
oxidative stress, activating the immune response, and
synergizing with other therapies (photodynamic,
acoustic, and immunotherapeutic). Despite significant
progress in laboratory studies, the clinical translation
of these materials still faces complex challenges.
Firstly, balancing biocompatibility and toxicity is
the core issue for the clinical translation of Zn-based
nanomaterials.  The  toxicity = of  zinc-based
nanomaterials (e.g., ZnO, ZIF-8) is closely related to
their ~morphology, size and environmental
transformation. It has been shown that ZnO
nanomaterials with different structures (e.g.,
nanoparticles,  short/long  nanorods)  exhibit
differentiated biological effects, and their toxicity
mechanism mainly involves size-dependent cellular
uptake, ROS generation, and sulfation and other
environmental transformation processes. Their
biosafety can be effectively enhanced by surface
modification (e.g, NAC retardation), composite
construction and precise size regulation. Studies on
the safe dosage of zinc-based nanomaterials are still
relatively limited, and results from different studies
vary. Zinc-based nanomaterials have a promising
application in tumor therapy, and although there is a
lack of successful clinical trial cases, a large number of
preclinical studies have demonstrated that zinc-based
nanomaterials have great potential for cancer
diagnosis, targeted drug delivery and therapy.
Second, the pronounced heterogeneity of the
tumor microenvironment presents significant chal-
lenges for the targeted delivery and tissue penetration
of Zn-based nanomaterials. Tumor regions frequently
demonstrate characteristic features including acidic
pH, hypoxic conditions, and elevated interstitial
pressure, which can compromise nanoparticle
stability and induce premature drug release or
functional inactivation. For instance, the dense ECM
can impede nanomaterial penetration into deeper
tumor regions, thereby limiting therapeutic efficacy to
superficial areas. Furthermore, the antioxidant
defense systems of tumor cells, such as overex-
pression of glutathione due to metabolic reprogram-
ming (e.g., the Warburg effect), may attenuate the
oxidative stress effects induced by Zn2?*". Designing
intelligent nanocarriers that can actively adapt to
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microenvironmental changes, such as enzyme-
responsive or mechanically driven penetration
strategies, is key to improving therapeutic efficacy.
Third, the long-term stability and controlled
degradability of Zn-based materials require
substantial ~optimization. Numerous Zn-based
nanomaterials (e.g., ZIF-8, ZnO,) undergo structural
disintegration =~ under physiological conditions
through biomolecule adsorption or ion exchange
processes, resulting in premature Zn?" release. This
phenomenon not only diminishes therapeutic efficacy
but may also promote drug resistance development.
For instance, although ZIF-8's rapid degradation in
acidic microenvironments facilitates targeted drug
release, its degradation byproducts may disrupt the
tumor immune microenvironment by promoting
infiltration of immunosuppressive cells, such as M2
macrophages. Furthermore, inadequate nanomaterial
stability in systemic circulation can cause nonspecific
biodistribution and elevated off-target effects. The
development of composite coatings (e.g., biomimetic
cell membrane modifications) or cross-linked

architectures could extend material circulation
half-life while enabling spatiotemporal
responsiveness.

Finally, significant technical challenges remain
in achieving effective integration of mechanisms for
multimodal synergistic therapy. While Zn-based
nanomaterials are frequently integrated with
photothermal therapy, sonodynamic therapy, or
immunotherapy to enhance therapeutic outcomes, the
spatiotemporal synergistic mechanisms among these
modalities remain incompletely understood. For
instance, photothermal therapy may aggravate tumor
hypoxia, thereby compromising the effectiveness of
oxygen-dependent sonodynamic therapy. Moreover,
Zn*induced  immune  activation may  be
counterbalanced by immune cell toxicity when
combined with chemotherapeutic agents.
Furthermore, the absence of standardized dosing
protocols and temporal coordination among
therapeutic modalities may result in inconsistent
efficacy and cumulative adverse effects. Future
research should focus on leveraging computational
modeling and real-time monitoring technologies to
develop dynamic treatment regulation systems,
enabling genuine precision synergy.

Building on  these challenges, future
development of Zn-based nanomaterials should focus
on advanced material modification and delivery
strategies. pH-responsive polymer coatings such as
poly (B-amino ester) could enable tumor-specific Zn?*
release while minimizing systemic exposure. Cell
membrane camouflage techniques utilizing platelet or
cancer cell membranes may enhance tumor targeting
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through natural homing mechanisms while extending
circulation half-life. For improved tissue penetration,
enzyme-responsive surface modifications combined
with size-reducing strategies could facilitate deeper
tumor penetration. The integration of real-time
monitoring components like MRI contrast agents
would allow for treatment guidance and dose
optimization. Furthermore, the development of
dual-responsive systems combining pH and redox
sensitivity could achieve spatiotemporal control of
Zn?" release, while zwitterionic coatings may help
balance material stability with microenvironmental
responsiveness. Zinc ions and their nanomaterials
show revolutionary therapeutic prospects in the field
of tumor metabolism intervention and redox
regulation  through  unique  multi-targeting
mechanisms of action, providing an important
direction for the development of a new generation of
precise anti-cancer strategies.

Abbreviations

ATP: Adenosine triphosphate; ROS: Reactive
oxygen speciesl; H,O,: hydrogen peroxide; GSH:
glutathione; PTT: Photothermal therapy; SDT:
Sonodynamic therapy; LDH: Lactate dehydrogenase;
a-KGDHC: a-ketoglutarate dehydrogenase; ETC:
Electron transport chain; O,™: superoxide anions; MT:
metallothionein;  EMT:  Epithelial-mesenchymal
transition; MMP: Mitochondrial membrane potential;
OH: hydroxyl radical; Cyc-c: Cytochrome c; TNF-a:
Tumor necrosis factor-a; GSDMD: Gasdermin D; ICD:
Immunogenic cell death; CDT: Chemodynamic
therapy; SiRNA: Small interfering RNA; GPX4:
Glutathione peroxidase 4; EMC: Extracellular matrix;
WTp53: wild-type p53; HSPs: Heat shock proteins;

MDT: Molecular dynamic therapy; !O,: singlet
oxygen; HO2: superoxide  radicals;  NIR:
Near-infrared; PPDT: Piezo-photodynamic therapy;
OXPHOS: Oxidative phosphorylation;, MWTT:
Microwave thermal therapy; MOFs: Metal-organic
frameworks; ZIF-8: Zeolitic Imidazolate
Framework-8.

Acknowledgments

This work was grateful by the financial support
from the National Natural Science Foundation of
China (82304425), the project of the Liaoning Province
Department of  Education (JYTQN2023321,
LJ212410163025), and the Doctoral Start-up
Foundation of Liaoning Province (2024-BS-071).

Competing Interests

The authors have declared that no competing
interest exists.

https://lwww.thno.org



Theranostics 2025, Vol. 15, Issue 15

References

1.

2.

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Faubert B, Solmonson A, DeBerardinis R]. Metabolic reprogramming and
cancer progression. Science. 2020; 368: eaaw5473.

Fendt S-M, Frezza C, Erez A. Targeting Metabolic Plasticity and Flexibility
Dynamics for Cancer Therapy. Cancer Discov. 2020; 10: 1797-1807

Gorrini C, Harris IS, Mak TW. Modulation of oxidative stress as an anticancer
strategy. Nat Rev Drug Discov. 2013; 12: 931-947.

Wang K, Jiang J, Lei Y, Zhou S, Wei Y, Huang C. Targeting Metabolic-Redox
Circuits for Cancer Therapy. Trends Biochem Sci. 2019; 44: 401-414.

Hambley TW. CHEMISTRY: Metal-Based Therapeutics. Science. 2007; 318:
1392-1393.

Pei Z, Li L, Yang N, Sun S, Jiang N, Cheng L. Bioactive metal-based
nanomedicines for boosting anti-tumor immunity: Advance, challenge, and
perspective. Coord Chem Rev. 2024; 517: 215969.

GuY, Lin S, Wu Y, Xu P, Zhu W, Wang Y, et al. Targeting STING Activation
by Antigen-Inspired MnO2 Nanovaccines Optimizes Tumor Radiotherapy.
Adv Healthc Mater. 2023; 12: 2300028

Kang Y, Xu L, Dong J, Huang Y, Yuan X, Li R, et al. Calcium-based
nanotechnology for cancer therapy. Coord Chem Rev. 2023; 481: 0010-8545.
Kambe T, Tsuji T, Hashimoto A, Itsumura N. The Physiological, Biochemical,
and Molecular Roles of Zinc Transporters in Zinc Homeostasis and
Metabolism. Physiol Rev. 2015; 95: 749-784.

Zhaoxu M, Xiaoshu Z, Hongyan T, He L. Zinc-enriched nanosystem for dual
glycolysis regulation and photothermal therapy to synergistically inhibit
primary melanoma and lung metastasis. Chem Eng J. 2022; 435: 134781.
Dineley KE, Votyakova TV, Reynolds IJ. Zinc inhibition of cellular energy
production: implications for mitochondria and neurodegeneration. J
Neurochem. 2003; 83: 563-570.

Brown AM, Kristal BS, Effron MS, Shestopalov Al, Ullucci PA, Sheu KF, et al.
Zn2+ inhibits alpha-ketoglutarate-stimulated mitochondrial respiration and
the isolated alpha-ketoglutarate dehydrogenase complex. J Biol Chem. 2000;
275:13441-13447.

Kim B, Lee W-W. Regulatory Role of Zinc in Immune Cell Signaling. Mol
Cells. 2021; 44: 335-341.

Baltaci AK, Yuce K, Mogulkoc R. Zinc Metabolism and Metallothioneins. Biol
Trace Elem Res. 2017; 183: 22-31.

Hiibner C, Haase H. Interactions of zinc- and redox-signaling pathways.
Redox Biol. 2021; 41: 101916

Korkola NC, Stillman M]J. Structural Role of Cadmium and Zinc in
Metallothionein Oxidation by Hydrogen Peroxide: The Resilience of Metal-
Thiolate Clusters. ] Am Chem Soc. 2023; 145: 6383-6397.

WangY, Gao F, Zhao L, Wu Y, Li C, Li H, et al. Enhancing cancer treatment via
“Zn2+ interference” with Zn-based nanomaterials. Coord Chem Rev. 2023;
500: 215535.

Zhang P, Ouyang Y, Sohn YS, Fadeev M, Karmi O, Nechushtai R, et al.
miRNA-Guided Imaging and Photodynamic Therapy Treatment of Cancer
Cells Using Zn(II)-Protoporphyrin IX-Loaded Metal-Organic Framework
Nanoparticles. ACS Nano. 2022; 16: 1791-1801

Lu Y, Chen Y, Hou G, Lei H, Liu L, Huang X, et al. Zinc-Iron Bimetallic
Peroxides Modulate the Tumor Stromal Microenvironment and Enhance Cell
Immunogenicity for Enhanced Breast Cancer Immunotherapy Therapy. ACS
Nano. 2024; 18: 10542-10556.

Zhou M, Liang S, Liu D, Ma K, Yun K, Yao J, et al. Manganese-Enriched Zinc
Peroxide Functional Nanoparticles for Potentiating Cancer Immunotherapy.
Nano Lett. 2023; 23: 10350-10359.

Qian J, Zhang W, Wei P, Yao G, Yi T, Zhang H, et al. Enhancing
Chemotherapy of p53-Mutated Cancer through Ubiquitination-Dependent
Proteasomal Degradation of Mutant p53 Proteins by Engineered ZnFe-4
Nanoparticles. Adv Funct Mater. 2020; 30: 2001994.

Wessels I, Fischer HJ, Rink L. Dietary and Physiological Effects of Zinc on the
Immune System. Annu Rev Nutr. 2021; 41: 133-175.

Maret, Jacob, Vallee, B L, Fischer, E H. Inhibitory sites in enzymes: zinc
removal and reactivation by thionein. Proc Natl Acad Sci USA. 1999; 96: 1936.
Huang L, Tepaamorndech S. The SLC30 family of zinc transporters - a review
of current understanding of their biological and pathophysiological roles. Asp
Mol Med. 2013; 34: 548-560.

Bafaro E, Liu Y, Xu Y, Dempski RE. The emerging role of zinc transporters in
cellular homeostasis and cancer. Signal Transduct Target Ther. 2017; 2: 17029.
Hennigar SR, Kelley AM, McClung JP. Metallothionein and Zinc Transporter
Expression in Circulating Human Blood Cells as Biomarkers of Zinc Status: a
Systematic Review. Adv Nutr. 2023; 7: 735-746.

Mason AZ, Perico N, Moeller R, Thrippleton K, Potter T, Lloyd D. Metal
donation and apo-metalloenzyme activation by stable isotopically labeled
metallothionein. Mar Environ Res. 2004; 58: 371-375.

Blackburn EH, Epel ES, Lin J. Human telomere biology: A contributory and
interactive factor in aging, disease risks, and protection. Science. 2015; 350:
1193-1198.

Chen B, Yu P, Chan WN, Xie F, Zhang Y, Liang L, et al. Cellular zinc
metabolism and zinc signaling: from biological functions to diseases and
therapeutic targets. Signal Transduct Target Ther. 2024; 9: 401-441.

Kaltenberg J, Plum LM, Ober-Blobaum JL, Honscheid A, Rink L, Haase H.
Zinc signals promote IL-2-dependent proliferation of T cells. Eur ] Immunol.
2010; 40: 1496-1503.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

7868

Nimmanon T, Ziliotto S, Ogle O, Burt A, Gee JMW, Andrews GK, et al. The
ZIP6/ZIP10 heteromer is essential for the zinc-mediated trigger of mitosis.
Cell Mol Life Sci. 2020; 78: 1781-1798.

Cheng X, Wang J, Liu C, Jiang T, Yang N, Liu D, et al. Zinc transporter
SLC39A13/ZIP13 facilitates the metastasis of human ovarian cancer cells via
activating Src/FAK signaling pathway. ] Exp Clin Cancer Res. 2021; 40: 199.
Liu M, Zhang Y, Yang J, Zhan H, Zhou Z, Jiang Y, et al. Zinc-Dependent
Regulation of ZEB1 and YAP1 Coactivation Promotes Epithelial-Mesenchymal
Transition Plasticity and Metastasis in Pancreatic Cancer. Gastroenterol. 2021;
160: 1771-1783.

Bendellaa M, Lelievre P, Coll J-L, Sancey L, Deniaud A, Busser B. Roles of zinc
in cancers: From altered metabolism to therapeutic applications. Int ] Cancer.
2023; 154: 7-20

Su X, Liu B, Wang W-J, Peng K, Liang B-B, Zheng Y, et al. Disruption of Zinc
Homeostasis by a Novel Platinum(IV)-Terthiophene Complex for Antitumor
Immunity. Angew Chem Int Ed Engl. 2022; 135: €202216917

Yang J, Zhang Z, Zhang Y, Ni X, Zhang G, Cui X, et al. ZIP4 Promotes Muscle
Wasting and Cachexia in Mice With Orthotopic Pancreatic Tumors by
Stimulating RAB27B-Regulated Release of Extracellular Vesicles From Cancer
Cells. Gastroenterol. 2018; 156: 722.

Michalczyk K, Cymbaluk-Ploska A. The Role of Zinc and Copper in
Gynecological Malignancies. Nutrients. 2020; 12: E3732

Wei X, Xie F, Zhou X, Wu Y, Yan H, Liu T, et al. Role of pyroptosis in
inflammation and cancer. Cell Mol Immunol. 2022; 19: 971-992.

Dineley KE, Richards LL, Votyakova TV, Reynolds IJ. Zinc causes loss of
membrane potential and elevates reactive oxygen species in rat brain
mitochondria. Mitochondrion. 2005; 5: 55-65.

Cheung EC, Vousden KH. The role of ROS in tumour development and
progression. Nat Rev Cancer. 2022; 22: 280-297.

Sun X, Zhou X, Shi X, Abed OA, An X, Lei YL, et al. Strategies for the
development of metalloimmunotherapies. Nat Biomed Eng. 2024; 8:
1073-1091.

Liu M-], Bao S, Galvez-Peralta M, Pyle CJ, Rudawsky AC, Pavlovicz RE, et al.
ZIP8 regulates host defense through zinc-mediated inhibition of NF-xB. Cell
Rep. 2013; 3: 386-400.

Du M, Chen Z]. DNA-induced liquid phase condensation of cGAS activates
innate immune signaling. Science. 2018; 361: 704-709.

Ranoa DRE, Widau RC, Mallon S, Parekh AD, Nicolae CM, Huang X, et al.
STING Promotes Homeostasis via Regulation of Cell Proliferation and
Chromosomal Stability. Cancer Res. 2018; 79: 1465-1479.

Ling Y, Liang X, Yan K, Zeng G, Zhu X, Jiang J, et al. Bimetallic Ca/Zn
Nanoagonist Remould the Immunosuppressive Hepatocellular Carcinoma
Microenvironment Following Incomplete Microwave Ablation via Pyroptosis
and the STING Signaling Pathway. Adv Sci. 2025; 12: €2500670.

Glorieux C, Liu S, Trachootham D, Huang P. Targeting ROS in cancer:
rationale and strategies. Nat Rev Drug Discov. 2024; 23: 583-606.

Yang Y, Fan H, Xu X, Yao S, Yu W, Guo Z. Zinc Ion-Induced Immune
Responses in Antitumor Immunotherapy. CCS Chemistry. 2024; 6: 2210-2229.
Krysko DV, Garg AD, Kaczmarek A, Krysko O, Agostinis P, Vandenabeele P.
Immunogenic cell death and DAMPs in cancer therapy. Nat Rev Cancer. 2012;
12: 860-875

Ju E, Dong K, Chen Z, Liu Z, Liu C, Huang Y, et al. Copper(II)-Graphitic
Carbon Nitride Triggered Synergy: Improved ROS Generation and Reduced
Glutathione Levels for Enhanced Photodynamic Therapy. Angew Chem Int
Ed Engl. 2016; 55: 11467-11471.

Ding H, Wei ], Fang L, Feng L, Gai S, He F, et al. A Multichannel Metabolic
Pathway Interference Strategy for Complete Energy Depletion-Mediated
Cancer Therapy. Adv Funct Mater. 2024; 34: 1.

Hojyo S, Fukada T. Roles of Zinc Signaling in the Immune System. ] Immunol
Res. 2016; 2016: 6762343.

Zuo W, Fan Z, Chen L, Liu J, Wan Z, Xiao Z, et al. Copper-based theranostic
nanocatalysts for synergetic photothermal-chemodynamic therapy. Acta
Biomater. 2022; 147: 258-269

Xu M, Liu Y, Luo W, Tan F, Dong D, Li W, et al. A Multifunctional
Nanocatalytic System Based on Chemodynamic-Starvation Therapies with
Enhanced Efficacy of Cancer Treatment. J Colloid Interface Sci. 2022; 630:
804-816.

Tianyi W, Fenglan Z, Carlos FG, Rui LR, Yaqian L, Yingshan Q, et al. Zn/Cu
Bi-Single-Atom Nanoplatform: Hexagonal Anti-Tumor Warrior by ROS
Amplification for DOX Resistance Reversal and Immune Activation. Adv
Funct Mater. 2024; 34: 1.

Hou S, Gao Y-E, Ma X, Lu Y, Li X, Cheng ], et al. Tumor microenvironment
responsive biomimetic copper peroxide nanoreactors for drug delivery and
enhanced chemodynamic therapy. Chem Eng J. 2021; 416: 129037.

Bi X, Bai Q Liang M, Yang D, Li S, Wang L, et al. Silver Peroxide
Nanoparticles for Combined Antibacterial Sonodynamic and Photothermal
Therapy. Small. 2021; 18: 2104160

Hu Y, Zhang H-R, Dong L, Xu M-R, Zhang L, Ding W-P, et al. Enhancing
tumor chemotherapy and overcoming drug resistance through
autophagy-mediated intracellular dissolution of zinc oxide nanoparticles.
Nanoscale. 2019; 11: 11789-11807.

Sun Y, Qin L, Yang Y, Gao J, Zhang Y, Wang H, et al. Zinc-Based ROS
Amplifiers Trigger Cancer Chemodynamic/Ion Interference Therapy Through
Self-Cascade Catalysis. Small. 2024; 20: €2402320.

https://lwww.thno.org



Theranostics 2025, Vol. 15, Issue 15

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

Lehvy Al, Horev G, Golan Y, Glaser F, Shammai Y, Assaraf YG. Alterations in
ZnT1 expression and function lead to impaired intracellular zinc homeostasis
in cancer. Cell Death Discov. 2019; 5: 144.

Kim B, Park J-H, Sailor MJ]. Rekindling RNAi Therapy: Materials Design
Requirements for In vivo siRNA Delivery. Adv Mater. 2019; 31: €1903637.
Jiang Y, Shao K, Zhang F, Wang T, Han L, Kong X, et al. “Block and attack”
strategy for tumor therapy through ZnO2/siRNA/NIR-mediating
Zn2+-overload and amplified oxidative stress. Aggregate. 2023; 4: e321.

Zhou X, Zhou A, Tian Z, Chen W, Xu Y, Ning X, et al. A Responsive
Nanorobot Modulates Intracellular Zinc Homeostasis to Amplify
Mitochondria-Targeted Phototherapy. Small. 2023; 19: €2302952.

Liu J, Wang E, Cheng Z, Gao Y, Chen C, Jia R, et al. Zinc alleviates
cadmium-induced reproductive toxicity via regulating ion homeostasis,
metallothionein expression, and inhibiting mitochondria-mediated apoptosis
in the freshwater crab Sinopotamon henanense. Ecotoxicol Environ Saf. 2023;
262:115188.

Meng X, Lu Z, Zhang L, Wang Z. A pH/ATP-responsive nanomedicine via
disrupting multipath homeostasis of ferroptosis for enhanced cancer therapy.
Chem Eng J. 2023; 457: 141313.

Meng X, Lu Z, Zhang L, Wang Z. A pH/ATP-responsive nanomedicine via
disrupting multipath homeostasis of ferroptosis for enhanced cancer therapy.
Chem Eng J. 2023; 1863: 2202-2209.

Jin Y, Huang Y, Ren H, Huang H, Lai C, Wang W, et al. Nano-enhanced
immunotherapy: Targeting the immunosuppressive tumor
microenvironment. Biomaterials. 2024; 350: 122463.

Wang R, Yin C, Liu C, Sun Y, Xiao P, Li J, et al. Phenylboronic Acid
Modification Augments the Lysosome Escape and Antitumor Efficacy of a
Cylindrical Polymer Brush-Based Prodrug. ] Am Chem Soc. 2021; 143:
20927-20938.

Ziwei H, Haixin T, Yicheng Y, Wenxin X, Junbin G, Lu L, et al. NIR-Actuated
Ferroptosis Nanomotor for Enhanced Tumor Penetration and Therapy. Adv
Mater. 2024; 36: 2412227

Aubrey BJ, Kelly GL, Janic A, Herold M]J, Strasser A. How does p53 induce
apoptosis and how does this relate to p53-mediated tumour suppression? Cell
Death Differ. 2017; 25: 104-113.

Lin L-S, Wang J-F, Song ], Liu Y, Zhu G, Dai Y, et al. Cooperation of
endogenous and exogenous reactive oxygen species induced by zinc peroxide
nanoparticles to enhance oxidative stress-based cancer therapy. Theranostics.
2019; 9: 7200-7209.

Billingham LK, Stoolman JS, Vasan K, Rodriguez AE, Poor TA, Szibor M, et al.
Mitochondrial electron transport chain is necessary for NLRP3 inflammasome
activation. Nat Immunol. 2022; 23: 692-704.

Horning K], Caito SW, Tipps KG, Bowman AB, Aschner M. Manganese Is
Essential for Neuronal Health. Annu Rev Nutr. 2015; 35: 71-108.

Wang J, Qu C, Shao X, Song G, Sun J, Shi D, et al. Carrier-free nanoprodrug for
p53-mutated tumor therapy via concurrent delivery of zinc-manganese dual
ions and ROS. Bioact Mater. 2022; 20: 404-417.

Ou ], Tian H, Wu ], Gao ], Jiang ], Liu K, et al. MnO2-Based Nanomotors with
Active Fenton-like Mn2+ Delivery for Enhanced Chemodynamic Therapy.
ACS Appl Mater Interfaces. 2021; 13: 38050-38060.

Wang C, Guan Y, Lv M, Zhang R, Guo Z, Wei X, et al. Manganese Increases
the Sensitivity of the cGAS-STING Pathway for Double-Stranded DNA and Is
Required for the Host Defense against DNA Viruses. Immunity. 2018; 48:
675-687.

Zheng P, Ding B, Zhu G, Wang M, Li C, Lin J. Biodegradable hydrogen
peroxide nanogenerator for controllable cancer immunotherapy via
modulating cell death pathway from apoptosis to pyroptosis. Chem Eng J.
2022; 450: 137967.

Cuadrado CF, Lagos K], Stringasci MD, Bagnato VS, Romero MP. Clinical and
pre-clinical advances in the PDT/PTT strategy for diagnosis and treatment of
cancer. Photodiagnosis Photodyn Ther. 2024; 50: 104387.

Qiao Y, Jia X, Wang Y, Liu L, Zhang M, Jiang X. Polydopamine-encapsulated
zinc peroxide nanoparticles to target the metabolism-redox circuit against
tumor adaptability for mild photothermal therapy. Nanoscale Horiz. 2024; 9:
1002-1012.

Tang Z-M, Liu Y-Y, Ni D-L, Zhou J-J, Zhang M, Zhao P-R, et al. Biodegradable
Nanoprodrugs: "Delivering" ROS to Cancer Cells for Molecular Dynamic
Therapy. Adv Mater. 2019; 32: e1904011

Zhang D-Y, Huang F, Ma Y, Liang G, Peng Z, Guan S, et al. Tumor
Microenvironment-Responsive  Theranostic Nanoplatform for Guided
Molecular Dynamic/Photodynamic Synergistic Therapy. ACS Appl Mater
Interfaces. 2021; 13: 17392-17403.

Wang J, Gao S, Wang S, Xu Z, Wei L. Zinc oxide nanoparticles induce toxicity
in CAL 27 oral cancer cell lines by activating PINK1/Parkin-mediated
mitophagy. Int ] Nanomedicine. 2018; 13: 3441-3450.

Rasmussen JW, Martinez E, Louka P, Wingett DG. Zinc oxide nanoparticles
for selective destruction of tumor cells and potential for drug delivery
applications. Expert Opin Drug Deliv. 2010; 7: 1063-1077

He G, Nie J-J, Liu X, Ding Z, Luo P, Liu Y, et al. Zinc oxide nanoparticles
inhibit osteosarcoma metastasis by downregulating (-catenin via
HIF-1a/BNIP3/LC3B-mediated mitophagy pathway. Bioact Mater. 2022; 19:
690-702.

Wiesmann N, Tremel W, Brieger J. Zinc oxide nanoparticles for therapeutic
purposes in cancer medicine. ] Mater Chem B. 2020; 8: 4973-4989.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

7869

Luo L, Zhang Q, Luo Y, He Z, Tian X, Battaglia G. Thermosensitive
nanocomposite gel for intra-tumoral two-photon photodynamic therapy. J
Controlled Release. 2019; 298: 99-109.

Lei Z, Ling X, Mei Q, Fu S, Zhang J, Zhang Y. An Excitation Navigating Energy
Migration of Lanthanide Ions in Upconversion Nanoparticles. Adv Mater.
2020; 32: 0935-9648.

Wang J, Liu M, Wang J, Li Z, Feng Z, Xu M, et al. Zinc oxide nanoparticles
with catalase-like nanozyme activity and near-infrared light response: A
combination of effective photodynamic therapy, autophagy, ferroptosis, and
antitumor immunity. Acta Pharm Sin B. 2024; 14: 4493-4508.

Shao X, Li B, Zhang B, Shao L, Wu Y. Au@ZnO core-shell nanostructures with
plasmon-induced visible-light photocatalytic and photoelectrochemical
propertiest. Inorg Chem Front. 2016; 3: 934-943.

Kang SW, Deshmukh PR, Sohn Y, Shin WG. Plasmonic gold sensitization of
ZnO nanowires for solar water splitting. Mater Today Commun. 2019; 21:
100675.

Zhou N, Yan R, Wang X, Fu J, Zhang J, Li Y, et al. Tunable thickness of
mesoporous ZnO-coated metal nanoparticles for enhanced visible-light driven
photoelectrochemical water splitting. Chemosphere. 2021; 270: 129679

Zhang Y, Lei P, Zhu X, Zhang Y. Full shell coating or cation exchange
enhances luminescence. Nat Commun. 2021; 12: 6178.

Wang F, Wang B, You W, Chen G, You Y-Z. Integrating Au and ZnO
nanoparticles onto graphene nanosheet for enhanced sonodynamic therapy.
Nano Res. 2022; 15: 1-11.

Dong S, Huang Y, Yan H, Tan H, Fan L, Chao M, et al. Ternary
heterostructure-driven photoinduced electron-hole separation enhanced
oxidative  stress for triple-negative  breast cancer therapy. ]
Nanobiotechnology. 2024; 22: 240.

Wu W, Wang ZL. Piezotronics and piezo-phototronics for adaptive electronics
and optoelectronics. Nat Rev Mater. 2016; 1: 16031.

Lihan C, Tao S, Fuping H, Han Z, Jiyu Z, Qiao H, et al. Degradable and
Piezoelectric Hollow ZnO Heterostructures for Sonodynamic Therapy and
Pro-Death Autophagy. ] Am Chem Soc. 2024; 146: 4188-34198.

Han Q, Fang Z, Lin R, Chen ], Wei X, Gong C, et al. Piezo-photodynamic
therapy of Au@PEG-ZnO nanostructures enabled with a battery-free wireless
cancer therapeutic dot. Nano Energy. 2024; 125: 109530.

Bijiang G, Shirui Z, Xue Y, Wenyan S, Ping L, Dengyu P, et al. Cu2-xO@TiO2-y
Z-scheme heterojunctions for sonodynamic-chemodynamic combined tumor
eradication. Chem Eng J. 2022; 435: 134777.

Chen Y, Xue Q, Luo W, Sun Y, Zhang X, Lu D, et al. Sol-Gel-Derived
Biodegradable Er-Doped ZnO/Polyethylene Glycol Nanoparticles for Cell
Imaging. ACS Appl Nano Mater. 2022; 5: 7103-7112.

LiY, Li W, Liu Y, Liu J, Yuan X, Zhang J, et al. Defect-rich platinum-zinc oxide
heterojunction as a potent ROS amplifier for synergistic sono-catalytic
therapy. Acta Biomater. 2023; 171: 543-552.

Quan Truong H, Vasanthan R, Thuy Giang Nguyen C, Ji Hee K, Young Tag K,
Tae Il L, et al. Piezoelectric Au-decorated ZnO nanorods: Ultrasound-triggered
generation of ROS for piezocatalytic cancer therapy. Chem Eng J. 2022; 435:
135039.

Zhang Y, Wang S, Zhao Y, Ding Y, Zhang Z, Jiang T, et al. Piezo-phototronic
effect boosted catalysis in plasmonic bimetallic ZnO heterostructure with
guided fermi level alignment. Mater Today Nano. 2022; 18: 100177

Ma Y, Cao Y, Zu M, Gao Q, Liu G, Ji J, et al. Flying-Saucer-Shaped
Nanoheterojunctions with Enhanced Colorectal Tumor Accumulation for
Increased Oxidative Stress and Immunometabolic Regulation. Adv Funct
Mater. 2024; 34: 1

TuS, Guo Y, Zhang Y, Hu C, Zhang T, Ma T, et al. Piezocatalysis and Piezo-
Photocatalysis: Catalysts Classification and Modification Strategy, Reaction
Mechanism, and Practical Application. Adv Funct Mater. 2020; 30: 1-31.

Tian B, Tian R, Liu S, Wang Y, Gai S, Xie Y, et al. Doping Engineering to
Modulate Lattice and Electronic Structure for Enhanced Piezocatalytic
Therapy and Ferroptosis. Adv Mater. 2023; 35: e2304262.

Yang T, Fruergaard AS, Winther AK, Zelikin AN, Chandrawati R. Zinc Oxide
Particles Catalytically Generate Nitric Oxide from Endogenous and
Exogenous Prodrugs. Small. 2020; 16: €1906744.

Xu Z, Luo Q, He Y, He Y, Zhang X, Wang J, et al. Endogenous Nitric Oxide
Releases In situ for RNS/ROS Synergistic Cancer Therapy. Adv Funct Mater.
2024;34: 1

Pal S, Sharma A, Mathew SP, Jaganathan BG. Targeting cancer-specific
metabolic pathways for developing novel cancer therapeutics. Front Immunol.
2022; 13: 955476

Kim S-Y. Cancer Energy Metabolism: Shutting Power off Cancer Factory.
Biomol Ther. 2018; 26: 39-44.

Yinying P, Wencheng W, Bangguo Z, Huijing X, Jifeng Y, Haohao Y, et al.
Starvation therapy enabled “switch-on” NIR-II photothermal nanoagent for
synergistic in situ photothermal immunotherapy. Nano Today. 2022; 44:
101461.

Gao J, Wang Z, Guo Q, Tang H, Wang Z, Yang C, et al.
Mitochondrion-targeted ~ supramolecular ~ “nano-boat”  simultaneously
inhibiting dual energy metabolism for tumor selective and synergistic
chemo-radiotherapy. Theranostics. 2022; 12: 1286-1302.

Fu Z, Du H, Meng S, Yao M, Zhao P, Li X, et al. Tumor-targeted
dual-starvation therapy based on redox-responsive micelle nanosystem with
co-loaded LND and BPTES. Materials Today Bio. 2022; 16: 100449.

https://lwww.thno.org



Theranostics 2025, Vol. 15, Issue 15

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

Wang Y, Yang T, He Q. Strategies for engineering advanced nanomedicines
for gas therapy of cancer. Natl Sci Rev. 2020; 7: 1485-1512.

Ding H, Chang J, He F, Gai S, Yang P. Hydrogen Sulfide: An Emerging
Precision Strategy for Gas Therapy. Adv Healthc Mater. 2021; 11: €21019.
Szabo C, Papapetropoulos A. International Union of Basic and Clinical
Pharmacology. CII: Pharmacological Modulation of H2S Levels: H2S Donors
and H2S Biosynthesis Inhibitors. Pharmacogn Rev. 2017; 167: 447-457.

Sun Z,Shao Y, Yan K, Yao T, Liu L, Sun F, et al. The Link between Trace Metal
Elements and Glucose Metabolism: Evidence from Zinc, Copper, Iron, and
Manganese-Mediated Metabolic Regulation. Metabolites. 2023; 13: 1048.
Ngowi EE, Afzal A, Sarfraz M, Khattak S, Zaman SU, Khan NH, et al. Role of
hydrogen sulfide donors in cancer development and progression. Int J Biol Sci.
2021;17: 73-88.

Yifan Y, Zifan P, Chengyu H, Yixuan S, Qinyuan ], Hongfei Y, et al. A potent
nano-strategy for dual energy deprivation to inhibit pancreatic cancer
progression. Nano Today. 2024; 59: 102528.

Kwon J, Bakhoum SF. The Cytosolic DNA-Sensing cGAS-STING Pathway in
Cancer. Cancer Discov. 2020; 10: 26-39.

Zhang H, Liu R, Wan P, You X, Li S, Liu Z, et al. Targeting tumor energy
metabolism via simultaneous inhibition of mitochondrial respiration and
glycolysis using biodegradable hydroxyapatite nanorods. Colloids Surf B
Biointerfaces. 2023; 226: 113330.

Qin Q, Yang M, Shi Y, Cui H, Pan C, Ren W, et al. Mn-doped Ti-based MOFs
for magnetic resonance imaging-guided synergistic microwave thermal and
microwave dynamic therapy of liver cancer. Bioact Mater. 2023; 27: 72-81
Zhang Y, Yue T, Gu W, Liu A, Cheng M, Zheng H, et al. pH-responsive
hierarchical H2S-releasing nano-disinfectant with deep-penetrating and
anti-inflammatory properties for synergistically enhanced eradication of
bacterial biofilms and wound infection. ] Nanobiotechnology. 2022; 20: 1-18

Li S, Chen Z, Guo W, Tan L, Wu Q, Ren X, et al. H2S-Mediated Gas Therapy
and HSP90 Downregulation Synergically Enhance Tumor Microwave Thermal
Therapy. Adv Funct Mater. 2024; 34: 1

Xiuping Z, Lihua W, Xianheng C, Chunyu L, Yuanbo W, Rong L, et al. Light-
Directed Self-Powered Metal-Organic Framework Based Nanorobots for Deep
Tumor Penetration. Adv Mater. 2024: e241512.

Niu R, Liu Y, Xu B, Deng R, Zhou S, Cao Y, et al. Programmed Targeting
Pyruvate Metabolism Therapy Amplified Single-Atom Nanozyme-Activated
Pyroptosis for Immunotherapy. Adv Mater. 2024; 36: €2312124.

Xia C, Wu A, Jin Z, Zeng L, Jiang L, Xu Q, et al. Mesocrystalline ZnS
nanoparticles-augmented sonocatalytic full water splitting into H2/0O2 for
immunoactivating deep tumor. Biomaterials. 2023; 296: 122090.

Lv G, Guo W, Zhang W, Zhang T, Li S, Chen S, et al. Near-Infrared Emission
CulnS/ZnS Quantum Dots: All-in-One Theranostic Nanomedicines with
Intrinsic Fluorescence/Photoacoustic Imaging for Tumor Phototherapy. ACS
Nano. 2016; 10: 9637-9645.

Wang H, Pei X, Kalmutzki MJ, Yang J, Yaghi OM. Large Cages of Zeolitic
Imidazolate Frameworks. Acc Chem Res. 2022; 55: 707-721.

Shearier E, Cheng P, Bao ], Hu YH, Zhao F. Surface Defection Reduces
Cytotoxicity of Zn(2-methylimidazole)2 (ZIF-8) without Compromising its
Drug Delivery Capacity. RSC Adv. 2015; 55: 707-721.

Zhang G, Fu X, Sun H, Zhang P, Zhai S, Hao ], et al. Poly(ethylene
glycol)-Mediated Assembly of Vaccine Particles to Improve Stability and
Immunogenicity. ACS Appl Mater Interfaces. 2021; 13: 13978-13989.

Akhtar H, Amara U, Mahmood K, Hanif M, Khalid M, Qadir S, et al. Drug
carrier wonders: Synthetic strategies of zeolitic imidazolates frameworks
(ZIFs) and their applications in drug delivery and anti-cancer activity. Adv
Colloid Interface Sci. 2024; 329: 103184.

Wang L, Zhang G, Sun Y, Wu Z, Ren C, Zhang Z, et al. Enhanced Delivery of
TLR7/8 Agonists by Metal-Organic Frameworks for Hepatitis B Virus Cure.
ACS Appl Mater Interfaces. 2022; 14: 46176-46187.

Zhu W, Xu J, Yao X, Mai S, Shu D, Yang W. Metal-organic-framework-based
pyroptosis nanotuner with long blood circulation for augmented
chemotherapy. Biomater Sci. 2023; 11: 5918-5930.

SunS, He Y, Xu J, Leng S, Liu Y, Wan H, et al. Enhancing cell pyroptosis with
biomimetic nanoparticles for melanoma chemo-immunotherapy. J Controlled
Release. 2024; 367: 470-485.

Sun W, Wang H, Qi Y, Li M, Zhang R, Gao Z, et al. Metal-Phenolic Vehicles
Potentiate Cycle-Cascade Activation of Pyroptosis and cGAS-STING Pathway
for Tumor Immunotherapy. ACS Nano. 2024; 18: 23727-23740

Yuan X, Wu X, Xiong J, Yan B, Gao R, Liu S, et al. Hydrolase mimic via second
coordination sphere engineering in metal-organic frameworks for
environmental remediation. Nat Commun. 2023; 14: 5974.

Weng Y, Chen R, Hui Y, Chen D, Zhao C-X. Boosting Enzyme Activity in
Enzyme Metal-Organic Framework Composites. Chem & Bio Engineering.
2024; 1: 99-112.

Liangwen H, Hui W, Chang L, Zhuoyao W, Jinyan Y, Kexin B, et al.
Spatiotemporal Proximity-Enhanced Biocatalytic Cascades Within Metal-
Organic Frameworks for Wearable and Theranostic Applications. Adv Mater.
2024; 36: €2414050.

Gao L, Chen Q, Gong T, Liu J, Li C. Recent advancement of imidazolate
framework (ZIF-8) based nanoformulations for synergistic tumor therapy.
Nanoscale. 2019; 11: 21030-21045.

Ding B, Zheng P, Jiang F, Zhao Y, Wang M, Chang M, et al. MnOx Nanospikes
as Nanoadjuvants and Immunogenic Cell Death Drugs with Enhanced

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

7870

Antitumor Immunity and Antimetastatic Effect. Angew Chem Int Ed Engl.
2020; 132: 16523-16526.

Li J, Anraku Y, Kataoka K. Self-Boosting Catalytic Nanoreactors Integrated
with Triggerable Crosslinking Membrane Networks for Initiation of
Immunogenic Cell Death by Pyroptosis. Angew Chem Int Ed Engl. 2020; 59:
13526-13530.

Maonan W, Jingzhou Z, Hongjie X, Hongbing L, Hui J, Xuemei W. Advance of
nano anticancer therapies targeted on tumor-associated macrophages. Coord
Chem Rev. 2021; 446: 214126

Ding B, Chen H, Tan ], Meng Q, Zheng P, Ma Pa, et al. ZIF-8 Nanoparticles
Evoke Pyroptosis for High-Efficiency Cancer Immunotherapy. Angew Chem
Int Ed Engl. 2023; 135: 1-9.

Dai H, Yuan X, Jiang L, Wang H, Zhang ], Zhang ], et al. Recent advances on
ZIF-8 composites for adsorption and photocatalytic wastewater pollutant
removal: Fabrication, applications and perspective. Coord Chem Rev. 2021;
441: 213985.

Ren X, Han Y, Xu Y, Liu T, Cui M, Xia L, et al. Diversified strategies based on
nanoscale metal-organic frameworks for cancer therapy: The leap from
monofunctional to versatile. Coord Chem Rev. 2020; 431: 213676.

Fan G, Luo J, Guo L, Lin R, Zheng X, Snyder SA. Doping Ag/AgCl in zeolitic
imidazolate framework-8 (ZIF-8) to enhance the performance of
photodegradation of methylene blue. Chemosphere. 2018; 209: 44-52.

Thanh MT, Thien TV, Du PD, Hung NP, Khieu DQ. Iron doped zeolitic
imidazolate framework (Fe-ZIF-8): synthesis and photocatalytic degradation
of RDB dye in Fe-ZIF-8. ] Porous Mater. 2017; 25: 857-869

Chen X, Chen Y, Wang C, Jiang Y, Chu X, Wu F, et al. NIR-Triggered
Intracellular H+ Transients for Lamellipodia-Collapsed Antimetastasis and
Enhanced Chemodynamic Therapy. Angew Chem Int Ed Engl. 2021; 133:
22076-22081.

Li C, Ye ], Yang X, Liu S, Zhang Z, Wang ], et al. Fe/Mn Bimetal-Doped
ZIF-8-Coated Luminescent Nanoparticles with Up/Downconversion
Dual-Mode Emission for Tumor Self-Enhanced NIR-II Imaging and Catalytic
Therapy. ACS Nano. 2022; 16: 18143.

Tian Z, Yao X, Ma K, Niu X, Grothe J, Xu Q, et al. Metal-Organic
Framework/Graphene Quantum Dot Nanoparticles Used for Synergistic
Chemo- and Photothermal Therapy. ACS omega. 2017; 2: 1249-1258.
Lima-Sousa R, de Melo-Diogo D, Alves CG, Costa EC, Ferreira P, Louro RO, et
al. Hyaluronic acid functionalized green reduced graphene oxide for targeted
cancer photothermal therapy. Carbohydr Polym. 2018; 200: 93-99.

Lv C, Kang W, Liu S, Yang P, Nishina Y, Ge S, et al. Growth of ZIF-8
Nanoparticles In situ on Graphene Oxide Nanosheets: A Multifunctional
Nanoplatform for Combined Ion-Interference and Photothermal Therapy.
ACS Nano. 2022; 16: 11428-11443.

Wang X, Zhong X, Gong F, Chao Y, Cheng L. Newly developed strategies for
improving sonodynamic therapy. Mater Horiz. 2020; 7: 2028-2046.

Wang W, Pan X, Yang H, Wang H, Wu Q, Zheng L, et al. Bioactive Metal-
Organic Frameworks with Specific Metal-Nitrogen (M-N) Active Sites for
Efficient Sonodynamic Tumor Therapy. ACS Nano. 2021; 15: 20003-20012

Pan X, Wang W, Huang Z, Liu S, Guo J, Zhang F, et al. MOF-Derived
Double-Layer Hollow Nanoparticles with Oxygen Generation Ability for
Multimodal Imaging-Guided Sonodynamic Therapy. Angew Chem Int Ed
Engl. 2020; 59: 13557-13561.

Chen K, Zhou A, Zhou X, Liu Y, Xu Y, Ning X. An Intelligent Cell-Derived
Nanorobot Bridges Synergistic Crosstalk Between Sonodynamic Therapy and
Cuproptosis to Promote Cancer Treatment. Nano Lett. 2023; 23: 3038-3047.

Xu M, Hu Y, Ding W, Li F, Lin J, Wu M, et al. Rationally designed
rapamycin-encapsulated ZIF-8 nanosystem for overcoming chemotherapy
resistance. Biomaterials. 2020; 258: 120308.

Ma C-B, Xu Y, Wu L, Wang Q, Zheng J-J, Ren G, et al. Guided Synthesis of a
Mo/Zn Dual Single-Atom Nanozyme with Synergistic Effect and
Peroxidase-like Activity. Angew Chem Int Ed Engl. 2022; 61: 1-10.

Feng M, Zhang Q, Chen X, Deng D, Xie X, Yang X. Controllable synthesis of
boron-doped Zn-N-C single-atom nanozymes for the ultrasensitive
colorimetric detection of p-phenylenediamine. Biosens Bioelectron. 2022; 210:
114294.

Lin H, Xing-jie L, Yawen Z, Zijing Z, Yu H, Yi]J, et al. Fine-Tuning the d-Band
Center Position of Zinc to Increase the Anti-Tumor Activity of Single-Atom
Nanozymes. Adv Mater. 2024; 36: €2412368

Wei S, Ma W, Sun M, Xiang P, Tian Z, Mao L, et al. Atom-pair engineering of
single-atom nanozyme for boosting peroxidase-like activity. Nat Commun.
2024; 15: 1-12.

Tan M, Cao G, Wang R, Cheng L, Huang W, Yin Y, et al. Metal-ion-chelating
phenylalanine nanostructures reverse immune dysfunction and sensitize
breast tumour to immune checkpoint blockade. Nat Nanotechnol. 2024; 19:
1903-1913

Yang Y, Zhu Y, Wang K, Miao Y, Zhang Y, Gao ], et al. Activation of
autophagy by in situ Zn2+ chelation reaction for enhanced tumor
chemoimmunotherapy. Bioact Mater. 2023; 29: 116-131.

Qiu Q, Li J, Ren H, Zhang ], Liu G, Yang R, et al. Zinc Coordination Lipid
Nanoparticles Co-Delivering Calcium Peroxide and Chelating STING agonist
for Enhanced Cancer Metalloimmunotherapy. Small. 2024; 20: €2402308

Yang K, Han W, Jiang X, Piffko A, Bugno J, Han C, et al. Zinc cyclic di-AMP
nanoparticles target and suppress tumours via endothelial STING activation
and tumour-associated macrophage reinvigoration. Nat Nanotechnol. 2022;
17:1322-1331

https://lwww.thno.org



Theranostics 2025, Vol. 15, Issue 15

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

LiS, Zhang C, Xu X, Wang X, Ren H, Sun B, et al. Metal-based biomaterials for
cancer gene therapy. Coord Chem Rev. 2025; 538: 216720.

Jiexin L, He R, Yumiao Z. Metal-based nano-vaccines for cancer
immunotherapy. Coord Chem Rev. 2021; 454: 214345.

Wu S, Zhang K, Liang Y, Wei Y, An ], Wang Y, et al. Nano-enabled Tumor
Systematic Energy Exhaustion via Zinc (II) Interference Mediated Glycolysis
Inhibition and Specific GLUT1 Depletion. Adv Sci. 2021; 9: €2103534

Huang Y, Qin G, Cui T, Zhao C, Ren J, Qu X. A bimetallic nanoplatform for
STING activation and CRISPR/Cas mediated depletion of the methionine
transporter in cancer cells restores anti-tumor immune responses. Nat
Commun. 2023; 14: 4647.

OhS, Lee],OhJ, YuG, RyuH, Kim D, et al. Integrated NLRP3, AIM2, NLRC4,
Pyrin inflammasome activation and assembly drive PANoptosis. Cell Mol
Immunol. 2023; 20: 1513-1526.

Zhou L, Lyu J, Liu F, Su Y, Feng L, Zhang X. Immunogenic
PANoptosis-Initiated Cancer Sono-Immune Reediting Nanotherapy by
Iteratively Boosting Cancer Immunity Cycle. Adv Mater. 2023; 36: 2305361
Guanghui H, Youdong C, Huali L, Yujie L, Lin L, Zhihui H, et al. Bimetallic
peroxide nanoparticles induce PANoptosis by disrupting ion homeostasis for
enhanced immunotherapy. Sci Adv. 2024; 10: €7160.

Youdong C, Yujie L, Huali L, Lin L, Xianmin L, Yuqi Y, et al. Zinc-Nickel
Bimetallic Hydroxide Nanosheets Activate the Paraptosis-Pyroptosis Positive
Feedback Cycle for Enhanced Tumor Immunotherapy. ACS Nano. 2024; 18:
29913-29929.

Zhi S, Zhang X, Zhang J, Wang XY, Bi S. Materials Today
CommunicationsFunctional =~ Nucleic ~ Acids-Engineered  Bio-Barcode
Nanoplatforms for Targeted Synergistic Therapy of Multidrug-Resistant
Cancer. ACS Nano. 2023; 17: 13533-13544.

Zhang R, Chen Z, Li Y, Chen D, Wang T, Wang B, et al. Enhanced
photodynamic therapy efficacy of Ni-doped/oxygen vacancy double-defect
Ni-ZnO@C photosensitizer in bacteria-infected wounds based on ROS damage
and ATP synthesis inhibition. ] Mater Sci Technol. 2024; 192: 173-189.

Anjum S, Hashim M, Malik SA, Khan M, Lorenzo JM, Abbasi BH, et al. Recent
Advances in Zinc Oxide Nanoparticles (ZnO NPs) for Cancer Diagnosis,
Target Drug Delivery, and Treatment. Cancers. 2021; 13: 4570

Ahmad R, Lee B-I. Facile fabrication of palm trunk-like ZnO hierarchical
nanostructure-based biosensor for wide-range glucose detection. Chem Eng J.
2024; 492: 152432

Kaur R, Yadu B, Chauhan NS, Parihar AS, Keshavkant S. Nano zinc oxide
mediated resuscitation of aged Cajanus cajan via modulating aquaporin, cell
cycle regulatory genes and hormonal responses. Plant Cell Rep. 2024; 43: 110
Chen G-H, Song C-C, Zhao T, Hogstrand C, Wei X-L, Lv. W-H, et al.
Mitochondria-Dependent Oxidative Stress Mediates ZnO Nanoparticle (ZnO
NP)-Induced Mitophagy and Lipotoxicity in Freshwater Teleost Fish. Environ
Sci Technol. 2022; 56: 2407-2420.

LiuM, Peng Y, Nie Y, Liu P, Hu S, Ding ], et al. Co-delivery of doxorubicin and
DNAzyme using ZnO@polydopamine core-shell nanocomposites for
chemo/ gene/photothermal therapy. Acta Biomater. 2020; 110: 242-253.
LiY,LiJ, Lu Y, Ma Y. ZnO nanomaterials target mitochondrial apoptosis and
mitochondrial autophagy pathways in cancer cells. Cell Biochem Funct. 2024;
42: €3909.

Dong L, Wang S, Zhang L, Liu D, You H. DBDPE and ZnO NPs synergistically
induce neurotoxicity of SK-N-SH cells and activate mitochondrial apoptosis
signaling pathway and Nrf2-mediated antioxidant pathway. ] Hazard Mater.
2022; 30: 1-31.

7871

https://lwww.thno.org



